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EXPERIMENTAL PROGRAM
J.M. Ball1, W.C.H. Kupferschmidt, J.C. Wren
Abstract
A series of intermediate-scale experiments were conducted in the Radioiodine Test Facility (RTF)
in a vinyl-painted, zinc-primer coated, carbon steel vessel in order to assess the effects of vinyl
surfaces on iodine volatility in both the presence and absence of radiation. This test series, Phase
2 of a larger, comprehensive program assessing a variety of containment surfaces, also examined
the effects of organic (i.e., methyl ethyl ketone) and inorganic (i.e., hydrazine) additives, pH, and
venting on the aqueous chemistry and volatility of solutions initially containing cesium iodide.
These tests have clearly demonstrated that organics are released to the aqueous phase from the
vinyl coating and that, under radiation conditions, these organics can have a significant effect on
the formation of volatile iodine species. In particular, the RTF results suggest that radiolytic
decomposition of the released organics results in dramatic reductions in pH and dissolved oxygen
concentration, which in turn are responsible for increased formation of molecular iodine and
organic iodides. When the pH was maintained at 10 (Test 3), much lower iodine volatility was
observed; low iodine volatility was also observed in the absence of radiation. This test series
also demonstrated that vinyl surfaces, particularly those in contact with the gas phase, were a sink
for iodine.

1) AECL, Whiteshell Laboratories, Pinawa, Manitoba, CANADA ROE 1L0
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1. INTRODUCTION
The Radioiodine Test Facility (RTF) at Whiteshell Laboratories was designed for the purpose of
conducting integrated tests to provide information on both the chemical and physical behaviour
of iodine in containment under accident conditions. The objectives of the program are to confirm
that safety and licensing assumptions regarding iodine releases are conservative, to identify
unforseen phenomena that may not be evident from separate-effects tests, to provide data for
model development, and to test proposed accident management strategies.
The Phase 1 RTF experimental program [1], which examined iodine volatility in a zinc-primed,
carbon steel vessel, demonstrated that kinetic processes play the most important role in
determining iodine volatility in accident conditions. Results from this test series identified several
factors that significantly influence the speciation and distribution of iodine. These were pH,
radiation, the presence of organic and inorganic impurities in the aqueous phase, and the
adsorption of iodine on containment surfaces.
The Phase 2 experimental program continued the examination of the effects of containment
surfaces on iodine volatility. In this test series, the interior of the RTF's main vessel (see Figure
1) was painted with a vinyl-chloride, vinyl-acetate co-polymer. Test 1 was an "all effects" test,
in which iodine volatility was examined at various pH values. The effects of venting the gas
phase through TEDA (triethylene-diamine)-impregnated charcoal, and the influence of methyl
ethyl ketone (MEK), and hydrazine additives on iodine volatility in the presence of radiation were
also studied. Test 2, which was performed in the absence of radiation, examined the relative
contribution of thermal processes to iodine volatility under the same conditions. In Test 3, the
effect of maintaining a high aqueous pH was demonstrated by performing the entire test at a pH
of 10. Finally, because Tests 1 to 3 indicated that substantial amounts of organic material were
released to the aqueous phase from vinyl paint, a fourth test was performed in which the vinyl
paint was aged 12 months prior to the test; for the earlier tests, the coating was aged for
approximately 3 months. This fourth test was to ascertain the role that solvent residues from the
paint application played in contributing to the observed organic concentration.
This document provides experimental results of each of the Phase 2 tests, with identification of
the major trends observed, and a rationalization of some of the key findings. Conclusions
regarding the influence of organic-based coatings on iodine volatility are also discussed.

2. EXPERIMENTAL PROCEDURES
A detailed description of the Radioiodine Test Facility, and of the analytical procedures used
in each experiment, is given in References 1 and 2. For these experiments, data such as pH,
oxidation-reduction potential and hydrogen concentration were collected automatically by on
line sensors. The concentration of iodine in the gas phase was also measured on-line, using
the automated airborne iodine sampler (AAIS) [3], whereas aqueous iodine concentrations
were measured on-line by a gamma counter installed in the aqueous sampling loop. During
each test, off-line samples were also taken for the analysis of anions, hydrogen peroxide,
organic compounds and iodine speciation. Iodine speciation measurements in the gas phase
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were performed by passing a gas sample from the gas ventilation loop through a syringe and
into a length of teflon tubing containing species-selective adsorbents [4], Aqueous iodine
speciation measurements were performed using a series of solvent extractions, followed by
radiochemical analysis of the various separated fractions.
Before each test, the carbon steel vessel (350 dm3) was dry sandblasted. Application of a
zinc-primer base (Carboline Zinc 2 Nuclear Grade Grey) followed. Intervinux HB paint was
then applied in two stages: first as a wet, thin overcoat, and then after 24 h, as a thicker (125
pm) overcoat. The typical curing period for the paint was approximately 3 months, with the
exception of Test 4, in which the coating was aged for 12 months. Coupons painted with the
same paint were placed in the main vessel during the test to estimate deposition of iodine
on surfaces. These were cylindrical in geometry (5.7 cm2 each). Typically, three coupons were
suspended in the gas phase, and three were placed on the floor of the vessel.
One day prior to the addition of 13lI-labelled Csl solution, and several days after the
installation of the “Co source, the main vessel was rinsed with distilled water several times
using the spray header. A 25 dm3 water charge was then added and recirculated through the
on-line loops for approximately 18 h. This solution was then discarded and a fresh 25 dm3
water charge was subsequently added. The gas phase was then purged for 2 h with ultra-pure
air at 10 dm3 min"3 before the addition of the 131I-labelled Csl solution. Gas and aqueous
phase samples were also taken for analysis by gas chromatography aiid high performance
liquid chromatography (HPLC) prior to addition of the tracer solution.
The 131I-labelled tracer was purchased as Nal in 0.05 mol dm'3 NaOH. A Csl solution of the
appropriate concentration was prepared and adjusted to pH 10, and the iodine tracer
subsequently added. The solution was then purged with argon (0.003 dm3-min"1) for 18 h, and
analyzed for I", I2, I03" and organic iodides. Transfer of the tracer-labelled solution to the
main vessel was accomplished by the use of an appropriately sized stainless steel container
equipped with swagelok "quick-connectors", which facilitated easy and rapid introduction of
the solution to the RTF’s main vessel via the aqueous sampling loop.
Additives (i.e., methyl ethyl ketone (MEK) and hydrazine (N2H4)) were introduced into the
aqueous phase of the main vessel, also via the aqueous sampling loop, using syringes with
swagelok connections. The loop was then flushed with distilled water. In Tests 1 and 2, pH
was adjusted by manual additions of 0.1 mol-dm3 H2S04 or LiOH. In Tests 3 and 4, pH was
controlled using a computer-operated pH control system, which controlled syringe pumps
containing H2S04 and LiOH.
The gas ventilation loop of the RTF contains a TEDA (triethylene-diamine)-impregnated
charcoal trap, holding approximately 400 g of the charcoal, which can be valved in and out
of the loop. Two venting procedures were used during this test series. The first, designated
as a charcoal filter test, involved recirculating the gas phase through the gas ventilation loop,
thereby maintaining a closed system. The second procedure, designated as a direct vent, was
perfomed by exhausting the gas phase through the charcoal filter while maintaining the
pressure within the RTF’s main vessel by adding ultra-pure air.
Table 1 gives a brief description of the Phase 2 test matrix and Table 2 outlines the general
operating conditions.
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Table 1: Phase 2 Experimental Test Matrix

Test

Radiation
Source*

1

252 TBq “Co
1.7 kGyh1

2

additives

venting

desorption stages
(latter stage of test)

initially 10,
uncontrolled

MEK,
hydrazine

yes

pH controlled first at
8, then at 10

none

initially 10,
uncontrolled

MEK,
hydrazine

yes

pH controlled at 10

3

210 TBq “Co
1.3 kGy h'1

controlled at
10

MEK,
hydrazine

yes

pH controlled at 10

4

187 TBq“Co
1.2 kGy h'1

initially 10,
uncontrolled

MEK,
hydrazine

yes

pH controlled at 10

PH

The average dose rate in the gas and aqueous phase, designated in Table 1, was determined
based on Fricke dosimetry performed in 1989, with adjustments made for source decay over
the three-year time span of the Phase 2 experimental program.
Table 2: General Experimental Conditions

PARAMETER

CONDITION

Main Vessel

Vinyl-painted, zinc-primer coated
Carbon Steel

Operating Temperature

25°C

Initial Iodine Species

1 x 10'5mol dm'3 Csl

Initial pH

10 (controlled or uncontrolled)

Aqueous Recirculation Loop

10 dm3 min'1

Aqueous Sample Loop

1.0 dm3 min'1

Gas Recirculation Loop

20 dm3 min'1

Gas Ventilation Loop

0/10 dm3 min'1

Aqueous Volume

25 dm3

Gaseous Volume

315 dm3

Aqueous Surface Area

5165 cm2

Gaseous Surface Area

22089 cm2

Aqueous/Gas Boundary Area

3696 cm2
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3. RESULTS
3.1 The Effect of Organic Impurities
3.1.1 Initial Test Stages
Table 3 summarizes the results from the initial stage of each test. This stage is defined as
the period of time before venting, or intentional addition of impurities. Figure 2 shows the
major differences observed in the gas phase iodine concentration in each of the four tests.
Table 3: Summary of Results from Initial Test Stages

Test

Maximum Initial pH
change
PJ 3
(moldm3)* * (0-50
* * h)

Initial DO
change
(ppm)
(0-50 h)

Gas Phase Speciation a
I2
(%)

LMWRI
(%)

HMWRI
(%)

Test 1

3.0 x 10'9

10 - 6.5

8.2 - 4.1

40-50

20-25

6-9

Test 2

3.5 x lO"11

9.7 -7.9

8.0 - 8.5

6-25

60-80

10-15

Test 3

2.0 xlO"10

10; pH
controlled

3.6 - 1.3

6-25

60-90

4-15

Test 4

8.0 x 109

10 - 4.6

6.1 - 1.2

60-80

20-40

5-8

a LMWRI: low molecular weight organic iodides - up to C3H7I.
HMWRI: high molecular weight organic iodides - larger than C3H7I.
Three important observations can be made regarding the behaviour of iodine during this stage
of each test:
1.

In the tests performed with radiation, there was a decrease in dissolved
oxygen concentration during the first 20 h of the test. The pH also
decreased if not controlled. Under these conditions, the gas phase iodine
concentrations were 2 orders of magnitude higher than in the absence of
radiation.

2.

In the tests performed with radiation, iodine volatility was an order of
magnitude lower when pH was controlled at 10 than when pH was not
controlled [see Figure 2].

3.

In the absence of intentionally added organic impurities, a minimum of
25% and a maximum of 95% of the iodine in the gas phase was in the
form of organic iodides. Aqueous phase organic iodide concentrations were
often orders of magnitude higher than gas phase organic iodide
concentrations observed at comparable times (see Figure 3).
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3.1.2 Addition of Methyl Ethyl Ketone
Methyl ethyl ketone (MEK), a thinner used in many paint applications, is one of many
organic impurities that could be released to the aqueous phase from containment paints and
was, therefore, chosen as an additive to assess the effect of organic impurities on iodine
volatility. The pH and dissolved oxygen behaviour exhibited in Tests 1 and 4 when MEK
was added (to give an initial aqueous phase concentration of 1 x 10"3 mol dm"3) (Table 4) was
similar to that observed in the initial stages of each test. However the increase in gas phase
iodine concentration as a result of these changes was more modest than that observed in the
initial test stages, because the iodine inventory in the aqueous phase was significantly
depleted by this time. The slight increases in the total gas phase iodine concentration were
primarily due to an increase in the amount of organic iodides in the gas phase - that is, the
fraction of organic iodides in the gas phase increased as a result of MEK addition.
In Test 3, where pH was maintained at 10, addition of MEK also resulted in a decrease in
the dissolved oxygen concentration, and the amount of LiOH required to maintain the pH at
10 increased. A small increase in the gas phase iodine concentration was observed, which
resulted primarily from an increase in the concentrations of organic iodides. In Test 2, which
was performed without radiation, the concentration of organic iodide in the gas phase also
increased subsequent to MEK addition. However, organic iodide concentrations increased
steadily throughout the test in the absence of perturbations, such as venting, and it is difficult
to assess whether MEK addition had any impact on this trend.
Table 4: Effects of Addition of MEK

3.2

Test

Change in Gas
Phase Iodine
Concentration

PH
Change

Dissolved
Oxygen
Change

Change in Gas Phase
Organic Iodide
Concentration

1

increase

decrease

decrease

increase

2

increase

no change

no change

small increase

3

increase

controlled

decrease

small increase

4

increase

decrease

decrease

increase

BEHAVIOUR OF IODINE WITH VENTING

Venting of the gas phase was performed for each test to estimate the efficiency of
TEDA-impregnated charcoal for removing iodine. In-test and post-test analysis of the
adsorption of iodine on the charcoal revealed that 95% and 98% of the volatile iodine that
passed through the recirculation loop was adsorbed on the charcoal filters in Tests 1 and 3,
respectively. The remainder of the iodine was retained on the recirculation loop. In Test 4,
the gas phase was vented by exhausting it through an external charcoal filter and replacing
it with ultra-high purity air.
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In general, iodine speciation measurements performed on the gas phase indicated that venting
decreased the concentration of all of the iodine fractions in the gas phase (I2, LMWRI,
HMWRI). However the fraction of the gas phase in the form of organic iodides decreased
more than the fraction in the form of molecular iodine. This is consistent with I2 being
replenished more rapidly during venting than were organic iodides.

3.3 Behaviour of Iodine with Hydrazine Addition
In the presence of radiation, the addition of hydrazine resulted in a rapid decrease in the
dissolved oxygen concentration and a transient increase in the gas phase iodine concentration.
The time required for the dissolved oxygen concentration to recover to its steady-state value
varied between 10 and 20 h. Addition of hydrazine in the presence of MEK produced similar
dissolved oxygen and gas phase iodine concentration transients in Tests 1, 3 and 4. Although
hydrazine addition resulted in a slight decrease in the dissolved oxygen concentration in the
non-radiation test, no significant change in the gas phase iodine concentration was observed.

3.4 Adsorption of Iodine by Surfaces
Table 5 summarizes the adsorption behaviour exhibited in each of the tests.
Table 5: Summary of Adsorption Behaviour

Test

Maximum

% n,r

% on
other
surfaces

(moldm"3)

lost to
surfaces

% on
vinyl
paint3

Test 1

3.0 x 10"9

78

47

31

Test 2

3.5 x 10"u

15

15

-

Test 3

2.0 x 10"10

5

4

Test 4

8.0 x 109

74

42

rv 3

Loading on
Aqueous
Coupons
(nmol cm"2)
>10

Loading on
Gas Coupons
(nmol •cm"2)

>100

32

5

1

14

4

32

27

344

a estimated by assuming that wall deposition was the same as that observed on coupons placed
in the gas and aqueous phases.
In Tests 1 and 4, over 70% of the iodine initially added to the aqueous phase was adsorbed
by surfaces. Analysis of the coupons, which were suspended in the main vessel during both
these tests, indicated that less than half of the iodine losses were the result of adsorption of
iodine on the vinyl paint; however it is likely that coupon loading underestimated the extent
of vinyl surface deposition. For example, y-counting of the main vessel after Phase 2 - Test
4 indicated that deposition on the gas phase surfaces near the liquid-gas interface was
approximately 10 times higher than that on the upper surface of the vessel (where the gas
coupons were placed). Although analysis of sections of the gas recirculation and gas
sampling loops revealed that there was considerable deposition on these surfaces during both
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tests as well, it is difficult to estimate the total amount of iodine adsorbed on these surfaces.
In Test 2, which had no radiation source, surface adsorption of iodine was much less than in
the radiation tests. Surface loading in Test 3, a radiation test performed using pH control, was
comparably low, despite the fact that total gas phase iodine concentrations were higher than
in Test 2. Gas phase loadings observed in Test 3 compare well with those observed in
bench-scale static deposition studies performed under radiation conditions at pH 9.4 [2].
Table 6 summarizes the iodine desorption behaviour observed in Tests 1, 2 and 4 when
aqueous pH was increased during the latter stages of each test.
Table 6: Summary of Desorption Behaviour

Test

pH

Gas Phase
Iodine
Concentration
(nmol-dm'3)

Aqueous Iodine
Concentration
(pmol-dm3)

Log
Partition
Coefficient

Desorbed
Iodine
(%)

PaJ/PJ

6.0 —> 7.5
7.5 -» 10

0.7 —> 0.6
0.6 -> 0.4

0.7 -» 0.9
0.9 -» 2.0

3.0 -» 3.2
3.2 -> 3.7

- 13

2

7.3 -> 10

0.7 -> 0.3

no significant
change

5.3 -» 5.7

-

3

10

0.2

9.0

4.6

4

6 -> 8
8 -» 10

2.0 —> 1.0
1.0 -> 0.4

1.2
1.4
1.4 -> 2.6

2.7 -> 3.1
3.1 -» 3.8

-

- 14

In general, increasing the aqueous phase pH resulted in a decrease in gas phase iodine
concentration and an increase in aqueous phase iodine concentrations. However in both Tests
1 and 4, increasing the aqueous pH to 10 did not reduce the gas phase iodine concentration
to the same level as that observed in Test 3, where the pH was maintained at 10.

4. RATIONALIZATION OF KEY FINDINGS
The key findings of this test series can be rationalized as follows. In the presence of radiation
and the absence of pH control, the radiolysis of water and of dissolved organic compounds
released from the vinyl paint resulted in four conditions that led to the formation of volatile
iodine species. These are
1.

The rapid oxidation of T to I2 by OH;

2.

Reduction in pH, which favoured formation of volatile I2;

3.

Reduction in the concentration of dissolved oxygen, which depleted the steady-state
concentration of 02, an effective reductant for I2; and
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4.

Formation of organic radical intermediates in solution, which reacted with I2 to form
volatile organic iodides.

Conditions 1 to 3 contributed most significantly to the increase in iodine volatility under
radiation conditions. This was demonstrated by the low iodine volatility exhibited in Test 2,
which was performed in the absence of radiation, as well as in Test 3, where maintaining a
high pH resulted in low iodine volatility, even when the concentration of organic compounds
in the aqueous phase was significant.

4.1 Effect of Radiation
Radiolvtic Formation of L
The oxidation of iodide by OH- is the predominant mechanism for formation of I2 in aqueous
solution under radiation conditions.
I

+

OH-

->

I-

+

I

+

I

=

V

(2)

2I2-

—>

V

+

I

(3)

V

=

I2

+

I

(4)

OH

(1)

The reaction is fast, with the rate-determining step (1) having a rate constant of 9.6 x 109
moldm^-s"1 [5]. This is several orders of magnitude higher than the rate constants for thermal
oxidation of iodine by peroxide or oxygen [6]. I2 is volatile, as are many organic iodides that
are formed in the aqueous phase primarily by reaction of I2, or its hydrolysis products, with
organic compounds and radicals [10]. Therefore, the overall effect of radiation is that it
increases the rate of formation of volatile iodine species. This is demonstrated in the RTF
tests by the much higher gas phase iodine concentrations that were attained in the radiation
tests, as compared to the non-radiation test (Test 2).
Radiolvsis of Organic Impurities
Studies performed on the radiolysis of MEK have established that in the presence of oxygen,
decomposition occurs by reaction of an organic radical with oxygen [6],
CH3CH2COCH3

+

CH3CHCOCH3.

+

ch3cho2coch3-->

oh-

o2

-»

ch3chcoch3-+ h2o

(5)

-»

ch3cho2coch3-

(6)

products (CH3COOH, HCOOH, C02)

(7)

Reactions (5) to (7) account for the decrease in aqueous pH and in dissolved oxygen
concentrations observed in each radiation test after MEK addition. Because the steady-state
concentration of I2 is expected to be higher at low pH and dissolved oxygen concentration
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(Section 4.2) and because an increased concentration of I2, organics and organic radicals
favour formation of organic iodides, these changes ultimately lead to higher gas phase iodine
concentrations.
There are several possible sources of water-soluble organic impurities in the vinyl paint
formulation which was used to coat the interior of the main vessel. These include methyl
isobutyl ketone (MIBK), xylene, ethyl 3-ethoxy propionate, and tricresyl phosphate, which
are used as thinners and radical inhibitors, and methyl ethyl ketone and toluene, which
comprise the solvent system for paint application [7]. High-performance liquid
chromatography and gas chromatography analyses for Tests 1 to 4 confirmed that a variety
of organic impurities were present in the aqueous phase in each test. It can be inferred that
these organic impurities originated from dissolution of solvents from within the paint, and
that they did not result solely from solvent residues on the paint surface. This inference can
be made because the vessel surface was washed repeatedly prior to the initiation of each test,
and because organic concentrations and acid production were significantly higher in Test 4
as compared to Test 1, despite the fact that the vessel surface was aged for 12 months prior
to test initiation.
The radiolytic decomposition of some of these impurities would likewise explain the pH
changes and low dissolved oxygen concentrations observed in Tests 1 and 4 prior to the
intentional addition of organic impurities into the aqueous phase. For example, an
intermediate-scale study performed in a vinyl-painted, concrete-lined vessel has shown that
MIBK, MEK, xylene and toluene are released from paint surfaces in the absence of radiation
(Figure 4). Bench-scale and intermediate-scale experiments have also ascertained that, under
radiation conditions, MIBK decomposes rapidly to acetone, which undergoes further
decomposition to acetaldehyde and formaldehyde, acetic acid, and finally C02 [8,9].
Organic Iodide Fonnadon
Formation of substantial quantities of organic iodides were observed in each test. The rate
of formation of these species was dependent primarily on the rate of reaction of I2/HOI in the
aqueous phase with organic compounds and radicals, and was therefore enhanced by radiation
and by low pH values. However, long-term steady-state gas phase organic iodide
concentrations observed in Test 2 exceeded those observed in radiation conditions at high pH.
This was largely because there was no radiolytic pathway for decomposition of organic
iodides under these conditions, and thermal decomposition of organics is comparatively slow
at room temperature. Thus, formation of organic iodides by thermal processes alone can have
an impact on long-term gas phase iodine concentrations.
Organic iodide concentrations measured in the aqueous phase were often an order of
magnitude higher than those measured in the gas phase [Figure 3]. This, along with speciation
analysis, confirms that organic iodides, which are more complex and have a higher partition
coefficient than CH3I (partition coefficient at room temperature is 3), are formed in
substantial quantities. A variety of possible mechanisms, including iodination of ketones and
phenols, which are formed by radiolysis of toluene and xylene, may account for the presence
of these less volatile species.
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4.2 Effect of pH
The effect of pH on iodine volatility is demonstrated by the significant difference in gas
phase iodine concentrations observed when pH was controlled at 10 (Test 3) and when pH
was uncontrolled (Tests 1 and 4). This effect has been demonstrated in other intermediatescale studies [1,11] and may be rationalized by considering the pH dependence of a number
of processes.
The equilibrium concentration of I2 in irradiated solutions is extremely sensitive to pH. This
dependency results from the oxidation-reduction reactions which I2 and I undergo with water
and its radiolysis products. I2 may be reduced to T by reaction with 02" [12], with H02 [13],
or with OH.

o2

+

I2

—>

02

+

I2

(8)

I2

+

H02-

—>

io2h

+

T

(9)

io2h

+

OH

—>

I

+

o2

+

h2o

(10)

I2

+

OH

=

HOI

+

I

+

H+

(11)

02" has a pKa of 4.75; therefore, Reaction 8 is pH dependent. Moreover, the general overall
rate law [13] for the reduction represented by Reactions 9 and 10 is
-d[I2]/dt = k[H202][T]/(k'[Hf + k"[H+])

(12)

The 1/[H+]2 dependence at low pH values makes the overall reduction of iodine by this
process very dependent upon pH, and is the most important factor in determining the pH
dependence of iodine volatility.
The formation and hydrolysis of organic iodides are also pH-dependent processes. Since
organic iodides are generally produced by reaction of organic compounds with I2 or its
hydrolysis products, their formation rate is dependent upon the steady-state concentration of
I2, and, hence, pH. Organic iodide hydrolysis, to form alcohols, and halide elimination, to
form alkenes, are also pH-dependent reactions [12].
CH3I

+

OH

->

CH3OH

+

T

(13)

The dramatic difference between iodine volatility observed in Test 3 (pH = 10) and Tests 1
and 4 results from a combination of all of these processes.

4.3 Effect of Hydrazine Addition
Hydrazine is strongly reducing in nature and, as such, might be expected to decrease iodine
volatility by reducing I2 to I", or by decreasing the rate of thermal oxidation of I" to I2 by
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depleting dissolved oxygen. In the presence of radiation, however, the addition of hydrazine
was generally observed to increase iodine volatility modestly. This behaviour may be
attributed in part to a decrease in the steady-state concentration of 02" (formed by reaction of
e- with 02), caused by the consumption of dissolved oxygen by hydrazine. Since 02 is an
effective reductant for I2, the depletion of this species results in higher steady-state
concentrations of I2. Hydrazine is decomposed rapidly by radiation; therefore, the increase in
iodine volatility associated with its addition is a transient phenomenon.

4.4 Adsorption of Iodine by Surfaces
A comparison of the maximum surface loading achieved in each of the four tests shows that
gas phase adsorption was higher in Test 4 than in Test 1 and that adsorption in Tests 1 and
4 was significantly greater than that for Tests 2 and 3. This trend is easily rationalized by
comparing the observed gas phase iodine concentrations and speciation. Although the
chemical nature of iodine species irreversibly retained on painted surfaces has not been
established, it is reasonable to assume that, in analogy to solution chemistry, the interaction
of iodine species with organic compounds on gas phase surfaces is primarily by reaction with
I2. Consequently, the amount of iodine irreversibly retained on gas phase surfaces should be
a function of the gas phase molecular iodine concentration, which was highest in Tests 1 and
4. The higher aqueous phase surface loading observed in Test 2 is somewhat surprising.
However, it may imply that in the presence of radiation, there is appreciable radiolytic
destruction of organic iodides on aqueous phase surfaces.
There is considerable evidence that a portion of the iodine on surfaces in contact with the gas
phase was reversibly adsorbed. In Tests 1 and 4, increasing the aqueous pH during the latter
stages of the test resulted in an increase in the aqueous phase iodine concentration that was
considerably greater than could be accounted for by the apparent loss of iodine from the gas
phase. Although significant reductions in the gas phase iodine concentrations accompanied
pH increases, the gas phase iodine concentrations observed after pH adjustments were still
higher than those observed in Test 3 where pH was maintained. This behaviour implies that,
as volatile iodine species were repartitioned from the gas phase as a result of their hydrolysis
and reduction in the aqueous phase, iodine reversibly adsorbed on the gas phase surfaces
(presumably as I2) was desorbed to maintain the equilibrium between the gas phase surfaces
and the gas phase. The net effect of increasing aqueous pH was, therefore, to transfer iodine
from gas phase surfaces to the aqueous phase, with the total gas phase iodine concentrations
remaining relatively unaffected. This interpretation is substantiated by the changes in iodine
speciation observed while venting, which increased the fraction of molecular iodine in the gas
phase with respect to the organic iodide fraction. In Test 2, where there was minimal gas
phase surface adsorption, repartitioning of iodine from the gas to aqueous phase was only
partially offset by desorption of iodine from gas phase surfaces. As a result, increasing the
aqueous phase pH had a significant impact on the gas phase iodine concentration.

4.5 Evaluation of Mass Transfer
Mass transfer coefficients for Tests 1 to 3 have been previously evaluated by use of a simple
analytical model to fit data obtained from post-vent recovery of the gas phase iodine

75

concentration [16]. A reasonable fit of the experimental results obtained from the venting in
Test 1 was obtained by using a gas phase mass transfer coefficient (kg) of 5 x 10"3 dm-s"1.
This is similar to the value obtained from analysis of experimental results from other RTF
tests, and is, therefore, viewed as the best available estimate.
An estimate of the lower limit for the gas phase mass transfer coefficient and the deposition
velocity for adsorption of iodine in the gas phase may also be obtained from the rate of loss
of iodine from the gas and aqueous phase for Tests 1 and Test 4. An examination of data
from these tests show that iodine behaviour during the period prior to initiation of venting
was very similar. In both cases, the gas phase iodine concentration increased rapidly to a
maximum, and then decreased slowly until the direct vent was initiated. The aqueous iodine
concentration showed an initial rapid decrease, followed by a slower decrease after the
maximum gas phase concentration was attained. The calculated first-order rate constant for
loss of iodine from the aqueous phase during this period was similar in both tests
(1 x 10"5 s'1 in Test 1 and 8.6 x 10"6 s'1 in Test 4).
From the mass transfer relationships (16,17) and the calculated first-order rate of total loss
of iodine from the aqueous phase and of I2 from the gas phase, a value for k^, the rate
constant for adsorption of iodine on the gas phase surfaces, can be obtained. This derivation
assumes that the overall mass transfer rate (kt) was fast compared with adsorption in the gas
phase and that the loss of iodine in the aqueous phase is represented only by loss of I2 in the
gas phase. The assumption is reasonable because iodine behaviour in the gas and aqueous
phases was apparently "coupled" during this time, and because losses of iodine to the aqueous
phase surfaces were minimal when compared to those in contact with the gas phase.
From the following relationships

dC

A
=jct^r (HCg-Cj) =kobs[c2]

(crHcs)

-w<y =vc„]

where
Cg =
C, =
k, =
H
=
A, =
V, =

concentration of molecular iodine in the gas phase
concentration of molecular iodine inthe liquid phase
overall mass transfer coefficient
partition coefficient of I2 (= 80 at 25 °C)
area of the liquid gas interface = 37 dm2
volume of liquid phase = 25 dm3

(14)
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Vg =
kobs =
k'obs =

volume of gas phase = 315 dm3
1 x 10"5 s"1 rate constant for loss of [I] in the aqueous phase
7 x 10"6 s'1 rate constant for loss of [I] in the gas phase

kads is calculated to be
kads = 6 x 10"5 s"1.
This can be converted to a deposition velocity by the relationship

(16)

where

is the area of the gas phase surfaces (220 dm2)

which gives
kdep = 9.3 x 103 dm s '.
This is within the range of initial deposition velocities reported by Rosenberg for vinyl
painted surfaces [15].
An estimate of the minimum value for the overall mass transfer coefficient, k, may also be
obtained, and by using the value of 1.5 x 10"4 dm s ' for the liquid phase mass transfer
coefficient k„ which was previously determined [16] from analysis of 02 mass transfer, a
value of kg, the gas phase mass transfer coefficient, may be determined. Using these values
and the equations
(17)

_1_
kt

(18)

k, and kg are calculated to be 8 x 10"6 dm s ' and 7 x 10‘4 dm s ', respectively.
The limiting value for k„ calculated from the loss of iodine from the aqueous phase as a
result of deposition on gas phase surfaces, is considerably less than the overall mass transfer
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rate calculated from other RTF data (=1.5 x 10"4 dm s ') [17]. This indicates that the rate of
adsorption onto surfaces in contact with the gas phase is not limited by the overall mass
transfer rate. It should also be noted that the value for gas phase mass transfer derived here
is greater than the calculated deposition velocity for Tests 1 and 4. This implies that
deposition is not limited by the rate of gas phase mass transfer, and is, therefore, presumably
limited by the rate of chemical reaction on the surface.

5. SUMMARY
The results of this test series confirmed a number of observations made in the Phase 1
experimental program regarding the effects of radiation, organic impurities and pH on iodine
volatility. It has also provided additional chemical information regarding organic-based
containment paints, and physical information regarding surface deposition, and gas phase
mass transfer. The key findings of this program may be summarized as follows:
1.

Iodine volatility in the presence of radiation is strongly dependent upon
aqueous pH.

2.

Vinyl surfaces exposed to iodine in the gas phase act as effective "sinks"
for iodine.

3.

In the presence of radiation, organics originating from the vinyl surfaces
undergo oxidative degradation to form organic acids. This radiolytic process
has an adverse effect on iodine volatility.

4.

Iodine is strongly retained on vinyl surfaces, and the deposition rate appears
to be slower than the rate of mass transfer in the gas phase.

Although most of these findings are easily rationalized, the effect of pH on iodine volatility
is the only phenomenon that is mechanistically understood. Adsorption of iodine on painted
surfaces has been studied to some extent, but the rate of adsorption as a function of gas phase
iodine concentrations has not been examined and desorption behaviour for most paints is not
well established. The mechanism and rate of release of solvents from polymers is also not
known. The radiolytic degradation products of methyl isobutyl ketone, ethanol and other
common paint solvents would be expected to be similar to those observed for MEK.
Therefore, detailed mechanistic studies of the radiolysis of MEK may provide enough
information to model their radiolytic behaviour. The rate of their release into the aqueous
phase, however, can only be obtained by examining the containment paints themselves. As
such, studies of the release of solvents from containment surfaces are needed to quantify their
influence on iodine volatility.
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Figure 1. Schematic of Radioiodine Test Facility
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NEA/CSNI/R(96)6
Overview of Experimental Homogeneous Phase Chemistry (prepared by Dr. S. Dickinson,
AEA Technology, UK)
Progress was made in understanding and quantifying inorganic iodine volatility from irradiated iodide
solutions, focusing on the effects of pH, temperature, F and 02 concentration. On-line measurements
of volatile species have eliminated problems of post-irradiation reactions, improving the reliability of
the data at high pH. All the experimental data confirm that iodine volatility decreases strongly with
increasing pH, but the mechanisms are not completely understood at high pH and low iodide
concentration. Furthermore, atomic iodine may become the dominant inorganic gas-phase species
under these conditions, although the significance of this species on iodine volatility under actual
reactor accident conditions is unclear at present. Work at elevated temperature shows that iodine
volatility is not a strong function of temperature over the range 25 - 125°C. Radiolytic production of
1% in a solution is decreased at higher temperatures, largely due to the activation energy of the I, HjOj reaction. This counteracts the decrease in the partition coefficient at high temperature, resulting
in a maximum I2 volatility at about 70'C. The reduction of 1^ by H202 plays a key role in determining
the iodine volatility, and new kinetic data were obtained for this reaction under pH conditions beyond
the range of measurements on which the previously-established mechanism was based. A mechanism
was proposed which is consistent with earlier work in weakly acidic conditions but which leads to
less I2 reduction at pH > 7, significantly improving the agreement of model predictions with
experimental results in neutral and slightly basic solution. There is strong evidence that the reaction is
buffer-catalysed, but the mechanism is not fully established. The Ij - H202 reaction was also studied
under acidic conditions (pH < 2) where the mechanism is found to be very different.
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NEA/CSNI/R(96)6
Summary of Session II
Experimental Homogeneous Phase Chemistry
prepared by Dr. S. Dickinson AEA Technology, UK
The first four papers in this session described experimental studies of the volatility of iodine from
irradiated dilute aqueous iodine solutions under a range of conditions. Sims et al. used a sparging
technique in which the volatile species formed during the irradiation of an 13lI-labelled solution were
removed by bubbling a gas through the solution. The volatile species were thus transferred to a trap in
which the iodine concentration was continuously monitored. This on-line technique eliminated the
problems of post-irradiation reactions which had introduced uncertainties in previous experimental
results, particularly at high pH. Experiments were performed over a range of conditions of pH, dose
rate, temperature, iodide concentration, sparge gas composition, impurities and phosphate
concentration, and a comparison of the experimental data with the predictions of a mechanistic model
were presented in a later session. The experiments confirmed earlier findings that iodine volatility
decreased with increasing solution pH, but the effect was less than predicted by mechanistic models.
This discrepancy was attributed partly to the increasing importance of atomic iodine as a volatile
species at high pH, and thermodynamic data from the literature were used to calculate a partition
coefficient for I of 1.9 at 20°C. The reaction of H2O2 with I2 and other radiolysis products was
shown to be important in determining the iodine volatility; a detailed study of the kinetics of these
rcavviuns

Jie subject of a separate paper.

""

'

•Further measurements of the iodine volatilisation rate from irradiated solutions were presented by
Evans. In these experiments, iodine mass transfer out of solution was not forced by a gas flow, and
extensive supporting experiments were done to define the interfacial mass transfer rate in the
experimental apparatus under different conditions. It was found that the liquid- and gas-phase mass
transfer coefficients could be changed by a order of magnitude by varying the liquid volume and
stirring rate. The measured iodine volatilisation rates were compared with model predictions over a
range of pH, and the predicted values were found to be much closer to the experimental results at pH
7 and above when atomic I was considered as a volatile species. Whilst the model correctly predicted
the trend towards decreased volatility at high pH, there was a consistent discrepancy between the
theoretical and experimental results. Since the measured iodine volatility was lower than predicted,
considerable effort was made to investigate factors which may have decreased the iodine
volatilisation rates in the apparatus, such as reaction with the stainless steel surfaces, the H3PO4
buffer, or materials from the charcoal traps and dissolved oxygen probe. None of these were found to
have a significant impact on the results.
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The third paper investigated the effects of nitrogen and oxygen on the radiolysis of iodide solutions.
The presence of oxygen in solution reduced the amount of oxidation of I to 1%, and the importance of
H2O2 as a reductant for iodine was reiterated. An analytical model was formulated which predicted
the formation of 10 3, H2 and O2 in good agreement with experiments. The presence of a 100-fold
excess of chloride ions did not affect the radiolysis of dilute iodide solutions. The yields of

NO 3

ions in N2/O2/H2O mixtures were measured as a function of absorbed dose, and the G values were
found to be 3.5 and 2.4 / lOOeV absorbed by N2 in the gas and liquid phases respectively. The
concentration of nitric acid which would be formed in the suppression pool in a BWR severe accident
was estimated to be about 10"6 M, which would not significantly lower the pH. It was noted that the
main source of nitrate ions in this assessment was the gas phase, and that the gas/liquid volume ratio
was much smaller than would be the case in a PWR containment
The fourth paper described a study of the effect of temperature on iodine volatility from irradiated
iodide solutions in the range 40 to 130'C. These experiments showed that the radiolytic production of
%2 in solution decreases at higher temperatures, which counteracts the decrease in partition coefficient
and results in a maximum I2 volatility at about 70*C. The experimental data were interpreted on the
basis that the reaction between I2 and H2O2 determined the temperature dependence. Rate constants
for the reaction were inferred and found to be in agreement with literature data for the assumed
mechanism. The presence of boric acid in solution was found to decrease the rate of reduction of I2
by H2O2, a result which is not consistent with buffer effects found in other work.

The fifth paper in this session described an on-line method for the measurement of low concentrations
of I2 in the gas phase. The technique was based upon detecting the microstructure of the I2
absorption in the range 520 to 560 nm, using a “white cell" technique with a high number of
traversals to increase the sensitivity. An advantage of the technique is that it is not subject to
interference from particles or other gases, and can be used in a combined system for aerosol and
iodine monitoring. The method was applied to the study of I2 formation from Csl under thermal
stress. It was found that 12 to 14% decomposition of Csl occurred at 500'C in a hydrogen flame,
whereas less I2 was liberated in the presence of steam, or under thermal stress in the absence of a
flame. The I2 concentrations measured in this work were in the range 10" to 108 mol dm"3.

The next paper described a kinetic study of the reduction of iodine by hydroxylamine, which is of
interest in the development of spent fuel reprocessing procedures. Spectrophotometric and
voltametric techniques were used to monitor the concentrations of I", I2 and I3. The reaction was
shown to be highly complex, involving four competing reactions. Although the particular reaction
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under study was not of direct relevance to reactor accident studies, this paper illustrated the similarity
of problems in different fields concerning the application of experimental kinetic studies to the
elucidation of complex reaction mechanisms.
The last two papers in this session described experimental studies of the reaction between I2 and
H2O2. Ball et al had used a stopped-flow technique to study the reaction kinetics in neutral and
slightly

alkaline

solutions as a function of acid, iodide, peroxide and buffer concentration. It was

found that the inverse square dependence of the rate on the H* ion concentration, found in earlier
studies in slightly acidic solutions, did not hold under these conditions. Two possible mechanisms
were therefore proposed, both involving HOOI as an intermediate, which adequately described the
experimental data and were equivalent to the previously-accepted mechanism at lower pH. Rate
constants for the different reaction steps were inferred from the experimental data; where these could
be directly compared with literature values, the agreement was good. The work also confirmed that
the reaction by buffers such as phosphate or barbital, although the nature of the catalysis is still not
understood.
In the final paper, Cantrel described studies of the I2 - H2O2 reaction under more acidic conditions
(pH < 2). The mechanism under these conditions is very different from that discussed in the previous
paper, with I2 being oxidised to 10 3. Spectrophotometric and amperometric techniques were used to
monitor the concentrations of I2 and T. The reaction was concluded to be a two-stage process, the
first step being zero-order in P2], and the second step being first-order. The kinetic data for the
second step were in good agreement with previous determinations, and the rate determining step was
thought to be the hydrolysis of I2 to H2OI*. Further work was underway to establish a mechanistic
model for the reaction. It was noted in the discussion that some of the reactions postulated in this
work were very different from accepted radiochemistry mechanisms, and that there was a need to try
and resolve these differences.
One of the subjects of the general discussion of this session was the relative importance of
radiochemical and mass transfer processes on iodine volatility in a real accident situation. It was
stressed that, if iodine is released to the containment as caesium iodide, radiolysis is the only process
which would lead to I2 formation. The need for kinetic data at high temperature, particularly for the
thermal reactions, was also highlighted although it is thought to be conservative to use room
temperature data for accident analyses.
It was observed that there is a good understanding of the chemistry under the conditions which would
lead to the most severe consequences: high iodine concentrations and low pH. The uncertainty is
greater under conditions which would lead to less severe consequences, but these are the conditions
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which it was hoped would be achieved. It is therefore important to understand the mechanisms
underlying the pH effect in order to establish the conditions required to reduce the iodine volatility
and to be sure that any measures taken to achieve these conditions will be effective. To this end,
detailed consideration of factors which could change the pH is required. Finally, more contact
between researchers and safety case workers is needed to define the requirements for closure of this
issue.
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CH9700199

MEASUREMENTS OF THE RADIOLYTIC OXIDATION
OF AQUEOUS CSI USING A SPARGING APPARATUS.
CB Ashmore1, D Brown1 JR Gwyther12 and HE Sims1
Radiolytic oxidation is considered to be the main mechanism for the formation of I2 from
aqueous Csl in containment of a water cooled reactor after a LOCA. Despite the amount
of study over the last 60 years on the radiation chemistry of iodine there has been no
consistent set of experiments spanning a wide enough range of conditions to verify models
with confidence.
This paper describes results from a set of experiments carried out in order to remedy this
deficiency. In this work the rate of evolution of I2 from sparged irradiated Csl solution
labeled with 131I was measured on-line over a range of conditions. This work involved the
measurement of the effects of, pH, temperature, 02 concentration, T concentration,
phosphate concentration, dose-rate and impurities on the rate of evolution of I2. The range
of conditions was chosen in order to span as closely as possible conditions expected in a
LOCA but also to help to elucidate some of the mechanisms especially at high pH.
pH was found to be a very important factor influencing iodine volatility, over the
temperature range studied the extent of oxidation reduced with temperature but this was
compensated for by the decrease in partition coefficient Oxygen concentration was more
important in solutions not containing phosphate. The fractional oxidation was not
particularly dependent on iodide concentration but Gn was very dependent on [T], There
was no effect of added impurities, Fe, Mn, Mo or organics although in separate work
silver was found to have a very important effect
During attempts to interpret the data it was found that it was necessary to include the
iodine atom as a volatile species with a partition coefficient of 1.9 taken from
thermodynamic data. The modelling work is described in a separate paper.

1. AEA Technology Harwell Laboratory Didcot Oxfordshire UK
2. NE pic Berkeley Technology Centre, Berkeley Gloucestershire.
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1. INTRODUCTION
Radiolytic oxidation is considered to be the main mechanism for the formation of I2 from
aqueous Csl in containment of a water cooled reactor after a LOCA. In order to be able to
predict iodine behaviour a computer model is required, but such complex models require a
comprehensive experimental data-base for verification. Despite the amount of study over
the last 60 years on the radiation chemistry of iodine there has been no consistent set of
experiments spanning a wide enough range of conditions to verify models with confidence.
One potential problem with much of the work so far has been the effects of postirradiation reactions which can change the concentration of h from that which was present
during irradiation and which is important for safety studies. These effects could be
particularly important at neutral and alkaline pH.
The radiation chemistry of iodine as I\ I2, HOI and IO3" has been the subject of study by
many investigators since 1930[1] using steady state and pulse radiolysis methods. Some of
the early work has been reviewed by Sellers [2].
Although the radiation chemistry of iodide appears relatively straightforward, and Table 1
shows some of the main reactions, the various equilibria involving I2 and the ability of
H2O2 to oxidise I and reduce I2 or its hydrolysis products leads to a very complex
behaviour. One of the main reactions influencing the radiation chemistry of iodine is
reaction 15 which is very pH dependent and the rate law for the reaction is traditionally
given by[3]:
d[C>2] _ ^15^E10^E12[H2Q23[U]

dt

[H+]2[r]

There is now evidence that neither the rate law nor mechanism shown in Table 1 is
correct. The importance of this reaction arises because it can cause post-irradiation
reactions to occur in alkaline solution which means that the I2 measured after irradiation
may not be the same as that which was present during irradiation. The experimental results
may therefore over- or underestimate the I2 concentration during irradiation and this is
important for the verification of computer models.
This paper describes results from an experimental programme carried out to avoid the
problem of post-irradiation reactions, which is intended to provide a comprehensive and
consistent data-base for iodine radiation chemistry. The chemical model is described in a
separate paper [4],

94

2. EXPERIMENTAL
The apparatus used for this work is shown schematically in Figure. 1. It consisted of a
Gamma Irradiation Facility, within which the sample solutions were irradiated at a dose
rate of 1.95 or 0.26 kGy hr-1, measured by the Fricke[5] method. Sample solutions were
prepared by dilution of appropriate quantities of caesium iodide in boric acid solution (pH
4.6) or from caesium iodide, boric acid, sodium di-hydrogen phosphate, di-sodium
hydrogen phosphate or tri-sodium phosphate solution (pH > 4.6) using high purity water
(Millipore milli-RO/milli-Q). The concentrations used were caesium iodide (10-6 - 10-4 mol
dm-3), boric acid (0.2 mol dm'3) and phosphate (1CH-10'1 mol dm*3). After measurement
of pH, about 30 cm3 of the solution was spiked with about 0.1 cm3 of reducing agent free
131I, as sodium iodide dissolved in sodium hydroxide (10*4 mol dm 3), to give a solution
activity of about 1-2 kBq cm 3. About 10 cm3 of this labeled solution was weighed into a
vial for counting and about 20 cm3 weighed into the irradiation vessel.
The sample solution was normally sparged with air which was drawn through the
irradiation circuit by pumping, to ensure reduced pressure at all times so that any leakage
would be inwards in the circuit containing 131I. The air initially passed through a
flowmeter, an activated charcoal trap, an alkaline trap for CO2 and a water trap to
humidify the gas. The air was then drawn through the irradiation vessel, into an iodine trap
which consisted of 50 cm3 sodium hydroxide (2.5 x 10*2 mol dm'3) and iodide (2 x 10-3
mol dm 3) solution. This trap was found to give more reliable counting results than
charcoal, presumably because of the source geometry. On exiting the NaOH/I" trap the gas
passed through a backup (activated charcoal) trap and a silica gel trap to dry it before
measurement of the outlet flow rate.
At the end of each experiment the activities remaining in the sample solution, collected in
the NaOH/I* trap, and washed from the delivery lines (with 10% HC1) were measured to
allow the activity balance to be calculated. When gases other than air were used the gas
was drawn from a flow of the gas of interest which was passed through a bubbler to
provide a visual indication that no air had been admitted.
The temperature of the irradiation vessel and the ambient temperature of the room were
recorded during each run. At the higher dose-rate used for this part of the work the 7heating and the proximity to the self-heated ^Co source led to an increase in temperature
of the irradiated solution to > 30°C. Thus solutions irradiated at high dose-rate required
some cooling and it was found that with an air flow of ca. 15 dm3 min'1 the temperature
rose to 23-24°C. Another effect observed on longer runs was that of temperature on
detector efficiency which tended to fall with decreasing temperature overnight and led to
an apparent change in the rate of iodine transfer.
For work at elevated temperature, heating wire was wound round the glass vessel
containing the solution and a heated pre-humidifier was placed in the gas line just before
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the irradiation vessel to minimise loss of water; even so the duration of runs was kept to a
minimum and, even with short irradiation’s, large amounts of water were lost at 90°C.
In order to measure the efficiency of removal of aqueous iodine by the sparge gas, 20 cm3
of 131l2 (1(H mol dm-3) was placed in the irradiation vessel and the rate of iodine transfer
was measured for a range of sparge gas flow rates. The removal and trapping efficiency
was close to 100% for the conditions of these experiments.

3. RESULTS AND DISCUSSION
All the work described in this paper was carried out in aerated solutions containing 0.2
mol dm"3 boric acid. At pH > 4.6 phosphate was added to adjust the pH because of the use
of tri-sodium phosphate as a pH control measure in reactor containment. In experiments
at pH >4.6 in the absence of phosphate, the pH was adjusted by addition of sodium
hydroxide to the boric acid.

3.1 Effects of pH
At all values of pH I was oxidised to a volatile form assumed mainly to be h, no analysis
was made for IO3" in the irradiated solutions at the end of the irradiation. The effect of pH
at two different dose-rates is shown in Figs. 2 and 3. It is clear that at both dose-rates
there is, as expected, a considerable pH dependence of the rate of evolution of I2 with a
reduction of the rate of production of I2 with increasing pH, and there is a small but not
insignificant production of I2 at the highest pH. The rate of production of I2 shows the
biggest fall between pH 4.6 and pH 6; increasing the pH by another two units only brings
a relatively small decrease in rate of iodine evolution.
At pH 4.6-5.5 the shape of the graph of evolution of I2 with dose shows a characteristic
“S” shaped curve with a slow initial rate of production followed by a period of faster rate,
but then falling again at longer times. The initial low production of I2 occurs because the
yields of the primary water radiolysis products G(e"*, + H ) > G(OH') and so initially little
net oxidation occurs. However H2O2 is also produced and, although its rate of reaction
with I to form I2 by reaction 16 is slow (ki6= 0.015 dm3 mol s"1), once a sufficient
concentration has built up the reaction of e'%, with H2O2 to form OH can compete to a
significant extent with the reactions of e"*, + O2 and e'*, + IT, so in acid solution the
system becomes more oxidising and the rate of evolution of I2 increases. At higher doses
the rate of evolution of I2 falls again for two reasons. Firstly, in boric acid solution the pH
increases from 4.6 to ca. 5.2 as a result of conversion of I" to I2 and the increased pH leads
to a reduced rate of oxidation. Secondly the residual iodide concentration decreases which
also leads to a reduced rate of transfer, the concentration dependence will be discussed
later. At higher pH the rate of iodine evolution is linear with time/dose and the second
steep component in the rate is not observed.
There are several factors which could be important in this pH dependence. The first is the
acid/base equilibrium between HO2" and O2", however since both HO2 and O2" are
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reductants for I2[le] it is unlikely the pH would affect their reactions with I2 although
disproportionation of HCV and O2 to form H2O2 is faster at lower pH. At the low doserate assuming a linear rate of production of I2 for 10 hours the equilibrium solution
concentration of I2 would have been about 3x1 O'6 mol. dm"3 and so most of the reaction
would be with I2. However at increased pH HOI becomes an important species because it
is formed by hydrolysis of I2 via reaction 10 and O2 has been shown to be unreactive
towards HOI[le]. The effect of trace metal impurities is potentially an important one in
these reactions. Trace metals can catalyse the disproportionation of O2" to H202[6,7,8]
which can have three effects: the increase in H2O2 will lead to more reduction of I2, but the
overall effect is be the same as if there had been no disproportionation; the catalysed
disproportionation reaction competes with the reduction of I2 by reaction 7; and the
increased H2O2 concentration favours the reaction of e"*, to form OH .
The dominant factor in the pH dependence is the reaction of I2 or its hydrolysis products
with H2O2 leading to reduction of I2 to I". As mentioned above the rate of reaction is
generally taken to be proportional to 1/tH4]2. However, an initial computer simulation of
the experimental data using the original version of INSPECT showed that the fall in the
rate of I2 production with increased pH predicted from this mechanism is considerably
greater than observed experimentally (see Fig. 4). The INSPECT model and its
development is described separately [4].Further experimental work at AECL Whiteshell[9]
and elsewhere[10] casts some doubt on the mechanism for the reaction of H2O2 with I2 in
alkaline solution. A complete discussion of this reaction is described separately [11] but
the observation that all the O2 produced in this reaction was found to originate from the
H202[12], and arguments on mechanistic grounds by Baxendale[13], suggest that other
mechanisms need to be considered. We suggest the following reaction scheme, the first
two reactions are as proposed by Symons [14]:
HO2"
OH"

+
+

I2
H
HOOI ->

HOOI +

T

H20

i-

H02-

+

HOI

-»

HOOI +

OH

(19)

OH"

+

H202

->

ho2-

H20

(20)

+
+

(17)
+

o2

(18)

This set of reactions simulate the AECL data and lead to a rate law
4.^19KE10
k17
' [H+][I~]
d[Q2l _ klg[H2O2][l2]^wKE20
-(-)
dt
[H+]
'k_17[H+][I-] + k18Kw
At neutral to acid pH and relatively high I when k.i7[H+][r]>kigKw and k17 >

^19^E10

[Hr+irr-i
][I ]
this expression is equivalent to that given by Liebhafsky[3]. However at intermediate pH
k K
and low I concentration when k_n[H*][T]<ki&Kw and k17 > ^ E- the rate of reaction
[H+][T]
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of H2O2 with I2 is proportional to 1/[H*]. At higher pH still when k17 <

the rate
[H+][I-]
again becomes proportional to 1/tH*]2. These reactions are also catalysed by
phosphate[lf], borate[15], and probably also by acetate[16] (because the rate constant
measured by Iiebhafsky in acetate is the same as phosphate) but not by citrate[lf]. The
mechanism of catalysis is not known. However, because the rate of evolution of iodine
falls by rather less than a factor of 100 between pH 6 and 8, alternative factors must be
important as well as the H2Oz reaction. A possible explanation is that another volatile
species in addition to I2 may be important at high pH, this is discussed further in the next
section.
One other factor to be taken into account in the explanation of the pH profile arises
because of the presence of phosphate. At intermediate pH the reaction of e'*, with H2PO.*"
leads to formation of H [17],
eaq-

+

H2P04-

->

HPO42-

+

H

(21)

H" is less reactive towards H202 than e'*, which would lead to less oxidation. The pKA of
H2P04 is about 6.8 in these conditions.

3.3 Effect of dose-rate
The effect of dose-rate is shown in Figs 5, 6 and 7. At pH 4.6 the rate of evolution of I2
increases proportionally with the dose-rate whereas at pH 6 and pH 7 this is not the case.
Increasing the dose-rate by a factor of 9 leads to an increase in iodine evolution by a factor
of 5 at pH 6 falling to 3.8 at pH 7. The explanation for this is uncertain but is probably
partially due to the volatility of I . So far we have only considered I2 as a volatile species
but I is formed by oxidation of T through the reaction 1 in Table 1. The solubility of the
iodine atom may be expected to be similar to that of Xe; they are of a similar size, the only
significant difference being that I does not have the inert gas electron configuration and
the unpaired electron may lead to greater interaction with the water molecules, and thus
lead to greater solubility than Xe. However Xe is far more volatile than I2 (the volume
partition coefficient for Xe at 25°C is 0.14). Again there are data in the tables [18] for
AjrGTg, (70.25 kJ mol'1), but not for A/GT^-. However Schwarz and Bielski[le]
measured the rate constants and equilibrium constant for the reaction
H02 +
I2
<-»
H+
+
I2+
02
(22)
and used these data along with the equilibrium constant for the reaction
I2<-»
I'
+
I
to derive a value for AfG\q = 76.49 kJ mol1, so AzGTg.aq= 6.32 kJmol'1. In a review
by Stanbury this value was shown to be consistent with other work[19]. The concentration
of Iaq in equilibrium with 1 atmosphere of Ig = 0.078 mol dm'3. This leads to a volume
partition coefficient of 1.9, a factor of 40 lower than that for I2 at 20°C which implies that
the volatility of I could be relatively important when the solution concentration of I2
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becomes low. At the higher dose-rate recombination of I to form I2, and reaction with I"
followed by disproportionation of I~2 (reactions 5 and 6), become more favorable and may
compete with volatilisation. The volatility of I could also explain partially the pH effect
whereby at pH >7 atomic iodine becomes a significant species and thereafter increasing
pH has little effect because it does not affect the production or decomposition of I". This
effect would be observed in these experiments but would not be observed in sealed tube
experiments where I would react to form I2 in the gas phase and redissolve. Another
possible reason for the dose-rate dependence is the presence of impurities in solution
catalysing the disproportionation of O2" to H2O2. This reaction is favoured at low doserate and low I2 concentration but at higher dose-rate reaction of Oi with I2 or with HO2
becomes more important

3.4 Effect of temperature
The effect of temperature on the rate of evolution of iodine at pH 4.6 (Fig. 8) is not great,
at pH 7 (Fig. 9) because of the short irradiation it is more difficult to quantify the effect
At pH 4.6 there are several competing factors, the partition coefficient falls with
increasing temperature and also oxidation of I" by H2O2 increases with temperature both of
which should favour increased rate of production of h but hydrolysis of I2 and reduction
by H2O2 should lead to less volatility and this is clearly reasonably finely balanced at pH
4.6. At pH 7 similar arguments apply. Here the volatility of I may be important because
the equilibrium with
reaction 5, shifts towards I at elevated temperature. The increased
rate of reaction of H2Q2 should lead to a lower concentration of H2O2 and less reaction
with e',q. Because the partition coefficient falls with increasing temperature the solution
concentration must be lower at elevated temperature in these solutions in order to give the
same fractional rate of transfer.

3.5 Effect of iodide concentration
The effect of iodide concentration on the fractional rate of transfer of I2 was fairly small at
both pH 4.6 (Fig. 10) and pH 7 (Fig. 11) however in effect Gc falls by a factor of 10 on
reducing the I" concentration by a factor of 10 and so there is a very strong concentration
dependence over the range studied. This is perhaps to be expected since at the low
concentrations of T radical-radical reactions and radical reactions with H2O2 become more
important. For example the reaction
OH

+

H2O2

-»

H20

+

HO2

(25)

can compete with the reaction of OH +1".
At the lower T concentration HOI becomes a more important species which is less volatile
than I2. At the lowest concentration used we observed a significant amount of iodine
trapped on the glass tube between the reaction vessel and the NaOH/T trap.
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3.6 Effect of sparge gas flow rate
There was very little effect of gas flow rate on the rate of evolution of iodine which
suggests that the rate of production is the rate limiting process. At pH 4.6 this is expected
because all the important processes are radical reactions which are very fast compared
with volatilisation. At pH 7 this is surprising because volatilisation would be expected to
compete with the thermal reaction of h with H2O2. Again this suggests another factor such
as volatility of I is dominant which is limited by the rate of production.

3.7 Effect of impurities
The effects of Mn2+, Fe2+, Mo, ethanol were measured in the presence and absence of
phosphate with results shown in Fig 12. It can be seen that overall the only discernible
effect is that due to phosphate. This lack of effect of impurity is probably either due to the
formation of insoluble hydroxides or phosphate complexes making the species unreactive.
The effect of added silver as powder was to reduce the amount of iodine volatilised (Fig.
13) however when the rate of reaction of I2 with silver was compared with the rate of
volatilisation it was clear that the effect of silver was not only to compete for I2 but some
other mechanism is important, because the rate of reaction is relatively slow compared
with volatilisation and more I2 would have been expected to have been evolved.

3.8 Effects of phosphate
The effect of phosphate shown in Fig. 12 was for less oxidation to occur because of
competition between phosphate and H2O2 for e"*,. Reaction of e *, with H2PO4" leads to
formation of H a reductant which reacts only slowly with H2O2 however e"*, reacts with
H2O2 to form the oxidant OH . Thus the effect of the phosphate is to reduce the amount
of oxidation by the suppression of the formation of OH from e*,". There was no
discernible effect of phosphate concentration, although a concentration dependence would
have been expected from work by Ishigure et al. [If].

3.9 Effects of 0% concentration
The effects of lowering the concentration of O2 at pH 4.6 were generally not very
reproducible and no explanation is available for this. However, changing from air to
nitrogen at pH 7 during the irradiation, see Fig. 14, led to increased oxidation, because in
air e'aq reacts with O2 to form the reductant O2" whereas in the absence of air e*, reacts
with H2O2 to form the oxidant OH. The effect of adding up to 5% H2 in gas mixtures was
for lower rate of oxidation as expected (Fig. 15) because of the reaction of OH with H2 to
form the reductant H however the extent of the effect was greater than expected from the
rate constants of the reactions.
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4. CONCLUSIONS
Experiments carried out to measure the effects of pH, dose-rate, I concentration,
temperature, sparge-gas flow-rate impurities, phosphate and oxygen concentration on the
rate of production of volatile iodine from sparged irradiated aqueous Csl have been
described and a qualitative explanation of the results has been given. These results have
shown a significant dependence on pH but this is not as great as expected from the normal
mechanism for reaction of H2O2 with 1% in alkaline solution.
There was an effect of dose-rate at pH >6. The effect of increased temperature was to
reduce the rate of production of I2. Phosphate lowers the rate of oxidation and removal of
oxygen increases it. Of the impurities tested only Ag had an effect whereby the amount of
volatile iodine was reduced. Reducing the I concentration by a factor of 10 led to only
slightly reduced fractional rate of production of I2 at pH 4.6 and 7. There was no
significant effect of the sparge gas flow-rate.
The chemical system is a very complicated one and requires a computer model in order
fully to elucidate the important mechanisms. From the results presented here it appears
that the mechanism for reaction of H2O2 with I2 is rather different to that proposed by
Liebhafsky and furthermore in this work the volatility of the iodine atom is important. In
this work it is shown that H2O2 in its reactions with iodine and with other radiolysis
products is an important species in contrast to most other work where its reactions are
neglected. The results from the use of a computer model to simulate these data are
presented separately [4],
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Water Radiolysis reactions
H
+
-»
02
+
->
e aq
02
HOZ

HO2
O2
O2

+

H+

(1)
(2)
(3)

I-

+

OH'

(4)

Iodine radiolysis reactions
r
IV
h
eaq

H-

+
+
+
+
+
+

OH-

->

r

h'

(5)

if

->

r

+

If

(6)

o2"

->

i2"

+

o2

(7)

h

->

i2'

h

-4

V

(8)

+

H+

+

r

(9)

Thermal reactions (simplified):
h

+

H20

44

HOI

h

+

r

44

I3"

HOI

44

IO'

+

H+

+

H+

(10)

(ID
(12)

HOI

+

HOI

44

io2*

+

2 H+

+

T

(13)

HOI

+

io2"

44

io3-

+

H+

+

T

(14)

IO"

+

h2o2

-4

I"

+

o2

+

H20

(15)

r

+

h2o2

--)

HOI

+

OH

Table 1 Basic reaction set for radiolydc oxidation of I

(16)
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IODINE VOLATILIZATION FROM IRRADIATED CSI
SOLUTIONS
G.J. Evans and E.J. Panyan
Abstract
A bench-scale, separate-effect, flow apparatus has been constructed to examine volatile
iodine production rates in relation to a selection of the possible variables and conditions
found in a containment structure with a breached reactor core. The constructed apparatus is
designed to provide the widest possible range of data including gas and aqueous phase
speciation for an established set of interfacial mass transfer parameters with known pH and
dissolved oxygen levels.
As the interfacial transfer of iodine is an important component in the understanding of iodine
chemistry, commissioning of the constructed apparatus focused on establishing a well
characterized set of mass transfer parameters for a variety of mixing conditions and solution
volumes. Aqueous phase parameters, obtained using a method involving the sparging of the
dissolved oxygen in the aqueous phase, were found to vary by one order of magnitude, from
lxl0"2 to lxl0"3 dm/sec. Gas phase parameters also changeable by one order of magnitude,
from 1x10' to lxl O'2 dm/sec, were studied more thoroughly as they were found to have a
greater impact in the system. Two independent methods of analysis were used, one involving
tri-iodide solutions, the other using relative humidity values.
A selection of the acquired volatility rates in relation to the effect of pH are presented. The
apparatus has been found to consistently provide rates up to one order of magnitude lower
than modelled predictions. Specifically, for buffered solutions, rates of 2x1 O'12 mol/min and
lxlO"10 mol/min for pH 9 and 5 respectively, have been found. Rates of 1x10'" mol/min and
6x1 O'10 mol/min are predicted. Current efforts have addressed potential reasons for this
apparent discrepancy, the major factor being the possible release of components from the
stainless steel during irradiation.
Efforts undertaken to ensure the validity of the results are emphasized.
During
commissioning efforts, several problems have been identified and addressed including line
losses, the efficiency of the gas phase measurement system, and the purity of the "'I tracer.
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1. INTRODUCTION
The volatility of radioiodine following a reactor accident depends to a large extent on its
aqueous chemistry. Radiation plays a dominant role in determining this chemistry, due to the
numerous reactions that can occur between iodine species and the products of water
radiolysis.
Due to radiolytic reactions, the form of iodine initially released into containment may not
have a large impact on the long term volatility of iodine. [1,2]. In contrast, both pH and total
iodine concentration play a substantial role in determining iodine volatility above irradiated
solutions [1,2,3,4,5]. The overall importance of pH has been demonstrated in both bench
scale [2,3,4,5] and intermediate scale experiments performed in the Radioiodine Test Facility
(RTF) [1,6]. The role of total iodine concentration has been evaluated in bench scale
experiments [3,4]. It is now suspected that at low total iodine concentrations and at high pH,
iodine atoms may contribute substantially to iodine volatility [3]. Finally, many organics
have been found to have a substantial impact on iodine volatility [1,6,7].
Over the last eight years, considerable progress has been made towards understanding the
impact of radiation on iodine volatility, due to a large extent to the experiments performed at
the RTF. However, evaluation of the radiolytic chemistry based on these integrated
experiments alone can be difficult due to the many other phenomena involved such as
interfacial transfer and surface adsorption rates. Supporting separate effects tests, based
primarily on bench scale experiments, are needed in order to evaluate the roles of individual
parameters. The impact of organics, for example, may be partially indirect, due to induced
changes in pH and dissolved oxygen, and partially direct, due to scavenging of radicals or
formation of organic iodides. Hence, investigation of the role of organics requires
experiments in which pH and dissolved oxygen can be monitored or controlled
independently.
This paper describes preliminary results from an ongoing bench scale study of parameters
affecting iodine volatility in irradiated systems. Specifically, a bench scale apparatus has
been constructed that allows continuous measurements of pH, dissolved oxygen, and the rate
of iodine volatilization during irradiation of I3II labelled Csl solutions in a “Co Gamma cell.
This apparatus differs from similar systems [5] in that the solution is mixed during irradiation
using known stir rates such that the rate of air/water interfacial mass transfer, and hence
dissolved oxygen concentration, can be controlled. An accurate knowledge of the interfacial
transfer rate is important as, during transients, this is the link between the amount of iodine in
the gas phase and the liquid phase chemical speciation. The approach used in the present
study also differs from previous work [2,3,7] in that the rate of iodine volatilization is being
evaluated rather than the concentration of gas phase iodine or iodine partition coefficient.

2. EXPERIMENTAL
2.1 APPARATUS
A pictorial representation of the main components of the constructed apparatus is provided in
Figure 1. The centrepiece of this apparatus is a 0.85 L stainless steel irradiation vessel. This
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vessel and a custom built magnetic stir plate are placed in the irradiation chamber of a
Gammacell 220 which has a well known dose rate of 0.15 kGy/hr. The stir plate itself is
connected to a mixer capable of varying the stir speeds (10 to 500 rpm) and consequently the
interfacial mass transfer conditions inside the vessel. A stir bar, inside a stainless steel sleeve
(5.0 cm in length, 0.5 cm in diameter) is used to mix the solution.
Figure 1: Pictorial representation of the experimental set-up

Liquid Loop

(1) Water analyzer, (2) Stir-plate mixer, (3) Nal detector with filter assembly (by-pass loop not shown), (4)
Stir-plate inside the irradiation chamber, (5) Cut-away view of the Gammacell 220, (6) Unassembled irradiation
vessel. (Note: gas phase pump, liquid phase pump, aqueous phase injection and extraction ports, and flow
meters are not shown)

Four gas-tight, stainless steel, needle valves connect the irradiation vessel to gas and liquid
phase recirculation loops made of a combination of 1/16" and 1/8" stainless steel tubing.
Using a model 77390-00 peristaltic Masterflex L/S PTFE Tubing Pump and a PTFE pump
head, the liquid loop transports the aqueous material inside the irradiation vessel to a 50 mL
Plexiglas monitoring chamber outside the Gammacell at a rate of 10 mL/min. This custom
built chamber houses an ICM Industrial Chemical Measurement water analyzer (model
51601), consisting of pH, dissolved oxygen and temperature sensors. Each value can be
recorded at set time intervals ranging from two to thirty minutes depending on the dictates of
the testing conditions.
Gas phase loop circulation is controlled with the use of a model DOA-P104-AA GAST
diaphragm pump possessing a fixed flow rate of 0.07 L/sec. This allows the volatile material
produced in the vessel to be transferred to a monitoring assembly consisting of species
selective adsorbents - Cdl2 and TEDA impregnated charcoal - and a Teledyne Isotopes,
model S-88-1, 2x2 Nal detector using a Canberra Nuclear Products Group Accuspec
multichannel analyzer (MCA) Card (model 07-0399). Two cartridges of each adsorbent,
housed in 1/4" Tygon tubing, are used in series to trap the gaseous iodine species. As it was
determined that the original system design did not allow a sufficient residence time for the
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Cdl2 filters to function properly, a by-pass line, in which the gas phase flow rate was reduced
to one tenth (7 mL/s) of the main line gas flow rate was created. It has been found that with
this new assembly in which only the charcoal filters, located in the main loop, are monitored
by the Nal detector, the retention efficiency of the first filter of each adsorbent is greater than
95%. Volatilization rates recorded by the detector are down loaded to a 286 Packard Bell
computer for analysis. In an effort to minimize the risk of a volatile iodine release, the gas
phase loop has been designed so that the only portion of system with positive pressure is that
of the filtered gas.
Volatile iodine accumulation rates are determined through the use of 131I and a Nal detector.
The efficiency of this detector has been established to be approximately 4% with minimal
variation between tests. Regardless, an LKB Compugamma system with a 3x3 well type Nal
detector, calibrated monthly, is used to check the efficiency of the system detector for each
portion of testing. It has been determined that due to the detection efficiency of the Nal
detector in the system, a maximum of 0.2 mCi of 131I is needed to detect volatilization rates as
low as lxlO"13 mol/min.
System temperature levels are not controlled but liquid phase temperatures have been found
to stabilize at approximately 28 - 30 °C under irradiation conditions.

2.2 METHODOLOGY
A typical experimental run consists of the following process; u. measured amount of water,
typically 200 mL, is added to the vessel which is then sealed and connected to the
recirculation loops. Prior to use, the water is purified using reverse osmosis with further
purification through filtration and deionization using a Bamstead nano-pure system. This
system includes a charcoal bed for removal of organic substances and is reputedly able to
reduce the organic levels to 10 ppb. The gas tight seal of the vessel is achieved with a rubber
o-ring which is assumed to contribute negligible contamination to the system. The o-ring is
replaced at regular intervals to guard against radiation degradation. The gas and liquid phase
pumps are then activated and the system pH is adjusted to the required level with the use of
LiOH or H2S04. For buffered solutions, a combination of 0.1 M mono potassium phosphate
and 0.05 M Borax is used. This solution is effective for buffering pH levels spanning the
range of 5.8 to 9. The vessel is then lowered into the irradiation site and the stir plate motor
is engaged to establish the desired mass transfer conditions. Using Aldrich 'Gold Label' Csl
and Merck Frosst 'carrier free, reducing agent free' 13II, a measured amount of 2.5xl0"3 M
iodide solution is added to the system, through an injection port in the liquid phase line to
produce the desired lxl0"5 M iodide concentration in the vessel. Depending on the test
conditions, a known amount of organic may also be added at this time. Dissolved oxygen,
pH, temperature and gaseous iodine levels are subsequently monitored on a continuous basis.
Liquid phase organic iodide levels are determined at selected time intervals using five mL
extracted samples and various separation techniques. The extracted samples are also checked
for: 1) total iodine activity to determine the total liquid phase iodine concentration; 2) the pH
with a model 9172BN, Ag/AgCl Sure-Flow Electrode external probe; and 3) iodide levels
with a model 90-02, Double Junction Reference Electrode for Bromide and Iodide.
To ensure the reproducibility of results and the accuracy of various measurements, several
pre-test calibrations and quality assurance procedures are performed: the on-line pH and
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dissolved oxygen probes are calibrated prior to every test; flow meters used in the gas phase
loops are periodically recalibrated; and all the reagents used are weighed out using a
calibrated OHAUS Electronic Balance (model TS 120S) with three digit accuracy.
Calibration of the scale is conducted on a monthly basis using calibration weights.
Finally, several post-test procedures are implemented to both calculate an activity balance at
the end of each test and to clean the system for subsequent testing. Cleaning procedures
include rinsing all interior surfaces of the apparatus with a 5% nitric acid solution, followed
by rinsing with purified water.

3. PRELIMINARY RESULTS AND DISCUSSION
During commissioning of the apparatus, a number of experiments were performed to
determine the interfacial mass transfer rates for various aqueous volumes and stir speeds.
Aqueous phase testing involved the following procedure; a measured amount of deionized
water was added to the vessel which was subsequently sealed and placed on the stir plate. A
combination of 1/8" stainless steel tubing and Tygon tubing was used for the liquid phase
line. This line connected a peristaltic pump, set at approximately 10 mL/min, and the water
analyzer, housed in its Plexiglas chamber, to the vessel. Upon achieving a steady state
dissolved oxygen (DO) level of about 8 ppm, nitrogen gas, added through one of the two
open gas phase ports, was used to sparge the liquid. When a DO level of 0 ppm was attained,
the nitrogen supply was removed and a step change addition of compressed building air was
added to the gas phase in the vessel. The resulting DO trend was recorded at intervals
ranging from one to ten minutes depending on the conditions selected for the run. Of note is
that the area of the interfacial surface was not a constant value due to vortex formation
especially at the higher stir rates. A value of 0.1 dm2 has been estimated for stagnant
conditions based on the vessel geometry. A typical trend obtained during the above testing is
provided in figure 2.
Figure 2: Typical trends obtained during mass transfer calibration testing

The graph on the left is the trend produced with the aqueous phase mass transfer procedure. The graph on the
right displays a trend produced with the gas phase procedure. Both correspond to conditions of 200 mL of
solution at a stir rate of 380 rpm.

Gas phase mass transfer coefficients were originally found using a titration method and an I3"
solution produced by mixing saturated I2 and KI solutions. In another study, the transfer of I2
from I3" solutions has been found to be limited by the gas phase resistance alone due to the
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rapid equilibrium between I2 and I3". A measured volume of the I2/KI solution was added to
the vessel which was then placed on the stir-plate in order to provide the selected amount of
mixing for the solution. The vessel was left open to ensure the concentration of I2(g) was
negligible. At various time intervals, five ml samples were taken from the vessel. Titrating
this sample with a standardized 0.005 M sodium thiosulphate solution provided the desired
trend also shown in Figure 2.
The regions of high mass transfer (high stir speed, low volume) were more thoroughly
investigated than those of low mass transfer (high volume, low stir speed). This selection
was based on an effort to determine the mass transfer coefficients for the conditions with the
greatest impact on iodine volatility. This region was also selected to be the first explored in
subsequent tests to determine the upper achievable limits of the system.
Figure 3: A selection of aqueous phase mass transfer values as a function of mixing rate
and aqueous phase volume
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Above is a selection of the experimentally determined, aqueous phase mass transfer coefficients. The values
were obtained by varying the volumes and the stir speeds inside the vessel. Each data point was the average of
two runs. Agreement between replicates was within 10%.

Figure 4: A selection of gas phase mass transfer values as a function of mixing rate and
aqueous phase volume
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Above is a selection of the gas phase, transfer coefficients determined using the I3" method.
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Results of the testing indicated that an order of magnitude difference in both gas and liquid
phase mass transfer parameters is obtainable with the designed equipment. This implies the
designed system is capable of supplying a wide range of mixing conditions. Figure 3 and 4
provide the mass transfer parameters found in the high mass transfer region of interest. The
low mass transfer region (low stir speeds and high volumes) which was also investigated,
indicated that values on the order of lxl 0"4 dm/sec were obtainable for the aqueous phase
while the lowest gas phase coefficient found was 4.5x1 O'2 dm/sec.
In order to evaluate the reliability of the apparatus, an experiment was performed using 200
mL of an 131I labelled, non-irradiated I2 solution buffered at pH 5. This test allowed the mass
transfer parameters, the potential for line losses and the gas phase iodine measurement system
to be evaluated. The experimental results agreed well with the expected rate of I2 transfer to
the gas phase indicating that line losses were not significant. In addition, the Cdl2 on
chromosorb P used for adsorbing mI2(g) in the by-pass loop was found to be over 95%
efficient. However, approximately 20% of the iodine remained in solution at the end of the
test, rather than being transferred to the trap. Analysis revealed that this iodine was in the
form of I'. The apparent reduction of I2 to T was attributed to a reaction induced by the
stainless steel surfaces. A pseudo first order rate constant was determined for this reduction
mechanism (4x1 O'4 s'1) and found to be negligible as compared to the rate of radiolytic
reduction of I2. However, in subsequent experiments the stainless steel vessel was found to
substantially decrease the rate of iodine volatilization from irradiated solutions. Figure 5
provides a typical set of results for the above testing conditions.
Figure 5: Volatilization from a 1.1x10"* M I2(aq) solution with no irradiation
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(mol/L)

I.50E-04 ..
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5.00E-05 ..
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0.00E+00
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Experimental — Simulation

The above test was performed at a pH of 5 with buffered water. The computer simulation and experimental
data agree when the suspected overall reaction mechanism, due to interaction with the stainless steel surfaces, is
included. Of particular note is that the mass transfer in the system is predicted correctly.

As the stainless steel vessel was found to interact with the iodine, the validity of the
previously obtained gas phase mass transfer values was questioned; these values were
determined with a method that assumed that the vessel had a negligible impact on the system.
A second method for determining gas phase parameters was conducted in order to eliminate
this doubt and also served to further improve the understanding of the mass transfer
conditions studied. This method involved measuring the change in relative humidity of air
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passed through the vessel. The rate of evaporation of water, which is directly proportional to
the gas phase mass transfer coefficient, could thereby be determined based on the change in
relative humidity and the known flow rate of air. The gas phase line was modified to
accommodate two Cole Parmer Tri Sense Relative Humidity and Temperature probes (model
37000-50), one placed at each end of the opened loop. The change in relative humidity was
determined for various stir rates, air flow rates and volumes of liquid in the vessel. By
monitoring both the temperatures and relative humilities at these positions, the gas phase
interfacial parameters were determined. Results, as presented in Table 1, correspond well
with the previously presented values. Discrepancies in the comparable conditions are within
a factor of two which is within an acceptable error limit considering the differences in the
methods. In particular, the relative humidity method is more susceptible to the effects of
splashing than that of the tri-iodide method. At a volume of 100 mL this effect is readily
apparent. It should be noted that for volumes of 200 mL and greater, kg was not greatly
affected by the stir rate. In particular no effect was observed for a 500 mL volume. In
general, stirring would not be expected to impact significantly on kg as most of the gas
mixing is likely to due to the flow of air into the vessel. The small impact observed for
smaller volumes was likely due to an increase in the interfacial area.
Table 1: Experimentally determined gas phase mass transfer values, in units of dm/sec,
using the relative humidity method
volume

100 mL

200 mL

300 mL

500 mL

0

1x10-'

5x1 O'2

8x1 O'2

8x10"2

110

—

—

—

8x10"2

160

—

—

—

8x10"2

380

4x10"'

6x10"2

1x10'

8x10"2

440

6x10"'

7x1 O'2

1x10'

8x10"2

490

1x10"*

8x10"2

lxl 0"'

8x10"2

rpm

Further commissioning of the apparatus involved the use of computer simulations. In
particular, the theoretical effects of altering the gas flow rates were explored. It was
determined that the selected flow rate of 0.07 L/sec would be adequate in ensuring the
volatile iodine would not accumulate in the gas phase above the liquid. The model also
predicted that under such a design setting, volatile iodine accumulation would be suppressed
until the hydrogen peroxide in the system achieved steady state. Experimental results have
corroborated this prediction as observed in figure 6.
Figure 6 also indicates the ease with which discrepancies between modelled and theoretical
results can be quickly recognized and scrutinized for validity. For example, there is an
immediate and unpredicted rise in the gas phase iodine levels at the time of initial exposure to
radiation. Subsequent analysis revealed that this gas phase spike was due to small amounts of
a volatile iodine contaminant, possibly organic iodide, in the tracer. This spike was also
observed in a test performed without radiation, indicating it was not a result of radiolytic
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reactions. It has been determined that the spike can be minimized by purging the tracer
solution with air prior to use.
Figure 6: Volatilization of iodine from an irradiated 1*1 O'5 M Csl solution with pH 5

5.00E-09 ..

O.OOE+OO
Time (min)

Initial iodine volatilization from 200 ml of a 10'5 M Csl solution buffered at pH 5. Shown is the number of
moles of iodine accumulated on the charcoal filter assembly as a function of time, the slope of which is the
volatilization rate. At time 75 min, the solution is exposed to radiation and a spike is observed in the gas phase
levels. This is not predicted by computer modelling and it is believed to be due to a contaminant in the tracer.
At time 500 min, the volatilization of iodine became significant. Computer simulations indicate that
approximately 400 min would be required for hydrogen peroxide to reach steady state.

One portion of the proposed experimental test matrix involved an examination of the effect of
pH on the volatility of iodine. Performing such a test served a twofold purpose: 1) provide
an indication of the experimental reproducibility of the results; and 2) since the data on the
behaviour of this portion of iodine chemistry is fairly well established it was anticipated it
would provide an estimate of how well the results for this apparatus agree with model
predictions. Typical results are provided in figure 7.
Figure 7: The effect of pH on iodine volatility
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Presented results are experimentally obtained and those predicted by computer simulations. An example of
reproducibility is also provided for two key pH levels of 9 and 5.
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The expected trend of increased volatility rates with decreasing pH are found but there is a
consistent discrepancy between the experimental and theoretical results. Experimental results
are up to one order of magnitude below the expected rates. The computer simulations were
performed using a set of approximately 60 reactions that had previously been found to give
good agreement with measurements of the steady state iodine partition coefficient [3]. It
should also be noted that this reaction set also gave reasonable agreement with the
experiments performed by Sims et. al. under acidic conditions [5], For example at a pH of
4.6 and a dose rate of 0.26 kGy/h, Sims et. al. observed a volatilization rate of 7x10""
mol/min while a value of 2x10"'° mol/min was predicted by our model for his experimental
conditions. However, at pH 7 Sims et. al. observed a rate of 5x1 O'12 mol/min while our model
predicted 3x10 " mol/min. Hence some discrepancies in the estimation of volatilization rates
under basic pH conditions may still exist. In particular, in our reaction set iodine atoms are
assumed to be volatile which substantially increases the volatilization rates predicted for pH
values above 7. For example at pH 9 the predicted volatilization is 1x10'" mol/min whereas
if only I2 is assumed to be volatile (i.e. iodine atoms are assumed to be non-volatile) the
predicted volatilization rate would be 1x10 " mol/min. At a pH of 7, under the conditions
used by Sims et. al., a volatilization rate of 3x10 " mol/min is predicted if the iodine atoms
are assumed to be non-volatile, as compared to the value of 3x10 " mol/min with volatile
atoms. It is clear that the values predicted with volatile iodine atoms are much closer to the
experimental results which supports the belief that the volatility of iodine atoms should be
included in the model. It may be that the discrepancy under basic pH conditions is due to the
omission of a mechanism for reducing iodine atoms in the model [3].
Considerable effort was invested in evaluating the factors that might be decreasing iodine
volatilization rates in our apparatus. The first potential cause investigated involved the
interior surfaces of the apparatus, in particular the stainless steel. Iodine is known to be
adsorbed by such surfaces in quantities which depend on the conditions of the test itself;
adsorption at high humidity and ambient temperature is known to be quite rapid. Activity
balances conducted at the end of each test indicate that the gas phase surfaces are more of a
problem than the liquid phase surfaces in this respect. In total, during a typical run, about
10% of the available iodine may be captured by the stainless steel surfaces. The amount of
iodine retained by the gas phase lines was evaluated after every test by washing the lines with
concentrated Na2S203 followed by HN03. However, the amount of activity in these wash
solutions was generally small as compared to that on the charcoal trap indicating that gas
phase line losses were not significant. The second potential cause, which was found to be
minor in comparison, involved a reaction between the stainless steel and the iodine itself.
Tests conducted in the absence of a radiation field with a saturated molecular iodine solution
(see figure 5) indicated that a detectable portion of the iodine remained in solution instead of
volatilizing. However, the rate of I2 reduction due to reaction with the steel was small as
compared to the rate of I2 reduction through radiolytic mechanisms. Other potential causes
that were evaluated were the H3P04 buffer, materials originating from the charcoal traps due
to the recirculation of the gas phase and the dissolved oxygen probe (which contains an
ethylene glycol solution). All of these were found to have no significant impact. However,
replicate experiments revealed that the volatilization rate under a given pH was decreasing as
more experiments were performed. It was suspected that corrosion was occurring within the
stainless steel vessel or lines resulting in the release of material into solution that affected the
radiation chemistry. A glass insert for the irradiation vessel is being constructed to
investigate this hypothesis.
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4. CONCLUSIONS
The initial efforts involved in the commissioning of a bench scale apparatus for the study of
iodine volatilization from irradiated Csl solutions have been described. An essential
component of these commissioning efforts was the establishment of the interfacial mass
transfer characteristics. It was found that the aqueous phase mass transfer parameter could be
altered by one order of magnitude (lxl 0"3 to lxl 0"4 dm/sec) for a set of well defined volumes
and stir rates. The gas phase parameter, recognized as having the larger impact on iodine
volatility in this system, was studied in greater depth using two independent methods of
analysis. Depending on the selected aqueous volume and stir rate, it was found that this
parameter could also be varied by one order of magnitude (1x10"' to lxl0"2 dm/sec) and the
agreement between the results obtained with the different methods has provided a reasonable
level of confidence in their accuracy.
The apparatus is currently being used in an ongoing study of iodine volatilization rates. In
particular, the recent results on the effect of pH on iodine volatility were presented. It was
found that the model consistently predicted higher levels of iodine volatility than those found
experimentally. Further testing of the reliability of the apparatus indicated that there are
several potential causes for this rate suppression, the major factor being the stainless steel
surfaces of the vessel.
Finally, the computer simulation used to model the apparatus has proven to be an invaluable
tool in the development of the system. It is anticipated that the ability to independently vary
mass transfer rates, pH, dissolved oxygen and organic concentration using this system will
provide novel data that will greatly assist in the further development of this model.
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Effect of Nitrogen and Oxygen on Radiolysis of Iodide Solution
H. Karasawa1 and M. Endo1

Abstract
The effect of nitrogen and oxygen on radiolysis of iodide solution was examined.

Direct

decomposition of nitrogen by y -radiation produced nitric acid to decrease a water pH.
resulted in the iodine formation in the radiolysis of iodide solution.
produced by the raidiolysis of water containing oxygen.

This

Hydrogen peroxide was

This worked a reducing agent to

suppress the formation of iodine in the radiolysis of iodide solution.

In the analytical model,

fourteen iodine species were considered and reaction scheme was consisted in 124 reactions.
The analytical model could estimate the oxidation state of iodide ions.

l)Power and Industrial System R&D Division, Hitachi Ltd., 7-2-1 Omika, Hitachi, Ibaraki
319-12, Japan
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1. INTRODUCTION
The radiolysis of iodide solution is important to estimate the source term.

The formation of

iodine was affected by factors such as irradiation dose, temperature, water pH and dissolving
gases in water.

Nitrogen is known to change into nitric acid under irradiation[Dolle 1978].

Oxygen is changed into hydrogen peroxide by irradiation.
In this study, the effect of dissolving gases in water on the iodine formation was examined.
The formation mechanism of nitric acid from nitrogen was discussed based on the experimental
results.

The effects of water pH and chloride ions on the iodine formation were examined

under degassed conditions.

The amount of iodate ions were calculated using a chemical

reaction model and compared with the literature.

2. EXPERIMENTAL
The schematic diagram of the experimental apparatus is shown in Fig. 1.
mf de of stainless steel and has a capacity of 80 ml.

The autoclave was

Distilled water bubbled with nitrogen gas

to control the concentration of dissolved oxygen to less than 1.0 X10"7 mol/1.
pressurized with N2/02 mixed gas up to 9 MPa in the autoclave.

The water was

The concentration of

dissolved nitrogen was calculated to be in the range from 6 X10'3 to 4.8 X10"2 mol/1 using
Henry's law.

The irradiation was carried out using a Co-60 y -ray source of 3.7 X 1014Bq.

The absorbed dose was determined to be 2.5kGy/h by the Fricke Dosimetry.
the amount of nitrogen compound products were quantitatively determined.

After irradiation,
The NOz" ions

were determined spectrophotometically as the azocompound formed by addition of n-l-naphtyl
ethylenediamine and sulphanilamide in acid solution.

The concentration of N03" ions were

analyzed by liquid chromatography using a lichrosorb column.
For experiments of Csl solution, a test vessel was made of a quartz glass with a volume of
0.151.

The concentration of iodide ions was measured using a light adsorption method during

irradiation.

3. RESULTS AND DISCUSSION
3.1 Decomposition of nitrogen
The main product in the radiolysis of water containing nitrogen and oxygen was nitric acid.
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As shown in Fig. 2 and 3, the yield of N03' ions increased proportionally with increase in the
absorption dose of nitrogen.

The G-values of N03" ions were obtained to be 3.5 for the gas

phase and 2.4 for the liquid phase.

Nitric acid seemed to be formed from nitrogen atoms

produced from the radiolysis of nitrogen molecules.

Nitrogen molecules decomposed

radiolytically into nitrogen atoms via ionic and excitative processes.
in the liquid phase would be equal to that of nitrogen atoms.
values of nitric acid between the liquid and gas phases.

The G-value of nitric acid

There was a difference in G-

This was due to the additional

formation of nitrogen atoms via the ionic process in the gas phase.

So the G-values of

nitrogen atoms and N* ions were estimated to be 2.4 and 0.6, respectively.
In the gas phase, nitrous oxide of about 2.5 X10"6 mol/1 was produced under about lOkGy
absorption dose of nitrogen.

Nitrous oxide was easy to dissolve in water to form nitric acid.

The amount of iodine formed in the radiolysis of iodide solution was increased with decrease of
the water pH.

As the decomposition of nitrogen molecules was proportional to the absorption

dose and resulted in the decrease of the water pH, this effect could not be ignored in some
cases.

3.2 Hydrogen peroxide effect
The concentration of iodide ions was decreased with the absorption dose.
suppressed in the presence of oxygen.
ions under irradiation.

This effect was

Oxygen changed into hydrogen peroxide and oxygen

Although iodide ions were oxidized to iodine by irradiation, iodine was

reduced to iodide ions by hydrogen peroxide[Ishigure 1986, Shiraishi 1992].

This effect was

enhanced with decrease of the initial concentration of iodide ions.
In the analytical model, fourteen iodine species were considered and reaction scheme was
consisted in 124 reactions.
calculation code.

A set of reaction rate equations was integrated numerically by a

Hydrogen peroxide changes iodine species such as I2", I, 10 , HOI, 10 and

HIOz into iodide ions directly or secondary.

But I02 was changed into I03" ions by hydrogen

peroxide.
These reaction rate depended on the conditions.
obtained correctly.

All rate constants for these reactions are not

If the rate constant for the reaction of I with 02 was increased by ten times,

the concentration of I03 ions could be explained by the analysis.

The calculated amount for

I03" ions is shown in Fig. 4 and compared with the literature[Ishigure 1986].
was reasonable.

The agreement

126

3.4 Water pH in severe accident conditions
The amount of CsOH discharged was estimated to be about ZxlO^M at most by the analysis of
a severe accident code for BWR.

The amount of nitric acid formed in the suppression pool

was estimated to be about l.OxlO^M under irradiation with the dose of 150kGy based on the
G-value of nitric acid obtained experimentally.
estimated to be about 10.3.
pH.

The water pH in the suppression pool was

The amount of iodine formation could be negligible in this water

In some accident conditions, hydrochloric acid was formed by the radiolysis of electrical

cable insulation[Beahm 1992].

As the iodine formation was enhanced with the decrease of the

water pH, the water pH should be kept to be above 10.

4. CONCLUSION
Effects of compounds in water on iodine production have been studied to evaluate iodine
production under severe accident conditions in light water reactors.
1. Water pH should be kept to be above 10 to suppers iodine production.

The amount of

CsOH entering the water pool is enough to increase the water pH of 10 in most severe accident
conditions.
2. Direct decomposition of nitrogen by irradiation produced nitric acid with the G-value of 2.4
in water.
3. The effect of chloride ions on iodine production was negligible in the radiolysis of iodide
solution.
4. Dissolved oxygen in water worked as reducing agent to suppress the formation of iodine.
5. The reaction rate constant for I with 02 was found to be 1.0xl06M"1s"1 to explain the iodate
ion formation.
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THE EFFECT OF TEMPERATURE ON RADIOLYSIS OF
IODIDE ION DILUTED AQUEOUS SOLUTIONS
T. Gorbovitskaya1, J.Tiliks1
Abstract
In order to investigate the radiolysis of iodine containing aqueous solutions a flow type
facility - Iodine Thermoradiation Facility (ITF) has been designed. It has a possibility to
irradiate aqueous solutions in the steel vessel (V=2 dm3) with “Co y-rays and continuously (on
line) to analyze the products of radiolysis both in liquid and in gaseous phases. By means of
ITF the formation of 1*% (I2+I3'+HOI), I03', H2O2 was studied in 10‘5-10‘3 mol/dm3 Csl
aqueous solutions by their radiolysis at dose rate 4,5 kGy/h for six hours in region of
temperatures from 313 to 404 K Under similar conditions, some experiments in glass
ampoules were also performed. The steady-state concentrations of Lx and IO3" decreased with
increasing temperature as linear function of inverted temperature. The effect decreased with
decreasing concentration of iodide ion. As the result, at high temperatures (T > 380K) the
steady-state concentration of Lx does not depend essentially on the iodide ion initial
concentration. Molecular iodine (I2) released from the solution was the mam radiolysis
product in gaseous phase. Its steady-state concentration increased with increasing temperature
because of decrease of iodine solubility in the water and decreased at the same time because
the radiolytic iodine concentrations decreased. Therefore the most volatility of irradiated 10 3
and 10"*M Csl solutions was observed at the temperature about 350 K The volatility of
10"5 M solutions gradually decreased with increasing temperature.The experimental data were
explained on the base of the hypothesis that the reaction between I2 and radiolytic H2O2 was
the limiting one determining the temperature dependence of Lx and IO3" steady-state
concentrations. Its activation energy was estimated to be 27,5 kcalmol1. The temperature
dependence for reaction (10 + H2O2) was also estimated.

1) University of Latvia, Laboratory of Radiation Chemistry, 19 Raina Blvd., Riga, Latvia LV-1586
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1. INTRODUCTION
The radiation induced processes in the iodide ion aqueous solutions has been studied more or
less intensively during all the existence of radiation chemistry. At present the interest of
researches on these systems is closely connected with the problems of nuclear energetic safety.
It is recognized that caesium iodide is a probable chemical form of radioiodine released from
the fuel into reactor containment in the case of nuclear power station accident [1]. In the water
cooling reactor cesium iodide is expected to reside in the waterpool to form nonvolatile iodide
ion aqueous solutions. But under the action of several factors such as presence of radiation and
thermal fields, organic and inorganic impurities, iodide ion can transform into volatile chemical
species of iodine, 1% and HOI, which can diffuse into gaseous phase. The potential possibility
for these volatile iodine compounds to release into environment is the most dangerous
consequence of possible nuclear power station accident. The significant efforts were
developed to elucidate the role of different factors in the iodine revolatilization process under
accident conditions as well as to estimate the chemical forms, concentrations and phase
distribution of volatile iodine species in containment. Therefore, the considerable amount of
works on radiolysis of iodide ione aqueous solutions under conditions, corresponding to those,
expected in the accident were published during the last 15 years [1-5]. They showed that the
radiolytic factor is the most important one in the process of iodide ione oxidation in
containment. According to obtained data, the behaviour of iodine under irradiation is a very
complicated process. Besides a large number of radiation reactions, complicated thermal
reactions of iodine take place both during the radiolysis and after it. In these reactions the
iodine oxidation states may interconvert between -1 (T) and +7 (IO 4). In addition, different
factors such as presence of organic and inorganic impurities, temperature, pH and red-ox
potential of the system, may influence these reactions. Hence, though significant amount of
works has been performed, many uncertainties still remain for this problem and further
experimental studies on the effect of different factors on the radiolysis are necessary for their
elucidation. Carrying out the new experiments it is very important to perform them in a wide
range of parameters covering those expected in containment during an accident. Unfortunately,
in present available data do not correspond to this requirement. So, to verify mechanistic
models of iodine behaviour in the needed wide region of parameters it is often necessary to
combine the results of different authors. But, as a rule, it is almost impossible to find the
sufficient amount of such data, covering a wide range of parameters and, at the same time,
obtained under the similar conditions.
Present paper describes the results of experiments on radiolysis of caesium iodide aqueous
solutions of different concentrations and by different temperatures in the range , expected in
the accident. Although a few data on the temperature dependence of iodide aqueous solutions
radiolysis were published [2-5] this problem has not been systematically investigated yet.The
main purpose of the study was to examine the effect of temperature on the radiation induced
oxidation of iodide ion and to estimate the variation of volatility of iodine in these systems
when the temperature increases. In order to obtain more definite information about the
mechanism of temperature effect, the concentrations of H2O2 and IO 3 were measured besides
those of the sum (fc+Ts+HOI).
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2. EXPERIMENTAL
2.1 Solution preparation and chemicals
Aqueous F solutions were prepared by using double-distilled water, Csl and H3BO3 of G.R
grade. HCIO4 and LiOH of G.R grade were used to control the pH.. The initial concentration
of F was controlled spectrophotometrically at 226 nm KI, NaOH, H2S04 and other reagents
needed for analysis of iodine species in irradiated solutions were also of G.R grade or better.

2.2 Temperature Experiments on Iodine Thermoradiation Facility
In order to study the behaviour of iodine under simulated accident conditions, the flow type
facility (I f f ) has been constructed. The scheme of ITT is shown in flg.1. By means of ITF it
was possible to irradiate with **Co gamma-rays the iodine containing aqueous compositions
and continuously to analyze the products of radiolysis both in liquid and in gaseous phases.
The ITF consists of a thermo stated stainless steel vessel (V=2 dm 3 ), modelling the
containment, and two analytical recirculating loops for analysis of liquid and vapor phases
respectively. There was also a possibility to place coupons of different materials into the
gaseous and liquid phases of the vessel to study iodine species sorption on these materials.
The recirculating loops for liquid and vapor phases analysis consist of the analytical cells and
apparatus linked with teflon tubes (D=3 mm). In every loop the circulation is provided by
centrifugal pump made of stainless steel During the radiolysis the liquid and gaseous phases
continuously recirculate in their loops through the analytical cells where the automated
analysis of iodine species is performed. There is also a possibility in 11F for discreet sampling
of the solution during irradiation.
In present work the analysis of liquid phase included the automated continuous measurements
of F, F3, the sum of I2,I3 and HOI, so-called oxidized iodine (I<,x), I0 3 and pH The analysis
of H2O2 was performed using discreet sampling method. Only the concentration of gaseous I2
was measured in gaseous phase by means of semiconductor iodine selective sensor inserted
directly into the vessel So, in present work gaseous phase did not circulate.
The analytical procedure was the following. The irradiated solution was cooled till the room
temperature by means of heat exchanger inserted immediately downstream to the irradiation
vessel The liquid phase analytical system consisted of the main recirculating line and the side
analytical loops. The solution after cooling flowed into the spectrophotometer, located in one
of the side analytical loops, where P3 concentration was monitored at 287 nm To measure pH
and F concentration the solution was introduced into the electrochemical cell where F and pH
were monitored, using iodide selective sensor and glass electrode respectively. After that, the
solution returned back to the vessel In one of the side loops, the analyses, requiring
introduction of reagents, were carried out. It was provided by UV detector set by 287 nm for
I,* concentration monitoring and spectrophotometer for measuring of I0 3 concentration.
Before the
concentration was measured, the solution was mixed with concentrated KI
solution for I2 and HOI conversion into strongly absorbed F3. To determine I0 3 concentration,
the solution after UV detector was mixed with 0.2 N solution of H2S04 and F3 formed was
measured in spectrophotometer also by 287 nm The solution from this side loop was
discarded after analysis. Therefore, both the volume and the flow rate of solution in this loop
was very small compared to those for the other loops. The loss of solution in these
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measurements did not exceed 100 ml (that is 10% from total solution volume) during one
experiment run.In order to determine H2O2 concentration 2 dm3 of the solution was sampled
during the irradiation directly from the vessel and H2O2 was measured using the method based
on iodide catalytic oxidation by H2O2
The conditions of this series of experiments are summed up as follows:
1. Iodide concentration: 10"5,10"*, 10"7 mol dm"3.
2. Initial solution pH: 5 ± 0.05.
3. Volume of irradiated solution : 1 dm3; Volume of gaseous phase above the solution: 1 dm3.
4. Range of temperatures: 316 - 404 K.
5. The absorbed dose rate : 4.5 kGy hr"1, total absorbed dose : 27 kGy.
6. Additives: H3BO3, : 2.1 g dm"3; HCIO4 and LiOH for pH control

2.3 Experiments in glass ampoules
18 dm 3 of aqueous T solution was filled into Pyrex-glass ampoules (V= 20 dm 3). The
ampoules were sealed with gas-burner flame without deaeration. To be irradiated, the
ampoules were inserted into the steel vessel of ITF filled with water and thermostated at
needed temperature. The vessel with ampoules was placed into y -irradiation source and
irradiated for two hours. For this time the steady-state concentration of IoX , IO 3 and H2O2
were achieved in solutions. After irradiation ampoules were cooled fast to the room
temperature and then analyzed spectrophotometricalty for f3, the sum ( I2 + T3 + HOI), IO 3
and H2O2 (see 2.3). Before the analysis the final pH of solution was also measured.
The experimental conditions of this series of experiments are summed up as follows:
1. Iodide concentrations: 7.8-10"4; 3.1-10"4; 5.85 10"3 mol dm3.
2. Initial solution pH: 5 ± 0.05.
3. Volume of irradiated solution: 18 dm3, volume of gaseous phase: about 2 dm3.
4. Range of temperatures: 323 - 373 K.
5. The absorbed dose rate: 4.5 kGy/h.
6. Duration of irradiation: 2 h, total dose: 9 kGy.
7. Additives: HCIO4 and LiOH for pH control
8. Time after irradiation till analysis: 0.5 h.

3. RESULTS
As it was described above (sec.2) two sets of radiation experiments on iodide ione aqueous
solutions were performed in the present work: the experiments in flow facility with continuous
analysis of radiolysis products, and experiments on two hours irradiation in glass ampoules.
Time dependencies of Lx, IO3 and H2O2 concentrations by different temperatures were
obtained as a result of flow type experiments. The character of these dependencies was typical:
after starting irradiation the concentrations rather rapidly reached their steady-state values,
although the time needed for it depended on temperature and initial iodide concentration. It
shortened with decreasing iodide concentration and increasing temperature. At high
temperatures and iodide concentrations of about 10'5 M a maximum was observed on the dose
curves at the early stage of irradiation (5-7 min after beginning of the experiment), after which
the concentration decreased rather rapidly for a short time and then remained almost constant.
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Summarizing the analysis of dose dependencies one can conclude that in all investigated
solutions the steady-state concentrations of IoX and IO 3 were reached during two or less hours
( dose of <9 kGy), that is also in agreement with the data of other authors [6,7]. It is to be
noted, that in flow type experiments there was an essential volume of vapour phase above the
solution (the ratio of phase volumes was 1) and the concentration of gaseous iodine (I2) was
measured in these experiments. The results of measurements showed that the equilibrium of I2
concentration between liquid and gaseous phases took place in all experiments.
To elucidate the influence of temperature on radiolysis of iodide ion aqueous solutions, the
steady-state concentrations of Lx, IO 3 and H2O2 ( [Lx]*, [10*3]* and [H2O2]* ) were studied as
functions of temperature, hi fig. 2 the steady-state concentration of Lx is shown as a function of
inverted temperature, with initial Csl and H3BO3 concentration as parameters. At fixed
temperature [Lx]* decreases with decreasing T initial concentration.The temperature
dependencies are approximated by linear function of inverted temperature. Straight lines form
two separate groups for solutions with H3BO3 and without it. The slopes of lines decrease with
decreasing Csl concentration so that lines inside of separate group cross each other and x-axis
approximately in the same point.. In the solutions containing H3BO3 the thermal stability of Lx
is higher than in those without H3BO3.
The dependencies of [IO 3]* on irradiation temperature with initial T concentration as a
parameter, are shown in flg.3. There is a scattering in data on IO 3 concentrations in 10"3 M
iodide solution but both for this solution and for solution of other T concentrations it can be
stated that [IO 3]* value decreases with increasing temperature and dependencies on inverted
temperature are linear.
Fig.4 shows steady-state concentrations of H2O2 measured in ampoules experiment, as a
function of temperature with T concentration as a parameter. The [H2O2]* slightly decreases
with increasing temperature.
On the base of the data on I2 concentrations in gaseous phase at different temperatures the
steady-state values of iodine partition coefficients (IPC) were calculated for 10'5, 10*4 , 103 M
irradiated solutions of T. The IPC was defined as
IPC-mVtlLi

where [I]*, and [I]gas are full iodine atom concentrations in aqueous and gaseous phases,
respectively [5, 9]. Fig. 5 shows the IPC values as a function of temperature with initial iodide
ione concentration as parameters. As it can be seen, there is a tendency for IPC brightly
expressed in 10'3 M Csl solutions, to have minimal value at the temperature about 350-360 K.

4. DISCUSSION
The decrease of [Lx]* and [IO3I* with temperature indicates that there is at least one backward
reaction in the mechanism of radiolysis with rate coefficient essentially dependent on
temperature. The mechanism of iodine behavior under accident conditions includes thermal
reactions and a great many of radiation reactions [10-12], Most of involved radiation reactions
are rapid radical reactions. The activation energies of these reactions are close to those of
diffusion controlled reactions, that is about 3-4 kcaLmol'1.Therefore, elevating the temperature
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from 316 to 400K their rate coefficients can not increase as much as it is necessary to explain
the observed temperature effect. Therefore, it is more probable that the reaction (or reactions)
responsible for the temperature effect is thermal reaction. One of the most important thermal
reactions of l* is the hydrolysis of molecular iodine:
h + HjOoHOH + F + H*

(1)

The hypoiodous acid ionizes to form hypoiodite ion:
HOI <=> HT + 10

(2)

The following groups of further reactions of hypoiodus add (or 10 ion) leading to I*x
concentration decrease are possible at pH >6:
1. Slow disproportionation reaction of HOI ( IO), followed by rapid reaction of HIO2 (I0"2)
with HOI (10 ) resulting in iodate formation:
HOI + HOI <*ffl02 + Hf + T

(3)

HI02 + HOI <=> mo3 + H" + T

(4)

2. The reverse reactions of HOI and IO with radiolytical H202 :
IO + H202 => T + 02 + H20

(5)

HOI + H202=> IT +r + 02 + H20

(6)

And in order the scheme of reactions would be more full the equilibrium between I2 and
molecular ion I3* should be written:
I2 + T

I3

(7)

The rate constant of the forward reaction in equilibrium (3) is reported to be (50 - 120)
dm3.moT1.s*1 [11, 12]. It may be essentially influenced by the temperature. But if the rate of
reaction (3) would determine the obtained temperature dependence of Jox formation the JO3"
concentration would increase with elevating temperature what is in discrepancy with
experimental data (fig. 3). The same may be noticed in regard to reactions (8) - (10) of HOI
which are discussed in literature as the steps of possible IO3 formation through IO radical
According to [11,14,15] they may be the following:
OH + HOI => IO + H20

(8)

i + hoi =>

(9)

10

+ r + kT

I2 +HOI => IO + 2T + H*

(10)

The pH dependence of (TOs"]* in fig. 6 shows that at pH*>7 IO3 steady-state concentration
decreases with pH* . The decrease of IO3 concentration with temperature and pH may be
understood if to suppose that there is a reaction (or reactions) of HOI and IO competing
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with the processes of IO3" formation whose rate more strongly increases with temperature and
pH than that of IO3 appearance. As such competing reactions may be considered reactions (5)
and (6). Only a small part of Lx transforms into IO3" by the radiolysis at the room temperature.
The calculations on the mechanistic model LIRIC [10 ] from which reactions (5) and (6) were
excluded, showed that, in these conditions, IO3" forms in very large amounts. This means that
both at the room temperature and at higher temperatures reactions (5) and (6) prevail upon
reactions (3),(4), (8) - (10) and may be supposed to be the mam thermal reactions leading to
[Iox] decrease during the radiolysis.
According to liebhafski [17] reactions (5), (6) are the base reactions of the process which is
the reduction of free iodine (I2,13") by hydrogen peroxide.
It should be noted that mechanism this process understood sufficiently [11] and the scheme of
reactions (l)-(4), (5)-(7) is one of the probable ways for its description [6,11,15]. If to assume
that equilibriums (1),(2) and (7) are instantaneous and the concentrations of H% H2O2 and T
are approximately constant during the reaction, the kinetic of molecular iodine decay because
of reactions (5), (6) may be described by exponential function:
h([Wfl2]) = k.t

where k is the decay constant
concentrations [6,15]:

(11)

of reaction ( I2 + H202 ) dependent on T, fTand H202

f k6 | k5K2'1 K![H202]
l[H+] [H+]2J
(1+K7[T])
[T]

1

(12)

In (12), Ki, K2, K? are the equilibrium constants of reactions (1), (2) and (7) respectively. The
rate coefficient of reaction (6) at 298K is reported to be 37 dm3.molds'1 [10, 12,15, 17]. The
rate constant of fast reaction (5) at the room temperature is now a subject of discussion.
According to Liebhafski study in neutral or alkaline solutions it would be l,5xl09 dm3.mol"V1
[17]. But in the work of Ishigure [6] the value I,4xl07dm3.mor1.s"1 was reported. After that
another value of the same authors was reported to be 6,6xl07 dm3.mol'1.s"1 [15]. The value of
Liebhafski is thought to be overestimated due to some catalytic effect of additives used in the
experiments [6,15]. Because in any case the value k; essentially exceeds that of ks and the rate
of reaction (5) much more strongly depends on H* concentration, at pH > 6, the rate of
reaction (6) becomes negligible compared with that of reaction (5). Therefore, the rate
constant of iodine reduction by H202 may be written as
k_

'[H2Q2]
(l + K7[J-]).[H+]2[J-]

.

According to
[16], in the investigated temperature range, the value of K2 very weakly
depends on temperature. The value of K? decreases about eight times as the temperature
increases from 300K to 400K [16], but at used iodide concentrations the expression in
brackets does not change with temperature more than twice. The value Ki is the sole
equilibrium constant, essentially changing with temperature. According to [16], its temperature
dependence may be described by the equation:
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hKi = - 1392,9 / T - 44,764 + 0,070692 T

(14)

Ki calculated from (14) increases four orders of magnitude as the temperature rises from
293K to 400KThe temperature dependence of k5 has not been studied yet. According to
reported values of rate constants for this fast reaction, change of its rate with temperature is
not expected to be very strong.
The obtained temperature dependencies of [Lx]* (fig. 2) may be expressed by general equation:
PoX]st = A/T - B

(15)

These functions corresponding to solutions with different Csl concentrations form two
separate groups of straight lines for solutions with H3BO3 and without it. Inside of every
groupe the value of B/A is approximately the same. So the temperature dependencies for
solutions with H3BO3 and without it are respectively the following:

(Pox]st)+B = A( 1/T - 2,5-10'3 )

(16)

(Pox]st)-B = A( 1/T - 2,7-10'3 )

(17)

It was found that the slope A of straight lines is proportional to [T]o1/2 (fig. 7):
A= 1,03-jT]1/2

(18)

So the following empirical formulas describe the temperature dependencies of [L,,]* in
solutions with H3BO3 and without it:

[IoxI^b = 1,03 [T]o1/2( 1/T - 2,510 " )

(19)

noxk-B= 1,03- [T]o1/2( 1/T - 2,7 IQ'" )

(20)

It is be seen from (19), (20) that at fixed temperature the steady-state concentration of Iox is
proportional to |T]o1/2.
Linearity of pox]* from inverted temperature indicats that it may be approximated by linear
function from logarithm of some Arrenius rate constant. On the steady-state of radiolysis of
5.10 s 4-10"3 M Csl solutions the conditions necessary for (13) to be approximately consstant
take place.
To get any quantitative confirmation of the hypothesis about the determining role of hydrogen
peroxide reactions in [Jox]* temperature dependence let us assume that [Jox]st decreases
proportionaly to the value of In k^. Then the following expression may be written for [Lx]*'.
[IoJst/A = ( 1/T - B/A) = - a ha k» = (aE»)/RT - a In ki3°

(21)

where E, and k%° are the activation energy and preexponential coefficient for complex reaction
of molecular iodine reduction by H2O2. After substituting ofkn in (21) by expression (13) the
following dependence of [Jox]st on rate coefficients, equilibrium constants and concentrations of
species in solution may be written:
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=-a4.62.pH,
A

(22)
[TK1+K7n)

where pH* is the steady-state pH of solution.
It is seen from (22) that Jox steady-state concentration should decrease proportionally with
increasing pH*. To examine the dependence (22) experiments on effect of pH on [Jox]* were
performed at 323K for 10*3 M CsJ solutions. The initial pH was varied from 5 to 9. He acidic
solutions increased but the alkaline ones decreased their pH under irradiation. Fig. 6 shows the
dependencies of [Jo*]* on pH*. They are in agreement with (22). From the slopes of straight
lines the value of a was derived to be 0,0760.10'3 both for solutions with H3BO3 and without
it. According to (21)
E, = R/a

(23)

The value of 27,5 kcaLmol*1 was found for Ea. From the intercepts of straight lines of pH
dependencies of Pox] using known values of Ki, K2, K7 [16] as well as measured average
concentrations of [H2O2] and [T] concentrations the values of k5 at 323K were derived. They
were equal 3,8-10? and 40-10? dm3.mol"1.s'1 respectively for solutions with boric add and
without it.
It is important to note that (22 ) predicts the decrease of [Jox]* sensitivity to changing pH when
iodide initial concentration decreases.
Using the value of a the temperature dependence of rate coefficient ki3 was derived from (21).
Then the temperature dependence of kj was also determined from (13) for solutions of
different CsJ concentrations. The corresponding results are shown in fig. 8. The average value
of activation energys for ki3 was found to be 27,2 kcaLmol*1 both for solutions with H3B03 and
without it. The activation energy for rate constant of reaction (JO + H202) found from the
slopes of corresponding straight lines in fig. 8 was also the same for solutions with HsBOs and
without it and equal 8,25 kcaLmol"1. The preexponential coeffident of k3 depends on presence
ofHsBOs. It was found to be 1,8.1013 dm3.mol"1.s"1 in the solutions with H3BO3 and 1,7.1014
dm3.mol"1.s"1 in the solutions without it..
According to the, data obtained, the values of ki3 and k5 in solutions with boric add are about
ten times less of those in solutions without H3BO3. This fact may be used for explanation of
more effident radiolytic accumulation of Jox in solutions containing HsBOs.
The average value of k5 (298K)=(17±2)-10? dm3.mor1.s*1 in solutions free of HsBOs is close
to value ks = 6,6.10? dm3.moV1.s*1 found by Ishiqure [15]. The agreement of k5 value with
literature data as well as coincidence of kinetic parameters found from pH and temperature
dependences of [Jox]* and their reasonable values may be considered as the confirmation of
hypotheses about determining role of reaction of iodine spedes, namely, JO ion, with
hydrogen peroxide.
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5. CONCLUSIONS
From the experimental data on radiolysis of 10"5 - 10'3 Csl aqueous solutions at high
temperatures and pHo = 5 the following conclusive remarks may be derived on the temperature
dependence of Lx and IO3 formation.
1. The efficiency of Lx radiation accumulation decreases with increasing temperature of
irradiation. The steady-state concentrations of Lx in 10"3 M Csl solution decrease more than 20
times increasing the temperature from 316K to 400K The effect becomes weaker with
decreasing T concentration. The temperature dependencies of Lx accumulation in 103 4-10"3 M
Csl aqueous solutions with 0,032 M H3BO3 and without H3BO3 may be described respectively
by empirical equations:
[Lx]*+B= 1,03[T]1/2.(1/T-2,5.10-3)

[Lx],."6 *= *1,03-E r f2- (1/T - 2,7.103)
2. Molecular iodine released from the solution is the mam product of radiolysis found in
gaseous phase. Its steady-state concentration at pH < 6 is in equilibrium with molecular iodine
in liquid phase. From one hand the steady-state concentration of airborne iodine increases with
increasing temperature because of decrease of iodine solubility in water from the other hand it
decreases because the radiolytic iodine concentration decreases. Therefore, the maximum
volatility of irradiated IO"4 and 10 3 M Csl solutions takes place at about (350 - 360)K
3. The temperature dependencies of Iox steady-state concentrations in y-irradiated Csl
aqueous solutions at pH>6 may be explained on the base of hypothesis about the determining
role of molecular iodine (I2) reaction with radiolytic H2O2. On the base of this hypothesis the
activation energy for reaction of I2 with H2O2 was found to be 27,5 kcaLmol'1. The
temperature dependencies of rate coefficient for reaction (IO + H2O2) were also estimated to
be k5 = 1,8.1013. e-8250/RT and k5 = l,7.1014.e "8250/RT for Csl solutions with 0,032M H3BO3 and
without it respectively.
4. The decrease of IO3 steady-state concentration with temperature and pH may be explained
as the result of suppressing of its formation by reaction of IO" with H2O2.
5. The possible reason for more effective accumulation of Lx in Csl solutions with H3BO3 is
that the value of rate coefficient for backward reaction (IO + H2O2) in this solutions is smaller
compared with that without H3BO3.
6.

The experimental data on the effect of temperature on steady-state concentrations of Lx,
interpreted in the terms of I2 reaction with H2O2 predict the decrease of Lx sensitivity to
solution pH with decreasing initial concentration of iodide ion.
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Table 1.
Components and characteristics of ^Thermoradiation Iodine Facility
NO
in
Fig.l

Technical Parametrs
Component

Purpose and Characteristic
Detector Range
Vs /V =005-19

Pretission
%

1.

Reaction vessel

Steel vessel, modeling of
containment. V=2000 enr

2.

Irradiation source

Co-60, summar activity 300 TBq

3.

Block for control of
external parameters

Control and determination of
temperature (T),pressure (P),
irradiation dosage (D).

T = 300400 K
P * 0 -1 MPa
D = 0 - 4 KGy/h

5
10
10

4.

Rotameters for
gaseous and
liquid loops

Measuring and regulation of gaseous
and liquid stream (I).

If = 0.02-500 cm3/s
F » 0.02-50 cm3/s

5
5

5.

Qrcullation pumps

The pumps from stainless steel for
gaseous and liquid systems

Hf = 500 cm3/s
K = 50 cm3Zs

10
10

&

Block for
purification of
radiolytic gasses

Modelling of purification of gaseous
atmosphere ot containment using
sorbents

7.

—

—

Preparation of the composition of
Block for
preparation of gasses gasses for modelling of containment
atmosphere (CH^. Oj. Hej,introducing
of gaseous inhibitors of radioiodinc.

P_ - 1 MPa

Gaschromatograph with
ESD

Automatic analysis of organic gasses
(RJ etc.) with time interval 10 min.

Csw = IE-09 M

Gaschromatograph with
FID

Automatic analysis of gasses (Hz. O2.
CH-t etc.) with time interval 10 min.

Cs = 1E-0S M

10.

Analogic- number
transformator

Transformation of signals from
detectors for computer (PC)

11.

Cell for extraction
of inorganic
compounds from
liquid phase

Continuous extraction of dissolved
inorganic compounds from, liquid
phase in stream using the method of
balanced vapor.

C*w = IE-09 M

Gas-liquid
chromatograph

Automatic analysis of iodine- organic
and other components in liquid
phase with time interval 10 min.

C£„ = IE-09 M

Electrochemical
analysis block

Continuous measuring of content of
solution using ion-selective electrods
(pH, J~. Red-Ox potentials^:)

pH = 0 -14
pj = 0 - 6

Optic analysator
(with addition of
reagents)

Automatic analysis of IO—3 in stream
of liquid phase.

qjoiE-07 m

15.

Optical analysis (in
stream)

Automatic analysis of J2, J*3 J* in
stream of liquid phase.

C(J = IE-06 M
cyry- ie-o?m
C(J-/ = IE-07 M

16.

Reagents '
preparation block

Preparation of model solution for
radiolysis, introduction of impurities
and radiolytic iodine scavengers.

C =lE-05-lE-01 M

Block for
purification of
liquid phase

Modelling of spilled solution
purification in the containment using
sorption

Detector of
molecular iodine.

Continuous automatic analysis iodine
concentration in gas phase using
semiconductor sensor.

&

9.

12.

13.

14.

17.

18.

—
—

—

10

15

15
—

—

15

15

j

—

10

10
15
15
15
15

—

C(J;)* =1E-U M
10
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Fig. 2. Dependence of 1.x steady-state concentration on temperature of irradiation.
The initial Csl concentrations are: 1 - 10-3 M; 2 -10"4 M; 3 -10"5 M; 4 - 7,8.10“* M;
5 - 3,1.1c"4 M; 6 - 5,85.10^ M; The initial pH is 5; 1,2,3 - flow experiments; 4, 5, 6 ampoule experiments. Additive; 1,2,3 - 0.032 M H3BO3.
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Fig. 3. Dependence of IO3 steady-state concentration on temperature of irradiation.
The initial Csl concentrations are: 1 - 5,85.10"$M; 2 - 3,1.10"* M; 3 - 0,8.10"3 M;
4-1.1CT3 M; 1, 2,3- ampoules experiments, 4 - flow experiments; Additive: 0,032 M
H3BO3 (4).
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Fig. 4. Dependence of H2O2 steady-state concentration on temperature of
irradiation. The initial Csl concentrations are: 1 - 5,8.10"$ M; 2 - 3,1.10"4 M;
3 - 0,8.10-3 M; The initial pH: 5; Ampoule experiments.
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IPC

Fig. 5. Dependence of Iodine Partition Coefficient on temperature of irradiation.
The initial Csl concentrations are: 1 - 10"®M ; 2 - 10-4 M; 3 - 10"3 M; The initial
pH: 5. Additive - 0,032 M H3BO3.
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Concentration, M 10

Fig. 6. Dependence of In (1,3) and IO3* (2) steady-state concentrations on the final
(steady-state) pH of solution. Csl concentration: 10"3 M; Additive: 0,032 M H3BO3
(3). Flow experiments
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Fig.7. Coefficient A from equation (15) as a function of Csl initial concentration.
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Fig. 8. Rate coefficients of reactions (1% + H2O2) (ku) snd (IO + H2O2) (ks) as
functions of temperature.
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Measurement of In formation from Csl by thermal stress
High sensitive I2 on-line monitoring

G. POSS, W. RIEDEL*, M. KNOTHE*, R. ZAHORANSKY**, E. LAILE**
Battelle Ingenieurtechnik GmbH, Diisseldorfer Str. 9
D-65760 Eschborn
* Fraunhofer Institut fur Physikalische Mefitechnik, Freiburg
WIZARD Zahoransky KG, Todtnau

Keywords
severe accident, in-vessel I2-measurements, iodine aerosol interaction, hydrogen combustion

During severe accidents in nuclear reactors, Csl is liberated and suspended as aerosol into the
containment building. Depending on the course of the accident, Csl can be burnt by H2 flames. I2
liberation has been investigated in lab-scale experiments burning dry Csl-particles and aqueous Csl
solutions in a H2-flame. The results have shown, that in both cases molecular gaseous iodine (1%) is
generated during burning of Csl.
I2 in/on-line monitoring exceeds the present state of the art and is even more difficult under the
presence of droplets or particles. To perform the experiments a light absorption measuring technique
in the visible range was established and validated with excellent performance even at low
concentrations down to 5-10"* mol 1"' and at high temperatures. The underlying physical principle is
the specific absorption of visible light in parts of the iodine band between 500 and 600 nm, where
I2 has a quasi-periodic absorption spectrum with a peak separation of approximately 2 nm.
For an improved understanding of the aerosol/iodine interaction, bias free in-vessel monitoring
of I2 and aerosol is required. Based on several years experience from developing aerosol measuring
devices applied under severe accident thermal hydraulic conditions and the now available I2-sensing
technique, a combined aerosol/I2 measuring system is planned which bases on a complex multiple
path arrangement, suitable for simultaneous in-situ I2 and particle/droplet monitoring. The achievable
sensitivity for I, is expected in the range up to 10"11 mol l"1.
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HYDROXYLAMINE AS A POTENTIAL REAGENT FOR
DISSOLUTION OFF GAS SCRUBBING IN SPENT FUEL
REPROCESSING: KINETICS OF THE IODINE REDUCTION
(An example of similarity between the studies on the chemistry of iodine in reactor safety and
in spent fuel reprocessing)

C. Cau Dit Coiimes1, S. Vargas12, J. Chopin-Dumas2, F. Devisme1

ABSTRACT
Iodine, which can be released inside the containment building when an accident occurs, can be
traced, in normal operating conditions, at the back end of the fuel cycle. Hydroxylamine has
been selected as a reagent of potential interest to trap iodine in the dissolution off gas
treatment. The kinetics of the reaction between hydroxylamine and iodine has been studied in
a narrow range of pH (1-2), with hydroxylamine in excess (ratios of hydroxylamine to iodine
initial concentrations varying from 2 to 40), at constant temperature (30°C) and ionic strength
(0.1 mol/L). Spectrophotometry and voltammetry have been coupled for analytical
investigation. The problem of the rapid mixing of the reactants has been solved using a
continuous reactor. Triiodide has been shown non reactive towards hydroxylamine. An initial
rate law has been proposed, pointing out the first order of the reaction with respect to
hydroxylamine and iodine, and the inhibitory effect of iodide and hydrogen ions. Nitrous acid
has been identified as a transitory product. Nitrous oxide and nitrogen monoxide have been
detected by gas chromatography, the ratio of the amounts of products formed depending on
acidity. The complexity of the overall reaction has been ascribed to the competition of four
reactions as previously proposed in the literature ( I2 + T <=> I3"; NH3OH+ + 2 I2 + H20 —>
HN02 + 4 T +5 H+, NH3OH+ + HN02 -> N20 +2 H20 +H+; 2HN02 +2 I +2 H+ -> 2 NO + I2
+2 H20).

1) Commissariat a l’Energie Atomique - CE/VRH - Marcoule - DCC/DRDD/SPHA - BP 171 - 30207 Bagnolssur-Ceze Cedex - FRANCE
2) Laboratoire d'Electrochimie Inorganique - ENSSPICAM - Avenue de I’Escadrille Normandie Niemen Centre Scientifique de Saint-Jerome - 13397 Marseille Cedex - FRANCE
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1. INTRODUCTION
Our contribution intends to emphasize the link between reactor safety and spent fuel
reprocessing, special fields in which similar difficulties are encountered in the framework of
iodine chemistry. Iodine, which can be released inside the containment building when an
accident occurs, can be traced, in normal operating conditions, at the back end of the fuel
cycle mainly as cesium iodide and partly as metallic iodides (such as silver iodide). Small
amounts of cesium iodide are volatilized in the first step of reprocessing when shearing off.
However, the major part of iodine is released in molecular or organic form (iodoalkanes
generated by reaction with impurities from the recycled nitric acid) into the gaseous phase at
the time of fuel dissolution in nitric acid, whereas insoluble metallic iodides remain in the
solution. Iodine trapping is a serious problem to cope with during the dissolution off gas
treatment to avoid scattering in the extraction cycles, which would make iodine recovery quite
impossible. Iodine recovery from the metallic precipitates is out of the scope of this paper.
The current process for the dissolution off gas treatment takes place in two main steps:
- continuous trapping of gaseous iodine and nitrogen oxides in sodium hydroxide at 20 °C;
- batch degassing of iodine from the scrubbing solution by acidification with nitric acid,
heating at 60°C and air bubbling. Some sulfamic acid is added to reduce the residual nitrous
acid into nitrogen.
The Puretex program run by the French Atomic Energy Commission aims to reduce the
amount of wastes generated by reprocessing according to the Purex process. One of the
objectives is the vitrification of the LA-MA effluents, which requires a significant reduction
of their saline load. Sulfur is prohibited because it leads to severe corrosion in the vitrification
crucible. Sodium amounts must be reduced so as to ensure a low teachability of the FP glass.
Our objective is thus to find new reactants to trap iodine in agreement with these
requirements.
As shown by preliminary studies [1], hydroxylamine (HA) is a reagent of interest since it can
reduce both iodine and nitrous acid in acidic medium. A detailed investigation on the kinetics
of the iodine reduction by HA has been carried out, the first results of which are presented in
this paper.

2. INVESTIGATION FRAMEWORK
In weakly alkaline medium [2], the reaction between iodine and HA takes place smoothly and
rapidly according to reaction (1).
2 NH2OH + 212
N20 + 41" + H2O + 4 H+
(1)
On the contrary, the reaction is rather slow in acidic medium and the stoichiometry depends
on the pH and the ratio of hydroxylamine to iodine concentrations [3-5]. Nitrogen monoxide
and nitrous acid have been detected as additional reaction products.
In our whole study, pH was maintained below 2 so that the reaction be slow enough. We used
a continuous reactor to ensure a pre-mixing of the reactants. The reaction was initiated by
stopping the feeding. The initial composition of the reactive medium was given by the
analysis of the stationary state settled before the onset of the reaction. Two independent
analytical techniques were used: UV-visible spectrophotometry and voltammetry.
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3. EXPERIMENTAL
3.1 Products and solutions.
All chemicals were of analytical grade. The solutions were prepared using demineralized
water. Stock solutions of sulfuric acid (2.5 M) were prepared from dilution of 95% sulfuric
acid (Prolabo Rectapur 20692324). HA solutions were obtained by dissolving crystalline
hydroxylammonium sulfate (Fluka 161397). Bisublimated crystalline iodine (Fluka 57650)
was dissolved in 0.3 M sulfuric acid. Acidity was adjusted with sulfuric acid/potassium sulfate
buffers. The ionic strength was constant (0.1 mol/L) in all the experiments.
Nitrous acid was spectrophotometrically analysed using the Griess Bosvay reaction. Two
reagent solutions were prepared:
A: sulphanilic acid (0.5 g) dissolved in 30% acetic acid (150 mL);
B: a naphtylamine (0.1 g) dissolved in hot water (20 mL) and poured in 30% acetic acid (180
mL);
Equal volumes of A and B were mixed immediately prior to measurement. Samples (0.5 mL)
were taken from the reaction mixture and added to A+B solution (10 mL). The absorbance
was recorded at 530 nm 20 minutes later. A calibration curve was obtained according to an
analogous procedure using sodium nitrite samples of known concentrations.
In the study of the gaseous products of the reaction, iodine (2.10 3 M) was directly generated
in the reactive medium using the Dushman reaction (reaction (2)).
I03" + 5 I" + 6 H+ o 312 + 3 H20
(2)
Potassium iodide (Prolabo 26 846.292) and potassium iodate (Prolabo 260840.292) in
stoechiometric proportions were dissolved in water acidified with sulfuric acid at pH 1 or 2.5.

3.2 Outfit.
Spectrophotometric measurements were carried out with a Varian Cary I spectrophotometer.
Two types of Hellma cells were used:
- a 80 pL circulating flow cell for kinetics experiments in the continuous reactor;
- a 3.8 mL cell which was magnetically stirred and stoppered with teflon for long time kinetics
experiments in batch.
A Princeton Applied Research N° 273 potentiostat was used for the voltammetric
measurements. The electrochemical cell was a glass vessel with lateral indentations, 4 supply
pipes and a discharge tube which provided a constant volume for the reaction mixture (40
mL). The reactants were pumped from 4 stock flasks with a Gilson Minipuls HP4 peristaltic
pump. The flow rates could be adjusted from 0.5 to 1300 mL per min. The incoming flows
were magnetically stirred at the entrance of the reactor. Temperature was maintained at 30°C
with a Bioblock Scientific thermostated bath. Three electrodes were used:
- working electrode: Solea Edi 76979 rotating platinum disk electrode (rotation speed: 2000
revs per min.)
- auxiliary electrode: platinum wire
- standard electrode: mercurous sulfate electrode prepared in the laboratory.
The assembly is described in figure 1.
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The gaseous products of the reaction were analysed using gas chromatography. The gas
chromatograph (Varian GC Star 3600 CX) was fitted with a gas sampling loop (vol: 250pL), a
Porapack Q column (2 m long; 1/8” OD) and a thermal conductivity detector; the carrier gas
was helium. Calibration was carried out for N%, N^O and NO in He from standard gas
mixtures in cylinders (Air Liquide). The reactor was a bubbling flask (300 mL). The gas inlet
was connected to a high purity helium cylinder via a pressure regulator (Tescom) and a massflow controler (Unit Instrument); the gaseous products were carried by the helium flow from
the reactor to the sampling loop through a stainless steel pipe.

Figure 1. Assembly diagram for kinetics study using a continuous reactor
Storage flasks

Peristaltic pump Pr
feeding the reactor

Potentiostat

Electrochemical cell

Rejection flask

Spectrophotometer

Auxiliary pump Ps
Circulation of the reaction
mixture through the
spectrophotometer cell

3.3 Procedures.
Kinetics studies with the continuous reactor:
The experiments were performed in the following order:
-1- flow rates measurement and calculation of the average residence time in the reactor;
-2- reactor feeding and wait for the stationary state to settle;
-3- analysis of the solution in the reactor;
-4- spectrophotometric titration of iodine in the stock solution;
-5- spectrophotometric kinetics initiated by stopping pump Ps;
-6- voltammetric kinetics initiated by stopping pump Pr;

Long time kinetics in batch:
The evolution of the iodine, triiodide and nitrous acid concentrations was recorded during two
hours. Iodide and triiodide were spectrophotometrically titrated. The experiment was carried
out in the 3.8 mL magnetically stirred and thermostated (25 °C) cell. The reaction was
initiated by adding 100 pL of concentrated HA solution to the 3.7 mL iodine solution
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previously introduced in the cell. The absorbances at 460 and 354 nm were recorded every 1.5
min. The experiment was then repeated in batch with larger amounts of reaction mixture (50
mL). Samples of 0.5 mL were regularly taken and nitrous acid was spectrophotometrically
analysed using the Griess Dosvay reaction.
Gas chromatography analyses:
An acidic solution (250 mL) of HA (2.10‘2 mol/L) was introduced in the reactor. High purity
helium was bubbled through the flask during two hours (flow rate = 150 mL/min). The reactor
was then fed with a vacuum degassed solution of potassium iodide and potassium iodate with
an automatic piston burette during 60 minutes at a rate of 1 mL/min. All over the reaction
duration, the ratio [HA]/[L] was higher than 20. Analyses were performed every twenty
minutes once the reaction started.

3.4 Iodine, triiodide and iodide concentrations calculation.
Spectrophotometric analysis:
The iodine and triiodide concentrations were deduced from the absorbances at 354 nm (I3‘
absorbance peak) and 460 nm (1% absorbance peak) according to equations (3) and (4) derived
from the Beer Lambert law.
(3)
I2,354 £ij,460

ei2.4#> £Ij,354

ex,i
A

c

= absorptivity coefficient of species x at i nm

_Ac

(4)
The oxidant concentration was thus given by equation (5):
(5)
The absorptivity coefficients of iodine and triiodide were taken from literature [6].

Equation (6) was used to calculate the iodide concentration: |I~J =

(6)

K was defined as the equilibrium constant for reaction (7).
12 +1'
I3"
K = 625 L.mol*1 at 30°C [7]

(7)

Voltammetric determination.
The Levich law was applied to the limiting currents recorded at -200 mV (iodine and triiodide
reduction) and + 350 mV (iodide and triiodide oxidation). The triiodide concentration was
taken from the spectrophotometric analysis. The iodide and triiodide concentrations were
calculated from equations (8) and (9).
with

Ij = intensity at i volts
Lj = Levich coefficient of species j

(8)
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trl=05

(9)
L,-

The oxidant and reductant concentrations were thus deduced from equations (10) and (11).
[Ox] = [I2] + [l,-] = I-^ + [lj{l
(10)

L, 2 /

(ID
V
The Levich coefficients had been previously determined at 30°C [8].
iodine reduction
I2 + 2 e" <=> 21"
=5114
triiodide reduction

I3" + 2 e" <=> 3 I"

L My = 4370

iodide oxidation

2 I" <=> I2 + 2 e"

Lr =3314

triiodide oxidation

213" <=> 3 I2 + e"

L-

=2185

The presence of iodine and iodide in the reactive medium inhibited both the oxygene
reduction and hydroxylamine oxidation signals at the platinum electrode. Figure 2 illustrates
the alteration of these signals when adding increasing amounts of potassium iodide to the
solution.
Figure 2: i-E curves of HA (12.10"4 mol/L) in 0.075 mol/L H2SO4 at platinum disk
electrode (2000 rpm) after addition of increasing amounts of potassium iodide to the
solution.

♦ [Kl]=0 M
♦ [KI]=5E-7 mol/L
. [KI]=5E-6 mol/L

The oxidant ([Izl+ft]) and reductant ([T]+[I3']) concentrations resulting from
spectrophotometric and voltammetric determinations were in good agreement. Both
techniques were used for kinetics experiments.
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Because of the complexity of the reaction, any attempt to underscore an unique order with
respect to the reactants during all the progress of the reaction was a failure. The initial rates
were consequently analysed.

4.1 The role of triiodide in the reaction.
During the twenty minute kinetics study, the triiodide concentration either monotonically
increased, or began to increase, reached a maximum and then decreased, or monotonically
decreased. No correlation could be found between

fdfc?
—
dt

and [l3 ]., thus suggesting that

triiodide did not directly react with HA.
Triodide is very rapidly generated in the presence of iodine and iodide, or dissociated when
iodide or iodine is removed (reaction 7). The rate law can be described by equation (12).
I2 + r<=>I3^tJ = kf[rJl2]-k_f[l3-]

(kf, Lf)
kf = 6.2.109 L.mol'.s'1 at 25°C [9]

(7)
(12)

k_f = 8.5.106 s"1
The equilibrium was achieved in the stationary state settled before any kinetics experiment, as
proven by the good agreement between the iodide concentrations calculated from equations
(6) using equilibrium constant K and equation (9) resulting from direct voltammetric
measurement (figure 3).
Figure 3: Initial iodide concentrations. Comparison between values resulting from
voltammetry (current measurement at +350 mV - equation (9)) and from calculation
assuming equilibrium between I2,1 and I3 (equation (6)).
2.50E-04

'C

1.50E-04 -

E

1.00E-04

5.00E-05

O.OOE+OO
O.OOE+OO

5.00E-05

1.00E-04

1.50E-04

2.00E-04

[I-] calculated assuming equilibrium between 12,1- and 13-

2.50E-04
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The question then arose whether the rate of the I2-HA reaction should be calculated from the
concentrations of iodine or from the ones of iodine plus triiodide (since iodine complexed as
triiodide could be immediately released in case of iodine consumption).
Let’s assume that the inhibition by iodide ions (as will be shown in section 4.2) is due to a
reoxidation of iodide into iodine by reaction product P and consider reactions (13), (7) and
(14)
NH2OH +12 —»21' + products
v13
(13)

r +12 <=> I3"

(kf, k.f)

(7)

21 + P—> I2 + Q
Vj4
The rates are given by equations (15), (16) and (12)

(14)

(---- jp). =vu +k,[r],[l:l -k_,[l(]. -v„

(15)

= 2vB-k,[l-]|[l2]i+k_,[l;],-2vl4

(16)

= k,[!-],[!,],-k_,[1(1

(12)

* V,

,

dt

thus resulting in equation (17):
V,3-V14 =-<1
V

dt

v dt y,

h

1 U[r])
~ 2 IV dt V

f d[i;]

The initial rate of reaction (13) is given by

d[Ox]
dt

1 f d[Red]N
dt

The relation

(with [Ox]=[I2]+[I3]) or
A

(with [Red] = [I j+tL"]), provided that the reoxidation of iodide is negligible.

d[Oxh _ 1 f d[Red]
dt

/i

dt

correlation was established between

dt

(17)

dt AJ

was checked experimentally whereas no consistent

dM) _ N'T
dt A

and

(slope superior to 2, ordinate for

* A

0 significantly different from zero) as illustrated in figure 4. It thus confirmed the
Vi

necessity to take into account the variation of the Ox and Red concentrations.
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1. INTRODUCTION
Radiolytic oxidation is considered to be the main mechanism for the formation of I2 from
aqueous Csl in containment of a water cooled reactor after a LOCA. In order to be able to
predict iodine behaviour a computer model is required, but such complex models require a
comprehensive experimental data-base for verification. Despite the amount of study over
the last 60 years on the radiation chemistry of iodine there has been no consistent set of
experiments spanning a wide enough range of conditions to verify models with confidence.
One potential problem with much of the work so far has been the effects of postirradiation reactions which can change the concentration of h from that which was present
during irradiation and which is important for safety studies. These effects could be
particularly important at neutral and alkaline pH.
The radiation chemistry of iodine as I\ I2, HOI and IO3" has been the subject of study by
many investigators since 1930[1] using steady state and pulse radiolysis methods. Some of
the early work has been reviewed by Sellers [2].
Although the radiation chemistry of iodide appears relatively straightforward, and Table 1
shows some of the main reactions, the various equilibria involving I2 and the ability of
H2O2 to oxidise I and reduce I2 or its hydrolysis products leads to a very complex
behaviour. One of the main reactions influencing the radiation chemistry of iodine is
reaction 15 which is very pH dependent and the rate law for the reaction is traditionally
given by[3]:
d[C>2] _ ^15^E10^E12[H2Q23[U]

dt

[H+]2[r]

There is now evidence that neither the rate law nor mechanism shown in Table 1 is
correct. The importance of this reaction arises because it can cause post-irradiation
reactions to occur in alkaline solution which means that the I2 measured after irradiation
may not be the same as that which was present during irradiation. The experimental results
may therefore over- or underestimate the I2 concentration during irradiation and this is
important for the verification of computer models.
This paper describes results from an experimental programme carried out to avoid the
problem of post-irradiation reactions, which is intended to provide a comprehensive and
consistent data-base for iodine radiation chemistry. The chemical model is described in a
separate paper [4],
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2. EXPERIMENTAL
The apparatus used for this work is shown schematically in Figure. 1. It consisted of a
Gamma Irradiation Facility, within which the sample solutions were irradiated at a dose
rate of 1.95 or 0.26 kGy hr-1, measured by the Fricke[5] method. Sample solutions were
prepared by dilution of appropriate quantities of caesium iodide in boric acid solution (pH
4.6) or from caesium iodide, boric acid, sodium di-hydrogen phosphate, di-sodium
hydrogen phosphate or tri-sodium phosphate solution (pH > 4.6) using high purity water
(Millipore milli-RO/milli-Q). The concentrations used were caesium iodide (10-6 - 10-4 mol
dm-3), boric acid (0.2 mol dm'3) and phosphate (1CH-10'1 mol dm*3). After measurement
of pH, about 30 cm3 of the solution was spiked with about 0.1 cm3 of reducing agent free
131I, as sodium iodide dissolved in sodium hydroxide (10*4 mol dm 3), to give a solution
activity of about 1-2 kBq cm 3. About 10 cm3 of this labeled solution was weighed into a
vial for counting and about 20 cm3 weighed into the irradiation vessel.
The sample solution was normally sparged with air which was drawn through the
irradiation circuit by pumping, to ensure reduced pressure at all times so that any leakage
would be inwards in the circuit containing 131I. The air initially passed through a
flowmeter, an activated charcoal trap, an alkaline trap for CO2 and a water trap to
humidify the gas. The air was then drawn through the irradiation vessel, into an iodine trap
which consisted of 50 cm3 sodium hydroxide (2.5 x 10*2 mol dm'3) and iodide (2 x 10-3
mol dm 3) solution. This trap was found to give more reliable counting results than
charcoal, presumably because of the source geometry. On exiting the NaOH/I" trap the gas
passed through a backup (activated charcoal) trap and a silica gel trap to dry it before
measurement of the outlet flow rate.
At the end of each experiment the activities remaining in the sample solution, collected in
the NaOH/I* trap, and washed from the delivery lines (with 10% HC1) were measured to
allow the activity balance to be calculated. When gases other than air were used the gas
was drawn from a flow of the gas of interest which was passed through a bubbler to
provide a visual indication that no air had been admitted.
The temperature of the irradiation vessel and the ambient temperature of the room were
recorded during each run. At the higher dose-rate used for this part of the work the 7heating and the proximity to the self-heated ^Co source led to an increase in temperature
of the irradiated solution to > 30°C. Thus solutions irradiated at high dose-rate required
some cooling and it was found that with an air flow of ca. 15 dm3 min'1 the temperature
rose to 23-24°C. Another effect observed on longer runs was that of temperature on
detector efficiency which tended to fall with decreasing temperature overnight and led to
an apparent change in the rate of iodine transfer.
For work at elevated temperature, heating wire was wound round the glass vessel
containing the solution and a heated pre-humidifier was placed in the gas line just before
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the irradiation vessel to minimise loss of water; even so the duration of runs was kept to a
minimum and, even with short irradiation’s, large amounts of water were lost at 90°C.
In order to measure the efficiency of removal of aqueous iodine by the sparge gas, 20 cm3
of 131l2 (1(H mol dm-3) was placed in the irradiation vessel and the rate of iodine transfer
was measured for a range of sparge gas flow rates. The removal and trapping efficiency
was close to 100% for the conditions of these experiments.

3. RESULTS AND DISCUSSION
All the work described in this paper was carried out in aerated solutions containing 0.2
mol dm"3 boric acid. At pH > 4.6 phosphate was added to adjust the pH because of the use
of tri-sodium phosphate as a pH control measure in reactor containment. In experiments
at pH >4.6 in the absence of phosphate, the pH was adjusted by addition of sodium
hydroxide to the boric acid.

3.1 Effects of pH
At all values of pH I was oxidised to a volatile form assumed mainly to be h, no analysis
was made for IO3" in the irradiated solutions at the end of the irradiation. The effect of pH
at two different dose-rates is shown in Figs. 2 and 3. It is clear that at both dose-rates
there is, as expected, a considerable pH dependence of the rate of evolution of I2 with a
reduction of the rate of production of I2 with increasing pH, and there is a small but not
insignificant production of I2 at the highest pH. The rate of production of I2 shows the
biggest fall between pH 4.6 and pH 6; increasing the pH by another two units only brings
a relatively small decrease in rate of iodine evolution.
At pH 4.6-5.5 the shape of the graph of evolution of I2 with dose shows a characteristic
“S” shaped curve with a slow initial rate of production followed by a period of faster rate,
but then falling again at longer times. The initial low production of I2 occurs because the
yields of the primary water radiolysis products G(e"*, + H ) > G(OH') and so initially little
net oxidation occurs. However H2O2 is also produced and, although its rate of reaction
with I to form I2 by reaction 16 is slow (ki6= 0.015 dm3 mol s"1), once a sufficient
concentration has built up the reaction of e'%, with H2O2 to form OH can compete to a
significant extent with the reactions of e"*, + O2 and e'*, + IT, so in acid solution the
system becomes more oxidising and the rate of evolution of I2 increases. At higher doses
the rate of evolution of I2 falls again for two reasons. Firstly, in boric acid solution the pH
increases from 4.6 to ca. 5.2 as a result of conversion of I" to I2 and the increased pH leads
to a reduced rate of oxidation. Secondly the residual iodide concentration decreases which
also leads to a reduced rate of transfer, the concentration dependence will be discussed
later. At higher pH the rate of iodine evolution is linear with time/dose and the second
steep component in the rate is not observed.
There are several factors which could be important in this pH dependence. The first is the
acid/base equilibrium between HO2" and O2", however since both HO2 and O2" are
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reductants for I2[le] it is unlikely the pH would affect their reactions with I2 although
disproportionation of HCV and O2 to form H2O2 is faster at lower pH. At the low doserate assuming a linear rate of production of I2 for 10 hours the equilibrium solution
concentration of I2 would have been about 3x1 O'6 mol. dm"3 and so most of the reaction
would be with I2. However at increased pH HOI becomes an important species because it
is formed by hydrolysis of I2 via reaction 10 and O2 has been shown to be unreactive
towards HOI[le]. The effect of trace metal impurities is potentially an important one in
these reactions. Trace metals can catalyse the disproportionation of O2" to H202[6,7,8]
which can have three effects: the increase in H2O2 will lead to more reduction of I2, but the
overall effect is be the same as if there had been no disproportionation; the catalysed
disproportionation reaction competes with the reduction of I2 by reaction 7; and the
increased H2O2 concentration favours the reaction of e"*, to form OH .
The dominant factor in the pH dependence is the reaction of I2 or its hydrolysis products
with H2O2 leading to reduction of I2 to I". As mentioned above the rate of reaction is
generally taken to be proportional to 1/tH4]2. However, an initial computer simulation of
the experimental data using the original version of INSPECT showed that the fall in the
rate of I2 production with increased pH predicted from this mechanism is considerably
greater than observed experimentally (see Fig. 4). The INSPECT model and its
development is described separately [4].Further experimental work at AECL Whiteshell[9]
and elsewhere[10] casts some doubt on the mechanism for the reaction of H2O2 with I2 in
alkaline solution. A complete discussion of this reaction is described separately [11] but
the observation that all the O2 produced in this reaction was found to originate from the
H202[12], and arguments on mechanistic grounds by Baxendale[13], suggest that other
mechanisms need to be considered. We suggest the following reaction scheme, the first
two reactions are as proposed by Symons [14]:
HO2"
OH"

+
+

I2
H
HOOI ->

HOOI +

T

H20

i-

H02-

+

HOI

-»

HOOI +

OH

(19)

OH"

+

H202

->

ho2-

H20

(20)

+
+

(17)
+

o2

(18)

This set of reactions simulate the AECL data and lead to a rate law
4.^19KE10
k17
' [H+][I~]
d[Q2l _ klg[H2O2][l2]^wKE20
-(-)
dt
[H+]
'k_17[H+][I-] + k18Kw
At neutral to acid pH and relatively high I when k.i7[H+][r]>kigKw and k17 >

^19^E10

[Hr+irr-i
][I ]
this expression is equivalent to that given by Liebhafsky[3]. However at intermediate pH
k K
and low I concentration when k_n[H*][T]<ki&Kw and k17 > ^ E- the rate of reaction
[H+][T]
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of H2O2 with I2 is proportional to 1/[H*]. At higher pH still when k17 <

the rate
[H+][I-]
again becomes proportional to 1/tH*]2. These reactions are also catalysed by
phosphate[lf], borate[15], and probably also by acetate[16] (because the rate constant
measured by Iiebhafsky in acetate is the same as phosphate) but not by citrate[lf]. The
mechanism of catalysis is not known. However, because the rate of evolution of iodine
falls by rather less than a factor of 100 between pH 6 and 8, alternative factors must be
important as well as the H2Oz reaction. A possible explanation is that another volatile
species in addition to I2 may be important at high pH, this is discussed further in the next
section.
One other factor to be taken into account in the explanation of the pH profile arises
because of the presence of phosphate. At intermediate pH the reaction of e'*, with H2PO.*"
leads to formation of H [17],
eaq-

+

H2P04-

->

HPO42-

+

H

(21)

H" is less reactive towards H202 than e'*, which would lead to less oxidation. The pKA of
H2P04 is about 6.8 in these conditions.

3.3 Effect of dose-rate
The effect of dose-rate is shown in Figs 5, 6 and 7. At pH 4.6 the rate of evolution of I2
increases proportionally with the dose-rate whereas at pH 6 and pH 7 this is not the case.
Increasing the dose-rate by a factor of 9 leads to an increase in iodine evolution by a factor
of 5 at pH 6 falling to 3.8 at pH 7. The explanation for this is uncertain but is probably
partially due to the volatility of I . So far we have only considered I2 as a volatile species
but I is formed by oxidation of T through the reaction 1 in Table 1. The solubility of the
iodine atom may be expected to be similar to that of Xe; they are of a similar size, the only
significant difference being that I does not have the inert gas electron configuration and
the unpaired electron may lead to greater interaction with the water molecules, and thus
lead to greater solubility than Xe. However Xe is far more volatile than I2 (the volume
partition coefficient for Xe at 25°C is 0.14). Again there are data in the tables [18] for
AjrGTg, (70.25 kJ mol'1), but not for A/GT^-. However Schwarz and Bielski[le]
measured the rate constants and equilibrium constant for the reaction
H02 +
I2
<-»
H+
+
I2+
02
(22)
and used these data along with the equilibrium constant for the reaction
I2<-»
I'
+
I
to derive a value for AfG\q = 76.49 kJ mol1, so AzGTg.aq= 6.32 kJmol'1. In a review
by Stanbury this value was shown to be consistent with other work[19]. The concentration
of Iaq in equilibrium with 1 atmosphere of Ig = 0.078 mol dm'3. This leads to a volume
partition coefficient of 1.9, a factor of 40 lower than that for I2 at 20°C which implies that
the volatility of I could be relatively important when the solution concentration of I2
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becomes low. At the higher dose-rate recombination of I to form I2, and reaction with I"
followed by disproportionation of I~2 (reactions 5 and 6), become more favorable and may
compete with volatilisation. The volatility of I could also explain partially the pH effect
whereby at pH >7 atomic iodine becomes a significant species and thereafter increasing
pH has little effect because it does not affect the production or decomposition of I". This
effect would be observed in these experiments but would not be observed in sealed tube
experiments where I would react to form I2 in the gas phase and redissolve. Another
possible reason for the dose-rate dependence is the presence of impurities in solution
catalysing the disproportionation of O2" to H2O2. This reaction is favoured at low doserate and low I2 concentration but at higher dose-rate reaction of Oi with I2 or with HO2
becomes more important

3.4 Effect of temperature
The effect of temperature on the rate of evolution of iodine at pH 4.6 (Fig. 8) is not great,
at pH 7 (Fig. 9) because of the short irradiation it is more difficult to quantify the effect
At pH 4.6 there are several competing factors, the partition coefficient falls with
increasing temperature and also oxidation of I" by H2O2 increases with temperature both of
which should favour increased rate of production of h but hydrolysis of I2 and reduction
by H2O2 should lead to less volatility and this is clearly reasonably finely balanced at pH
4.6. At pH 7 similar arguments apply. Here the volatility of I may be important because
the equilibrium with
reaction 5, shifts towards I at elevated temperature. The increased
rate of reaction of H2Q2 should lead to a lower concentration of H2O2 and less reaction
with e',q. Because the partition coefficient falls with increasing temperature the solution
concentration must be lower at elevated temperature in these solutions in order to give the
same fractional rate of transfer.

3.5 Effect of iodide concentration
The effect of iodide concentration on the fractional rate of transfer of I2 was fairly small at
both pH 4.6 (Fig. 10) and pH 7 (Fig. 11) however in effect Gc falls by a factor of 10 on
reducing the I" concentration by a factor of 10 and so there is a very strong concentration
dependence over the range studied. This is perhaps to be expected since at the low
concentrations of T radical-radical reactions and radical reactions with H2O2 become more
important. For example the reaction
OH

+

H2O2

-»

H20

+

HO2

(25)

can compete with the reaction of OH +1".
At the lower T concentration HOI becomes a more important species which is less volatile
than I2. At the lowest concentration used we observed a significant amount of iodine
trapped on the glass tube between the reaction vessel and the NaOH/T trap.

99

3.6 Effect of sparge gas flow rate
There was very little effect of gas flow rate on the rate of evolution of iodine which
suggests that the rate of production is the rate limiting process. At pH 4.6 this is expected
because all the important processes are radical reactions which are very fast compared
with volatilisation. At pH 7 this is surprising because volatilisation would be expected to
compete with the thermal reaction of h with H2O2. Again this suggests another factor such
as volatility of I is dominant which is limited by the rate of production.

3.7 Effect of impurities
The effects of Mn2+, Fe2+, Mo, ethanol were measured in the presence and absence of
phosphate with results shown in Fig 12. It can be seen that overall the only discernible
effect is that due to phosphate. This lack of effect of impurity is probably either due to the
formation of insoluble hydroxides or phosphate complexes making the species unreactive.
The effect of added silver as powder was to reduce the amount of iodine volatilised (Fig.
13) however when the rate of reaction of I2 with silver was compared with the rate of
volatilisation it was clear that the effect of silver was not only to compete for I2 but some
other mechanism is important, because the rate of reaction is relatively slow compared
with volatilisation and more I2 would have been expected to have been evolved.

3.8 Effects of phosphate
The effect of phosphate shown in Fig. 12 was for less oxidation to occur because of
competition between phosphate and H2O2 for e"*,. Reaction of e *, with H2PO4" leads to
formation of H a reductant which reacts only slowly with H2O2 however e"*, reacts with
H2O2 to form the oxidant OH . Thus the effect of the phosphate is to reduce the amount
of oxidation by the suppression of the formation of OH from e*,". There was no
discernible effect of phosphate concentration, although a concentration dependence would
have been expected from work by Ishigure et al. [If].

3.9 Effects of 0% concentration
The effects of lowering the concentration of O2 at pH 4.6 were generally not very
reproducible and no explanation is available for this. However, changing from air to
nitrogen at pH 7 during the irradiation, see Fig. 14, led to increased oxidation, because in
air e'aq reacts with O2 to form the reductant O2" whereas in the absence of air e*, reacts
with H2O2 to form the oxidant OH. The effect of adding up to 5% H2 in gas mixtures was
for lower rate of oxidation as expected (Fig. 15) because of the reaction of OH with H2 to
form the reductant H however the extent of the effect was greater than expected from the
rate constants of the reactions.
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4. CONCLUSIONS
Experiments carried out to measure the effects of pH, dose-rate, I concentration,
temperature, sparge-gas flow-rate impurities, phosphate and oxygen concentration on the
rate of production of volatile iodine from sparged irradiated aqueous Csl have been
described and a qualitative explanation of the results has been given. These results have
shown a significant dependence on pH but this is not as great as expected from the normal
mechanism for reaction of H2O2 with 1% in alkaline solution.
There was an effect of dose-rate at pH >6. The effect of increased temperature was to
reduce the rate of production of I2. Phosphate lowers the rate of oxidation and removal of
oxygen increases it. Of the impurities tested only Ag had an effect whereby the amount of
volatile iodine was reduced. Reducing the I concentration by a factor of 10 led to only
slightly reduced fractional rate of production of I2 at pH 4.6 and 7. There was no
significant effect of the sparge gas flow-rate.
The chemical system is a very complicated one and requires a computer model in order
fully to elucidate the important mechanisms. From the results presented here it appears
that the mechanism for reaction of H2O2 with I2 is rather different to that proposed by
Liebhafsky and furthermore in this work the volatility of the iodine atom is important. In
this work it is shown that H2O2 in its reactions with iodine and with other radiolysis
products is an important species in contrast to most other work where its reactions are
neglected. The results from the use of a computer model to simulate these data are
presented separately [4],
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Water Radiolysis reactions
H
+
-»
02
+
->
e aq
02
HOZ

HO2
O2
O2

+

H+

(1)
(2)
(3)

I-

+

OH'

(4)

Iodine radiolysis reactions
r

+

OH-

I-

+

r

V

+

if

->

r

+

If

(6)

h

+

o2"

->

i2"

+

o2

(7)

eaq

+

h

->

i2'

H-

+

h

-4

V

->

h'

(5)

(8)
+

H+

+

r

(9)

Thermal reactions (simplified):
h

+

H20

44

HOI

h

+

r

44

I3"

HOI

44

IO'

+

H+

+

H+

(10)
(ID
(12)

HOI

+

HOI

44

io2*

+

2 H+

+

T

(13)

HOI

+

io2"

44

io3-

+

H+

+

T

(14)

IO"

+

h2o2

-4

I"

+

o2

+

H20

(15)

r

+

h2o2

--)

HOI

+

OH

Table 1 Basic reaction set for radiolydc oxidation of I

(16)
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IODINE VOLATILIZATION FROM IRRADIATED CSI
SOLUTIONS
G.J. Evans and E.J. Panyan
Abstract
A bench-scale, separate-effect, flow apparatus has been constructed to examine volatile
iodine production rates in relation to a selection of the possible variables and conditions
found in a containment structure with a breached reactor core. The constructed apparatus is
designed to provide the widest possible range of data including gas and aqueous phase
speciation for an established set of interfacial mass transfer parameters with known pH and
dissolved oxygen levels.
As the interfacial transfer of iodine is an important component in the understanding of iodine
chemistry, commissioning of the constructed apparatus focused on establishing a well
characterized set of mass transfer parameters for a variety of mixing conditions and solution
volumes. Aqueous phase parameters, obtained using a method involving the sparging of the
dissolved oxygen in the aqueous phase, were found to vary by one order of magnitude, from
lxl0"2 to lxl0"3 dm/sec. Gas phase parameters also changeable by one order of magnitude,
from 1x10' to lxl O'2 dm/sec, were studied more thoroughly as they were found to have a
greater impact in the system. Two independent methods of analysis were used, one involving
tri-iodide solutions, the other using relative humidity values.
A selection of the acquired volatility rates in relation to the effect of pH are presented. The
apparatus has been found to consistently provide rates up to one order of magnitude lower
than modelled predictions. Specifically, for buffered solutions, rates of 2x1 O'12 mol/min and
lxlO"10 mol/min for pH 9 and 5 respectively, have been found. Rates of 1x10'" mol/min and
6x1 O'10 mol/min are predicted. Current efforts have addressed potential reasons for this
apparent discrepancy, the major factor being the possible release of components from the
stainless steel during irradiation.
Efforts undertaken to ensure the validity of the results are emphasized.
During
commissioning efforts, several problems have been identified and addressed including line
losses, the efficiency of the gas phase measurement system, and the purity of the "'I tracer.

Dept, of Chemical Engineering and Applied Chemistry, University of Toronto, Toronto, Canada, M5S 1A4

112

1. INTRODUCTION
The volatility of radioiodine following a reactor accident depends to a large extent on its
aqueous chemistry. Radiation plays a dominant role in determining this chemistry, due to the
numerous reactions that can occur between iodine species and the products of water
radiolysis.
Due to radiolytic reactions, the form of iodine initially released into containment may not
have a large impact on the long term volatility of iodine. [1,2]. In contrast, both pH and total
iodine concentration play a substantial role in determining iodine volatility above irradiated
solutions [1,2,3,4,5]. The overall importance of pH has been demonstrated in both bench
scale [2,3,4,5] and intermediate scale experiments performed in the Radioiodine Test Facility
(RTF) [1,6]. The role of total iodine concentration has been evaluated in bench scale
experiments [3,4]. It is now suspected that at low total iodine concentrations and at high pH,
iodine atoms may contribute substantially to iodine volatility [3]. Finally, many organics
have been found to have a substantial impact on iodine volatility [1,6,7].
Over the last eight years, considerable progress has been made towards understanding the
impact of radiation on iodine volatility, due to a large extent to the experiments performed at
the RTF. However, evaluation of the radiolytic chemistry based on these integrated
experiments alone can be difficult due to the many other phenomena involved such as
interfacial transfer and surface adsorption rates. Supporting separate effects tests, based
primarily on bench scale experiments, are needed in order to evaluate the roles of individual
parameters. The impact of organics, for example, may be partially indirect, due to induced
changes in pH and dissolved oxygen, and partially direct, due to scavenging of radicals or
formation of organic iodides. Hence, investigation of the role of organics requires
experiments in which pH and dissolved oxygen can be monitored or controlled
independently.
This paper describes preliminary results from an ongoing bench scale study of parameters
affecting iodine volatility in irradiated systems. Specifically, a bench scale apparatus has
been constructed that allows continuous measurements of pH, dissolved oxygen, and the rate
of iodine volatilization during irradiation of I3II labelled Csl solutions in a “Co Gamma cell.
This apparatus differs from similar systems [5] in that the solution is mixed during irradiation
using known stir rates such that the rate of air/water interfacial mass transfer, and hence
dissolved oxygen concentration, can be controlled. An accurate knowledge of the interfacial
transfer rate is important as, during transients, this is the link between the amount of iodine in
the gas phase and the liquid phase chemical speciation. The approach used in the present
study also differs from previous work [2,3,7] in that the rate of iodine volatilization is being
evaluated rather than the concentration of gas phase iodine or iodine partition coefficient.

2. EXPERIMENTAL
2.1 APPARATUS
A pictorial representation of the main components of the constructed apparatus is provided in
Figure 1. The centrepiece of this apparatus is a 0.85 L stainless steel irradiation vessel. This
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vessel and a custom built magnetic stir plate are placed in the irradiation chamber of a
Gammacell 220 which has a well known dose rate of 0.15 kGy/hr. The stir plate itself is
connected to a mixer capable of varying the stir speeds (10 to 500 rpm) and consequently the
interfacial mass transfer conditions inside the vessel. A stir bar, inside a stainless steel sleeve
(5.0 cm in length, 0.5 cm in diameter) is used to mix the solution.
Figure 1: Pictorial representation of the experimental set-up

Liquid Loop

(1) Water analyzer, (2) Stir-plate mixer, (3) Nal detector with filter assembly (by-pass loop not shown), (4)
Stir-plate inside the irradiation chamber, (5) Cut-away view of the Gammacell 220, (6) Unassembled irradiation
vessel. (Note: gas phase pump, liquid phase pump, aqueous phase injection and extraction ports, and flow
meters are not shown)

Four gas-tight, stainless steel, needle valves connect the irradiation vessel to gas and liquid
phase recirculation loops made of a combination of 1/16" and 1/8" stainless steel tubing.
Using a model 77390-00 peristaltic Masterflex L/S PTFE Tubing Pump and a PTFE pump
head, the liquid loop transports the aqueous material inside the irradiation vessel to a 50 mL
Plexiglas monitoring chamber outside the Gammacell at a rate of 10 mL/min. This custom
built chamber houses an ICM Industrial Chemical Measurement water analyzer (model
51601), consisting of pH, dissolved oxygen and temperature sensors. Each value can be
recorded at set time intervals ranging from two to thirty minutes depending on the dictates of
the testing conditions.
Gas phase loop circulation is controlled with the use of a model DOA-P104-AA GAST
diaphragm pump possessing a fixed flow rate of 0.07 L/sec. This allows the volatile material
produced in the vessel to be transferred to a monitoring assembly consisting of species
selective adsorbents - Cdl2 and TEDA impregnated charcoal - and a Teledyne Isotopes,
model S-88-1, 2x2 Nal detector using a Canberra Nuclear Products Group Accuspec
multichannel analyzer (MCA) Card (model 07-0399). Two cartridges of each adsorbent,
housed in 1/4" Tygon tubing, are used in series to trap the gaseous iodine species. As it was
determined that the original system design did not allow a sufficient residence time for the
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Cdl2 filters to function properly, a by-pass line, in which the gas phase flow rate was reduced
to one tenth (7 mL/s) of the main line gas flow rate was created. It has been found that with
this new assembly in which only the charcoal filters, located in the main loop, are monitored
by the Nal detector, the retention efficiency of the first filter of each adsorbent is greater than
95%. Volatilization rates recorded by the detector are down loaded to a 286 Packard Bell
computer for analysis. In an effort to minimize the risk of a volatile iodine release, the gas
phase loop has been designed so that the only portion of system with positive pressure is that
of the filtered gas.
Volatile iodine accumulation rates are determined through the use of 131I and a Nal detector.
The efficiency of this detector has been established to be approximately 4% with minimal
variation between tests. Regardless, an LKB Compugamma system with a 3x3 well type Nal
detector, calibrated monthly, is used to check the efficiency of the system detector for each
portion of testing. It has been determined that due to the detection efficiency of the Nal
detector in the system, a maximum of 0.2 mCi of 131I is needed to detect volatilization rates as
low as lxlO"13 mol/min.
System temperature levels are not controlled but liquid phase temperatures have been found
to stabilize at approximately 28 - 30 °C under irradiation conditions.

2.2 METHODOLOGY
A typical experimental run consists of the following process; u. measured amount of water,
typically 200 mL, is added to the vessel which is then sealed and connected to the
recirculation loops. Prior to use, the water is purified using reverse osmosis with further
purification through filtration and deionization using a Bamstead nano-pure system. This
system includes a charcoal bed for removal of organic substances and is reputedly able to
reduce the organic levels to 10 ppb. The gas tight seal of the vessel is achieved with a rubber
o-ring which is assumed to contribute negligible contamination to the system. The o-ring is
replaced at regular intervals to guard against radiation degradation. The gas and liquid phase
pumps are then activated and the system pH is adjusted to the required level with the use of
LiOH or H2S04. For buffered solutions, a combination of 0.1 M mono potassium phosphate
and 0.05 M Borax is used. This solution is effective for buffering pH levels spanning the
range of 5.8 to 9. The vessel is then lowered into the irradiation site and the stir plate motor
is engaged to establish the desired mass transfer conditions. Using Aldrich 'Gold Label' Csl
and Merck Frosst 'carrier free, reducing agent free' 13II, a measured amount of 2.5xl0"3 M
iodide solution is added to the system, through an injection port in the liquid phase line to
produce the desired lxl0"5 M iodide concentration in the vessel. Depending on the test
conditions, a known amount of organic may also be added at this time. Dissolved oxygen,
pH, temperature and gaseous iodine levels are subsequently monitored on a continuous basis.
Liquid phase organic iodide levels are determined at selected time intervals using five mL
extracted samples and various separation techniques. The extracted samples are also checked
for: 1) total iodine activity to determine the total liquid phase iodine concentration; 2) the pH
with a model 9172BN, Ag/AgCl Sure-Flow Electrode external probe; and 3) iodide levels
with a model 90-02, Double Junction Reference Electrode for Bromide and Iodide.
To ensure the reproducibility of results and the accuracy of various measurements, several
pre-test calibrations and quality assurance procedures are performed: the on-line pH and
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dissolved oxygen probes are calibrated prior to every test; flow meters used in the gas phase
loops are periodically recalibrated; and all the reagents used are weighed out using a
calibrated OHAUS Electronic Balance (model TS 120S) with three digit accuracy.
Calibration of the scale is conducted on a monthly basis using calibration weights.
Finally, several post-test procedures are implemented to both calculate an activity balance at
the end of each test and to clean the system for subsequent testing. Cleaning procedures
include rinsing all interior surfaces of the apparatus with a 5% nitric acid solution, followed
by rinsing with purified water.

3. PRELIMINARY RESULTS AND DISCUSSION
During commissioning of the apparatus, a number of experiments were performed to
determine the interfacial mass transfer rates for various aqueous volumes and stir speeds.
Aqueous phase testing involved the following procedure; a measured amount of deionized
water was added to the vessel which was subsequently sealed and placed on the stir plate. A
combination of 1/8" stainless steel tubing and Tygon tubing was used for the liquid phase
line. This line connected a peristaltic pump, set at approximately 10 mL/min, and the water
analyzer, housed in its Plexiglas chamber, to the vessel. Upon achieving a steady state
dissolved oxygen (DO) level of about 8 ppm, nitrogen gas, added through one of the two
open gas phase ports, was used to sparge the liquid. When a DO level of 0 ppm was attained,
the nitrogen supply was removed and a step change addition of compressed building air was
added to the gas phase in the vessel. The resulting DO trend was recorded at intervals
ranging from one to ten minutes depending on the conditions selected for the run. Of note is
that the area of the interfacial surface was not a constant value due to vortex formation
especially at the higher stir rates. A value of 0.1 dm2 has been estimated for stagnant
conditions based on the vessel geometry. A typical trend obtained during the above testing is
provided in figure 2.
Figure 2: Typical trends obtained during mass transfer calibration testing

The graph on the left is the trend produced with the aqueous phase mass transfer procedure. The graph on the
right displays a trend produced with the gas phase procedure. Both correspond to conditions of 200 mL of
solution at a stir rate of 380 rpm.

Gas phase mass transfer coefficients were originally found using a titration method and an I3"
solution produced by mixing saturated I2 and KI solutions. In another study, the transfer of I2
from I3" solutions has been found to be limited by the gas phase resistance alone due to the
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rapid equilibrium between I2 and I3". A measured volume of the I2/KI solution was added to
the vessel which was then placed on the stir-plate in order to provide the selected amount of
mixing for the solution. The vessel was left open to ensure the concentration of I2(g) was
negligible. At various time intervals, five ml samples were taken from the vessel. Titrating
this sample with a standardized 0.005 M sodium thiosulphate solution provided the desired
trend also shown in Figure 2.
The regions of high mass transfer (high stir speed, low volume) were more thoroughly
investigated than those of low mass transfer (high volume, low stir speed). This selection
was based on an effort to determine the mass transfer coefficients for the conditions with the
greatest impact on iodine volatility. This region was also selected to be the first explored in
subsequent tests to determine the upper achievable limits of the system.
Figure 3: A selection of aqueous phase mass transfer values as a function of mixing rate
and aqueous phase volume

1.4E-03
1.2E-03
1.0E-03
8.0E-04

6.0E-04
4.0E-04
2.0E-04
0.0E+00

Volume (mL)

Stir Speed (rpm)

Above is a selection of the experimentally determined, aqueous phase mass transfer coefficients. The values
were obtained by varying the volumes and the stir speeds inside the vessel. Each data point was the average of
two runs. Agreement between replicates was within 10%.

Figure 4: A selection of gas phase mass transfer values as a function of mixing rate and
aqueous phase volume
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Above is a selection of the gas phase, transfer coefficients determined using the I3" method.
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Results of the testing indicated that an order of magnitude difference in both gas and liquid
phase mass transfer parameters is obtainable with the designed equipment. This implies the
designed system is capable of supplying a wide range of mixing conditions. Figure 3 and 4
provide the mass transfer parameters found in the high mass transfer region of interest. The
low mass transfer region (low stir speeds and high volumes) which was also investigated,
indicated that values on the order of lxl 0"4 dm/sec were obtainable for the aqueous phase
while the lowest gas phase coefficient found was 4.5x1 O'2 dm/sec.
In order to evaluate the reliability of the apparatus, an experiment was performed using 200
mL of an 131I labelled, non-irradiated I2 solution buffered at pH 5. This test allowed the mass
transfer parameters, the potential for line losses and the gas phase iodine measurement system
to be evaluated. The experimental results agreed well with the expected rate of I2 transfer to
the gas phase indicating that line losses were not significant. In addition, the Cdl2 on
chromosorb P used for adsorbing mI2(g) in the by-pass loop was found to be over 95%
efficient. However, approximately 20% of the iodine remained in solution at the end of the
test, rather than being transferred to the trap. Analysis revealed that this iodine was in the
form of I'. The apparent reduction of I2 to T was attributed to a reaction induced by the
stainless steel surfaces. A pseudo first order rate constant was determined for this reduction
mechanism (4x1 O'4 s'1) and found to be negligible as compared to the rate of radiolytic
reduction of I2. However, in subsequent experiments the stainless steel vessel was found to
substantially decrease the rate of iodine volatilization from irradiated solutions. Figure 5
provides a typical set of results for the above testing conditions.
Figure 5: Volatilization from a 1.1x10"* M I2(aq) solution with no irradiation
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The above test was performed at a pH of 5 with buffered water. The computer simulation and experimental
data agree when the suspected overall reaction mechanism, due to interaction with the stainless steel surfaces, is
included. Of particular note is that the mass transfer in the system is predicted correctly.

As the stainless steel vessel was found to interact with the iodine, the validity of the
previously obtained gas phase mass transfer values was questioned; these values were
determined with a method that assumed that the vessel had a negligible impact on the system.
A second method for determining gas phase parameters was conducted in order to eliminate
this doubt and also served to further improve the understanding of the mass transfer
conditions studied. This method involved measuring the change in relative humidity of air
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passed through the vessel. The rate of evaporation of water, which is directly proportional to
the gas phase mass transfer coefficient, could thereby be determined based on the change in
relative humidity and the known flow rate of air. The gas phase line was modified to
accommodate two Cole Parmer Tri Sense Relative Humidity and Temperature probes (model
37000-50), one placed at each end of the opened loop. The change in relative humidity was
determined for various stir rates, air flow rates and volumes of liquid in the vessel. By
monitoring both the temperatures and relative humilities at these positions, the gas phase
interfacial parameters were determined. Results, as presented in Table 1, correspond well
with the previously presented values. Discrepancies in the comparable conditions are within
a factor of two which is within an acceptable error limit considering the differences in the
methods. In particular, the relative humidity method is more susceptible to the effects of
splashing than that of the tri-iodide method. At a volume of 100 mL this effect is readily
apparent. It should be noted that for volumes of 200 mL and greater, kg was not greatly
affected by the stir rate. In particular no effect was observed for a 500 mL volume. In
general, stirring would not be expected to impact significantly on kg as most of the gas
mixing is likely to due to the flow of air into the vessel. The small impact observed for
smaller volumes was likely due to an increase in the interfacial area.
Table 1: Experimentally determined gas phase mass transfer values, in units of dm/sec,
using the relative humidity method
volume

100 mL

200 mL

300 mL

500 mL

0

1x10'

5x1 O'2

8x102

8x10"2

110

—

—

—

8x10"2

160

—

—

—

8x1 O'2

380

4x10'

6x10"2

1x10'

8x10'2

440

6x10"'

7x10"2

1x10'

8x10"2

490

1x10"

8x10"2

1x10'

8x10"2

rpm

Further commissioning of the apparatus involved the use of computer simulations. In
particular, the theoretical effects of altering the gas flow rates were explored. It was
determined that the selected flow rate of 0.07 L/sec would be adequate in ensuring the
volatile iodine would not accumulate in the gas phase above the liquid. The model also
predicted that under such a design setting, volatile iodine accumulation would be suppressed
until the hydrogen peroxide in the system achieved steady state. Experimental results have
corroborated this prediction as observed in figure 6.
Figure 6 also indicates the ease with which discrepancies between modelled and theoretical
results can be quickly recognized and scrutinized for validity. For example, there is an
immediate and unpredicted rise in the gas phase iodine levels at the time of initial exposure to
radiation. Subsequent analysis revealed that this gas phase spike was due to small amounts of
a volatile iodine contaminant, possibly organic iodide, in the tracer. This spike was also
observed in a test performed without radiation, indicating it was not a result of radiolytic
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reactions. It has been determined that the spike can be minimized by purging the tracer
solution with air prior to use.
Figure 6: Volatilization of iodine from an irradiated 1*1 O'5 M Csl solution with pH 5
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O.OOE+OO
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Initial iodine volatilization from 200 ml of a 10'5 M Csl solution buffered at pH 5. Shown is the number of
moles of iodine accumulated on the charcoal filter assembly as a function of time, the slope of which is the
volatilization rate. At time 75 min, the solution is exposed to radiation and a spike is observed in the gas phase
levels. This is not predicted by computer modelling and it is believed to be due to a contaminant in the tracer.
At time 500 min, the volatilization of iodine became significant. Computer simulations indicate that
approximately 400 min would be required for hydrogen peroxide to reach steady state.

One portion of the proposed experimental test matrix involved an examination of the effect of
pH on the volatility of iodine. Performing such a test served a twofold purpose: 1) provide
an indication of the experimental reproducibility of the results; and 2) since the data on the
behaviour of this portion of iodine chemistry is fairly well established it was anticipated it
would provide an estimate of how well the results for this apparatus agree with model
predictions. Typical results are provided in figure 7.
Figure 7: The effect of pH on iodine volatility
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Presented results are experimentally obtained and those predicted by computer simulations. An example of
reproducibility is also provided for two key pH levels of 9 and 5.
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The expected trend of increased volatility rates with decreasing pH are found but there is a
consistent discrepancy between the experimental and theoretical results. Experimental results
are up to one order of magnitude below the expected rates. The computer simulations were
performed using a set of approximately 60 reactions that had previously been found to give
good agreement with measurements of the steady state iodine partition coefficient [3]. It
should also be noted that this reaction set also gave reasonable agreement with the
experiments performed by Sims et. al. under acidic conditions [5], For example at a pH of
4.6 and a dose rate of 0.26 kGy/h, Sims et. al. observed a volatilization rate of 7x10""
mol/min while a value of 2x10"'° mol/min was predicted by our model for his experimental
conditions. However, at pH 7 Sims et. al. observed a rate of 5x1 O'12 mol/min while our model
predicted 3x10 " mol/min. Hence some discrepancies in the estimation of volatilization rates
under basic pH conditions may still exist. In particular, in our reaction set iodine atoms are
assumed to be volatile which substantially increases the volatilization rates predicted for pH
values above 7. For example at pH 9 the predicted volatilization is 1x10'" mol/min whereas
if only I2 is assumed to be volatile (i.e. iodine atoms are assumed to be non-volatile) the
predicted volatilization rate would be 1x10 " mol/min. At a pH of 7, under the conditions
used by Sims et. al., a volatilization rate of 3x10 " mol/min is predicted if the iodine atoms
are assumed to be non-volatile, as compared to the value of 3x10 " mol/min with volatile
atoms. It is clear that the values predicted with volatile iodine atoms are much closer to the
experimental results which supports the belief that the volatility of iodine atoms should be
included in the model. It may be that the discrepancy under basic pH conditions is due to the
omission of a mechanism for reducing iodine atoms in the model [3].
Considerable effort was invested in evaluating the factors that might be decreasing iodine
volatilization rates in our apparatus. The first potential cause investigated involved the
interior surfaces of the apparatus, in particular the stainless steel. Iodine is known to be
adsorbed by such surfaces in quantities which depend on the conditions of the test itself;
adsorption at high humidity and ambient temperature is known to be quite rapid. Activity
balances conducted at the end of each test indicate that the gas phase surfaces are more of a
problem than the liquid phase surfaces in this respect. In total, during a typical run, about
10% of the available iodine may be captured by the stainless steel surfaces. The amount of
iodine retained by the gas phase lines was evaluated after every test by washing the lines with
concentrated Na2S203 followed by HN03. However, the amount of activity in these wash
solutions was generally small as compared to that on the charcoal trap indicating that gas
phase line losses were not significant. The second potential cause, which was found to be
minor in comparison, involved a reaction between the stainless steel and the iodine itself.
Tests conducted in the absence of a radiation field with a saturated molecular iodine solution
(see figure 5) indicated that a detectable portion of the iodine remained in solution instead of
volatilizing. However, the rate of I2 reduction due to reaction with the steel was small as
compared to the rate of I2 reduction through radiolytic mechanisms. Other potential causes
that were evaluated were the H3P04 buffer, materials originating from the charcoal traps due
to the recirculation of the gas phase and the dissolved oxygen probe (which contains an
ethylene glycol solution). All of these were found to have no significant impact. However,
replicate experiments revealed that the volatilization rate under a given pH was decreasing as
more experiments were performed. It was suspected that corrosion was occurring within the
stainless steel vessel or lines resulting in the release of material into solution that affected the
radiation chemistry. A glass insert for the irradiation vessel is being constructed to
investigate this hypothesis.
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4. CONCLUSIONS
The initial efforts involved in the commissioning of a bench scale apparatus for the study of
iodine volatilization from irradiated Csl solutions have been described. An essential
component of these commissioning efforts was the establishment of the interfacial mass
transfer characteristics. It was found that the aqueous phase mass transfer parameter could be
altered by one order of magnitude (lxl 0"3 to lxl 0"4 dm/sec) for a set of well defined volumes
and stir rates. The gas phase parameter, recognized as having the larger impact on iodine
volatility in this system, was studied in greater depth using two independent methods of
analysis. Depending on the selected aqueous volume and stir rate, it was found that this
parameter could also be varied by one order of magnitude (1x10"' to lxl0"2 dm/sec) and the
agreement between the results obtained with the different methods has provided a reasonable
level of confidence in their accuracy.
The apparatus is currently being used in an ongoing study of iodine volatilization rates. In
particular, the recent results on the effect of pH on iodine volatility were presented. It was
found that the model consistently predicted higher levels of iodine volatility than those found
experimentally. Further testing of the reliability of the apparatus indicated that there are
several potential causes for this rate suppression, the major factor being the stainless steel
surfaces of the vessel.
Finally, the computer simulation used to model the apparatus has proven to be an invaluable
tool in the development of the system. It is anticipated that the ability to independently vary
mass transfer rates, pH, dissolved oxygen and organic concentration using this system will
provide novel data that will greatly assist in the further development of this model.
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Effect of Nitrogen and Oxygen on Radiolysis of Iodide Solution
H. Karasawa1 and M. Endo1

Abstract
The effect of nitrogen and oxygen on radiolysis of iodide solution was examined.

Direct

decomposition of nitrogen by y -radiation produced nitric acid to decrease a water pH.
resulted in the iodine formation in the radiolysis of iodide solution.
produced by the raidiolysis of water containing oxygen.

This

Hydrogen peroxide was

This worked a reducing agent to

suppress the formation of iodine in the radiolysis of iodide solution.

In the analytical model,

fourteen iodine species were considered and reaction scheme was consisted in 124 reactions.
The analytical model could estimate the oxidation state of iodide ions.

l)Power and Industrial System R&D Division, Hitachi Ltd., 7-2-1 Omika, Hitachi, Ibaraki
319-12, Japan
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1. INTRODUCTION
The radiolysis of iodide solution is important to estimate the source term.

The formation of

iodine was affected by factors such as irradiation dose, temperature, water pH and dissolving
gases in water.

Nitrogen is known to change into nitric acid under irradiation[Dolle 1978].

Oxygen is changed into hydrogen peroxide by irradiation.
In this study, the effect of dissolving gases in water on the iodine formation was examined.
The formation mechanism of nitric acid from nitrogen was discussed based on the experimental
results.

The effects of water pH and chloride ions on the iodine formation were examined

under degassed conditions.

The amount of iodate ions were calculated using a chemical

reaction model and compared with the literature.

2. EXPERIMENTAL
The schematic diagram of the experimental apparatus is shown in Fig. 1.
mf de of stainless steel and has a capacity of 80 ml.

The autoclave was

Distilled water bubbled with nitrogen gas

to control the concentration of dissolved oxygen to less than 1.0 X10"7 mol/1.
pressurized with N2/02 mixed gas up to 9 MPa in the autoclave.

The water was

The concentration of

dissolved nitrogen was calculated to be in the range from 6 X10'3 to 4.8 X10"2 mol/1 using
Henry's law.

The irradiation was carried out using a Co-60 y -ray source of 3.7 X 1014Bq.

The absorbed dose was determined to be 2.5kGy/h by the Fricke Dosimetry.
the amount of nitrogen compound products were quantitatively determined.

After irradiation,
The NOz" ions

were determined spectrophotometically as the azocompound formed by addition of n-l-naphtyl
ethylenediamine and sulphanilamide in acid solution.

The concentration of N03" ions were

analyzed by liquid chromatography using a lichrosorb column.
For experiments of Csl solution, a test vessel was made of a quartz glass with a volume of
0.151.

The concentration of iodide ions was measured using a light adsorption method during

irradiation.

3. RESULTS AND DISCUSSION
3.1 Decomposition of nitrogen
The main product in the radiolysis of water containing nitrogen and oxygen was nitric acid.
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As shown in Fig. 2 and 3, the yield of N03' ions increased proportionally with increase in the
absorption dose of nitrogen.

The G-values of N03" ions were obtained to be 3.5 for the gas

phase and 2.4 for the liquid phase.

Nitric acid seemed to be formed from nitrogen atoms

produced from the radiolysis of nitrogen molecules.

Nitrogen molecules decomposed

radiolytically into nitrogen atoms via ionic and excitative processes.
in the liquid phase would be equal to that of nitrogen atoms.
values of nitric acid between the liquid and gas phases.

The G-value of nitric acid

There was a difference in G-

This was due to the additional

formation of nitrogen atoms via the ionic process in the gas phase.

So the G-values of

nitrogen atoms and N* ions were estimated to be 2.4 and 0.6, respectively.
In the gas phase, nitrous oxide of about 2.5 X10"6 mol/1 was produced under about lOkGy
absorption dose of nitrogen.

Nitrous oxide was easy to dissolve in water to form nitric acid.

The amount of iodine formed in the radiolysis of iodide solution was increased with decrease of
the water pH.

As the decomposition of nitrogen molecules was proportional to the absorption

dose and resulted in the decrease of the water pH, this effect could not be ignored in some
cases.

3.2 Hydrogen peroxide effect
The concentration of iodide ions was decreased with the absorption dose.
suppressed in the presence of oxygen.
ions under irradiation.

This effect was

Oxygen changed into hydrogen peroxide and oxygen

Although iodide ions were oxidized to iodine by irradiation, iodine was

reduced to iodide ions by hydrogen peroxide[Ishigure 1986, Shiraishi 1992].

This effect was

enhanced with decrease of the initial concentration of iodide ions.
In the analytical model, fourteen iodine species were considered and reaction scheme was
consisted in 124 reactions.
calculation code.

A set of reaction rate equations was integrated numerically by a

Hydrogen peroxide changes iodine species such as I2", I, 10 , HOI, 10 and

HIOz into iodide ions directly or secondary.

But I02 was changed into I03" ions by hydrogen

peroxide.
These reaction rate depended on the conditions.
obtained correctly.

All rate constants for these reactions are not

If the rate constant for the reaction of I with 02 was increased by ten times,

the concentration of I03 ions could be explained by the analysis.

The calculated amount for

I03" ions is shown in Fig. 4 and compared with the literature[Ishigure 1986].
was reasonable.

The agreement
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3.4 Water pH in severe accident conditions
The amount of CsOH discharged was estimated to be about ZxlO^M at most by the analysis of
a severe accident code for BWR.

The amount of nitric acid formed in the suppression pool

was estimated to be about l.OxlO^M under irradiation with the dose of 150kGy based on the
G-value of nitric acid obtained experimentally.
estimated to be about 10.3.
pH.

The water pH in the suppression pool was

The amount of iodine formation could be negligible in this water

In some accident conditions, hydrochloric acid was formed by the radiolysis of electrical

cable insulation[Beahm 1992].

As the iodine formation was enhanced with the decrease of the

water pH, the water pH should be kept to be above 10.

4. CONCLUSION
Effects of compounds in water on iodine production have been studied to evaluate iodine
production under severe accident conditions in light water reactors.
1. Water pH should be kept to be above 10 to suppers iodine production.

The amount of

CsOH entering the water pool is enough to increase the water pH of 10 in most severe accident
conditions.
2. Direct decomposition of nitrogen by irradiation produced nitric acid with the G-value of 2.4
in water.
3. The effect of chloride ions on iodine production was negligible in the radiolysis of iodide
solution.
4. Dissolved oxygen in water worked as reducing agent to suppress the formation of iodine.
5. The reaction rate constant for I with 02 was found to be 1.0xl06M"1s"1 to explain the iodate
ion formation.
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THE EFFECT OF TEMPERATURE ON RADIOLYSIS OF
IODIDE ION DILUTED AQUEOUS SOLUTIONS
T. Gorbovitskaya1, J.Tiliks1
Abstract
In order to investigate the radiolysis of iodine containing aqueous solutions a flow type
facility - Iodine Thermoradiation Facility (ITF) has been designed. It has a possibility to
irradiate aqueous solutions in the steel vessel (V=2 dm3) with “Co y-rays and continuously (on
line) to analyze the products of radiolysis both in liquid and in gaseous phases. By means of
ITF the formation of 1*% (I2+I3'+HOI), I03', H2O2 was studied in 10‘5-10‘3 mol/dm3 Csl
aqueous solutions by their radiolysis at dose rate 4,5 kGy/h for six hours in region of
temperatures from 313 to 404 K Under similar conditions, some experiments in glass
ampoules were also performed. The steady-state concentrations of Lx and IO3" decreased with
increasing temperature as linear function of inverted temperature. The effect decreased with
decreasing concentration of iodide ion. As the result, at high temperatures (T > 380K) the
steady-state concentration of Lx does not depend essentially on the iodide ion initial
concentration. Molecular iodine (I2) released from the solution was the mam radiolysis
product in gaseous phase. Its steady-state concentration increased with increasing temperature
because of decrease of iodine solubility in the water and decreased at the same time because
the radiolytic iodine concentrations decreased. Therefore the most volatility of irradiated 10 3
and 10"*M Csl solutions was observed at the temperature about 350 K The volatility of
10"5 M solutions gradually decreased with increasing temperature.The experimental data were
explained on the base of the hypothesis that the reaction between I2 and radiolytic H2O2 was
the limiting one determining the temperature dependence of Lx and IO3" steady-state
concentrations. Its activation energy was estimated to be 27,5 kcalmol1. The temperature
dependence for reaction (10 + H2O2) was also estimated.

1) University of Latvia, Laboratory of Radiation Chemistry, 19 Raina Blvd., Riga, Latvia LV-1586
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1. INTRODUCTION
The radiation induced processes in the iodide ion aqueous solutions has been studied more or
less intensively during all the existence of radiation chemistry. At present the interest of
researches on these systems is closely connected with the problems of nuclear energetic safety.
It is recognized that caesium iodide is a probable chemical form of radioiodine released from
the fuel into reactor containment in the case of nuclear power station accident [1]. In the water
cooling reactor cesium iodide is expected to reside in the waterpool to form nonvolatile iodide
ion aqueous solutions. But under the action of several factors such as presence of radiation and
thermal fields, organic and inorganic impurities, iodide ion can transform into volatile chemical
species of iodine, 1% and HOI, which can diffuse into gaseous phase. The potential possibility
for these volatile iodine compounds to release into environment is the most dangerous
consequence of possible nuclear power station accident. The significant efforts were
developed to elucidate the role of different factors in the iodine revolatilization process under
accident conditions as well as to estimate the chemical forms, concentrations and phase
distribution of volatile iodine species in containment. Therefore, the considerable amount of
works on radiolysis of iodide ione aqueous solutions under conditions, corresponding to those,
expected in the accident were published during the last 15 years [1-5]. They showed that the
radiolytic factor is the most important one in the process of iodide ione oxidation in
containment. According to obtained data, the behaviour of iodine under irradiation is a very
complicated process. Besides a large number of radiation reactions, complicated thermal
reactions of iodine take place both during the radiolysis and after it. In these reactions the
iodine oxidation states may interconvert between -1 (T) and +7 (IO 4). In addition, different
factors such as presence of organic and inorganic impurities, temperature, pH and red-ox
potential of the system, may influence these reactions. Hence, though significant amount of
works has been performed, many uncertainties still remain for this problem and further
experimental studies on the effect of different factors on the radiolysis are necessary for their
elucidation. Carrying out the new experiments it is very important to perform them in a wide
range of parameters covering those expected in containment during an accident. Unfortunately,
in present available data do not correspond to this requirement. So, to verify mechanistic
models of iodine behaviour in the needed wide region of parameters it is often necessary to
combine the results of different authors. But, as a rule, it is almost impossible to find the
sufficient amount of such data, covering a wide range of parameters and, at the same time,
obtained under the similar conditions.
Present paper describes the results of experiments on radiolysis of caesium iodide aqueous
solutions of different concentrations and by different temperatures in the range , expected in
the accident. Although a few data on the temperature dependence of iodide aqueous solutions
radiolysis were published [2-5] this problem has not been systematically investigated yet.The
main purpose of the study was to examine the effect of temperature on the radiation induced
oxidation of iodide ion and to estimate the variation of volatility of iodine in these systems
when the temperature increases. In order to obtain more definite information about the
mechanism of temperature effect, the concentrations of H2O2 and IO 3 were measured besides
those of the sum (fc+Ts+HOI).
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2. EXPERIMENTAL
2.1 Solution preparation and chemicals
Aqueous F solutions were prepared by using double-distilled water, Csl and H3BO3 of G.R
grade. HCIO4 and LiOH of G.R grade were used to control the pH.. The initial concentration
of F was controlled spectrophotometrically at 226 nm KI, NaOH, H2S04 and other reagents
needed for analysis of iodine species in irradiated solutions were also of G.R grade or better.

2.2 Temperature Experiments on Iodine Thermoradiation Facility
In order to study the behaviour of iodine under simulated accident conditions, the flow type
facility (I f f ) has been constructed. The scheme of ITT is shown in flg.1. By means of ITF it
was possible to irradiate with **Co gamma-rays the iodine containing aqueous compositions
and continuously to analyze the products of radiolysis both in liquid and in gaseous phases.
The ITF consists of a thermo stated stainless steel vessel (V=2 dm 3 ), modelling the
containment, and two analytical recirculating loops for analysis of liquid and vapor phases
respectively. There was also a possibility to place coupons of different materials into the
gaseous and liquid phases of the vessel to study iodine species sorption on these materials.
The recirculating loops for liquid and vapor phases analysis consist of the analytical cells and
apparatus linked with teflon tubes (D=3 mm). In every loop the circulation is provided by
centrifugal pump made of stainless steel During the radiolysis the liquid and gaseous phases
continuously recirculate in their loops through the analytical cells where the automated
analysis of iodine species is performed. There is also a possibility in 11F for discreet sampling
of the solution during irradiation.
In present work the analysis of liquid phase included the automated continuous measurements
of F, F3, the sum of I2,I3 and HOI, so-called oxidized iodine (I<,x), I0 3 and pH The analysis
of H2O2 was performed using discreet sampling method. Only the concentration of gaseous I2
was measured in gaseous phase by means of semiconductor iodine selective sensor inserted
directly into the vessel So, in present work gaseous phase did not circulate.
The analytical procedure was the following. The irradiated solution was cooled till the room
temperature by means of heat exchanger inserted immediately downstream to the irradiation
vessel The liquid phase analytical system consisted of the main recirculating line and the side
analytical loops. The solution after cooling flowed into the spectrophotometer, located in one
of the side analytical loops, where P3 concentration was monitored at 287 nm To measure pH
and F concentration the solution was introduced into the electrochemical cell where F and pH
were monitored, using iodide selective sensor and glass electrode respectively. After that, the
solution returned back to the vessel In one of the side loops, the analyses, requiring
introduction of reagents, were carried out. It was provided by UV detector set by 287 nm for
I,* concentration monitoring and spectrophotometer for measuring of I0 3 concentration.
Before the
concentration was measured, the solution was mixed with concentrated KI
solution for I2 and HOI conversion into strongly absorbed F3. To determine I0 3 concentration,
the solution after UV detector was mixed with 0.2 N solution of H2S04 and F3 formed was
measured in spectrophotometer also by 287 nm The solution from this side loop was
discarded after analysis. Therefore, both the volume and the flow rate of solution in this loop
was very small compared to those for the other loops. The loss of solution in these
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measurements did not exceed 100 ml (that is 10% from total solution volume) during one
experiment run.In order to determine H2O2 concentration 2 dm3 of the solution was sampled
during the irradiation directly from the vessel and H2O2 was measured using the method based
on iodide catalytic oxidation by H2O2
The conditions of this series of experiments are summed up as follows:
1. Iodide concentration: 10"5,10"*, 10"7 mol dm"3.
2. Initial solution pH: 5 ± 0.05.
3. Volume of irradiated solution : 1 dm3; Volume of gaseous phase above the solution: 1 dm3.
4. Range of temperatures: 316 - 404 K.
5. The absorbed dose rate : 4.5 kGy hr"1, total absorbed dose : 27 kGy.
6. Additives: H3BO3, : 2.1 g dm"3; HCIO4 and LiOH for pH control

2.3 Experiments in glass ampoules
18 dm

3

of aqueous T solution was filled into Pyrex-glass ampoules (V= 20 dm 3). The

ampoules were sealed with gas-burner flame without deaeration. To be irradiated, the
ampoules were inserted into the steel vessel of ITF filled with water and thermostated at
needed temperature. The vessel with ampoules was placed into y -irradiation source and
irradiated for two hours. For this time the steady-state concentration of IoX , IO 3 and H2O2
were achieved in solutions. After irradiation ampoules were cooled fast to the room
temperature and then analyzed spectrophotometricalty for f3, the sum ( I2 + T3 + HOI), IO 3
and H2O2 (see 2.3). Before the analysis the final pH of solution was also measured.
The experimental conditions of this series of experiments are summed up as follows:
1. Iodide concentrations: 7.8-10"4; 3.1-10"4; 5.85 10"3 mol dm3.
2. Initial solution pH: 5 ± 0.05.
3. Volume of irradiated solution: 18 dm3, volume of gaseous phase: about 2 dm3.
4. Range of temperatures: 323 - 373 K.
5. The absorbed dose rate: 4.5 kGy/h.
6. Duration of irradiation: 2 h, total dose: 9 kGy.
7. Additives: HCIO4 and LiOH for pH control
8. Time after irradiation till analysis: 0.5 h.

3. RESULTS
As it was described above (sec.2) two sets of radiation experiments on iodide ione aqueous
solutions were performed in the present work: the experiments in flow facility with continuous
analysis of radiolysis products, and experiments on two hours irradiation in glass ampoules.
Time dependencies of Lx, IO3 and H2O2 concentrations by different temperatures were
obtained as a result of flow type experiments. The character of these dependencies was typical:
after starting irradiation the concentrations rather rapidly reached their steady-state values,
although the time needed for it depended on temperature and initial iodide concentration. It
shortened with decreasing iodide concentration and increasing temperature. At high
temperatures and iodide concentrations of about 10'5 M a maximum was observed on the dose
curves at the early stage of irradiation (5-7 min after beginning of the experiment), after which
the concentration decreased rather rapidly for a short time and then remained almost constant.
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Summarizing the analysis of dose dependencies one can conclude that in all investigated
solutions the steady-state concentrations of IoX and IO 3 were reached during two or less hours
( dose of <9 kGy), that is also in agreement with the data of other authors [6,7]. It is to be
noted, that in flow type experiments there was an essential volume of vapour phase above the
solution (the ratio of phase volumes was 1) and the concentration of gaseous iodine (I2) was
measured in these experiments. The results of measurements showed that the equilibrium of I2
concentration between liquid and gaseous phases took place in all experiments.
To elucidate the influence of temperature on radiolysis of iodide ion aqueous solutions, the
steady-state concentrations of Lx, IO 3 and H2O2 ( [Lx]*, [10*3]* and [H2O2]* ) were studied as
functions of temperature, hi fig. 2 the steady-state concentration of Lx is shown as a function of
inverted temperature, with initial Csl and H3BO3 concentration as parameters. At fixed
temperature [Lx]* decreases with decreasing T initial concentration.The temperature
dependencies are approximated by linear function of inverted temperature. Straight lines form
two separate groups for solutions with H3BO3 and without it. The slopes of lines decrease with
decreasing Csl concentration so that lines inside of separate group cross each other and x-axis
approximately in the same point.. In the solutions containing H3BO3 the thermal stability of Lx
is higher than in those without H3BO3.
The dependencies of [IO 3]* on irradiation temperature with initial T concentration as a
parameter, are shown in flg.3. There is a scattering in data on IO 3 concentrations in 10"3 M
iodide solution but both for this solution and for solution of other T concentrations it can be
stated that [IO 3]* value decreases with increasing temperature and dependencies on inverted
temperature are linear.
Fig.4 shows steady-state concentrations of H2O2 measured in ampoules experiment, as a
function of temperature with T concentration as a parameter. The [H2O2]* slightly decreases
with increasing temperature.
On the base of the data on I2 concentrations in gaseous phase at different temperatures the
steady-state values of iodine partition coefficients (IPC) were calculated for 10'5, 10*4 , 103 M
irradiated solutions of T. The IPC was defined as
IPC-mVtlLi

where [I]*, and [I]gas are full iodine atom concentrations in aqueous and gaseous phases,
respectively [5, 9]. Fig. 5 shows the IPC values as a function of temperature with initial iodide
ione concentration as parameters. As it can be seen, there is a tendency for IPC brightly
expressed in 10'3 M Csl solutions, to have minimal value at the temperature about 350-360 K.

4. DISCUSSION
The decrease of [Lx]* and [IO3I* with temperature indicates that there is at least one backward
reaction in the mechanism of radiolysis with rate coefficient essentially dependent on
temperature. The mechanism of iodine behavior under accident conditions includes thermal
reactions and a great many of radiation reactions [10-12], Most of involved radiation reactions
are rapid radical reactions. The activation energies of these reactions are close to those of
diffusion controlled reactions, that is about 3-4 kcaLmol'1.Therefore, elevating the temperature
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from 316 to 400K their rate coefficients can not increase as much as it is necessary to explain
the observed temperature effect. Therefore, it is more probable that the reaction (or reactions)
responsible for the temperature effect is thermal reaction. One of the most important thermal
reactions of l* is the hydrolysis of molecular iodine:
h

+ HjOoHOH + F + H*

(1)

The hypoiodous acid ionizes to form hypoiodite ion:
HOI <=> HT + 10

(2)

The following groups of further reactions of hypoiodus add (or 10 ion) leading to I*x
concentration decrease are possible at pH >6:
1. Slow disproportionation reaction of HOI ( IO), followed by rapid reaction of HIO2 (I0"2)
with HOI (10 ) resulting in iodate formation:
HOI + HOI <*ffl02 + Hf + T

(3)

HI02 + HOI <=> mo3 + H" + T

(4)

2. The reverse reactions of HOI and IO with radiolytical H202 :
IO + H202 => T + 02 + H20

(5)

HOI + H202=> IT +r + 02 + H20

(6)

And in order the scheme of reactions would be more full the equilibrium between I2 and
molecular ion I3* should be written:
I2 + T

I3

(7)

The rate constant of the forward reaction in equilibrium (3) is reported to be (50 - 120)
dm3.moT1.s*1 [11, 12]. It may be essentially influenced by the temperature. But if the rate of
reaction (3) would determine the obtained temperature dependence of Jox formation the JO3"
concentration would increase with elevating temperature what is in discrepancy with
experimental data (fig. 3). The same may be noticed in regard to reactions (8) - (10) of HOI
which are discussed in literature as the steps of possible IO3 formation through IO radical
According to [11,14,15] they may be the following:
OH + HOI => IO + H20

(8)

i + hoi => 10 + r + kT

(9)

I2 +HOI => IO + 2T + H*

(10)

The pH dependence of (TOs"]* in fig. 6 shows that at pH*>7 IO3 steady-state concentration
decreases with pH* . The decrease of IO3 concentration with temperature and pH may be
understood if to suppose that there is a reaction (or reactions) of HOI and IO competing
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with the processes of IO3" formation whose rate more strongly increases with temperature and
pH than that of IO3 appearance. As such competing reactions may be considered reactions (5)
and (6). Only a small part of Lx transforms into IO3" by the radiolysis at the room temperature.
The calculations on the mechanistic model LIRIC [10 ] from which reactions (5) and (6) were
excluded, showed that, in these conditions, IO3" forms in very large amounts. This means that
both at the room temperature and at higher temperatures reactions (5) and (6) prevail upon
reactions (3),(4), (8) - (10) and may be supposed to be the mam thermal reactions leading to
[Iox] decrease during the radiolysis.
According to liebhafski [17] reactions (5), (6) are the base reactions of the process which is
the reduction of free iodine (I2,13") by hydrogen peroxide.
It should be noted that mechanism this process understood sufficiently [11] and the scheme of
reactions (l)-(4), (5)-(7) is one of the probable ways for its description [6,11,15]. If to assume
that equilibriums (1),(2) and (7) are instantaneous and the concentrations of H% H2O2 and T
are approximately constant during the reaction, the kinetic of molecular iodine decay because
of reactions (5), (6) may be described by exponential function:
h([Wfl2]) = k.t

where k is the decay constant
concentrations [6,15]:

(11)

of reaction ( I2 + H202 ) dependent on T, fTand H202

f k6 | k5K2'1 K![H202]
l[H+] [H+]2J
(1+K7[T])
[T]

1

(12)

In (12), Ki, K2, K? are the equilibrium constants of reactions (1), (2) and (7) respectively. The
rate coefficient of reaction (6) at 298K is reported to be 37 dm3.molds'1 [10, 12,15, 17]. The
rate constant of fast reaction (5) at the room temperature is now a subject of discussion.
According to Liebhafski study in neutral or alkaline solutions it would be l,5xl09 dm3.mol"V1
[17]. But in the work of Ishigure [6] the value I,4xl07dm3.mor1.s"1 was reported. After that
another value of the same authors was reported to be 6,6xl07 dm3.mol'1.s"1 [15]. The value of
Liebhafski is thought to be overestimated due to some catalytic effect of additives used in the
experiments [6,15]. Because in any case the value k; essentially exceeds that of ks and the rate
of reaction (5) much more strongly depends on H* concentration, at pH > 6, the rate of
reaction (6) becomes negligible compared with that of reaction (5). Therefore, the rate
constant of iodine reduction by H202 may be written as
k_

'[H2Q2]
(l + K7[J-]).[H+]2[J-]

.

According to
[16], in the investigated temperature range, the value of K2 very weakly
depends on temperature. The value of K? decreases about eight times as the temperature
increases from 300K to 400K [16], but at used iodide concentrations the expression in
brackets does not change with temperature more than twice. The value Ki is the sole
equilibrium constant, essentially changing with temperature. According to [16], its temperature
dependence may be described by the equation:
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hKi = - 1392,9 / T - 44,764 + 0,070692 T

(14)

Ki calculated from (14) increases four orders of magnitude as the temperature rises from
293K to 400KThe temperature dependence of k5 has not been studied yet. According to
reported values of rate constants for this fast reaction, change of its rate with temperature is
not expected to be very strong.
The obtained temperature dependencies of [Lx]* (fig. 2) may be expressed by general equation:
PoX]st = A/T - B

(15)

These functions corresponding to solutions with different Csl concentrations form two
separate groups of straight lines for solutions with H3BO3 and without it. Inside of every
groupe the value of B/A is approximately the same. So the temperature dependencies for
solutions with H3BO3 and without it are respectively the following:

(Pox]st)+B = A( 1/T - 2,5-10'3 )

(16)

(Pox]st)-B = A( 1/T - 2,7-10'3 )

(17)

It was found that the slope A of straight lines is proportional to [T]o1/2 (fig. 7):
A= 1,03-jT]1/2

(18)

So the following empirical formulas describe the temperature dependencies of [L,,]* in
solutions with H3BO3 and without it:

[IoxI^b = 1,03 [T]o1/2( 1/T - 2,510 " )

(19)

noxk-B= 1,03- [T]o1/2( 1/T - 2,7 10 " )

(20)

It is be seen from (19), (20) that at fixed temperature the steady-state concentration of Iox is
proportional to |T]o1/2.
Linearity of pox]* from inverted temperature indicats that it may be approximated by linear
function from logarithm of some Arrenius rate constant. On the steady-state of radiolysis of
5.10 s 4-10 " M Csl solutions the conditions necessary for (13) to be approximately consstant
take place.
To get any quantitative confirmation of the hypothesis about the determining role of hydrogen
peroxide reactions in [Jox]* temperature dependence let us assume that [Jox]st decreases
proportionaly to the value of In k^. Then the following expression may be written for [Lx]*'.
[IoJst/A = ( 1/T - B/A) = - a ha k» = (aE»)/RT - a In ki3°

(21)

where E, and k%° are the activation energy and preexponential coefficient for complex reaction
of molecular iodine reduction by H2O2. After substituting ofkn in (21) by expression (13) the
following dependence of [Jox]st on rate coefficients, equilibrium constants and concentrations of
species in solution may be written:
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=-a4.62.pH,
A

(22)
[TK1+K7n)

where pH* is the steady-state pH of solution.
It is seen from (22) that Jox steady-state concentration should decrease proportionally with
increasing pH*. To examine the dependence (22) experiments on effect of pH on [Jox]* were
performed at 323K for 10*3 M CsJ solutions. The initial pH was varied from 5 to 9. He acidic
solutions increased but the alkaline ones decreased their pH under irradiation. Fig. 6 shows the
dependencies of [Jo*]* on pH*. They are in agreement with (22). From the slopes of straight
lines the value of a was derived to be 0,0760.10'3 both for solutions with H3BO3 and without
it. According to (21)
E, = R/a

(23)

The value of 27,5 kcaLmol*1 was found for Ea. From the intercepts of straight lines of pH
dependencies of Pox] using known values of Ki, K2, K7 [16] as well as measured average
concentrations of [H2O2] and [T] concentrations the values of k5 at 323K were derived. They
were equal 3,8-10? and 40-10? dm3.mol"1.s'1 respectively for solutions with boric add and
without it.
It is important to note that (22 ) predicts the decrease of [Jox]* sensitivity to changing pH when
iodide initial concentration decreases.
Using the value of a the temperature dependence of rate coefficient ki3 was derived from (21).
Then the temperature dependence of kj was also determined from (13) for solutions of
different CsJ concentrations. The corresponding results are shown in fig. 8. The average value
of activation energys for ki3 was found to be 27,2 kcaLmol*1 both for solutions with H3B03 and
without it. The activation energy for rate constant of reaction (JO + H202) found from the
slopes of corresponding straight lines in fig. 8 was also the same for solutions with HsBOs and
without it and equal 8,25 kcaLmol"1. The preexponential coeffident of k3 depends on presence
ofHsBOs. It was found to be 1,8.1013 dm3.mol"1.s"1 in the solutions with H3BO3 and 1,7.1014
dm3.mol"1.s"1 in the solutions without it..
According to the, data obtained, the values of ki3 and k5 in solutions with boric add are about
ten times less of those in solutions without H3BO3. This fact may be used for explanation of
more effident radiolytic accumulation of Jox in solutions containing HsBOs.
The average value of k5 (298K)=(17±2)-10? dm3.mor1.s*1 in solutions free of HsBOs is close
to value ks = 6,6.10? dm3.moV1.s*1 found by Ishiqure [15]. The agreement of k5 value with
literature data as well as coincidence of kinetic parameters found from pH and temperature
dependences of [Jox]* and their reasonable values may be considered as the confirmation of
hypotheses about determining role of reaction of iodine spedes, namely, JO ion, with
hydrogen peroxide.
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5. CONCLUSIONS
From the experimental data on radiolysis of 10"5 - 10'3 Csl aqueous solutions at high
temperatures and pHo = 5 the following conclusive remarks may be derived on the temperature
dependence of Lx and IO3 formation.
1. The efficiency of Lx radiation accumulation decreases with increasing temperature of
irradiation. The steady-state concentrations of Lx in 10"3 M Csl solution decrease more than 20
times increasing the temperature from 316K to 400K The effect becomes weaker with
decreasing T concentration. The temperature dependencies of Lx accumulation in 103 4-10"3 M
Csl aqueous solutions with 0,032 M H3BO3 and without H3BO3 may be described respectively
by empirical equations:
[Lx]*+B= 1,03[T]1/2.(1/T-2,5.10-3)

[Lx],."6 *= *1,03-E r f2- (1/T - 2,7.103)
2. Molecular iodine released from the solution is the mam product of radiolysis found in
gaseous phase. Its steady-state concentration at pH < 6 is in equilibrium with molecular iodine
in liquid phase. From one hand the steady-state concentration of airborne iodine increases with
increasing temperature because of decrease of iodine solubility in water from the other hand it
decreases because the radiolytic iodine concentration decreases. Therefore, the maximum
volatility of irradiated IO"4 and 10 3 M Csl solutions takes place at about (350 - 360)K
3. The temperature dependencies of Iox steady-state concentrations in y-irradiated Csl
aqueous solutions at pH>6 may be explained on the base of hypothesis about the determining
role of molecular iodine (I2) reaction with radiolytic H2O2. On the base of this hypothesis the
activation energy for reaction of I2 with H2O2 was found to be 27,5 kcaLmol'1. The
temperature dependencies of rate coefficient for reaction (IO + H2O2) were also estimated to
be k5 = 1,8.1013. e-8250/RT and k5 = l,7.1014.e "8250/RT for Csl solutions with 0,032M H3BO3 and
without it respectively.
4. The decrease of IO3 steady-state concentration with temperature and pH may be explained
as the result of suppressing of its formation by reaction of IO" with H2O2.
5. The possible reason for more effective accumulation of Lx in Csl solutions with H3BO3 is
that the value of rate coefficient for backward reaction (IO + H2O2) in this solutions is smaller
compared with that without H3BO3.
6. The experimental data on the effect of temperature on steady-state concentrations of Lx,
interpreted in the terms of I2 reaction with H2O2 predict the decrease of Lx sensitivity to
solution pH with decreasing initial concentration of iodide ion.
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Fig. 1. The scheme of Iodine Thermoradiation Facility (TTF) (see table 1).
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Table 1.
Components and characteristics of ^Thermoradiation Iodine Facility
NO
in
Fig.l

Technical Parametrs
Component

Purpose and Characteristic
Detector Range
Vs /V =005-19

Pretission
%

1.

Reaction vessel

Steel vessel, modeling of
containment. V=2000 enr

2.

Irradiation source

Co-60, summar activity 300 TBq

3.

Block for control of
external parameters

Control and determination of
temperature (T),pressure (P),
irradiation dosage (D).

T = 300400 K
P * 0 -1 MPa
D = 0 - 4 KGy/h

5
10
10

4.

Rotameters for
gaseous and
liquid loops

Measuring and regulation of gaseous
and liquid stream (I).

If = 0.02-500 cm3/s
F » 0.02-50 cm3/s

5
5

5.

Qrcullation pumps

The pumps from stainless steel for
gaseous and liquid systems

Hf = 500 cm3/s
K = 50 cm3Zs

10
10

&

Block for
purification of
radiolytic gasses

Modelling of purification of gaseous
atmosphere ot containment using
sorbents

7.

—

—

Preparation of the composition of
Block for
preparation of gasses gasses for modelling of containment
atmosphere (CH^. Oj. Hej,introducing
of gaseous inhibitors of radioiodinc.

P_ - 1 MPa

Gaschromatograph with
ESD

Automatic analysis of organic gasses
(RJ etc.) with time interval 10 min.

Csw = IE-09 M

Gaschromatograph with
FID

Automatic analysis of gasses (Hz. O2.
CH-t etc.) with time interval 10 min.

Cs = 1E-0S M

10.

Analogic- number
transformator

Transformation of signals from
detectors for computer (PC)

11.

Cell for extraction
of inorganic
compounds from
liquid phase

Continuous extraction of dissolved
inorganic compounds from, liquid
phase in stream using the method of
balanced vapor.

C*w = IE-09 M

Gas-liquid
chromatograph

Automatic analysis of iodine- organic
and other components in liquid
phase with time interval 10 min.

C£„ = IE-09 M

Electrochemical
analysis block

Continuous measuring of content of
solution using ion-selective electrods
(pH, J~. Red-Ox potentials^:)

pH = 0 -14
pj = 0 - 6

Optic analysator
(with addition of
reagents)

Automatic analysis of IO—3 in stream
of liquid phase.

qjoiE-07 m

15.

Optical analysis (in
stream)

Automatic analysis of J2, J*3 J* in
stream of liquid phase.

C(J = IE-06 M
cyry- ie-o?m
C(J-/ = IE-07 M

16.

Reagents '
preparation block

Preparation of model solution for
radiolysis, introduction of impurities
and radiolytic iodine scavengers.

C =lE-05-lE-01 M

Block for
purification of
liquid phase

Modelling of spilled solution
purification in the containment using
sorption

Detector of
molecular iodine.

Continuous automatic analysis iodine
concentration in gas phase using
semiconductor sensor.

&

9.

12.

13.

14.

17.

18.

—
—

—

10

15

15
—

—

15

15

j

—

10

10
15
15
15
15

—

C(J;)* =1E-U M
10
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Fig. 2. Dependence of 1.x steady-state concentration on temperature of irradiation.
The initial Csl concentrations are: 1 - 10-3 M; 2 -10"4 M; 3 -10"5 M; 4 - 7,8.10“* M;
5 - 3,1.1c"4 M; 6 - 5,85.10^ M; The initial pH is 5; 1,2,3 - flow experiments; 4, 5, 6 ampoule experiments. Additive; 1,2,3 - 0.032 M H3BO3.
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Fig. 3. Dependence of IO3 steady-state concentration on temperature of irradiation.
The initial Csl concentrations are: 1 - 5,85.10"$M; 2 - 3,1.10"* M; 3 - 0,8.10"3 M;
4-1.1CT3 M; 1, 2,3- ampoules experiments, 4 - flow experiments; Additive: 0,032 M
H3BO3 (4).

1000/T
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Fig. 4. Dependence of H2O2 steady-state concentration on temperature of
irradiation. The initial Csl concentrations are: 1 - 5,8.10"$ M; 2 - 3,1.10"4 M;
3 - 0,8.10-3 M; The initial pH: 5; Ampoule experiments.
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IPC

Fig. 5. Dependence of Iodine Partition Coefficient on temperature of irradiation.
The initial Csl concentrations are: 1 - 10"®M ; 2 - 10-4 M; 3 - 10"3 M; The initial
pH: 5. Additive - 0,032 M H3BO3.
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Fig. 6. Dependence of In (1,3) and IO3* (2) steady-state concentrations on the final
(steady-state) pH of solution. Csl concentration: 10"3 M; Additive: 0,032 M H3BO3
(3). Flow experiments
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Fig.7. Coefficient A from equation (15) as a function of Csl initial concentration.
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Fig. 8. Rate coefficients of reactions (1% + H2O2) (ku) snd (IO + H2O2) (ks) as
functions of temperature.
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Measurement of In formation from Csl by thermal stress
High sensitive I2 on-line monitoring

G. POSS, W. RIEDEL*, M. KNOTHE*, R. ZAHORANSKY**, E. LAILE**
Battelle Ingenieurtechnik GmbH, Diisseldorfer Str. 9
D-65760 Eschborn
* Fraunhofer Institut fur Physikalische Mefitechnik, Freiburg
WIZARD Zahoransky KG, Todtnau

Keywords
severe accident, in-vessel I2-measurements, iodine aerosol interaction, hydrogen combustion

During severe accidents in nuclear reactors, Csl is liberated and suspended as aerosol into the
containment building. Depending on the course of the accident, Csl can be burnt by H2 flames. I2
liberation has been investigated in lab-scale experiments burning dry Csl-particles and aqueous Csl
solutions in a H2-flame. The results have shown, that in both cases molecular gaseous iodine (1%) is
generated during burning of Csl.
I2 in/on-line monitoring exceeds the present state of the art and is even more difficult under the
presence of droplets or particles. To perform the experiments a light absorption measuring technique
in the visible range was established and validated with excellent performance even at low
concentrations down to 5-10"* mol 1"' and at high temperatures. The underlying physical principle is
the specific absorption of visible light in parts of the iodine band between 500 and 600 nm, where
I2 has a quasi-periodic absorption spectrum with a peak separation of approximately 2 nm.
For an improved understanding of the aerosol/iodine interaction, bias free in-vessel monitoring
of I2 and aerosol is required. Based on several years experience from developing aerosol measuring
devices applied under severe accident thermal hydraulic conditions and the now available I2-sensing
technique, a combined aerosol/I2 measuring system is planned which bases on a complex multiple
path arrangement, suitable for simultaneous in-situ I2 and particle/droplet monitoring. The achievable
sensitivity for I, is expected in the range up to 10"11 mol l"1.
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HYDROXYLAMINE AS A POTENTIAL REAGENT FOR
DISSOLUTION OFF GAS SCRUBBING IN SPENT FUEL
REPROCESSING: KINETICS OF THE IODINE REDUCTION
(An example of similarity between the studies on the chemistry of iodine in reactor safety and
in spent fuel reprocessing)

C. Cau Dit Coiimes1, S. Vargas12, J. Chopin-Dumas2, F. Devisme1

ABSTRACT
Iodine, which can be released inside the containment building when an accident occurs, can be
traced, in normal operating conditions, at the back end of the fuel cycle. Hydroxylamine has
been selected as a reagent of potential interest to trap iodine in the dissolution off gas
treatment. The kinetics of the reaction between hydroxylamine and iodine has been studied in
a narrow range of pH (1-2), with hydroxylamine in excess (ratios of hydroxylamine to iodine
initial concentrations varying from 2 to 40), at constant temperature (30°C) and ionic strength
(0.1 mol/L). Spectrophotometry and voltammetry have been coupled for analytical
investigation. The problem of the rapid mixing of the reactants has been solved using a
continuous reactor. Triiodide has been shown non reactive towards hydroxylamine. An initial
rate law has been proposed, pointing out the first order of the reaction with respect to
hydroxylamine and iodine, and the inhibitory effect of iodide and hydrogen ions. Nitrous acid
has been identified as a transitory product. Nitrous oxide and nitrogen monoxide have been
detected by gas chromatography, the ratio of the amounts of products formed depending on
acidity. The complexity of the overall reaction has been ascribed to the competition of four
reactions as previously proposed in the literature ( 1% + I" <=> I3"; NH3OH+ + 2 I2 + H20 —>
HN02 + 4 T +5 H+, NH3OH+ + HN02 -> N20 +2 H20 +H+; 2HN02 +2 I +2 H+ -> 2 NO + I2
+2 H20).

1) Commissariat a l’Energie Atomique - CE/VRH - Marcoule - DCC/DRDD/SPHA - BP 171 - 30207 Bagnolssur-Ceze Cedex - FRANCE
2) Laboratoire d'Electrochimie Inorganique - ENSSPICAM - Avenue de I’Escadrille Normandie Niemen Centre Scientifique de Saint-Jerome - 13397 Marseille Cedex - FRANCE
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1. INTRODUCTION
Our contribution intends to emphasize the link between reactor safety and spent fuel
reprocessing, special fields in which similar difficulties are encountered in the framework of
iodine chemistry. Iodine, which can be released inside the containment building when an
accident occurs, can be traced, in normal operating conditions, at the back end of the fuel
cycle mainly as cesium iodide and partly as metallic iodides (such as silver iodide). Small
amounts of cesium iodide are volatilized in the first step of reprocessing when shearing off.
However, the major part of iodine is released in molecular or organic form (iodoalkanes
generated by reaction with impurities from the recycled nitric acid) into the gaseous phase at
the time of fuel dissolution in nitric acid, whereas insoluble metallic iodides remain in the
solution. Iodine trapping is a serious problem to cope with during the dissolution off gas
treatment to avoid scattering in the extraction cycles, which would make iodine recovery quite
impossible. Iodine recovery from the metallic precipitates is out of the scope of this paper.
The current process for the dissolution off gas treatment takes place in two main steps:
- continuous trapping of gaseous iodine and nitrogen oxides in sodium hydroxide at 20 °C;
- batch degassing of iodine from the scrubbing solution by acidification with nitric acid,
heating at 60°C and air bubbling. Some sulfamic acid is added to reduce the residual nitrous
acid into nitrogen.
The Puretex program run by the French Atomic Energy Commission aims to reduce the
amount of wastes generated by reprocessing according to the Purex process. One of the
objectives is the vitrification of the LA-MA effluents, which requires a significant reduction
of their saline load. Sulfur is prohibited because it leads to severe corrosion in the vitrification
crucible. Sodium amounts must be reduced so as to ensure a low teachability of the FP glass.
Our objective is thus to find new reactants to trap iodine in agreement with these
requirements.
As shown by preliminary studies [1], hydroxylamine (HA) is a reagent of interest since it can
reduce both iodine and nitrous acid in acidic medium. A detailed investigation on the kinetics
of the iodine reduction by HA has been carried out, the first results of which are presented in
this paper.

2. INVESTIGATION FRAMEWORK
In weakly alkaline medium [2], the reaction between iodine and HA takes place smoothly and
rapidly according to reaction (1).
2 NH2OH + 212
N20 + 41" + H2O + 4 H+
(1)
On the contrary, the reaction is rather slow in acidic medium and the stoichiometry depends
on the pH and the ratio of hydroxylamine to iodine concentrations [3-5]. Nitrogen monoxide
and nitrous acid have been detected as additional reaction products.
In our whole study, pH was maintained below 2 so that the reaction be slow enough. We used
a continuous reactor to ensure a pre-mixing of the reactants. The reaction was initiated by
stopping the feeding. The initial composition of the reactive medium was given by the
analysis of the stationary state settled before the onset of the reaction. Two independent
analytical techniques were used: UV-visible spectrophotometry and voltammetry.
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3. EXPERIMENTAL
3.1 Products and solutions.
All chemicals were of analytical grade. The solutions were prepared using demineralized
water. Stock solutions of sulfuric acid (2.5 M) were prepared from dilution of 95% sulfuric
acid (Prolabo Rectapur 20692324). HA solutions were obtained by dissolving crystalline
hydroxylammonium sulfate (Fluka 161397). Bisublimated crystalline iodine (Fluka 57650)
was dissolved in 0.3 M sulfuric acid. Acidity was adjusted with sulfuric acid/potassium sulfate
buffers. The ionic strength was constant (0.1 mol/L) in all the experiments.
Nitrous acid was spectrophotometrically analysed using the Griess Bosvay reaction. Two
reagent solutions were prepared:
A: sulphanilic acid (0.5 g) dissolved in 30% acetic acid (150 mL);
B: a naphtylamine (0.1 g) dissolved in hot water (20 mL) and poured in 30% acetic acid (180
mL);
Equal volumes of A and B were mixed immediately prior to measurement. Samples (0.5 mL)
were taken from the reaction mixture and added to A+B solution (10 mL). The absorbance
was recorded at 530 nm 20 minutes later. A calibration curve was obtained according to an
analogous procedure using sodium nitrite samples of known concentrations.
In the study of the gaseous products of the reaction, iodine (2.10 3 M) was directly generated
in the reactive medium using the Dushman reaction (reaction (2)).
I03" + 5 I" + 6 H+ o 312 + 3 H20
(2)
Potassium iodide (Prolabo 26 846.292) and potassium iodate (Prolabo 260840.292) in
stoechiometric proportions were dissolved in water acidified with sulfuric acid at pH 1 or 2.5.

3.2 Outfit.
Spectrophotometric measurements were carried out with a Varian Cary I spectrophotometer.
Two types of Hellma cells were used:
- a 80 pL circulating flow cell for kinetics experiments in the continuous reactor;
- a 3.8 mL cell which was magnetically stirred and stoppered with teflon for long time kinetics
experiments in batch.
A Princeton Applied Research N° 273 potentiostat was used for the voltammetric
measurements. The electrochemical cell was a glass vessel with lateral indentations, 4 supply
pipes and a discharge tube which provided a constant volume for the reaction mixture (40
mL). The reactants were pumped from 4 stock flasks with a Gilson Minipuls HP4 peristaltic
pump. The flow rates could be adjusted from 0.5 to 1300 mL per min. The incoming flows
were magnetically stirred at the entrance of the reactor. Temperature was maintained at 30°C
with a Bioblock Scientific thermostated bath. Three electrodes were used:
- working electrode: Solea Edi 76979 rotating platinum disk electrode (rotation speed: 2000
revs per min.)
- auxiliary electrode: platinum wire
- standard electrode: mercurous sulfate electrode prepared in the laboratory.
The assembly is described in figure 1.
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The gaseous products of the reaction were analysed using gas chromatography. The gas
chromatograph (Varian GC Star 3600 CX) was fitted with a gas sampling loop (vol: 250pL), a
Porapack Q column (2 m long; 1/8” OD) and a thermal conductivity detector; the carrier gas
was helium. Calibration was carried out for N%, N^O and NO in He from standard gas
mixtures in cylinders (Air Liquide). The reactor was a bubbling flask (300 mL). The gas inlet
was connected to a high purity helium cylinder via a pressure regulator (Tescom) and a massflow controler (Unit Instrument); the gaseous products were carried by the helium flow from
the reactor to the sampling loop through a stainless steel pipe.

Figure 1. Assembly diagram for kinetics study using a continuous reactor
Storage flasks

Peristaltic pump Pr
feeding the reactor

Potentiostat

Electrochemical cell

Rejection flask

Spectrophotometer

Auxiliary pump Ps
Circulation of the reaction
mixture through the
spectrophotometer cell

3.3 Procedures.
Kinetics studies with the continuous reactor:
The experiments were performed in the following order:
-1- flow rates measurement and calculation of the average residence time in the reactor;
-2- reactor feeding and wait for the stationary state to settle;
-3- analysis of the solution in the reactor;
-4- spectrophotometric titration of iodine in the stock solution;
-5- spectrophotometric kinetics initiated by stopping pump Ps;
-6- voltammetric kinetics initiated by stopping pump Pr;

Long time kinetics in batch:
The evolution of the iodine, triiodide and nitrous acid concentrations was recorded during two
hours. Iodide and triiodide were spectrophotometrically titrated. The experiment was carried
out in the 3.8 mL magnetically stirred and thermostated (25 °C) cell. The reaction was
initiated by adding 100 pL of concentrated HA solution to the 3.7 mL iodine solution
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previously introduced in the cell. The absorbances at 460 and 354 nm were recorded every 1.5
min. The experiment was then repeated in batch with larger amounts of reaction mixture (50
mL). Samples of 0.5 mL were regularly taken and nitrous acid was spectrophotometrically
analysed using the Griess Dosvay reaction.
Gas chromatography analyses:
An acidic solution (250 mL) of HA (2.10‘2 mol/L) was introduced in the reactor. High purity
helium was bubbled through the flask during two hours (flow rate = 150 mL/min). The reactor
was then fed with a vacuum degassed solution of potassium iodide and potassium iodate with
an automatic piston burette during 60 minutes at a rate of 1 mL/min. All over the reaction
duration, the ratio [HA]/[L] was higher than 20. Analyses were performed every twenty
minutes once the reaction started.

3.4 Iodine, triiodide and iodide concentrations calculation.
Spectrophotometric analysis:
The iodine and triiodide concentrations were deduced from the absorbances at 354 nm (I3‘
absorbance peak) and 460 nm (1% absorbance peak) according to equations (3) and (4) derived
from the Beer Lambert law.
(3)
I2,354 £ij,460

ei2.4#> £Ij,354

ex,i = absorptivity coefficient of species x at i nm
A

c

_Ac

(4)
The oxidant concentration was thus given by equation (5):
(5)
The absorptivity coefficients of iodine and triiodide were taken from literature [6].

Equation (6) was used to calculate the iodide concentration: |I~J =

(6)

K was defined as the equilibrium constant for reaction (7).
12 +1'
I3"
K = 625 L.mol*1 at 30°C [7]

(7)

Voltammetric determination.
The Levich law was applied to the limiting currents recorded at -200 mV (iodine and triiodide
reduction) and + 350 mV (iodide and triiodide oxidation). The triiodide concentration was
taken from the spectrophotometric analysis. The iodide and triiodide concentrations were
calculated from equations (8) and (9).
with

Ij = intensity at i volts
Lj = Levich coefficient of species j

(8)
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trl=05

11;

(9)

L,-

The oxidant and reductant concentrations were thus deduced from equations (10) and (11).
[Ox] = [I2] + [l,-] = I-^ + [lj{l
(10)

L, 2 /

(ID
V

The Levich coefficients had been previously determined at 30°C [8].
iodine reduction
I2 + 2 e" <=> 21"
=5114
triiodide reduction

I3" + 2 e" <=> 3 I"

L My = 4370

iodide oxidation

2 I" <=> I2 + 2 e"

Lr =3314

triiodide oxidation

213" <=> 3 I2 + e"

L-

=2185

The presence of iodine and iodide in the reactive medium inhibited both the oxygene
reduction and hydroxylamine oxidation signals at the platinum electrode. Figure 2 illustrates
the alteration of these signals when adding increasing amounts of potassium iodide to the
solution.
Figure 2: i-E curves of HA (12.10"4 mol/L) in 0.075 mol/L H2SO4 at platinum disk
electrode (2000 rpm) after addition of increasing amounts of potassium iodide to the
solution.

♦ [Kl]=0 M
♦ [KI]=5E-7 mol/L
. [KI]=5E-6 mol/L

The oxidant ([Izl+ft]) and reductant ([T]+[I3']) concentrations resulting from
spectrophotometric and voltammetric determinations were in good agreement. Both
techniques were used for kinetics experiments.
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Because of the complexity of the reaction, any attempt to underscore an unique order with
respect to the reactants during all the progress of the reaction was a failure. The initial rates
were consequently analysed.

4.1 The role of triiodide in the reaction.
During the twenty minute kinetics study, the triiodide concentration either monotonically
increased, or began to increase, reached a maximum and then decreased, or monotonically
decreased. No correlation could be found between

fdfc?
—
dt

and [l3 ]., thus suggesting that

triiodide did not directly react with HA.
Triodide is very rapidly generated in the presence of iodine and iodide, or dissociated when
iodide or iodine is removed (reaction 7). The rate law can be described by equation (12).
I2 + r<=>I3^tJ = kf[rJl2]-k_f[l3-]

(kf, Lf)
kf = 6.2.109 L.mol'.s'1 at 25°C [9]

(7)
(12)

k_f = 8.5.106 s"1
The equilibrium was achieved in the stationary state settled before any kinetics experiment, as
proven by the good agreement between the iodide concentrations calculated from equations
(6) using equilibrium constant K and equation (9) resulting from direct voltammetric
measurement (figure 3).
Figure 3: Initial iodide concentrations. Comparison between values resulting from
voltammetry (current measurement at +350 mV - equation (9)) and from calculation
assuming equilibrium between I2,1 and I3 (equation (6)).
2.50E-04

'C

1.50E-04 -

E

1.00E-04

5.00E-05

O.OOE+OO
O.OOE+OO

5.00E-05

1.00E-04

1.50E-04

2.00E-04

[I-] calculated assuming equilibrium between 12,1- and 13-

2.50E-04
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The question then arose whether the rate of the I2-HA reaction should be calculated from the
concentrations of iodine or from the ones of iodine plus triiodide (since iodine complexed as
triiodide could be immediately released in case of iodine consumption).
Let’s assume that the inhibition by iodide ions (as will be shown in section 4.2) is due to a
reoxidation of iodide into iodine by reaction product P and consider reactions (13), (7) and
(14)
NH2OH +12 —»21' + products
v13
(13)

r +12 <=> I3"

(kf, k.f)

(7)

21 + P—> I2 + Q
Vj4
The rates are given by equations (15), (16) and (12)

(14)

(---- jp). =vu +k,[r],[l:l -k_,[l(]. -v„

(15)

= 2vB-k,[l-]|[l2]i+k_,[l;],-2vl4

(16)

= k,[!-],[!,],-k_,[1(1

(12)

* V,

,

dt

thus resulting in equation (17):
V,3-V14 =-<1
V

dt

h

v dt y,

1 U[r])
~ 2 IV dt V

f d[i;]

The initial rate of reaction (13) is given by

d[Ox]
dt

1 f d[Red]N
dt

The relation

(with [Ox]=[I2]+[I3]) or
A

(with [Red] = [I j+tL"]), provided that the reoxidation of iodide is negligible.

d[Oxh _ 1 f d[Red]
dt

/i

dt

correlation was established between

dt

(17)

dt AJ

was checked experimentally whereas no consistent

dM) _ N'T
dt A

and

(slope superior to 2, ordinate for

* A

0 significantly different from zero) as illustrated in figure 4. It thus confirmed the
Vi

necessity to take into account the variation of the Ox and Red concentrations.
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Figure 4 <
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4.2 Kinetics constants for the HA-I? reaction.
The search for the initial order with respect to Ox and HA was carried out varying both the
[HA],
to a fixed value. The rate
HA and I2 initial concentrations while maintaining the ratio

M

was given by equation (18):

d[Ox];
dt

Ji

k

rox],[HA],

(18)

In spite of a rapid feeding of the reactor, the initial reactive medium always contained variable
amounts of the reaction products. That’s why the pseudo-second-order rate constant kapp was
d[Ox]
calculated from extrapolation to zero of the slope of the curve plotting
versus
dt
V
[HA]i[Ox]j, as shown in figure 5. The following values were obtained at pH 1.05 and 1.9:
2.2<kapp<2.6 L.mol" .s'
pH 1.05
15.2<kapp<17 L.mol"1.s'1
pH 1.9

Figure 5: Initial rate

d[Oxp
dt

,

versus [HAMOxLat pH = 1.05

[HA]i[Ox]i

The inhibitory effect of hydrogen ion was depicted by equation (19).
k,
^app - k, +

M

(19)

Given the uncertainty on the pseudo-second order rate constant, k, and k2 were in the range:
0.06<ki<0.26 mol.L^.s"1
0.18<k2<0.22 s'1
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Iodide also had an inhibitory effect which was responsible for the inflexion from linearity for
f d[Oxp
versus [HA];[Ox]; (figure 5). Indeed,
high values of [HA]*[Ox]; of the curve giving
dt
the initial iodide concentration increased with [HA];[Ox]; (figure 6).
Figure 6: Initial iodide concentration versus [HA];[Ox]; - pH 1.05
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The inhibitory effect of iodide was described by equation (20).
f_d[Ox]'| =
[HA], [Ox],
.
dt J,
” 1 + b[Red]” +c[Red]"
Three polynomials provided a satisfactory correlation of the experimental values.
1 + b [Red]1/2 + c [Red]
b = 81 ; c = -2100
1 + b [Red]1/2 + c [Red]3/2
b = 59 ;
c =-58600
1 + b [Red]1/2 + c [Red]2
b = 52 ; c = -2.106

We finally propose equation (21) as a rate law for the I2-HA reaction at 30°C with an ionic
strength of 0.1 mol/L.

d[Ox]

r

k2 \
[HAHOx],
k, + [H+]Jl + b[Red]!/2+c[Red]i

dt
V
k; = 0.196 mol.L'.s 1
k2 = 0.196 s"1
T = 30 °C

b = 81 mol"1/2.L1/2
c = -2100 mol '.L
ionic strength = 0.1 mol/L

#1)
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4.3 Discussion
The pseudo-second-order rate constant kapp was compared with the values proposed in
previous studies (table 1).

Table 1: Pseudo-second-order rate constant kapp proposed in previous studies.
Authors
Rabai et al. [3]
Wang et al. [4]
Liu et al. [5]
This work

studied
pH range
0.6-1.6
3.4 - 5.5
2-6.8
1-1.9

ionic
strength
0.2 mol/L
0.5 mol/L
0.5 mol/L
0.1 mol/L

temperature
25 °C
25 °C
25 °C
30°C

kapp

pH 1.05

3.09 L.mol'.s"1
7.29 L.mol'.s'1
0.61 L.mol'.s1
2.4 L.mol"'.s'

kapp pH 1.9
7.64 L.mol"'.s'
51.6 L.mol'.s'
4.3 L.mol"'.s'
15.8 L.mol"1.s'

The value of 2.4 L.mol"1.s"1 is in good agreement with the result of Rabai et al. at pH 1.05
(only study carried out in the same pH range as ours). The results are however highly
dispersed for pH 1.9. The value of 15.8 L.mol" .s"1 is higher than the two kapp values obtained
from the rate laws of Rabai and Liu. The rate law proposed by Wang et al. for pH between 3.4
and 5.5 doesn’t seem to be valid for higher acidities. We intend to resume the kinetics study at
pH around 2 using a stopped-flow technique which is more appropriate to fast kinetics studies.

5. STUDY OF THE REACTION TO ITS END-POINT.
5.1 Products in solution.
The reaction between iodine and HA was studied until it reached its end-point with a ratio
[HA]i/[I2]i equal to 10. Figure 7 shows the curves giving the evolution of the iodine, triiodide
and nitrous acid concentrations with time.
During the first two minutes (step 1), iodine disappeared fastly while the concentrations of
iodide and triiodide increased; they reached their maximum value at the end of this step.
During the next 18 minutes (step 2), iodine was consumed more slowly; the triiodide
concentration decreased while the nitrous acid concentration remained constant. The third step
was characterized by a slow decrease of the nitrous acid concentration. After 90 minutes, none
of the three analytes could be detected in the reaction mixture.
Nitrous acid being a transient product, the overall reaction should then result from the
competition of reactions (7), (22), (23) and (24) as proposed previously by Rabai et al. [3].

l2 + r«I3'
NH3OH+ + 212 + H20 -> HN02 + 41" + 5 H+
NH3OH+ + HN02 -> N20 + 2 H20 + H+
2 HN02 + 2 r + 2 H+
2 NO + I2 + 2 H20

(7)
(22)
(23)
(24)
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Reaction (22) was dominating in step 1, reaction (7) being shifted to the right from the
equilibrium state. In step 2, reaction (7) was shifted to the left. The production of nitrous acid
according to reaction (22) was counterbalanced by its consumption according to reactions (23)
and (24). The iodine removal was slowed down not only because a part of HA reacted with
nitrous acid (reaction (23)), but also since some iodine could be regenerated by reactions (7)
and (24).
Reaction (23) was the predominant way of nitrous acid consumption in step 3.
Figure 7: Reaction between iodine and HA. Evolution of the iodine, triiodide and nitrous
acid concentrations with time. Operating conditions: [I2L = 5.4.10"4 mol/L; [I;"], = 1.1.10"6
mol/L; ionic strength = 0.217 mol/L; pH 1; T= 25 °C; [HA],= 10 [I2]|.
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5.2 Gaseous products.
Figure 8 shows the variation of the nitrogen, oxygen, nitrous oxide and nitrous monoxide
concentrations in the gaseous phase above the reactive medium when reaction performed at
pH 1 and 2.5. For both values of pH, a nitrogen peak was recorded at the beginning of the
experiment. At pH 2.5, nitrous oxide was the major product by far. On the contrary, at pH 1,
the major evolved gas was nitrogen monoxide, the nitrous oxide concentration being three
times smaller.
At pH 2.5, most nitrous acid produced by reaction (22) must have been consumed by reaction
with hydroxylamine (reaction 23). Increasing the acidity must have caused a more important
acceleration of reaction (24) than reaction (23). This result is consistent with the fact that
reaction (23) is first order with respect to hydrogen ions [10] whereas the order with respect to
H+ for reaction (24) is fractionnary, varying between 1 and 2 [11]. The nitrous oxide
concentrations may however be underestimated since N2O is much more soluble in water than
NO. At 0°C, the respective solubilities of N%, O2, NO and N2O are 2.33, 4.89, 7.34 and 130
cm3 per 100 cm3 [12].
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Figure 8: GC analysis - Concentrations of N2, 02, NO and N20 versus time at pH 1 (a)
and 2.5 (b) for the HA-12 reaction (with [HA]o/[I2]0»10)
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As for nitrogen, the concentration peak recorded during the first ten minutes at pH 2.5
(without any variation in the oxygen content) can not be explained by the previously proposed
mechanisms for the I2-HA reaction. It would not be inconsistent with an overall reaction
scheme like (25) similar to the one proposed for the reaction between iodine and hydrazine
[13]:
4 NH3OH+ + 3 I2 -+ N2 + N20 + 61+3 HzO + 10 H+
(25)
However, it could also be assumed that nitrogen results from the reduction by HA of residual
iodate, one of the starting products. Indeed, in the experimental conditions, the Dushman
reaction starts very rapidly, consumes most iodide and iodate, but then slows down and
several days are required to eventually reach the end-point.

6. CONCLUSION
It was shown that in the I2-HA reaction, triiodide had no oxidizing or reducing reactivity. It
only represented a supply for iodine or iodide. The rate of the reaction had to be calculated
from the variation of the sum of the iodine plus triiodide concentrations. An initial rate law
was proposed, pointing out the first order with respect to iodine and HA and the inhibitory
effect of hydrogen and iodide ions. Nitrous acid was identified as a transitory product.
Nitrogen monoxide and nitrous oxide were produced by the reaction in amounts varying with
acidity. The complexity of the overall reaction was related to the competition of reactions (7)
and (22)-(24).
Spectrophotometry and voltammetry were coupled for analytical investigation. Only
spectrophotometry provided all the information required for kinetics experiment (i.e. iodine +
triiodide concentrations). The triiodide concentration couldn’t be infered from voltammetric
determination, unless approximating the Levich coefficient of triiodide to the one of iodide.
The continuous reactor technique bypassed the problem of the rapid mixing of the reactants,
which is essential for any kinetics investigation based on the initial rates. The disadvantage
was however the presence of small amounts of the reaction products in the initial reactive
medium. Iodide acting as an inhibitor for the reaction, any kinetics constant had to be
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calculated from extrapolation of the measured values to a concentration of iodide equal to
zero. Using a stopped-flow technique will be a way to solve this difficulty and kinetics studies
at higher pH will be conceivable.
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The Reduction of I2 by H202 in Aqueous Solution
JM Ball1 JB Hnatiw1 and HE Sims2
The reduction of iodine by hydrogen peroxide is an important process which leads to a lower
amount of molecular iodine in irradiated solutions of iodide as the pH is increased. There is
quite a large amount of information on the reaction now but no concensus in the literature on
the mechanisms for reaction and the generally accepted mechanism does not appear to be
correct. A number of studies of the kinetics of the reaction in the jjH range 2-7 have been
carried out where the iodine reduction process exhibited a 1/[H j dependence consistent with
the proposed mechanism which were attributed primarily to the reaction of H202 with IO .
Deviations were observed in the pH range 6-7 and were explained by incorporating the
reaction of I2OH with H202. In some other experiments it was suggested that the failure to
maintain a 1/[H+]2 dependence at high pH was due to the iodine hydrolysis being rate
determining. Data from an experimental program performed at AECL described in this paper
confirms that the 1/[H ] dependence does not hold at high pH. These studies were carried out
as a function of acid, iodide, peroxide and buffer concentration for three buffers, barbital,
citrate and phosphate. This paper discusses two mechanisms which involve the formation of an
HOOI intermediate in the rate determining step and which adequately describe the
experimental data.

1 .Research Chemistry Branch Whiteshell Laboratories Atomic Energy ofCanada Limited Pinawa, Manitoba
ROE 1L0
2. AEA Technology Harwell Laboratory Didcot Oxfordshire UK
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1. INTRODUCTION
Radiolydc oxidation is one of the principal routes for the oxidation of aqueous Csl to I2 in the
event of release of fission products from fuel into coolant water as a result of a fault leading to
fuel failure in a nuclear reactor. The steady state concentration of I2 in irradiated Csl solution is
known to be very pH dependent[l] with the concentration of I2 decreasing with increasing
pH. This dependence may at least in part be attributed to the reduction of I2 by H202, which is
normally described by the following reactions:
H202

+

IO-

->

I"

+

02

+ H20 (1)

<->

T

+

HOI + H+

(2)

io-

+

H20

(3)

where IO' is formed via the reactions:
H2o

+

h

HOI

+

OH-

These reactions were used to explain the observed inverse square dependence on [H+] of the
rate of formation of 02 and the experimentally derived overall rate law[2]:

d[P2 ] _ kiKg2Kg3[H2Q2][I2]
dt

~

(i)

[H + ]2[I~]

(In this paper equilibrium constants are denoted by KE e.g. KE2, and rate constants denoted by k
eg. k2 is a forward rate constant. In the case of an equilibrium reaction k_2 is a reverse rate
constant.)
In Reference 2 it was also recognised that the following scheme :
h2o2

ho2-

+

H+

(4)

(5)

or preferably
OH-

+

H202

<->

ho2-

+

h2o

ho2-

+

HOI

-»

H20

+

o2

+

I- (6)

is kinetically identical to the first scheme if equilibria in reactions (2)-(5) are rapid compared
with reactions (1) and (6). The second scheme was dismissed by Liebhafsky[2] because H02" is a
stronger base than IO" and so presumably would tend to deprotonate rather than react
according to Reaction 6. The first scheme has been generally accepted for the past 60 years. (In
practice since the rate constant for reaction 1 is 1.5 x 109 dm3 mol'1 s'1, at least under
Liebhafsky's conditions, by substituting H02" and HOI in expression (i) above, the adjusted rate
constant would have to be close to the diffusion limit). Several aspects of the reduction of I2 by
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H202 cast doubt on the generally accepted mechanism discussed in the next section. These and
the inability of chemical models such as INSPECT (IodiNe SPECiation and Transport) [3] to
simulate adequately the radiolysis of solutions of I has led to an experimental investigation of
the kinetics of this reaction in neutral and alkaline solution which is summarised in this paper.

2. ALTERNATIVE MECHANISMS - HOOI AS AN INTERMEDIATE
Since the original work by Liebhasky there are several reports in the literature which have
implications for H202/I2 reactions. Cahill and Taube[4], using H218Q2, observed that all the
oxygen evolved in the H2O2/I2 reaction (and many similar ones involving H2O2 and other
oxidants) arises only from the H2O2 hi the case of the reaction with chlorine, an intermediate
HOOC1 was postulated[5], and an intermediate, HOOI is a possibility in this case. There are
several possible reactions which could lead to its formation, for example as an intermediate in
reaction (6):
H02- +

HOI

-»

HOOI +

OH-

(7)

Symons [6] preferred the following sequence of reactions to that in reactions (l)-(5) because it
involves a simple nucleophilic displacement reaction and does not require the complex series of
bond breaking and formation required by reaction (1).
H02~ +

I2

<->

HOOI +

I

(8)

which may be more accurately represented:
H02"

+

I2

<->

HOOI2'

(9)

followed by:
HOOI/

<->!"+

(10)

HOOI

In alkaline solution HOOI can decompose:
OH"

+

HOOI

->

I"

+

H20

+

02

(11)

There are several other possible reactions leading to the formation of HOOI which are shown
below:
HOOI

+

H+

<->

HOOI

+

h2o

I2OH" <-»

HOOI

+

h2o

h2o2

+

I2

h2o2

+

HOI

h2o2

+

+

I"

(12)

or

followed by reaction 11

(13)

+1"

(14)
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Baxendale[7] also criticised the mechanism in reactions 1-3 on mechanistic grounds because of
the complex bond breaking and forming that it implied.
Weiss[8] has proposed a mechanism, based upon formation of the H02 radical:

HCY

+

h

<->

I+

+

I"

(15)

I+

-»

ho2

+

I

(16)

which was supported by Morgan[9], however there is no experimental evidence for radical
intermediates.
Ishigure et al[10] presented work at the first CSNI iodine workshop showing that the reaction
was catalysed by phosphate (it is also catalysed by borate ref. 11 ). In the third workshop
Shiraishi[12] showed deviations from the

relationship and attributed it to a reaction

which he suggested was :
H202

+

I2OH"

<->

02

+

H30+

+

21"

(17)

Finally Kessi-Rabia[13] found deviations from the inverse square dependence and attributed
this to the iodine hydrolysis being rate determining.
I2

+

OH"

I2OH"

I2OH" <-»

HOI

(18)
+

I"

(19)

The data by Palmer[14] for k19 also suggest this is a possibility but their proposed rate constants
do not adequately describe their own experimental T-jump data and Kustin[15] has
subsequently criticised their analysis preferring his earlier data.
Thus we have several reasons which caused us re-examine either the mechanism in reactions
(l)-(5) or the assumption of rapid equilibrium in the iodine hydrolysis.

3. EXPERIMENTAL
Iodine (99.999%), dihydrogen sodium phosphate (99.99%) andNaOH (99.99%) were
purchased from Aldrich, and used as purchased. Sodium iodide was dried at 100°C overnight
prior to use. sodium citrate (99.99%) was standardised by titration with NaOH. NaC104
(99.99%) was standardised by passing a 2 mol dm 3 solution through an ion-exchange resin, and
titrating the resulting acid. H202 was purchased as a 30% solution from Mallinkrodt and
standardised by titration with K2Mn04 solution. Sodium barbital (97.5%) was purchased from
BDH and dried overnight prior to use. All reagents and reaction solutions were diluted in water
purified with a Milli-Q reagent grade water system.
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Kinetic studies were performed using a Hi-Tech Scientific SF-61MX stopped-flow multi
mixing unit and a Hi-Tech Scientific M300 monochromator spectrophotometer. Stock
solutions containing I2 and T were prepared, and the desired concentration of the resulting I3"
solution obtained by dilution with water purged by argon. These solutions were mixed in the
stopped-flow apparatus with ecjual volumes of pH adjusted solutions containing H202 and
buffer, adjusted to 0.2 mol dm' ionic strength with NaC104, and purged with argon. Solution
reservoirs, drive syringes and observation cells were temperature controlled to 25°C using a
circulating water bath. All solutions were temperature stabilised to 25±0.1°C prior to each test
run.
Reactant concentrations were chosen such that the reaction was pseudo first order in I2 (i.e. an
excess of H202 and T were used). The decay of the absorbance of I3' at 353 nm was then
monitored spectrophotometrically using a tungsten light source. At each pH, six to twelve
repetitive runs using the same solution and operating conditions were averaged and fitted with
an in-built fitting function to obtain a first order decay rate. The variance of each run with the
mean absorbance vs. time plot ranged from 0.0007 to 0.002 absorbance units for barbital and
phosphate buffers, and 0.001 to 0.0034 absorbance units for citrate buffer. A typical plot of I3
vs. time is shown in Fig. 1.

4. THE APPLICATION OF STOPPED FLOW RESULTS TO DERIVED
RATE LAWS
In this work conditions were chosen such that [H^O^], [I-] and [H+] remained almost constant
throughout the reaction so that the reaction of H202 with I2 or its hydrolysis products was
pseudo first order in [I2]. The concentration of I3' was measured as a function of time, by
monitoring the absorbance at 350 nm, so the observed pseudo first order rate of disappearance
of I3" was given by:

d[I£]
dt

-kobsP3]

where kobs is the observed first order rate constant. Since the formation of I3 reaction (20) is
undoubtedly rapid
I2

+

and since —— = KE20, then
P2]P“]

^fj=KE2o[r]5il=k„b,[i;]

I'

<->

I3'

(20)
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Because there are a number of species in equilibrium with I3" all of whose concentrations
change with time the rate of loss of I3* can be identified with the rate of production of 02 from
H202 by the following expression (assuming the concentration of IO' is low).

-^T^ = T(tI3] + [I2] + [l2QH-] + [HOI]) = j-(KE20[I2][I-] + [I2] + K£18[I23[OH-] + -M-l2])
dt

dt

dt

Letting f = (1 + KE20[I"] + KE18[OH-] +

K

[I-][H + ]

)

t1 ][H ]
then

d[02] = fl(P2]) =----dt

dt

KE20[I"1*

in the pseudo first order conditions then
d[02]

dt

KE2o(I"]

x k0bs^3] - f x

This can then be equated with for example equation (i)
d[02] _ k1KE2KE3[H202][I2]
_
zKE3[H2Q

~“

rTT + 12rr-T

[H+]2[r]

xkobsll2J

This is only true when kobs[I3"] >> k12[T] at high pH and low [I*] because of reaction 21:

r

+

H202 <->

HOI

+

OH

At low pH and high [!"] the more accurate expression[ 12] can be derived:
dP£j

= -(kred[l3] + k21[r])[H202]

dt
so that

/

= 1 dt
(k2iP"]-k„d[i;i)[H202]

This is of the form

(21)
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dx

1
= — log(a + bx)
a + bx b
letting [I3-] = [I3] - when t = 0

PJ] = (PJ]o -

k2lP ]s_-kredH202t _ k21[I ]
+•
-)e

‘“red

‘red

k [I-]
where-----------is the steady state concentration of I3- at long times and krcd is the rate constant
‘“red

for the reduction reaction, which in this case kobs is given by rearranging:

P3]kobs = - log'

k2i [I]
‘‘red

—/[H202]t

«IJ]0 -tfiLJ)
-red

5. RESULTS
In Fig 2 is shown a graph off x kobs x [H+] vs. —-— where kobs is the pseudo first order rate

[H ]

constant observed for the loss of I3" in 0.05 mol dm-3 phosphate, 10"3 mol dm-3 H202 and 5x
10'4 mol dm-3 I* from the experiments at AECL. According to Liebhafsky’s mechanism this
should give a straight line through the origin. It can be seen that f x kobs does show the —

[H 1
dependence at low pH (< 7) in similar conditions to those used by Liebhafsky but at higher pH
(> 7) the rate falls below that expected, and tends toward a —— dependence shown by the

[H 1
intercept or reducing gradient at higher pH, but in this case the rate then increases again. An
alternative way to present the results is to plot-------------- — vs. |H+1 which would be expected
f xkobs[H ]
F
to give a straight line. There are similar results for barbitol and citrate at a range of
concentrations of buffer, iodide and H202.

6. INTERPRETATION OF EXPERIMENTAL DATA
In this work two approaches were taken. Ball considered the reaction of I2OH with H202 and
Sims used the reaction of I2with H02 . Both appear to describe the results equally well and are
described below.
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6.1 H202 + l2OH
The reaction scheme below was used to model the data, which explicitly takes account of the
buffer catalysis.
I2

+

OH"

<->

I2OH"

(18)

h

+

B"

<-»

I2B"

(23)

I2OH" +

h2o2

I"

+

HOOI +

h2o

(24)

H202 <r>

r

+

HOOI +

HB

(25)

HOOI +

OH"

r

+

h2o

+

o2

(26)

HOOI +

B"

r

+

HB

+

o2

(11)

+

I2B"

-4-

Where HB and B are the buffer species in their protonated and deprotonated states. Pitting of
these data to the experimental results leads to the rate law:
k b

°h

[k27Kb[BH] + k11Kw][K18K24Kw-fK23k25Kb[BH]]

[H2Q2]

(k„Kw +k27Kb[BH])[H+] + (k_24[I'] + k_2;[r][BH])[H+]2 1 + Kj, +K23[r,-]

with rate constants given in Table 1 below. A comparison of the experimental data and
calculation is shown in Fig. 3.

Table 1 Estimated rate-constants for the reduction of I2 by H202in aqueous solution
using the I2OH~ + H202 mechanism.

Barbital

Citrate

Phosphate

30

60

1

k24
k.24

2.02x10^

2.02x10*

2.02x10*

1.3xl07

1.3xl07

^■25

0

2x10*

k-25
k26
k27

0

1.3xl07
2.5xl03
lxlO7

3x10*

3x10*

3x10*

4xl05

0

8xl02

Buffer

lxlO7

6.2H02' + l2 and HO; + HOI
Alternatively steady state analysis of the reaction between H02", I2 and HOI in the following
reactions 8, 11 and 7:
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ho2"

+

I2

4-^

OH"

+

HOOI

ho2"

+

HOI

HOOI

r

-»
->

d[02]

kn[H202 ][I2]KWKE4

dt

[H + ]

+

HOOI

k8 +

r

+

+

(8)

h2o

+

o2

(11)

OH"

(7)

k7K £2

[H+]P“]
k^[H + ]p-] + knK,

For both proposed mechanism kobs tends to a —— dependence and at intermediate pH when
[H+]2
k_g[H ][I ]<k11Kw it tends to a—-—dependence. In the second mechanism at high pH

[H ]
when HOI becomes important it can revert to a —— dependence. There is some indication

[H+f

in Figures 2 and 4 that this is the case.The rate constants in this equation were fitted graphically
to the data using the Excel Solver routine with results shown in Table 2, and a typical fit is
shown in Fig. 3.

Table 2 Rate constants for reaction of I2 and HOI with HO2- as a function of buffer,
iodide and H2O2 concentration.
Phosphate
cone.
/mol dm~S

kg/

k7/

mol dm-^

[I ]/mol
dm-^

dmSmol s"l

dmSmol s-1

0.05

0.001

0.0005

1.8x10s

1.8x109

3.6xl05

2xl09

0.05

0.001

0.001

1.6x10s

6.8x10s

4.5x10s

2xl09

0.05

0.005

0.0005

2.0x10^

6.7xl08

4.7x10s

2xl09

0.02

0.001

0.00005

6.1x107

8.4xl08

2.7x10s

2xl09

0.01

0.001

0.00025

l.OxlO7

6.4xl08

2.4x10s

2xl09

0.01

0.001

0.0005

1.5x107

6.7xl08

2.5x10s

2xl09

0.01

0.001

0.001

1.3x107

l.lxlO9

2.8x10s

2xl09

0.01

0.005

0.0005

2.8x106

1.7xl09

3.5x104

2xl09

0.02

0.001

0.0005

3.7x106

9.1xl08

2xl04

2xl09

[h2o2]/

k_g/
dmSmol s_1

kn/
dmSmol s_1

Citrate
cone.
/mol dm” ^
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The results seem to be reasonably consistent with the data. The run with low phosphate
concentration has a markedly different rate constant as would be expected. The good agreement
for k7 is deceptive since this rate constant is not well defined by the data except for the case of
0. 02 mol dm-3 phosphate. It should be noted that ktl was fixed as only the ratio k_8/kn can be
obtained by this method.
From this we can see that k8 and k_8 or kj % are catalysed by phosphate but the mechanism is
unknown. It is also of interest to investigate when the various terms become important, for this
we consider the data for 0.05 mol dm'3 phosphate. Taking an average of the rate constants k8 =
1.8 xl08dm3mol'1 s'1, k7 = 1.1 xlO9 dm3moH s'1, k_8 = 4.3xl05 dnPmol'1 s-1 andku = 2x
109 dm3mol'^ s'1, the term in k7 becomes important when
k

_

8
1.

k7KE2

[H + ][F]
e. when

[H+][I_] =

= 2.7xl0'12mol2 dm'6 (takingKE4 = 4.6xl0"13 mol2dm'6) if T = 10"4 mol
k8

dm'3 then the term becomes dominant at pH 7.6. Equally in the case ofk11:
k-8[H + ][r] = kuKw
[H + ][I~] = ^1-1^w = 4xl0'11mol2 dm-6
k-8
again if T = 10'4 mol dm'3 then the term becomes dominant at pH 6.4. This means that at pH>
6.4 the inverse square dependence is lost in these conditions which are appropriate to
experiments at AEA. It can be seen that in Liebhafsky’s work which was carried out at pH < 7
and [T] > 10"3 mol dm"3, the rate constant he derived would be valid. There would be a much
greater effect in unbuffered solution where k_8 would be much lower.
6.3 Comparison with other work
At the lower pH in Liebhafsky’s conditions we can express the equation in the form used in the
original experiments which allows a comparison to be made[2]:
d[Q2] _ k7k8[H2Q2][IO~jKwKE4
dt

k_7KE3KE2

the equivalent rate constant for this reaction is then:
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k _ ^8^11^w^E4

where KE3 —2.3 xlO-11. For 0.02 mol dm-3 phosphate (high pH) the value

k-8KE3KE2
for k1 is 7.6xl08 dm3 mol"1 s"1 and for 0.05 mol dm*3 phosphate 1.6xl09 which is the same as
the value obtained by Liebhafsky but he used 0.2 mol dm-3 phosphate. For citrate (taking an
average for all the data) kj is 1.8xl08dm3 mol"1 s-1 which is a factor of 2 higher than the second
value reported by Shiraishi[12], a result which gives confidence in these experimental results
and in the analysis. However no other work except that by Kessi-Rabia carried out experiments
in as high pH as was used here.

7. DISCUSSION
It is dear from the results that the reaction does not occur purely by reactions 1-3 and another
mechanism is required. In this work two different mechanisms are proposed which adequately
explain the data, both propose the formation of an intermediate HOOI. From the data it does
not appear to be possible to differentiate between them although more work with different
concentrations of I" could help. The work has also confirmed the catalysis by phosphate and also
by Barbital. The nature of the buffer catalysis is not fully understood but it is important in
several related reactions although the mechanisms have not been fully evaluated:
• Disproportionation of HOI [16]
• Reaction of T with I03 [17]
• Hydrolysis of Cl2[l 8]
• Reaction of I2with acetone [ 19]
• Reaction of H202 with sulphite [20]
Edwards [21] has demonstrated the formation of a complex of borate with H202 in concentrated
solution. He assumed the formation of a species [B(OH)3OOH] . In some other measurements
Liebhafsky[22] carried out experiments to measure the steady state concnetration of I2 in H202
/ I solutions with a knowledge of k21 he was able to estimate k, and found the same for acetate
as phosphate which is perhaps surprising given the difference with citrate.
The work here has implications for the modelling of iodine behaviour in containment especially
at intermediate pH when the inverse square dependence of reaction rate on [H ] is not
followed also when the iodide concentration is low or there is no phosphate or borate. The
reaction is one of the reasons for the inability of the models to simulate radiation chemistry of I
at neutral and alkaline pH, but not the only one, effects of impurity and the volatility of atomic
I may also be important.
Another factor of importance is the effect of temperature which has not been addressed here
and at present there is only one graph in the literature[23] showing the effect of temperature on
this reaction.
The following questions therefore remain.
1.
2.
3.
4.

What is the precise nature of the buffer in these reactions involving I2?
Is it possible to isolate precise mechanisms?
What is the temperature dependence of the reaction?
What is the implication for the mechanism for I with 02 in acid solution?

180

5. What is the mechanism of the reaction in acid solution?

8. CONCLUSION
The reaction between I2 and H202 has been measured in citrate, barbital and phosphate
buffered solution at neutral to alkaline pH. Two reaction mechanisms have been described
which simulate the experimental data. One involves reaction of H202 with I2OH" and the
other reaction of H02 with I2. Both schemes invoke the intermediate HOOI. The reaction
was shown to be catalysed by Barbital and Phosphate buffer and did not follow an inverse square
dependence on [H ] over the whole range of pH. These features need to be taken into account
when modelling iodine chemistry in containment in neutral and alkaline solution.
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THE KINETIC STUDY OF OXIDATION OF IODINE BY
HYDROGEN PEROXIDE
L.Cantrel1 and J.Chopin12

Abstract
Iodine chemistry is one of the most important subjects of research in the field of reactor safety
because this element can form volatile species which represent a biological hazard for
environment. As the iodine and the hydrogen peroxide are both present in the sump of the
containment in the event of a severe accident on a light water nuclear reactor, it can be
important to improve the knowledge on the reaction of oxidation of iodine by hydrogen
peroxide.
The kinetics of the oxidation of iodine by hydrogen peroxide has been studied in acid solution
using two different analytical methods. The first is a UV/Vis spectrophotometer which records
the transmitted intensity at 460 nm as a function of time to follow the decrease of iodine
concentration, the second is a amperometric method which permits to record the increase of
iodine +1 with time thanks to the current of reduction of iodine +1 to molecular iodine . The
iodine was generated by Dushman reaction and the series of investigations were made at
40°C in a continuous stirring tank reactor. The influence of the initial concentrations of
iodine, iodate, hydrogen peroxide, H+ ions has been determined.
The kinetics curves comprise two distinctive chemical phases both for molecular iodine and
for iodine +1. The relative importance of the two processes is connected to the initial
concentrations of [I2], [I03‘ ], [H202] and [H+ ].
A rate law has been determined for the two steps for molecular iodine.
The first step is defined by a linear disappearance with time at the rate k

ilLd
dt

= k ,

with k dependent of the initial concentrations of iodine and hydrogen peroxide.
The [I2] values, in the second step, give a variable first-order specific rate, k', defined by
m

- k' [l2]
dt
For iodine +1, by using the values of initial slopes of the amperometric curves, we have
established for the first phase a kinetics rate law which is the following :

= k, [I2f [H202]

3/2
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1. INTRODUCTION
If a severe accident should occur in a pressurised water reactor (PWR), the iodide ions, having
passed through the primary circuit mainly in aerosol form, render soluble into the sump water.
They are then oxidised to molecular iodine under the combined effect of y radiation from the
fission products and chemical agents principally resulting from the radiolysis of water. The
molecular iodine is also liable to evolve in order to produce iodine compounds with high
valence states, between 0 and +5.
In order to study the phases implemented during the oxidation of the molecular iodine, it was
necessary to find an oxidant able to-carry out this role. Hydrogen peroxide is a natural
candidate as this reagent is present in the sump as a product of the radiolysis of water but also
as its precursors, radicals H02',0H* are likely to intervene in the iodine compounds
formation with a degree of oxidation greater than 0.
Table 1, an extract of [1], enables the behaviour of H202 to be visualised schematically
relatively to the stable iodine species: T, I2,12 +103" and I03".

Table 1. The behaviour of hydrogen peroxide, at 25°C, as a function of the pH

pH

r

I2

12

inactive

I2-> T

I2 -*■ I

very rapid

very rapid

I" -» I2

I2-» I"

inactive

moderate rate

moderate rate

I' -> h

inactive

5

1

+ rapid than at pH 5

i2

+ io3-

io3inactive

I03 —y I2 and I
very slow

I2 -► I03

I03" -» I2

rapid (KIN)

+ rapid than at pH 5

Depending on the experimental conditions, the hydrogen peroxide can therefore either play
the role of an oxidising agent, in accordance with (1), or a reducing agent, in accordance with
(2) , by means of bielectronic processes.
H202 + 2 e" + 2 H+ -» 2 H20
H202 -> 02 + 2 e* + 2 H+

E° = 1.763 V/NHE [2]
E° = 0.695 V/NHE [2]

(1)
(2)

The iodate is a species necessary and indispensable for the molecular iodine to be oxidised.
The investigation of the kinetics (KIN) (see Table 1) should enable, on the one hand, the
knowledge concerning the reactivity of the molecular iodine to be improved and especially
with regards to the transitory role played by the iodine +1 during this oxidation and, on the
other hand, provide further information for the database concerning the kinetics constants
which are useful for the design codes for the behaviour of iodine in reactor conditions.
The study was realised in a sulphuric acid medium (0.8 < pH < 1.8) as, according to Pourbaix
[3] , the iodine of a degree of+1, is more stable thermodynamically in this pH range.
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2. BIBLIOGRAPHIC SUMMARY AND PREVIOUS WORKS
It is appropriate to explicit the present state of the knowledge concerning this reaction and to
describe the preliminary results which led us to carry out the experiments described in
Paragraph 3.

2.1. Bibliographic analysis
The stoichiometric report to be found in the literature is written as follows:
I2 + 5H202 => 2 I03> 2 H++ 4 H20

(3)

This reaction has been studied as part of the Bray's oscillator [4] which includes two overall
processes. One step is the reaction (3) and the other step corresponds to the reduction of iodate
to molecular iodine, designated by (4).
2 I03" + 2 H+ + 5 H202 => I2 + 6 H20 + 5 02

(4)

The global result of these two reactions is the catalytic decomposition of the hydrogen
peroxide into water and oxygen.
2.1.1 Kinetic rates law
Bray and Caulkins [5] were the first to investigate the kinetics in (3) that Liebhafsky had
studied in a more detailed manner. His work was in fact spread over a period of 40 years.
The first series of experiments, in the 1930 [1,6], was carried out at 0°C in order to slow down
the reaction rate. These experiments, where the iodine was titrated by the thiosulphate,
highlighted a I2 disappearance rate following a first-order law.
= k

,

[h]

k = 0.03 min"1 at 0°C

dt

Naturally, Liebhafsky deduced that the rate-determining step was (5), the hydrolysis of iodine.
I2 + H20 <=> HIO + I" + H+

K5, k5, k_5

(5)

Later on, Eigen and Kustin [7] established experimentally constant k5. The value for k5
(180 min"1 at 20°C) was far greater than the order of magnitude for k, refuting then the
Liebhafsky's hypothesis.
As of 1969, Liebhafsky [8,9,10], with new analytical means available, started a new series of
experiments using a UWVis spectrophotometer equipped at a later date with a stopped-flow
apparatus. Thanks to the absorption peak of I2, he could accurately follow the consumption of
I2 over time. He arrived at the following conclusions which concur with the results obtained in
1930:
- The disappearance of I2 following a first-order process is preceded by a phase known
as "induction period" which has a variable duration. During this period, no variation in the
concentration of I2 was observed.
- The various factors ([H+], [I03*] and [H202]) only slightly affect the value of k, at
50°C, k = 7.2 min '.
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He propounded a new mechanism (described in Paragraph 2.1.2). The rate-determining step is
supposedly maintained at the ionic decomposition rate of the molecular iodine.

I2 -> I+ + r

(6)

In a recent article dealing with the reducing action of the hydrogen peroxide on the iodine,
Gardes-Albert [11] suggested that the kinetically limiting step, in a neutral medium, is the
iodine hydrolysis.
2.1.2 Mechanisms
Three mechanisms are available in the literature. Liebhafsky and Schmitz suggest non radical
processes whilst Noyes calls upon reactions involving iodine radicals.
Liebhafsky et coll. [10,12] proposed a model made up of five phases, with the steps (5) to
(14):
♦ Reversible reactions:
i2

+ h2o o hio + r + h+
o i+ + r
I03' + I' + 2H+ o hio + hio2
i2

k6» k_6
k7, k_7

(5)
(6)
(7)

kg

(8)

kg

(9)

k|o
kn
k|2
ki3

(10)
(11)

ki4

(14)

♦ Oxidation with iodine(III)
I+ + H202 -» h+ + hio2
♦ reduction of the iodine(l).
HIO + H202 -4- H+ + T + 02 + H20
♦ Reactions forming iodine(I)
21" +103’ + 2 H+ -> 2 HOI + Of
I" + HI02 + H+ -4- 2 HOI
HI02 + H202 -4- HOI + H20 + 02
I* + H202 + H+ -4 HOI + H20

(12)

(13)

♦ Additional formation of iodine(III)
I03" + H202 + H+ -4 HI02 + H20 + 02

The main reactional intermediary is iodine(III), in the form of iodous acid.
Schmitz and coll. [13] adopted a mechanism, made up of seven elementary steps, based on the
existence of the intermediary I20.
♦ Reversible reactions:
I03 + I" + 2 H+ <=> HIO + HI02
I20 + H20 o 2 HIO
i2 + h2o
HIO + I' + H

(7)
kis, k-is

(15)

(5)
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♦ Irreversible reactions:
HI02 + I" + H+ -» i2o + h2o
hio + h2o2 -4- h+ + r + o2 + h2o
i2o

+

h2o2

-4

hio

+

hio2

k,7

(16)
(9)
(17)

kig

(18)

ki6

♦ Reaction forming iodate
HI02 + H202 -4 I03" + H+ + H20

Noyes and coll. [14,15,16], who based their arguments on experimental results acquired on
bromine chemistry, suggested a radical mechanism over eight steps founded on the existence
of the equilibrium (19) between the molecular iodine and the atomic iodine I" . In this case, the
oxygen is not only a product of the reaction but it plays an active role as it allows the
oxidation of I* to I02‘.
This mechanism has some reactions in common with Liebhafsky's (5), (9), (11) and (13).
♦ Reversible reactions:
I2 o 21*
l'+02(aq) « IOO"
I2 + H20 o HIO + I+ H*

k)g, k.19
k2o> k„20

(19)
(20)

(5)

♦ Irreversible reactions:
IOO" -4 I02"
2102" + H20 -4 I03‘ + H+ + HI02
I" + HI02 + H+ -4 2 HOI
hio + h2o2 -4 h+ + r + o2(aq) + h2o
r + H202 + H+ -4 hoi + h2o

k2i
k22

(21)
(22)

(11)
(9)
(13)

The rate constants associated with the various reactions are reported in Appendix I.

2.2. Preliminary handlings
The bistationarity of the H202-KI system was brought out in 1984 [17]. In fact, when the
reagents H202, KI et H2S04 are flowed in a continuous vessel, the system demonstrates two
stable states characterised by a notable difference in the redox potential for a platinum
electrode. In the conditions in Figure 1, the difference between the potential for the two states
reached 450 mV.
The analysis of the stationary composition of these two states coupled with the recording of
the redox potential enabled this potential to be clarified:
* The low values correspond to the equilibrium voltage for a platinum electrode in a I2,
I", I3" medium, controlled by the Nemst equation and the equilibrium constant of triiodide,
Ept — E° + — log

et

K=

M
M [r]
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* By transitory addition of an adequate quantity of iodate, the system reaches a higher
redox potential which continues when the interference has been eliminated. In the latter case,
the platinum potential is controlled by the I+/I2 couple to which the Nemst equation applies.
The potential jump is therefore indicative of the disappearance of I" to I+ (hereinafter we will
refer to iodine(I) by I+1 without stating whether it is H2OI+ or HOI).
In Appendix II, two current-potential curves corresponding to the same feeding flows are
detailed. Curve (i) is associated to a redox potential with a low value, which can be found in
the null current recording (EI=0) whilst the redox potential in (ii) has a high value.
It should be noted in the first case that the current at +0.35 V is positive (the iodide is present
in large quantities and the couple is controlled by I2/I"). In the second case, it is negative,
which results in the reduction of I below the measurable threshold and the presence of a
considerable quantity of I+.
Fig. 1. Potential for a Pt electrode vs. a mercurous sulphate electrode (MSB) as a
function of the initial concentration in KI, at 40°C, for [H202]= 12.5 10"4 mol.1"1 and
[H2S04J = 0.075 mol.1"1.
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3. HANDLING PROJECT
In order to study this rapid and complex reaction, we built an experimentation project with the
following main points:
=> Utilisation of a flow vessel premixing the reagents.
The reaction is initiated by halting the feed pump (see Paragraph 4.2), which gives a good
definition of the zero-time. The initial composition is that of the stationary state before the
feeding was stopped. The measurements can easily be duplicated.
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=> Utilisation of two separate analytical techniques in order to characterise L and 1^.
These two techniques, voltammetry and spectrophotometry, are used to analyse the start
composition and to follow the evolution of the concentrations after the shut-down. A brief
summary of the characteristics of these two techniques is given hereinafter:
Voltammetry
The current-potential recordings show current steps known as "limiting currents" which
correspond to an interfacial concentration of a null reagent. The reagent is therefore reduced
or oxidised at a rate controlled by convective diffusion process.
The Levich relation (I) [18] authorises a quantitative analysis by means of a measurement of
the limiting currents of oxidation or reduction at fixed potentials.

I|hn = E L, Ci „«

(I)

620 nFSD273 v"1/6
The Levich coefficient is L, with L = r

1 + 0.2980 Sc'1/3 + 0.1451 Sc'2/3

Ilim : intensity of the limiting current (pA)
n : number of electrons exchanged for one mole of reagent
F : Faraday constant
D : diffusion coefficient (cm2.s"!)
v : kinematic viscosity of the solution (cm2.s-1)
S : electrode area (cm2.s"')
Sc : schmidt number (v / D)
co: angular velocity of the electrode (rad.s"1)

The value L depends therefore on the temperature, of the solvent and of the supporting
electrolyte.
Spectrophotometry
By measurement of the absorbance at a fixed X, wavelength (460 nm), it is possible to obtain
the concentration of the species by utilising the Beer-Lambert's law.
Abs = l ( Z ej Cj )

(II)

Ej: molar absorptivity
1: optical path length (cm)

These two relations (Levich, Beer-Lambert) are linear and additive in a given concentration
range.
=> The study temperature was fixed at 40°C by referring to the previous results but also in
order to obtain reaction rates compatible with our analysis means
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4. RESULTS
4.1. Experimental set-up
4.1.1. Products, solutions and apparatus
The products used are of analytical grade. They will not be subjected to any further
purification. The hydrogen peroxide is obtained by diluting an original solution to 30%.
The four reagents (H2S04, KI, KI03, H202) are fed continuously in the electrode vessel by
means of a peristaltic pump. The flows are of approximately 1.3 ml.min"1 for each of the four
feeding tubes. The solutions are not deoxygenated.
Due to the rapidity of the Dushman reaction (23), the stationary composition of the vessel
contains a large amount of molecular iodine and little iodide.
I03‘ + 5 I* + 6 H+ => 3 I2 + 3 H20

K23« 10+49 to 25°C

(23)

The UV-visible VARIAN spectrophotometer is equipped with cells with a circulation, of 80
pi and an optical path length of 1 cm. They are temperature regulated, accurate to 0.1 °C, by
means of the Peltier effect.
The electrochemical techniques implemented require three electrodes:
- The working electrode is a rotating electrode with a platinum disk, 2 mm in diameter. The
rotation rate is set at 2000 rpm.
- The auxiliary electrode is made up of a platinum wire curled around the working electrode.
- The reference electrode is a mercurous saturated sulphate electrode (MSB), plunged in a saltbridge in thermal equilibrium with the solution.
We determined the evolution of the oxygen concentration during the reaction by means of a
Clark electrode (ORION make).

4.1.2. Block diagram
The vessel constitutes the electrochemical cell. This is a glass cylinder with a capacity of 40
ml, equipped with four glass neck abductors at the bottom and lateral indentations on sides in
order to ensure the homogeneity of the mixture. It is placed in a temperature regulated bath
accurate to 0.2°C.
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4.2. Analysis of the composition at zero-time
The feeding of reagents at a constant rate enables the stationary composition to be obtained
and maintained.
The molecular iodine concentration is obtained by spectrophotometry and the iodide
concentration is determined thanks to the limiting current for the voltammetric record. This
value is got from the limiting current plateau of the oxidation of I* to I2 at +0.35 V/MSE. The
Levich coefficient had to be established beforehand : 3924 pA.mor'.l.rad"1Z2.s1/2 at 40°C.
The iodate concentration is obtained by the difference between the total iodate and the iodate
consumed by Dushman reaction. The total iodate is always in excess, in comparison with the
total iodide, in order to promote the oxidation of most of I" to I2.
A typical example of a voltammetric curve can be seen in Appendix III.
The initial composition, which is stationary whether or not peroxide is present in the feeding,
does not demonstrate any changes as long as the concentration does not exceed 10"2 mol.l"1.
This assertion is based on the comparison of the voltammetric and spectrophotometric
recordings, which are identical, and the unaltered value for the redox potential. Given that the
oxidation of the iodide ions by the peroxide and the oxygen is too slow to be taken into
account in our experimental conditions, we can conclude that there is a lack of reactivity of
the H202 with regards to the I", I2,103* mixture. The production of molecular iodine therefore
only occurs by means of the Dushman reaction.
The peroxide concentration taken into account in the iodine oxidation reaction, which is due
to the feeding shutdown, is therefore that initially introduced into the reactor.
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4.3. Kinetics curves
A series of 48 experiments (see Appendix IV) were performed by varying the initial
concentrations for the various products in order to clarify the effect of these factors on the
kinetics.
* The [I2] = f(t) curves, an example of which is shown in Figure 3, start with a
recording of the base line acquired in the fed cell. At time t=30 or 60 s, taken as zero-time for
the kinetics, the feeding of the cell is stopped. The reaction between the reagents initially
present therefore occurs in the airtight and entirely filled reactor made up of the optical cell
without loss of volatile products and without interrupting the recording of the Abs4 -f(time)
signal. The 746 value adopted for sI2460 is that given by Awtrey and Connick [19].
* The curves showing the evolution of iodine +1 as a function of time (see Fig. 4) are
obtained in a similar manner by means of amperometry thanks to a reduction limiting current
(negative current) for the iodine +1 to iodine at +0.35 V. The value 2950 at 40°C, for n=l, is
adopted for the Levich coefficient for the iodine +1.
* The redox potential, which is a good indicator of the presence off1"1, is also recorded
during the kinetics.

Fig. 2. Variation of the redox potential of a platinum electrode, the feeding was stopped
at t=30 s - [H202] = 25 10"4 mol.11, [I ] = 2.8 10-6 mol.11, [IO, ] = 72.6 10 mol.1'1, [I2] =
5.5 10"* mol.1 , [H2S04] = 0.075 mol.lt
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Fig. 3. Variation at 460 nm for the I2 absorption peak
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Fig. 4. Variation of the reduction current of I to I2 at + 0.35 V/MSE.
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[H202] = 25 104 mol.1'1 ,[!"] = 2.4 10*6 mol.1'1, [I03] = 27.6 10"4 mol l ',
[I2] = 6.1 10"4 mol.1'1, [H2S04] = 0.075 mol.l'1.
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Curves of fig. 3 and 4 break down in two separate phases which we shall denote respectively
as A and B, they are also highlighted in the redox potential variation. Part C can be interpreted
as a reorganisation of the species in order to achieve a new equilibrium. Before part A on
curve 3, one can note the disappearance of the traces of iodide present in solution after the
shutting-off feeding. The oxidation current is replaced by a reduction current which shows the
appearance of the iodine(I) into the solution.
The consumption rate for the I2 in A is weaker than that in B. However, the appearance rate
for I+1 is, seems to be subjected to a catalytic process in part A.

4.4. Kinetic rate laws
4.4.1. Stoichiometry of the reaction
The stoichiometry of (3) was controlled by using an excess of I2, with regards to the H2O2 (exp
1 to 6, Appendix IV). The relationship between the initial concentration of peroxide and the
quantity of I2 which was oxidised is a straight line with a slope of 5.07+0.09 which confirms
the stoichiometric report in (3).
4.4.2 Kinetics laws
The rate of consumption of molecular iodine was established for phases A and B. For I+, a law
of order 4 appears to control the initial appearance rate in phase A of the oxidation process.
4.4.2.1 Part A of the experimental curves
The I2 diminishes in a linear manner: the iodine is therefore consumed at a constant rate,
independant of the instantaneous concentrations of I2 and H2O2. However, this rate depends on
the initial concentration of peroxide and of the following molecular iodine (III).

f4al)

(III)

v dt ,

with

kA = 0.83 (mol.r,)'5/6.s1 at 40°C

+

x

>

K

f 4I+
L.
dt
^
init

I
I

By using the slopes at the start of the current-time curves (see Appendix V), the following
kinetic rate law can be established:
3/2

Mo' [H202]o

(IV)

'

From the empirical law (IV), we can transform this expression into (V) which shows, via the
constant k'2A, an inhibition phenomenon.
d

['ll
dt

y init

= (k',A[H+]-V2A)[I2]02 [H202]„

(V)
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with

k'1A = 4.7 10+3 (moU’1)’3^"1 and k'2A = 1.17 10+2 (mol.l'yV at 40°C

There is also a linear relationship between the maximum appearance rate of the iodine(I) and

[Ido"3-

r

- kmax [^2 ]q 4/3

(VI)

dt
'max

with

^ = 0.17 (mol.r'y^.s*1 at 40°C

Although the iodate is indispensable for the reaction takes place, it does not appear explicitly
in the expression of laws, (III) and (V) and (VI). In the same way, the [H+] term emerges only
in law (V).
4.4.Z.2 Part B of the experimental curves
The disappearance rate of I2 follows the law (VI) which is of the first order with regards to I2.
(*M)
= kB [h]

dt
with

(VII)

.

kg = (2.4 ± 0.3 ) min'1
kB =3.7 10V

This phase corresponds to that observed and studied by Liebhafsky for two reasons.
The first is that we obtain an identical kinetic rate law and the second, the value for kB is close
to the Liebhafsky’s value.
4.4.3 Relative predominance of processes A and B
It was noted that for high concentrations of peroxide and low concentrations of iodate, part A
is predominant. A contrario, for high concentrations of iodate and with a low peroxide
content, the disappearance of I2 obeys, in its majority, the law of order 1 of process B, part A
being reduced.
The quantity of iodine, consumed during process A, is shown in column 5 of the Table 2
below.
In Table 2, we have highlighted the effect of the concentration of the various reagents on the
relative size of phases A and B of the kinetics.
Finally, one obtains a law of the following type:
Mo

[h] consumed = Q

H+
XL

Jy

[h2o2]0
IOi
0;

with Q = 0.022 ± 0.002 mol.I'1 at 40°C

(VIII)

200

Table 2. Evolution of [I2] at time tAB as a function of the study parameters.
r

[1 Jo

[H2O2]0

[IO3]0

[H2so4]

[I2] consumed at point AB

mol r'

mol.l"1

mol.l"1

mol.l"1

mol.l'1

variable

25 10"4

50 10"4

0.075

0.16 [I2]0

0.9940

0.0205

12 IQ-4

variable

7.5 10"4

0.075

0.0194 [H202]o^

0.9969

0.0215

12 10^

25 10"4

variable

0.075

3.025 10"6 P031o'2/3

0.9736

0.0221

12 10"4

12.5 10"4

variable

0.075

2.022 10"6 [lO3]0m

0.9998

0.0234

12 10"4

25 10"4

50 10"4

variable

8.024 10"6 [H+]*‘

0.9937

0.0212

Q
mol.l"1

4.4.4. The role of the oxygen
As the Clark electrode has a high response time, the information gathered is of qualitative
nature. Oxygen is released during phase A of the reaction. Taking into account the quantities
d[02]
implemented, which are of the same order of
of oxygen released and the rate
dt
magnitude that for I+, the oxygen is probably a product which appears during the iodine(I)
generating phase.

5. DISCUSSION
As part B has already been observed and studied by Liebhafsky, we are firstly going to clarify
the interest of this study with regards to B. Then, part A of the kinetics will be examined.

5.1. Process B
According to the values supplied by Liebhafsky at 0 and 50°C and assuming that kB follows a
law of the Arrhenius type, we have calculated the activation energy Ea.
The table hereinunder compares his results with ours.

Table 3. Kinetics data relating to process B .
Liebhasfky

This work

k„

• -l
mm

2.8

2.4

E,

kJ.mol"1

80.4

59.7 ±2.1
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Our values confirm those found by Liebhafsky. Our value for Ea is probably more accurate as
we have carried out our measurements between 25 and 85°C whilst we only had two
temperatures available in order to calculate Liebhafsky's Ea.
The problem encountered is finding a reaction which consumes I2, following a first-order law,
and that this consumption rate be compatible with the associated experimental constant kB.
Liebhafsky considers that the reaction (6) of the ionic dissociation of the iodine is the rate
determining step. However, the existence of the cation I+1 is highly unlikely in aqueous
solution. The free energy AG of (6) is + 230 KJ according to Bell and Cells [20].
Noyes suggests that the oxidation of the iodine by the peroxide is generated by the
combination of reactions (3:
(3) * - (5) + 4 (9) + 2(11) + (13) + 2 (19) + 4 (20) + 4 (22) + 2 (23)

(p)

The limiting elementary step is supposedly the homolytic break of I2, with the associated rate
constants k19 = 1,75 10‘u s' and k„19 = 1 10+1° (mol.r'y'.s"1.
I2 -» I'+r

(19)

The value suggested for k19 seems to be too weak to take into account the experimental rates
observed. However, the direct measurement of k.19 has already been carried out by Ishigure
who found 1.9 10+I° (mol.I’1)'1.s’1 at 22°C [21], this therefore confirms the validity of the
value adopted by Noyes for the reverse constant.
We can suggest the following hypothesis which satisfies the two criteria previously described,
The rate-determining step is the hydrolysis of iodine in order to form the cation H2Of1 and I
in accordance with (25).
I2 + H20 <=> H2Of + T

k25, k_2S

(25)

This assumption is supported by three factors :
- The cation H2OI+ is the predominant form of iodine(I).
Indeed taking into account the value for the pKa of H2OI+/HOI, which is of 1.2 at 40°C [22],
and the acidity of H2S04 0.075 mol.1"1, the iodine(I) is 60% in H2OI+ and 40% in HOI form.
- The k25 constant is very lower than k5 constant.
Eigen and Kustin [7] evaluated the k25 constant at 25°C at 6 min'1 instead of 180 min'1 for k5.
It therefore appears that the reaction (25) is slower than (5), the order of magnitude of k25 is
very close to the experimental value found.
- We did not see any influence of the H+ concentration on the kinetic rate law (VI).

5.2. Process A
As far as we are aware, process A of the oxidation has never been demonstrated before. It is
probable that the induction phase observed in the experiments carried out by Liebhafsky
corresponds to this process A.
The main lessons to be learned from this phase are as follows:
* The iodine consumption rate follows a law of order 0.
* The initial appearance rate of the iodine(I) is approximately ten times slower than the
consumption rate for the iodine.
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* At the end of part A, there is an auto-catalytic process in the production of the
iodine(I). The responsible elementary step is supposed to be : HI02 +1" + H+ —» 2 HIO
* The oxygen released corresponds to an action of H202 as a reducing agent. As the
oxygen concentration which appeared is of the same order as the concentration of iodine(I),
one can assume that the peroxide reduced an iodine compound at a valence state greater than 1
(probably +3 as bielectronic process) to form the iodine(I).
* To a certain extent, I03" and H202 must play 'antisymetrical' roles in the oxidation
mechanism, according to relation (VII).
* In our experimental conditions, at pH = 1.8, we did not observe any oxidation. This
result is coherent with law (V) as the inhibitor effect is preponderant for pH levels greater than
1.6 when taking into account the values k'1A and k'2A.
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APPENDIX I

ks

Liebhafsky
k at 50°C

Schmitz
k at 60°C

Noyes
k at 50°C

2130

4.5

19.3

H+
ks

51.7 10+l3

3.0 10+U

2.6 10+14

H+

k-6

22.0
12.0 10+9

k7

3.0 10+5

3.18 10+5

k-7

1.0 10+6

7.91 10+7

k8

1.4 10+7

kg

6.5 10+3

k10

2.0 10+u

kn

1.0 10+9

kiz

1.0

ku

4.18 +38.9 [H+]

ki4

2.6 10"4 + 129 10*4 [H+]

K

(12. + 30. [H+]) 10+3

6.5 10+3
6.0 10+n

/

kis

1.0 10*6

k-is

6.3 10+8

kie

5.0 10+"

ki?

5.0 10+7

kis

2.0 10+3

kig

1.05 10"9

k-19

6.0 10+n

k;o

6.0 10+9

k-20

5.6 10+5

k2i

/

k22

/

The unit of time is minute.
The Noyes’s values of the rate constants are not provided for all elementary steps.

Current-potential curves of the two stable states at 40°C
[Kl] = 12.5 10"4 mol.l'1 - [HjOJ = 12.5 10"4 mol.l-1 - [H2SO4] = 0.075 mol.l-1
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Appendix II

Voltammetric recording of a stationary composition of I2,1,103
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APPENDIX IV

Test

[H2o2]

[KI]
(x

104 mol/1)

( X

104 mol/l)

[Kio3]
(X

104 mol/l)

[H2S04]

[K2so4]

Ionic
strength

T

(mol/l)

(mol/l)

(mol/l)

CO

1

12

2.5

7.5

0.075

0

0.09

40

2

12

5.0

7.5

0.075

0

0.09

40

3

12

7.5

7.5

0.075

0

0.09

40

4

12

9

7.5

0.075

0

0.09

40

5

12

12.5

7.5

0.075

0

0.09

40

6

12

7.5

0.075

0

0.09

40

7

12

125

7.5

0.075

0

0.09

40

8

12

250

7.5

0.075

0

0.09

40

9

4.5

25

50

0.075

0

0.09

40

10

8

25

50

0.075

0

0.09

40

11

10

25

50

0.075

0

0.09

40

12

12

25

50

0.075

0

0.09

40

13

15

25

50

0.075

0

0.09

40

14

18

25

50

0.075

0

0.09

40

15

24

25

50

0.075

0

0.09

40

16

30

25

50

0.075

0

0.09

40

17

35

25

50

0.075

0

0.09

40

18

12

25

5

0.075

0

0.09

40

6

12

25

7.5

0.075

0

0.09

40

19

12

25

12.5

0.075

0

0.09

40

20

12

25

30

0.075

0

0.09

40

21

12

25

50

0.075

0

0.09

40

22

12

25

75

0.075

0

0.09

40

209

[KI]

Test
(X

104 mol/I)

[H2o2]
( X

104 mol/l)

[Kio3]

[H2so4]

[K2so4]

(x 104 mol/l)

(mol/l)

(mol/l)

Ionic
strength
(mol/l)

ro

T

23

12

25

125

0.075

0

0.09

40

24

12

25

250

0.075

0

0.09

40

5

12

12.5

7.5

0.075

0

0.09

40

25

12

12.5

12.5

0.075

0

0.09

40

26

12

12.5

0.075

0

0.09

40

27

12

12.5

0.075

0

0.09

40

28

12

12.5

0.075

0

0.09

40

27

12

12.5

50

0.075

0

0.09

40

29

12

18

50

0.075

0

0.09

40

21

12

50

0.075

0

0.09

40

30

12

40

50

0.075

0

0.09

40

31

12

50

50

0.075

0

0.09

40

32

12

75

50

0.075

0

0.09

40

33

12

125

50

0.075

0

0.09

40

34

12

150

50

0.075

0

0.09

40

35

12

25

50

0.290

0

0.3

40

36

12

25

50

0.212

0.065

0.3

40

37

12

25

50

0.167

0.096

0.3

40

38

12

25

50

0.138

0.109

0.3

40

39

12

25

50

0.110

0.115

0.3

40

40

12

25

50

0.083

0.115

0.3

40

41

12

25

50

0.216

0.138

0.4

40

42

12

25

50

0.153

0.158

0.4

40

43

12

25

50

0.097

0.155

0.4

40

44

12

25

20

0.075

0

0.09

25
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Test

[H2o2]

[KIJ
( x 104 mol/l)

(X

104 mol/l)

[Kio3]

[H2so4]

[K2S04]

(x104 mol/l)

(mol/l)

T

(mol/l)

Ionic
strength
(mol/l)

(°C)

45

12

25

20

0.075

0

0.09

40

46

12

25

20

0.075

0

0.09

55

47

12

25

20

0.075

0

0.09

70

48

12

25

20

0.075

0

0.09

85

Evolution of current at +0.35 V/MSE in accordance with time
At t=30 s, stop of feeding
0.10 1
o Experimental points
o—Initial slope

-0.05 -

-

1

(+0.35 V) foiA)

0.05 -

0.10

-

-

oo
o
-0.15 ,

0.20

-
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NEA/CSNI/R(96)6
Overview of Surface Processes (prepared by Dr. S. Hellmann, Siemens/KWU, Germany)
The work presented showed that the knowledge and insight of surface reactions has substantially
expanded since the last Iodine Workshop. Although interest focused primarily on containment
conditions, it was also demonstrated that vapour-aerosol interactions impact on iodine behaviour in
severe accident environments. The knowledge of silver surfaces acting as an important iodine sink
was extended to accident-relevant temperatures. This topic appears to be drawing to an end, likely to
be concluded by a joint effort in the 4th European Framework Programme (1997-1998). Regarding
the role of paints, substantial progress was made in understanding chemical reactions due to coatings
and in quantifying the kinetics of deposition/resuspension at surfaces. Especially, work from different
authors confirmed the significance of the

reduction to I" by paints as a reaction path which reduces

iodine volatility both in the sump and in the containment atmosphere. There is general agreement on
the need to extend the modelling of surface reactions by including simple and robust correlations for
mass transfer.
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NEA/CSNI/R(96)6
Summary of Session m
Surface Processes
prepared by Dr. S. Hellmann, Siemens/KWU, Germany
In this session seven papers were presented. Four papers dealt with the reactions of iodine with
coatings, both in the gas phase and in the liquid phase. One paper focused on the interaction of iodine
vapours with cadmium aerosols. The role of silver surfaces for the retention of iodine in the sump
was highlighted by another paper. Also views on how to prevent organic iodide formation in BWRs
were presented.
In the first paper, presented by the University of Toronto, the gas phase adsorption of molecular
iodine and the desorption from an inorganic zinc based primer were studied at 23 - 90 °C. The authors
showed that the adsorption velocity is dependent on temperature and humidity, which in turn controls
the amount of water present on the surface. Rapid adsorption, which was predominantly mass transfer
limited at room temperature decreased by about one order of magnitude on proceeding from high to
low humidity. It was confirmed that the rate law is first order, which allows a straightforward
modelling of this process. Most of the surface iodine was chemisorbed in ionic form, of which only
one third could be resolved to be iodide. Consistent with this finding, desorption rates were low.
However, the easy removal of the ionic iodine with water suggests that previously adsorbed iodine
(I2) will be effectively washed down from containment walls into sumps, after conversion into ionic
form.
The second paper summarised studies by AEA Technology on the interaction of iodine vapours with
Cd aerosols. The reaction kinetics, monitored by a laser fluorescence technique over a range of
temperatures (20 - 350 °C), showed that the reaction is first order with respect to cadmium and
iodine. The relatively high velocity of this reaction (half life of 0.3 s) confirmed that the assumption
used in primary circuit codes such as VICTORIA of a mass-transfer limited reaction is clearly
justified. Analysis of the aerosol morphology showed that the volatility of the cadmium iodide played
a significant role, leading to co-condensation as an important mechanistic step. The existing multicomponent model in VICTORIA is deemed suitable for cases where the saturated vapour pressures of
the reaction product and one of the reagents (present in excess) are similar. However, the majority of
the cases will require a model in which layers of volatile material are deposited on a low-volatile
primary particle. Further studies are recommended to test the assumption that all reactions in the
primary circuit are mass-transfer limited and to provide insight into the mechanism of formation of
multi-component aerosol particles.
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The third paper, contributed by Siemens KWU, presented the results of an experimental parameter
study on the reaction kinetics of iodine and suspended silver particles in solution. Both molecular
iodine and iodide were studied under a variety of accident-relevant parameters including temperatures
of up to 160 °C, however without radiation. The initially fast silver-iodine reaction is followed by a
slower reaction phase. The reason for this behaviour could not be resolved. However, it does not
depend on the formation of Agl layers on the silver participles. The majority of the parameter
changes (temperature, iodine concentration, nature of silver, pH, boric acid) did not have a significant
influence on the kinetic rate constants. As can be expected for fast reactions, however, the importance
of including mass transfer contributions when modelling the whole process was highlighted. One
important result in terms of source term significance is that the reaction of I with Ag to yield Agl
requires oxygen in solution. Therefore, in the case of boiling sumps, this reaction path has to be
neglected. Furthermore, a suitable kinetic modelling approach for the silver-iodine reaction in iodine
codes was proposed. Additionally, inconsistencies of the solubility of Agl at containment-relevant
temperatures were resolved. In the discussion it was emphasised that the radiation stability of Agl at a
high dose rate is still an uncertainty. However, it is expected that this open point will be clarified by
an European Commission programme already under way which aims at a concluding rationale for the
silver-iodine issue.
In the fourth paper results from a comprehensive research programme conducted by AECL
Whiteshell were presented. This programme dealt with the influence of painted surfaces on iodine
volatility under postulated reactor accident conditions. The main objective of the study was to assess
the effects of radiolysis of organic compounds in the aqueous phase, thermal and radiolytic formation
and decomposition of organic iodides, leaching of organic solvents from painted surfaces, and gasphase adsorption and desorption of iodine on painted surfaces. To this end, the RTF facility is an
important source of information on a semi-integral scale and is complemented by bench-scale
separate effects tests. The studies show that organic compounds leached from various paints decrease
the pH and dissolved oxygen concentration of the sump water, two key factors affecting iodine
volatility through increased formation of I2 from I* in the presence of radiation. The rates of these
processes appear to be linked to the dissolution ("leaching") kinetics. The paper concludes that
organic iodide formation will predominantly take place in the aqueous phase (thermal and radiolytic
reactions) and not on surfaces or in the gas phase. Additionally, the authors recommend that future
efforts to model organic iodide formation should incorporate soluble higher molecular weight organic
iodides, as these may have more impact on the total iodine volatility than methyl iodide.
The fifth paper, contributed by Siemens KWU, outlined efforts to induce kinetic rate constants for the
deposition and resuspension processes at epoxy-type coatings, both in the gas and in the liquid phase.
The tests were especially designed to yield information at accident-relevant containment
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temperatures, in dry and wet steam for gas phase tests, however without radiation. In the gas phase
the interaction of iodine with the surface is strongly dependent on steam condensation. In a dry
atmosphere (air, dry steam) 1% is rapidly absorbed and then released in comparable amounts as I, and
organic iodide. In agreement with other results presented in this session, the deposition process
appeared to be mass transfer limited. In condensing steam, the resuspension is governed by the
release of iodide, thus leading to an overall reduction of molecular iodine in the containment
atmosphere. The liquid phase tests showed that the rapid L, absorption is efficiently counteracted by
an I/I-conversion at temperatures of 90°C and higher. This reduction reaction, due to reducing agents
leached from the paint, proceeds with a half-life time of about 30 min and needs to be included in
modelling. In parallel with the results of the gas phase tests under steam condensation, iodine is
predominantly re-suspended at these temperatures as iodide whereas organic iodide release is
insignificant It was concluded that both the iodide resuspension from epoxy paints in wet steam and
the yi-conversion due to these coatings in the sump may significantly contribute towards decreasing
volatile iodine in the containment atmosphere.
The sixth paper, presented by IPSN, was devoted to the adsorption process of molecular iodine onto
epoxy coatings in the gas phase. This study aimed at quantifying the 1% mass transfer contribution to
the absorption kinetics under conditions relevant to a hypothetical severe accident. To this end, a
series of experiments conducted over the temperature range 28 - 130°C with varying humidity of the
carrier gas and employing painted samples with or without thermal pre-treatment, were carried out.
From the experimentally determined initial deposition rate constant and the calculated corresponding
mass transfer coefficient the (chemical) surface reaction rate constant was inferred. The main
conclusions from this study were that the interaction is essentially chemical in nature. In air the I2epoxy paint mass transfer is limited by the chemical interaction of 1% with the painted surface. In the
presence of steam, however, the chemical reactivity of ^ with the paint is enhanced and leads in turn
to an evolution of the limiting phase of the overall process. In some cases the deposition velocity
appeared to be limited by mass transfer rather than the chemical surface reaction. In conditions
relevant to a reactor accident, this study highlights the important role of humidity on the I^ trapping
onto the epoxy paint.
The final paper of the session was a collaborative effort between the Finnish Centre for Radiation and
Nuclear Safety (STUK) and VTT on the prevention of organic iodide formation in BWRs. The
special role of organic iodide results from the fact that accident measures such as filters and sprays
are much less effective with organic iodide than with other iodine forms. In certain conditions the
main production route for organic iodide is estimated to proceed via radiolytically produced organic
radicals and molecular iodine. Sources for organic materials are abundant, e.g. methane following
boron carbide oxidation and pyrolysis of cables. To suppress organic iodide formation it would be
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necessary to maintain a high pH. However, this measure could also have adverse effects in terms of
accelerated corrosion rates of containment materials notably zinc and aluminium. To shed light on
this issue a study was initiated by STUK.
The session concluded with a discussion period. The importance of mass transfer was stressed and the
need was emphasised to include simple and robust correlations in the codes. Generally, it was felt that
the role of paint is much better understood, however, a conclusive picture is not achieved yet. For
example, the reduction of Ij to T appears to be much more significant than the adsorption/desorption
of iodine as organic iodine but this needs to be quantified. A “unified1* theory of organic iodide
formation is deemed very difficult to achieve as the boundary conditions for iodine chemistry (e.g.
paint type, temperature, dry or wet atmosphere, (3/y dose rate) vary very much for different countries
and reactor types. However, it is expected that the expertise brought together in well defined
international programmes such as ACEX, CEC’s 4th Framework Programme and PHEBUS will lead
to a concluding rationale for single topics.
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THE SORPTION OF IODINE BY AN
INORGANIC ZINC PRIMER

G.J. Evans and P.A. Bekeris

Abstract
The purpose of this work was to identify and evaluate significant parameters in the sorption of
I2(g) onto Carbo Zinc 11 inorganic zinc primer, a paint used in the containment structures of
some CANDU reactors. Air containing known amounts of I3lI2(g) was passed through 0.64 cm
diameter glass tubing coated on the inner surface with paint. The accumulation of iodine on the
surface was continuously monitored using two scintillation detectors. The test parameters
covered were relative humidity (<5 to 90%), flow rate (1 to 4 L/s), I2 concentration (10"7 to 10"
11 M) and paint temperature (23 and 90°C).
Adsorption was rapid at 23°C and predominantly gas phase mass transfer limited: the
deposition velocity of 0.7±0.4 cm/s was similar to the gas phase mass transfer coefficient of 1.2
cm/s estimated for the system. The deposition velocity observed at a higher paint surface
temperature (90°C) was an order of magnitude smaller (0.05±0.025 cm/s). A similar deposition
velocity (0.06±0.02 cm/s) was observed at 23°C for adsorption of I2(g) from essentially dry air
(relative humidity <5%) suggesting that the low deposition velocity observed for high surface
temperatures was limited by the amount of water on the paint surface. The rate of adsorption on
the paint was directly proportional to the I2(g) concentration over the range in concentration
studied, justifying the use of deposition velocities.
The majority (> 80%) of the iodine retained by the paint could not be removed by washing with
methanol or chloroform, but it was removed by water indicating that it was in an ionic form.
Analysis of the speciation of the iodine in the wash water indicated that only a third of it was in
the form of I"; the form of the remaining iodine could not be resolved. Desorption from the
paint was negligible at room temperature but was detectable at higher temperatures (90°C).
These low desorption rates and the ionic nature of the surface iodine indicated that adsorption
occurred predominantly through a chemisorption process. A number of possible mechanisms
were proposed to explain the role of water in the adsorption process.

Department of Chemical Engineering and Applied Chemistry, University of Toronto, Toronto, Canada, M5S 1A4
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1 .INTRODUCTION
Many surfaces within nuclear reactor containment structures are coated with paints which may
act as sinks for iodine, thus decreasing the amount of iodine available for release. For this
reason it is desirable to generate a better understanding of how iodine interacts with surfaces
coated with these paints. This paper describes a study of I2(g) deposition on Carbo Zinc 11, an
inorganic zinc based primer used inside the containment structures of many of Ontario's
CANDU reactors. The purpose of this study was to measure the impact of various parameters
on the sorption of I2(g) in order to improve the understanding of the underlying mechanisms.
Carbo Zinc 11 (Carboline Company, St. Louis) is produced by the reaction between zinc dust
and prehydrolysed silicon esters. It may be used in a single coat or may be topcoated to give
extra protection under more severe conditions. Top coats include epoxies, phenolics, vinyls,
acrylics, silicones, and chlorinated rubbers.
The interaction of iodine with zinc paint has previously only received limited attention. The
adsorption of I2(g) onto zinc paints was studied by Rosenberg et al [1] who found that the rate
of adsorption was the fastest amongst the types of paint commonly used in containment. The
majority (70-99%) of the I2(g) deposited on the surface was reported to be irreversibly bound in
that it did not desorb into a gas stream. However, these researchers only performed one
experiment for temperatures below 100°C, the range relevant to the sub-atmospheric conditions
expected in multi-unit CANDU containment structures. Furthermore, all the experiments were
performed using a very high I2(g) concentration (7x1 O’7 M). Iodine deposition on paint is often
represented in terms of first order processes, mass transfer coefficients and deposition velocities
for example. It is important that the relationship between deposition rate and gas phase
concentration be properly established in order to support this assumed first order dependence.
Finally, Rosenberg et.al. observed a high rate of I2(g) adsorption under both condensing and
noncondensing conditions, noting that due to the formation of Znl2, the zinc paint was very
effective at removing I2(g) under condensing conditions. However, a significant amount of
water may also have been on the surface for the 50% steam/air mixture used as the non
condensing condition, even though the air was below saturation. In fact, no experiments were
performed under conditions of low relative humidity so that the impact of surface water on the
adsorption rate was not resolved.
Kupferschmidt [2] studied the interaction of zinc primer with iodine in solution observing that
I2(g) was rapidly reduced to F(aq) and that I'(aq) was adsorbed by the paint. However, no
significant amount of I" adsorption was observed under de-aerated conditions. The unexpected
retnetion of T was interpreted in temrs of I becoming attached to the surface as part of a zinc
oxide precipitate.

2.EXPERIMENTAL
Experiments were conducted by passing air containing a mixture of stable iodine and iodine131 through glass tubes coated on the inner surfaces with paint. Accumulation of iodine on
these surfaces was monitored using 2x2" Nal scintillation detectors connected to a PC based
multi-channel analyzer (MCA). Three parameters were varied in this study: paint surface
temperature, relative humidity, and I2(g) concentration.
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Figure 1. Experimental Apparatus.
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The apparatus used in this work was designed to allow parallel experiments (Figure 1). The
system operated under suction and was constructed of Teflon tubing and fittings. Teflon was
chosen because of its relatively inert nature towards iodine. In fact, the teflon tubing did not
accumulate iodine, however, measurable amounts of iodine were adsorbed by the Teflon
fittings. Air from the laboratory was drawn in, filtered, humidified, and mixed with iodine. By
altering the relative flow rates through each of three lines, various gas phase concentrations and
humidities could be achieved. This system produced gas phase I2 concentrations ranging from
10"11 to 10'7 mol/L which covered the range of gas phase iodine concentrations of concern
following an accident.

The samples were 6" (15.2cm) lengths of 0.25" (ID) glass tubing coated on their inside with the
zinc paint. These were heated with electrical heating tape wrapped around a larger glass tube
that was slipped over the samples. Temperature was controlled with two Cole-Parmer
temperature controllers (models 2186-20 and 300 series) with the thermocouple connected
directly to the outer sample tube surface. The air was not heated and remained at essentially
room temperature when passing through the samples. The relative humidity was measured at
room temperature with a Cole-Parmer Tri-Sense Temperature/humidity meter (model 3700000). Gas phase I2 concentrations were measured by diverting the known volumetric air flow
through TEDA charcoal packed in Tygon tubing for a few minutes. TEDA Charcoal is a widely
used adsorbent used to trap I2. The activity on these tubes was assayed using a 3x3" well type
LKB Compugamma Nal scintillation detector. In some experiments the concentration was
continuously monitored by replacing one of the painted glass tubes with a clean glass tube
packed with TEDA charcoal. The activity on the charcoal could then be measured on-line using
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the PC based MCA system. Air leaving the system passed through an iodine trap containing
TEDA charcoal in order to remove the radioiodine before the flow reached the pump. The air
flow rate was set at values ranging between 1.3-4.0 L/min. These high flows provided very
rapid and well characterized mass transfer in the system.
Desorption tests were carried out by first allowing the painted tubes to accumulate iodine in the
regular fashion as described above. Once a sufficient surface loading was achieved, the iodine
source was disconnected by turning off the appropriate valve on the iodine container and by
turning off the appropriate flowmeter. To achieve a drastic iodine cut-off, the Teflon fitting
connecting to the sample tube was removed and replaced with a clean line connected to the
system upstream of the iodine source. This was only done if a particular relative humidity was
required for desorption. Alternatively, no fitting was replaced on the sample tube inlet and air
from the laboratory was drawn through the tube. Desorption was allowed to continue for
periods of up to 96 hours while the decrease in surface activity was continuously monitored by
the scintillation detectors. In all cases, the sorption profiles were corrected for decay of1311.
The Carbo Zinc 11 paint samples were prepared by mixing 20mL of Carbo Zinc 11 Base and
approximately 35g of Carbo Zinc 11 Zinc Filler. The paint was drawn into the glass tubes and
the excess was then shaken out. Samples were allowed to dry for a minimum period of one
week prior to use. The manufacturer's minimum suggested drying time for this paint is 16 hours
at room temperature. An approximate mass of 0.4g of the zinc paint was applied to tubes. The
paint mass was not measured for each experiment, however, reproducibility was maintained by
applying the paint to the tubes in a consistent manner. Empty glass tubes were tested to
determine how much iodine would adsorb to this substrate. It was found that a loading of 10"10
mol/cm2 was reached after 24 hours of adsorption at an iodine gas concentration of 10"11
mol/cm3. This showed that glass was a suitable substrate for these experiments since it did not
adsorb appreciable amounts of iodine.
The labelled 131I2 was prepared by mixing lmL of 0.5M aqueous Csl (Aldrich Chemicals) or
Nal (BDH Chemicals) solutions with 5-40 MBq of Nal31I tracer (Merck Frosst) in a sealed
teflon vessel. The vessel was then closed and 1.7mL of 10M H202 (BDH) and 1.3mL of 12M
H2S04 (Baker Chemicals) were injected thus oxidizing all the T to I2. Concentrations were
selected so that when all the T was converted, the resulting concentration of I2 was super
saturated and solid iodine precipitated. When I2 left the solution into the gas phase, more iodine
dissolved, thus in theory maintaining a constant saturated iodine concentration. It was found
however, that this method did not provide adequately constant gas phase I2 concentrations.
These concentrations dropped by as much as a factor of 20 over a 48 hour experiment, with
most of the decrease occurring within the first few hours.
During the second half of the study, a new method for producing labelled I2(g) was developed.
This involved preparing 250mL of a 2M Nal (BDH) solution and then dissolving 8.7g of I2
(BDH) to yield 1.37x10"' M triiodide (I3") through the reaction:
I2 +1" <-> I3"

(1)

Tracer was added directly to this solution. As I2 left the solution into the gas phase, it was
replenished via this rapid equilibrium. This method yielded much more constant gas phase
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concentrations that dropped at a constant rate by less than a factor of 3 over a 48 hour
experiment. The drop for experiments involving low I2(g) concentrations was negligible.
In some experiments, the retention of iodine was investigated by washing the paint with a series
of solvents. Chloroform or methanol was used to remove any I2 or organic forms. The paint
was then washed with water to remove ionic forms. The speciation of the iodine removed by
the water was investigated using a radiochemical solvent extraction procedure to distinguish
between I" and I03" [3]. This procedure involved contacting the water sample with chloroform
containing dissolved I2 in a separatory funnel. The chloroform was drained out the bottom of
the funnel and the water sample was then washed two or three times to remove any residual I2
from the water. The chloroform containing I2 was back extracted using thiosulphate. Any 13 *1
activity in the form of T present in the original smaple was assumed to atom exchange with the
I2 in chloroform, and hence end up with the thiosulphate whereas the l31I03" was assumed to
remain in the original water sample. All the fractions were counted on a LKB Compugamma
system with a 3x3" well type Nal scintillation detector.

3.RESULTS AND DISCUSSION
Shown in Figure 2 are typical results from experiments performed with two samples under the
same conditions. The good agreement that was obtained for such tests confirmed that the
method of preparing the paint samples was quite reproducible. It was speculated at the outset of
the project that adsorption might occur at localised defects on the paint surface. The good
agreement between the duplicate samples indicated that if the adsorption was in fact localised,
the size of the paint surface was large enough to average out these differences.
As was the case in many of the experiments, the source of I2(g) was eliminated at the end of the
adsorption period and the rate of desorption was monitored. In general the rate of desorption
from the zinc paint was extremely slow, independent of the relative humidity of the purging air.
Almost all the experiments were performed using a single of layer of paint on glass tubing.
However, in one experiment the role of the substrate was examined (Figure 3). No significant
difference between using stainless steel as opposed to glass tubing was observed. In a separate
experiment performed under similar conditions, the deposition rate for three coats of paint was
found to be similar to that observed for a single coat. The result suggested that for the zinc paint
deposition occurs primarily through surface interactions, or else near the surface, rather than
throughout the full 25 to 50 pm thickness of the paint layer.
The rate of iodine deposition at 23°C was substantially slower when the relative humidity (RH)
was low (Figure 4). The deposition velocity in experiments performed with drying of the inlet
air (RH < 5%) was an order of magnitude lower than that observed with humidification of the
inlet air (RH > 80%). Unfortunately, the results from the few experiments performed with RH
in the 15 to 30% range were scattered, hence it was not possible to establish the minimum RH
required to produce the higher deposition velocities.
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Figure 2. Typical results for duplicate experiments. Adsorption for 23°C and 90%
relative humidity with an I2(g) concentration of 6x10"® M. No significant difference was
observed for desorption at 90°C as compared to 23°C. Increasing the relative humidity
from 25 to 87% also has no impact on desorption.
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Figure 3.
The independence of I2(g) adsorption rate on paint layer thickness.
Experimental conditions: 5.9x10"'1 M I2(g), 2.6 L/min, 23°C, and 33% RH.
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Figure 4. Effect of relative humidity on adsorption of I2(g). Test conditions were: 1.3
L/min, 2.5x10"12 mol/cm3. One sample was at 25°C and the other at 90°C. The relative
humidity on the inlet air to both samples was increased from <1% to 98% at the
indicated time.
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Table 1. Average experimental deposition velocities (cm/s) as a function of paint surface
temperature and relative humidity (RH at 23 °C).
Surface Temperature

RH < 5%

RH > 70%

23 °C

0.06±0.02a (3)b

0.7±0.4 (14)

90°C

0.04±0.03 (5)

0.06±0.02 (3)

a - standard deviation b - number of experiments

When the paint surface was at 90°C, the relative humidity of the inlet air had no significant
impact on the deposition rate and the deposition velocity was similar to that observed at 25°C
with low relative humidity (Table 1). In contrast, the deposition velocity depended strongly on
temperature at high relative humidity. It is believed that at low temperature and high relative
humidity, a significant amount of water was adsorbed by the paint surface. Much less water
should have been present when the paint surface was at a higher temperature than the air passing
over it. The RH in the air in the boundary layer in contact with the paint, which likely had a
temperature close to that of the paint surface, should have been much lower than that of the inlet
air. For example, if the air passing over the paint was saturated at 23°C (100% RH) the RH of
the air in the boundary layer, assuming that its temperature was 90°C, would only have been
5%. This would suggest that the deposition velocities in Table 1 actually only represent two
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conditions: a value of 0.7±0.4 cm/s applying when significant water is on the surface and a
value 0.05±0.025 cm/s applying to an essentially dry surface (i.e. high temperature or low
relative humidity).
Figure 5. The deposition rate as a function of the gas phase concentration. The
experiments were divided into two groups: (i) 25°C with high relative humidity and (ii)
90°C, all relative humidities, or 25°C with RH<5%. The lines are based on linear
regression giving slopes of 0.85±0.05 (n=25) for group (i) and 0.91±0.09 (n=10) for group
(ii). The proximity of the slopes to one indicates that for this paint deposition occurs by
a first order process.
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Representation of the deposition rate in terms of a deposition velocity assumes that the
deposition process is first order.

dt
where

=kdCs

(1)

Cs = surface loading (mol/cm2)
kd = the deposition velocity (cm/s)
Cg = gas phase concentration (mol/cm3)

A number of steps will contribute to the deposition rate: mass transfer through a gas side
boundary layer, diffusion through any water film on the paint, physical adsorption onto the paint
surface and chemical reaction on the surface. If these steps all occur through first order
processes then they may be combined, as a sum of resistances, to yield a single constant,
commonly referred to as the deposition velocity. For some paints adsorption may occur
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throughout the paint, rather than just on the surface, in which case the rate of diffusion within
the paint may also be important. Finally, for many paints additional terms may have to be
incorporated into equation 1 to represent (i) saturation of the paint, due to a limit on the number
of adsorption sites available, and (ii) desorption of either the physically adsorbed I2 or the
products of any chemisorption. A reasonable approach to modelling was proposed in an earlier
work [4] and a rigorous description, that incorporates the models used in most previous studies,
is under development.
In the case of Carbo Zinc 11, desorption was small, and the paint had a vast capacity for iodine
(▻10"6 mol/cm2) indicating that saturation does not need to be considered. Also, the experiments
involving multiple layers of the paint suggest that diffusion within the paint is not important.
Hence, for this paint the use of equation 1 to describe the deposition process is reasonable so
long as the process is known to be first order. In fact, a log-log plot of the deposition rate as a
function of the gas phase iodine concentration, covering four orders of magnitude, was found to
have a slope close to 1 (Figure 5) confirming that the process was essentially first order. In
comparison, a similar plot for a vinyl based paint, that was also studied, was found to have a
slope much less than one.
For conditions of high relative humidity and low temperature the deposition velocity was
0.7±0.4 cm/s (with some values greater than 1 cm/s). This value was close to the estimated gas
phase mass transfer coefficient for the system (1.2 to 1.6 cm/s depending on the flow rate)
suggesting that under these conditions the deposition process was primarily limited by gas
phase mass transfer. This conclusion was also supported by a weak trend towards increased
adsorption rates at higher air flow rates. In contrast, at elevated temperature or low relative
humidity, the deposition process was clearly much slower than gas phase mass transfer. Hence,
either chemi- or physi sorption was the rate limiting step. Given that very little desorption
occurred [6], suggesting that most of the iodine on the paint had undergone a chemical reaction,
it is believed that chemisorption was the rate limiting process.
Following the completion of some experiments, the paint was washed with various reagents in
order to gain insight into the speciation of the adsorbed iodine. Washing with chloroform, to
desorb I2, only removed 6% of the iodine while 83% of the iodine was removed by subsequent
water washing (Table 2). This suggested that little of the adsorbed iodine remained in the form
of I2 and that the predominant form was ionic. In a similar experiment washing with methanol
was also found to remove little of the iodine. In contrast, washing a vinyl paint with methanol
removed approximately 30% of the adsorbed iodine while water washing removed very little.

Table 2. Removal of iodine by washing zinc paint loaded with I2(g).
Expt.l

Expt.2

Expt.3

Expt.4

Chloroform Wash

7.5%

17%

6.6%

17%

6±2%

Water Wash

84%

76%

90%

83%

83±6%

Remaining on Paint

8.4%

20%

14%

11%

11 ±7%

Values are expressed as a percentage of the activity initially on the paint

Average
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Further insight into the chemical speciation was obtained by analyzing the wash water. The
majority of the iodine in the wash water would not atom exchange with I2 in chloroform,
suggesting that it was not in the form of I2 (Table 3). Normally, this behaviour is attributed to
I03" and I04* [3]. However, it is difficult to believe that I2 would be oxidized on the paint
surface, giving the reducing nature of zinc. It is possible that the I2 was in fact all reduced to I",
as would be expected, but that some of the iodide formed an ionic complex with the Zn2+
released by the paint (eg Znl+). Zinc chloride complexes are quite well known. Unfortunately,
no stability constants for zinc iodide complexes could be found to support this hypothesis.
Hence, although it is clear that the majority of the iodine on the zinc surface was in an ionic
form, the nature of this form is not known.

Table 3. Chemical speciation of iodine removed from zinc paint by washing with water.
Expt.l

Expt.2

Expt.3

Expt.4

Average

Non-exchanging I

57%

24%

66%

63%

53±19%

T

29%

54%

26%

27%

34±13%

Losses

14%

22%

8%

10%

13±6%

Values are expressed as a percentage of the activity initially present in the water wash

Chemisorption appears to be a very important process occurring on the surface of this paint.
This is supported by observations that desorption rates into air were very slow. It would be
expected that if physical adsorption of I2 was the principle means of attachment, most of the
iodine would desorb at a much faster rate. Further, washing of the paint (Table 2)
demonstrated that the majority of the iodine on the paint was in an ionic form and hence not
available for desorption into air without further chemical reaction.
The high iodine loadings observed for the zinc paint suggests that multiple layers of iodine
were present on the surface as opposed to a single monolayer. For example, a "monolayer"
coverage based on geometrical surface area on the painted surface would be approximately
2xl0"9 mol/cm2 whereas coverages over 10"6 mol/cm2 were observed. Multi-layer coverage is
not consistent with the view that adsorption primarily occurred through a chemisorption
process. It is speculated that multiple layers did not in fact exist. The actual surface area of
the paint may have been larger than the geometric surface area, particularly if the I2 diffused
into the outer 10 to 20 (xm of the paint. In addition some of the surface iodine may have been
present as a Znl2(s) precipitate or else as T coprecipitated with zinc oxide as observed by
Kupferschmidt et al [3], although the surface loading reported by Kupferschmidt et al were
considerably lower than some those observed in the present study.
It was hypothesised, based on the hygroscopic nature of the paint, that at least some water
would be present on the surface, even under drier conditions. Furthermore, it was speculated
that at higher relative humidity "micro droplets" of water might accumulate at imperfections
on the paint surface. A few simple experiments were performed to try to quantify the amount
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of surface water using the procedure of Rosen [6] where the accumulation of water on glass
slides coated with the paint was monitored using an analytical balance, for air of different
relative humidity. It was found that the amount of water adsorbed was small, on the order of a
milligram per 20 cm2 of paint surface at 100% RH. These findings did not support the
existence of significant numbers of "micro droplets" on the surface. However this water
loading, which corresponds to 3x10"6 mol/cm2, was still higher than most of the iodine
loadings that were observed.
It is postulated that when iodine comes in contact with the surface, physical adsorption onto
the surface is the dominant mechanism by which iodine initially becomes attached.
12(g) <—> hip)

(2)

where I2(p) = h physically adsorbed to the surface.
The I2 then undergoes chemisorption, forming a bond to a zinc atom(s) on the paint surface:

>Zn(s) + I2(p) -—> >ZnI2(s)

(3)

where >Zn(s) = a zinc atom at the paint surface
>ZnI2(s) = iodine bonded to the zinc surface
The presence of significant amounts of water, as would occur at low temperature and high
relative humidity, could enhance the adsorption process through a number of mechanisms.
Firstly, water could assist in the physical adsorption process, by participating in the outer
sphere complexes normally associated with physical adsorption. Secondly, a promotional
effect may occur where the presence of a water molecule on a surface site enhances the
adsorptive capacity of adjacent sites for iodine. Thirdly, the water may attack the iodine
bonded to the zinc surface:

>ZnI2(s) —> Zn2+(aq) + 2I*(aq)

(4)

thus freeing up the site for further reaction with physically adsorbed iodine. Finally, the
water may contribute through a corrosion type mechanism where zinc oxidized at one site can
migrate to the location where I2 is reduced. Which mechanism(s) was dominant in these
experiments cannot be deduced based on the information available. However, it should be
noted, that if the amount of water available was critical in determining the rate of reaction on
the surface, it is possible that the rate of transfer of water to the surface was in fact the
process determining the rate of iodine adsorption under conditions of high surface
temperature or low relative humidity.
Regardless of the uncertainties that remain in the chemical mechanism through which Carbo
Zinc 11 adsorbs I2, it is clear that so long as an adequate amount of water is available, this
paint is a very good sink for gaseous iodine. However, the washing experiments revealed that
the iodine retained by this paint can easily be removed by a flow of water over the surface.
Within a reactor containment structure under accident conditions, steam may condense onto
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the painted surfaces in direct contact with air. If sufficient condensation occurs or if sprays
are employed, a falling film of water will be present on the paint surface. From the
information that has been gained from this study, Zn2+ and ionic forms of iodine, such as I',
will be washed off the zinc paint by such a film. If the pH of the film were not alkaline,
although an alkaline pH would be expected due to the basic nature of ZnO, the I" could be
radiolytically oxidize to I2 and released back the containment atmosphere. More likely the I*
and Zn2+ would flow down the wall into the pool of water on the containment building floor.
For example, Rosenberg et al [1] found most of the iodine the condensate, rather than on the
paint, in their experiments performed under condensing steam conditions. Once in solution,
the zinc may combine with hydroxide ions to form various zinc hydroxides [3] which may
incorporate I" into them. Alternatively, the I" could be oxidised to volatile forms, depending
on the pH of the pool. The fate of the unidentified portion of the ionic iodine washed off the
zinc paint is not known and perhaps should be further explored. In particular its radiolytic
conversion to volatile forms may be important. In summary, the zinc paint would be
effective in removing the iodine from air and in indirectly transferring it to the pool where it
could precipitate out or undergo subsequent reaction in solution.

4.CONCLUSIONS
The adsorption of iodine onto Carbo Zinc 11 occurs through a first order process. The rate is
dependent on surface temperature and relative humidity suggesting a dependence on the
amount of water present on the surface. Specifically, the deposition velocity increased from
0.7±0.4 cm/s at 23°C with high relative humidity to 0.05±0.025 cm/s, at 90°C or at low
relative humidity. The higher deposition velocity was likely limited by the rate of gas phase
mass transfer in the system whereas the lower value was clearly limited by a reaction on the
surface. The majority of the iodine on the surface was chemisorbed resulting in the
conversion of I2 to an ionic form. The majority of the iodine retained by Carbo Zinc 11 is
easily removed by water, suggesting that water films flowing down walls coated with this
paint will transport iodine from the walls to any pool, where it may be available for
revolatilization.
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INTERACTIONS OF FISSION PRODUCT VAPOURS WITH
AEROSOLS
C.G.Benson1 and M.S.NewIand1
Abstract
Reactions between structural and reactor materials aerosols and fission product vapours
released during a severe accident in a light water reactor (LWR) will influence the magnitude
of the radiological source term ultimately released to the environment. The interaction of
cadmium aerosol with iodine vapour at different temperatures has been examined in a
programme of experiments designed to characterise the kinetics of the system. Laser induced
fluorescence (LIF) is a technique that is particularly amenable to the study of systems involving
elemental iodine because of the high intensity of the fluorescence lines. Therefore this
technique was used in the experiments to measure the decrease in the concentration of iodine
vapour as the reaction with cadmium proceeded. Experiments were conducted over a range of
temperatures (20 - 350°C), using calibrated iodine vapour and cadmium aerosol generators
that gave well-quantified sources. The LIF results provided information on the kinetics of the
process, whilst examination of fiber samples gave data on the composition and morphology of
the aerosol particles that were formed. The results showed that the reaction of cadmium with
iodine was relatively fast, giving reaction half-lives of approximately 0.3 s. This suggests that
the assumption used by primary circuit codes such as VICTORIA that reaction rates are masstransfer limited, is justified for the cadmium-iodine reaction. The reaction was first order with
respect to both cadmium and iodine, and was assigned as pseudo second order overall.
However, there appeared to be a dependence of aerosol surface area on the overall rate
constant, making the precise order of the reaction difficult to assign. The relatively high
volatility of the cadmium iodide formed in the reaction played an important role in determining
the composition of the particles. Microscopic examination of the particles showed that they
were homogeneous and contained non-stoichiometric quantities of cadmium and iodine. The
vapour pressure of cadmium iodide is significant at the temperatures at which some of the
experiments were conducted, and therefore, it was concluded that co-condensation occurred to
form homogeneous particles containing mixtures of cadmium and cadmium iodide. The
implications of vapour-aerosol interactions for severe reactor accidents have been examined,
and recommendations for further studies have been made. The LIF technique has been shown
to be particularly useful in the study of the kinetics of vapour-aerosol reactions where the
fluorescence intensity of the species in the vapour phase is appropriate. It could therefore be
used to study other relevant systems (e.g. reactions with surfaces).

1 Chemical Physics Department, Materials and Chemistry Group, AEA Technology pic, Winfrith, UK.
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1. INTRODUCTION
The interaction of fission products with structures and aerosols in the primary circuit during a
severe accident in a light water reactor (LWR) will determine the magnitude of the source of
radioactive material released to the reactor containment. This could have a significant effect on
the source term to the environment, notably for accident sequences in which the containment
building is by-passed. A recent state-of-the-art report on the source term [1] identified the
interaction of fission product vapours with aerosols and surfaces as important areas of
uncertainty in primary circuit modelling codes.
Suspended aerosol particles readily serve as condensation or absorption sites for fission
product vapours. The majority (> 90%) of the aerosol resulting from an accident could be
associated with that generated from the predominantly non-radioactive components of the
reactor core (e g. control rods, soluble absorber, structural materials). The subsequent
transport and distribution of the fission products in the environment will depend on the
behaviour of the host aerosol. However, whilst the importance of this phenomenon has been
established, few studies have been undertaken to characterise and quantify vapour-aerosol
interactions in situ, with the majority conducted with fission product vapours and deposited
material [2], Models to describe all potential interactions are not included within the relevant
codes. For example, VICTORIA [3] only restricts the extent of reaction by thermodynamic
considerations or mass transfer; whilst MELCOR [4] uses kinetic models, it contains
insufficient data on the rate laws and rate constants to be applied to each specific interaction.
This report describes the results of the studies of experiments conducted to examine the
interaction of cadmium aerosol and I2 The experiments have principally utilised laser induced
fluorescence (LDF) to obtain data on the kinetics of the reaction between iodine vapour and
cadmium aerosol, although post-test analysis techniques have also been used to characterise
the resulting aerosols. LDF requires the species of interest (Le. iodine) to absorb some of the
incident light and subsequently relax back to its ground state, releasing energy in the form of
light. The amount of light released (the fluorescence intensity) can be used to indicate the
concentration of the species. Therefore, the depletion in vapour-phase iodine concentration
resulting from the reaction with cadmium has been examined using the technique.

2. EXPERIMENTAL DETAILS
Before the interaction experiments could be performed the iodine vapour and cadmium aerosol
generation rigs were calibrated so that the vaporisation rate as a function of time was known
for a given temperature. The iodine vapour and cadmium aerosol were generated in separate
furnaces and introduced into the mam reaction vessel. The matrix of vapour-aerosol
experiments is listed in Table 1. Experiments were conducted at different temperatures, and the
concentration of cadmium was varied by changing the temperature of the source, as listed in
the table.

2.1 Description of the Facility
The facility consisted of three sections:
(i)

The iodine generator (Figure 1) consisted of a specially designed U-tube that enabled
the carrier gas to by-pass the iodine source until the correct generation temperature had
been reached. This 'U-tube was contained in a temperature controlled water bath so that
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any temperature within the range from 20 - 60°C could be achieved. For experiments
above 20°C the pipework connecting the generator to the reaction vessel was heated
using hot air blowers.
(ii)

The cadmium generator (Figure 2) consisted of a Nichrome wire wound silica tube,
insulated with glass fibre blanket and Dalfratex insulating tape. An alumina crucible
containing the cadmium was located inside the furnace and the temperature measured
using a 'K'-type thermocouple. The furnace was connected to the furnace by a tube
(length 150 mm, ID 15 mm) which was heated to 320°C using a heating tape connected
to a variable resistance. The temperature of this pipework was also measured using a 'K'type thermocouple.

(hi)

The main reaction vessel (Figure 3) consisted of a Pyrex glass tube (length 580 mm, OD
28 (±0.5) mm, wall thickness 2 (±0.2) mm). The iodine generator was connected to the
inlet and introduced into the aerosol gas flow through an inner glass tube (length 180
mm, OD 12 mm), which was blanked off at the end with four holes (diameter 3 mm)
placed 6 mm from the end. The cadmium generator was connected at the same end at an
angle of 45° to the tube. 100 mm capillaries (0.5 mm ID) were positioned at ~ 50 mm
intervals along the length of the vessel, starting at 105 mm from the inlet. These
capillaries contained 'K'-type thermocouples used to control the temperature of the
reaction vessel (see Section 2.4). All thermocouple measurements throughout the system
were recorded using a Schhuriberger 'Orion' datalogger. The outlet of the reaction vessel
was connected to a dilution chamber (length 100 mm, OD 65 mm). This had connections
for dilution flow (if used), an optical window for the laser, an aerosol sampling port
connected to a Nuclepore filter holder and pump, and a gas outlet. The gas outlet was
connected to a 250 cm3 bubbler containing 100 cm3 carbon tetrachloride and 50 cm3
sulphuric acid (pH = 5.6). The bubbler was then connected to an absolute filter before
venting to the local extract system

2.2 Furnace Calibration
2.2.1 Iodine
Helium was used as the carrier gas at a flow rate of ~1 1 min '. The water bath was set to the
required temperature (20-50°C) and allowed to equilibrate. The 0°C point was obtained using
an ice/water bath. Experiments performed above room temperature involved heating the tube
between the generator and the bubbler to ensure that there was no condensation. When the
required thermal-hydraulic conditions had been attained, the carrier gas flow was switched so
that it passed through the iodine source. The vapour was collected in a 0.1M sodium hydroxide
(NaOH) trap. After a set time period, the carrier gas was diverted through the by-pass system,
and the apparatus switched off and allowed to cool. The mass of iodine vaporised from the
generator was calculated by weighing the TT-tube before and after each experiment. The
concentration of iodine in the bubbler was determined using inductively coupled plasma optical
emission spectroscopy (ICPOES). The calibration graph is shown in Figure 4.

2.2.2 Cadmium Generator
The carrier gas was helium (see Section 2.2.1 above) controlled by a similar flow controller to
the iodine generator set to a flowrate of 10 1 min'1. A pre-weighed alumina crucible containing
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the cadmium (~ 5 g) was placed in the centre of the furnace. A 'K'-type thermocouple was
positioned inside the furnace to monitor the temperature of the crucible. The delivery tube
between the furnace and the bubbler was wrapped in heating tape and maintained at a
temperature slightly higher than the melting point of cadmium (~321°C, monitored using a 'K'type thermocouple) so that the aerosol generated reached the bubbler, or the reaction vessel (in
a vapour-aerosol experiment), without condensing. Once the delivery tube had stabilised at the
required temperature, the cadmium furnace was switched on and the temperature raised to the
required generation temperature (300 - 550°C) as rapidly as possible. The furnace was
maintained at this temperature for the duration of the test (~ 45 min) and then switched off
The heating tape remained on so that cadmium generated at the end of the test reached the
bubbler. The mass of cadmium generated was determined by re-weighing the crucible after
each test. Solutions from the bubbler and washings from the generator and pipework (2M
HN03) were analysed using ICPOES. The ICPOES results gave the amount of aerosol that
reached the reaction vessel, as well as giving a mass balance for the system. The calibration
graph for the cadmium generator is shown in Figure 5. The poor agreement with the calculated
cadmium vapour pressure in the low-temperature region was probably due to kinetic
limitations at saturation, and the relatively small amount of material vaporised, which were
difficult to quantify accurately. The morphology of the aerosol was examined using a JEOL35CF scanning electron microscope.

2.3 Laser Induced Fluorescence (LIF)
The laser induced fluorescence (LIF) from iodine in a static cell with different buffer gases at
atmospheric pressure, when exciting with an air cooled argon ion laser (X = 514.5 nm) and a
continuous wave (cw) Nd:YAG laser (X = 532 nm) was observed by eye. Helium gave larger
LIF signals than either argon and nitrogen. The differences in LIF intensity were due to
different quenching rates of h fluorescence by the each gas. As a result it was concluded that
the cw Nd:YAG laser, which has a power of approximately 30 mW at 532 nm, provided
sufficient LIF intensity for the measurements and was the most convenient transportable laser.
An intensified CCD camera, fitted with an f72, 50 mm lens, imaged the strip of fluorescence
excited by the laser. Due to the sensitivity of the camera and the fact that it was ungated,
images had to be captured with the laboratory under blackout conditions to ensure low levels
of background fight. The camera was positioned ~1.2 m from the laser beam so that it could
image a strip of fluorescence -40 cm long. Filters in front of the lens removed scattered laser
fight but transmitted the 1% fluorescence. A frame grabber board on a PC captured and digitised
the video output from the camera. The PC stored averaged images for later analysis.
Figures 6 and 7 show a schematic of the flow cell and a photograph of part of the experimental
rig respectively. The He/1% mixture flowed out of the inner tube and mixed with the He
containing the Cd aerosol. The laser beam and camera system were arranged so that the
fluorescence from 12 in the inner tube (i.e. before it mixed with the aerosol) could be observed.
The I2 concentration in the inner tube allowed the results to be calibrated (see below). LIF data
were taken with the furnace at four different temperatures (i.e. 20, 230, 300 and 350°C). The
amount of Cd and iodine in the flow cell was also varied.
The captured images yield profiles in the form of fluorescence intensity as a function of
distance. The LIF signal at point i is given by
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l?=Bl\I2\

(1)

where B is dependent on collection efficiency, quenching, etc., and is assumed constant over
the field of view. /, is the laser intensity at that point. This equation illustrates an inherent
ambiguity in the LIF intensity data in that the weak signal could be due to low iodine
concentration at that point or due to a lower laser power caused by absorption further
upstream The following analysis was developed to de-convolute the two effects.
Figure 8 shows a LIF profile that may be obtained in the presence of aerosol. The laser beam
enters the field of view at d0 and the inner tube ofHe/L at dx. At dy, the concentration of iodine
should be the same as that at dx, but the LIF intensity may be smaller due to laser absorption.
The Beer-Lambert law enables the laser intensity at a particular point to be calculated,
A =A-i^(-e/[72

(2)

where e is the absorption coefficient and / is the distance between two cells (/ = dj-dg, etc.).
Table 2 illustrates how the above equations can be used to calculate the iodine concentration
from the fluorescence intensity profile.

2.4 Experimental Procedure
The experiments were performed in three stages.
(i)

The reaction vessel was heated until it attained the temperature required for the
experiment. The furnace used was a Severn Furnaces five-zone, K-type thermocouplecontrolled furnace. The controller was set to the temperature, and switched on, with
helium flowing through the vessel.

(ii)

All the experiments were performed with the iodine source at room temperature as this
provided a detectable amount (except in VA28, where the operating temperature was
~30°C). The helium carrier gas (1 1 min"1) was then diverted through the iodine and
background measurements taken. In VA26 and 27, background measurements were also
made using 101 min'1 (the total gas flow through the system).

(iii)

The cadmium generator was switched on and the temperature raised in steps over the
range 100 - 530°C and measurements made. The approximate temperatures are listed in
Table 1.

3. RESULTS
3.1 Laser Induced Fluorescence
The data obtained were limited by problems encountered with the flow cell. LIF signals from
iodine were easily obtained and provided real time, non-invasive, in situ monitoring of iodine
concentrations. Table 1 summarises the conditions under which the data of interest were
obtained.
Ideally, the iodine and the aerosol should mix thoroughly the moment they meet. However, this
did not happen and the results suggests that significant mixing continued along the flow tube.
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With the laser beam on the axis of the inner tube, the iodine concentration was high near the
inner tube but decreased down the length of the cell. When the laser beam axis was higher than
the inner tube, the iodine concentration was low near the inner tube and increased down the
length of the cell. Figure 9 illustrates this, showing false images of iodine fluorescence at
different heights within the cell, in the presence of aerosol carrier gas, but without Cd. In the
experiment, colours corresponded to fluorescence intensity, with red being strong and black
zero. The thermocouple ports caused the breaks in the line of fluorescence. The top line shows
fluorescence obtained with the laser beam passing through the centre of the flow cell (the beam
enters from the left hand side), the middle line with it near the edge of the inner cell and the
lower line with the beam above the inner cell. For a perfectly mixed system, the fluorescence
intensity would be expected to decrease along the line from left to right due to absorption of
the beam by iodine. However, it increases in the top two images indicating higher iodine
concentrations near to the inner cell. This situation is reversed in the lower image. This mixing
is illustrated further in the results described below.
There was a small but significant background LIF signal that had to be subtracted from the
data. This background is drought to be due to scattered light causing the glass of the flow tube
to fluoresce. This provides the limit to the lowest concentration of iodine observable. To
achieve lower detection limits, higher quality silica rather than Pyrex should be used.
The thermocouple ports, although providing useful distance markers, made the analysis more
difficult because of the discontinuities that they introduced into the data. This is especially
important in the region of the inner tube. By observing the decay of fluorescence in the inner
tube (due to absorption), a value of the extinction coefficient (e) can be calculated. However,
the presence of a thermocouple port restricted the amount of data, leading to greater
uncertainty in the value of s. Unfortunately, this value had to be determined every time the
laser was switched on. The reason for this was a combination of relatively large laser line width
compared with iodine transition line width. Figure 10 illustrates this argument. The laser
output consists of discrete modes, very close together in wavelength. The amount of
absorption by iodine depended on how these modes overlaped with the iodine transition. When
the laser was switched on, a modal distribution of the output is produced which is far from the
ideal case shown in Figure 10. Modes that are initially excited are enhanced relative to others
and this initial pattern is probabilistic and changes each time. Once the laser has warmed up the
initially established pattern is relatively stable. A value of 10000 1 mol"1 cm*1 has been used
throughout the analysis, determined from run WINI2_25, where the concentration of iodine
was high and thus gave more absorption, giving greater confidence in the value of e. The
vaporisation rates of iodine used for the inner cell were 3 mg min'1 at a temperature of 20°C,
and ~5 mg min'1 at 30°C.
The first experiments were performed at room temperature and used a different flow cell from
that used for the high-temperature experiments. In this first cell, there was a lot of scatter of
the laser in the region just prior to the inner tube in the presence of aerosol. An apparant
recirculation zone was observed. This was not seen in the high-temperature flow cell, possibly
due to the lower Cd concentrations. LIF signals from iodine in this system were obtained
without too much difficulty. However, the Cd quickly deposited on the inside of the flow tube
forming an opaque layer in the region of the inner tube. This meant that it was not possible to
use the fluorescence from the inner tube as a calibration. However, it was possible to
determine that any effect of Cd at this temperature was very small, by comparing the intensity
profile with that obtained in the absence of Cd. Further experiments are needed, in which the
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exposure to Cd is reduced, hence decreasing deposition, in order to provide more reliable data
at this temperature.
The experiments at higher temperatures were very successful. There was no deposition of Cd
within the flow cell due to lower concentrations, enabling absolute calibrations to be
performed. The raw intensity data were processed using the analysis procedure outlined above
and Figure 11 shows the results obtained at a furnace temperature of 350°C. The effects of
mixing can be seen in the results of WTNI214, WINI218 and WINI2 20. As the amount of
Cd is increased, a change in iodine concentration profile was observed. WINI2_13 showed no
iodine present at all, indicating complete reaction within 1 cm of the inner celL Increasing the
amount of iodine (WTNI2 25) appeared to make little difference to the gradient of iodine
concentration. Figure 12 shows some of the images from which these data were calculated.
Moving from top to bottom, the fluorescence images are from files WTNI2_20, WINI2 22,
WINI2 24, WINI2 25 and W1NI2_13 respectively. Figure 13 shows the effects of gradually
increasing the amount of Cd at a furnace temperature of 300°C. At 230°C, no effects due to
the presence of Cd were observed at a Cd temperature of ~380°C. Further experiments were
not possible at this temperature as the Cd thermocouple began giving spurious readings.

3.2 Post-test Analyses
Microscopic analyses of samples taken during the calibration and mam experiments were
conducted using scanning electron microscopy (SEM), with energy dispersive spectroscopy
(EDS) and particle recognition and characterisation. Because of the sensitive nature of the LIF
experiments it was difficult to sample the gas flow without causing considerable disturbance to
the system However, it was possible to take some filter samples. Micrographs of particles
taken from the generator calibration experiment at 450°C are shown in Figure 14. The results
for the PRC analyses are listed in Table 3. The analyses show that the primary particles were
spherical in the size range from 0.21 to 0.46 pm average geometric mean diameter.
Micrographs of particles from experiments conducted with cadmium and iodine with reaction
zone temperatures of 100 and 300°C respectively are shown in Figures 15 and 16, and the
results of the EDS analyses of individual particles are listed in Table 4. The particle density and
overall size were such that these deposits were unsuitable for PRC analysis. The micrographs
show that the primary size of the aerosol particles was less than 0.1 pm average geometric
mean diameter, considerably lower than that of the primary cadmium particles. However, there
was also evidence for agglomeration of the particles. The EDS depth profile results showed
that the particles were essentially homogeneous with little variation in the composition with
depth. The proportions of cadmium were in the range from 27 to 56%. The lower proportion
was observed in experiment VA26A, which was conducted at 100°C, and is consistent with the
formation of mainly CdU The higher proportions were measured in experiment VA28, and
suggest that the particles comprised a mixture of elemental cadmium and cadmium iodide.

4. DISCUSSION
4.1 Reaction Kinetics
The rate law for a first-order reaction [5] is written as,

d[A]
(3)

where [A] is the concentration of the reactant A, t is the time, and kx is the first-order rate
constant. This becomes,

[A],

d[AJ = k^dt.

(4)

This can be integrated between the limits t and 0, taking [A]0 as the concentration at time 0
and [A], as that at time t,

lAh / , \

'
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(5)

or,
~(ln[ A], - ln[A]0) = kxt.

(6)

This can also be expressed as,
ln\

[A],

= -k,t.

(7)

Therefore, when [A] is plotted against t a straight line of gradient -kx and intercept ln([A]0) is
obtained. The reaction half life (f%) is expressed as,

(8)

or,
Ini

(9)

For the reaction,
Cd +1^ —► Cdl2
the rate of reaction with respect to 1% is expressed as,
^747
^7^7

= kJI2J

and the integrated rate equation as,

(10)
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Table 5 lists the concentration data for experiments conducted at reaction zone temperatures
(Tftf) of 25, 300 and 350°C. The concentration of cadmium was varied by using different
cadmium generator temperatures (TCd). Each position along the axis of the furnace was related
to a specific time by using the volumetric flow rate to calculate the flow velocity. The time
could then be calculated using,
t = -.
v

(12)

where t is the time (s), s is the distance (m) and v is the velocity (m s"1). Plots of Inffl^mol T1])
against time are shown in Figures 17, 18 and 19. Data for [IJo (i-e- f - 0) were not used
because of uncertainties associated with dilution of the gas streams. The data were fitted to a
straight line using a standard linear least squares method. Values for kx (s"1) and InfPJJmol
t1) were obtained from the slope and intercept of the graphs as described above. These values
are listed in Table 6, together with the half-lives of the reactions.
The relatively high vapour pressure of cadmium means that there was always some cadmium
vapour present in the experiments. Table 7 lists the results of vapour pressure and aerosol
concentration calculations for the temperatures of the cadmium generator (TCd) and the
reaction zone (7^). The cadmium vapour pressure equations [6],

logi

- 0.232 &!Sio(jJ " 2.84x10~* 7 + 9.717,
\mmHg)

(13)

in the temperature range from 298 to 594 K and,
log 10

5819
(T\ + 12.287,
—-L257/Og10[-J

(14)

\mmHgj

in the temperature range from 594 to 1050 K, where p is the saturated vapour pressure of
cadmium (mmHg) at temperature 7 (K), were used to determine the saturated vapour pressure
of ca dmium at a specific temperature. The concentration of cadmium aerosol was calculated by
subtracting the vapour concentration in the reaction zone from the total concentration
produced by the cadmium generator. Hence, all the cadmium was accounted for, either as a
vapour or an aerosol. The results show that no aerosol was present in any of the experiments
conducted at 350°C. Therefore all the kinetics data refer to a vapour-vapour reaction between
cadmium and iodine. However, in the experiments conducted at 25 and 300°C, there was a
significant excess of cadmium aerosol. Essentially all the cadmium was present as aerosol at
25°C, and the relatively high cadmium generator temperature meant that there was a large
number of particles. The excess of cadmium aerosol at 300°C was in the range from a factor of
approximately 4 to 15 over the vapour. The surface area of the aerosol was calculated using
the method described by Beard et al [7], The volume of a single spherical aerosol particle is
given by,
(15)
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where Vp is the volume of the particle (m3) and rp is the particle radius. The total volume of
material (V, (m3)) is,
(16)

where m is the mass of material (g) and p is the density (g m"3). Therefore the total number of
particles (n) is expressed as,
(17)

The total surface area of the aerosol (As (m2)) is given by,
As = 4 rmrp.

(18)

Therefore combination of the rate constant results and surface area calculations can be used to
calculate a deposition velocity,
vd

(19)

where vd is the deposition velocity (m s"1) and V is the volume containing the aerosol of surface
area As. The results for As listed in Table 7 refer to the surface area of an aerosol contained in a
1 m3 volume, and have units of m2 m 3, which reduce to m'1. A value of approximately 0.46 pm
was used for the diameter of the particles (taken from the results of the microscopic analyses
described in Section 3.2).
The values obtained for kx and vd listed in Table 6 indicate that the reaction between cadmium
and iodine is extremely rapid both as a homogeneous gas-phase reaction and as a
heterogeneous vapour-aerosol reaction. Although the values obtained for k at different
temperatures are not directly comparable, they are similar despite the presence of significant
concentrations of aerosol This is also reflected in the feet that the reaction half-lives are
relatively short.
The results show that the reaction is first order with respect to 1% However, there appears to
be a dependence of the rate of the reaction on the concentration of cadmium, because it is
directly related to the aerosol surface area. If the reaction between cadmium and iodine in the
vapour phase is second-order overall then the rate constant is given by,
*2

(20)

where k2 the second order rate constant (Pa"1 s"1), and p°cd is the initial partial pressure (Pa) of
cadmium vapour (i.e. in the cadmium generator), and is assumed not to change significantly as
a result of the reaction (ie. p°cep’ll)- Figure 20 shows plots of k\ against p°cd for experiments
conducted at 300 and 350°C. This analysis could not be used for the 20°C case because only
one measurement of k\ was made. The data were fitted to a straight line using a linear least
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squares method. Hence, the slope of the graphs gave the second-order rate constants, and
these are listed in Table 6. The plot for the reaction at 300°C is a straight line. However, this
may be a reflection of the fact that the reaction rate is highly dependent on the surface area of
the cadmium aerosol, rather than the second-order kinetics of the reaction. At 350°C, where
only cadmium vapour was present, the plot is not linear. This may reflect the relatively low
concentration of cadmium compared with iodine. There may also have been uncertainties
associated with measurement of the temperature of the cadmium source that led to higher
concentrations of cadmium than were predicted from the vapour pressure equation.

4.2 Particle Composition and Morphology
The results described in Section 3.2 above are at first sight surprising, in that it would be
expected that the particles that were exposed to iodine vapour would have been larger than the
primary cadmium particles, and comprise a metallic cadmium core surrounded by a layer of
cadmium iodide with a thickness that depended on the concentration of iodine that was
available. The results from the experiment conducted at 100°C (VA26A) are consistent with
the formation of homogeneous cadmium iodide particles, presumably due to the presence of
near-stoichiometric quantities of cadmium and iodine. However, the results from the
experiment conducted at 300°C are considerably different. The particles comprised a
homogeneous mixture of cadmium and cadmium iodide, and they were considerably smaller
than the primary cadmium particles (<0.1 pm compared with 0.46 pm average geometric mean
diameter). This is clearly inconsistent with the concept of the formation of a layer of Cdlz. The
vapour pressure equations [6],
/o£io
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in the temperature range from 298 to 663 K (melting point) and,
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in the temperature range from 663 to 1069 K (boiling point), where p is the saturated vapour
pressure of cadmium iodide (mmHg) at temperature T (K), were used to calculate the
saturated vapour pressure of Cdlz under the experimental conditions. Figure 21 shows a plot of
the saturated vapour pressure of Cdl? against temperature. It can be seen that, between 300
and 350°C, the saturated vapour pressure of Cdl] is between 1.3 and 11.5 Pa, which
corresponds to between 0.24 and 2.0 x 10"6 mol l'1. It can therefore be seen that the vapour
pressure of Cdlz was significant in this temperature range. In the experiment conducted at
300°C there were significant concentrations of aerosol present, and hence there was
continuous vaporisation of Cdlz as the reaction progressed. It was not possible to sample the
aerosol iso-kinetically, and therefore there was a rapid decrease in temperature between the
reaction zone and the filter. This would have caused rapid condensation of elemental cadmium
and cadmium iodide vapour, resulting in the formation of the small homogeneous particles
observed. Agglomeration could have occurred either while the particles were suspended or
once they were deposited on the filters.
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5. IMPLICATIONS FOR SEVERE ACCIDENTS
Interactions between vapour phase species and aerosols are very important in assessing the
transport and deposition behaviour of fission products in a severe reactor accident. The
potential sources of aerosols in an accident originate from the fission products, control rod and
moderator materials, structural and bulk materials and fuel, formed either by vaporisation,
nucleation and condensation, or by mechanical suspension.
Fission products emitted during a reactor accident could be present in a variety of forms which
depend on factors such as the thermal-hydraulic conditions and oxygen potential. Under the
high-temperature conditions of the primary circuit, vapours and aerosols will be dominant
transport vectors for radioactive material. A number of mechanisms exist whereby fission
product vapour species can interact with aerosols, all of which could have a significant effect
on fission product transport properties during a severe accident. Vapour-aerosol interactions
can occur by condensation of vapours onto the aerosol (heterogeneous nucleation), sorption
and chemical reaction. These processes are discussed in the following sections with particular
emphasis placed on sorption and chemical reaction.

5.1 Vapour-Aerosol Interactions
5.1.1 Vapour Condensation
Vapour condensation is a process in which fission product vapours deposit onto pre-existing
aerosol particles. This is purely a physical effect without any chemical reaction between the
vapour and the aerosol species. The significance of such interactions will primarily depend on
the thermal-hydraulic conditions of the system, therefore the temperature and pressure must be
appropriate for the relevant vapour species to condense. It is important to know the identity of
chemical species in the vapour phase during an accident, as different compounds will have
different saturated vapour pressures and condense at different temperatures. The primary
circuit code VICTORIA [3] models chemical speciation using a Gibbs energy minimisation
routine linked to a data base of thermodynamic functions. Codes such as CONTAIN and
AEROSIM are used to model containment aerosol behaviour and include condensation onto
aerosols [8,9], relying on a priori knowledge of the masses of steam and fission products
suspended in the containment atmosphere and neglecting factors such as the revolatilisation of
deposited material. Detailed models of condensation are well developed and used in various
codes.

5.1.2 Sorption
Sorption is the general name originally proposed by McBain [10] to cover the phenomenon of
the deposition of a gas on a solid surface. Two distinct processes are covered by this term:
adsorption, which is a surface phenomenon, and absorption which concerns penetration into
the absorbent. It is generally assumed that adsorption reaches equilibrium more rapidly than
absorption which is normally diffusion limited.
Adsorption can either occur as physisorption, in which molecules of the vapour species (or
adsorbate) are bound to the surface by weak van der Waals forces, or as chemisorption in
which there is a chemical reaction between the surface and the adsorbate [11]. This is
illustrated by the enthalpy of adsorption of 18 kJ mol"1 for xenon physisorped by a tungsten
surface [12], compared with typical values for carbon monoxide chemisorped by transition
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metal surfaces in the range from 170 to 350 kJ mol"1 [11]. Because the low enthalpies of
adsorption are close to the latent heats of condensation for the vapour species, physisorption is
most important at relatively low temperatures which are near or below the boiling point of the
absorbate. Multiple layers are possible at pressures approaching saturation, and the extent of
physisorption does not vary significantly for different solids at the same temperature and
pressure.
Chemisorption may be important at higher temperatures but the amount adsorbed is limited to
about a monolayer. Various models have been developed to describe the processes involved
and that the most commonly used is that of Langmuir [13] which assumes that:
(i)

the surface is planar with a constant number of sites under all conditions,

(ii)

adsorption is restricted to a monolayer,

(iii)

adsorption occurs when a gas molecule collides with an unoccupied site,

(iv)

each site is occupied by a single molecule,

(v)

desorption occurs when a molecule has attained sufficient thermal energy from lattice
vibrations to equal the enthalpy of adsorption,

(vi)

at equilibrium, the rate of desorption from occupied sites equal the rate of adsorption
onto free sites,

(vii) the adsorptive properties of each site are identical,
(viii) there is no interactions between molecules occupying neighbouring sites.
These assumptions lead to the Langmuir equation,
K®

Hi-e)'

(23)

where © is the fraction of sites occupied, p is the partial pressure of gaseous adsorbate (Pa),
and K is the adsorption equilibrium constant. This represents a somewhat simplified approach
and there have been several attempts to modify the model to be consistent with variations
caused by geometric (e g. variation in site occupancy) and energetic (e g. non-uniformity of
sites) factors. The Freundlich [14] and Temkin [15] models were developed for systems where
the binding energy is not uniform for each site and depends on the magnitude of surface
coverage. The former model assumes a logarithmic dependence of adsorption with pressure
and is described by the equation.

e = clPlc\

(24)

whereas the latter assumes a linear dependence and is described by the equation,
0 = c, ln(c2p),

(25)
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where C\ and c2 are constants. Figure 22 shows plots of enthalpy of adsorption vs surface
coverage for the three different models and illustrates the differences between them.
Sorption processes during severe accidents have been addressed by several workers [7,16,17].
Spence and Wright [16] studied the significance of sorption of Csl, CsOH and Te vapour by
Ag, Cr203 and FeO aerosols under accident conditions. This involved development of an
empirical model based on the Freundlich isotherm using experimental data to quantify CsOH
and Csl sorption. This produced a series of equations of general form,
C = c1+c2(p)c3,

(26)

where ch c2 and c3 are constants at fixed temperatures and C is the ratio of the mass of vapour
species sorbed to the mass of substrate (mg g"1). The model was incorporated into the TRAPMELT2 code to examine the effect of sorption on the distribution of CsOH, Csl and Te in the
AB-hot leg and TMLB' accident sequences for LWRs. The amounts of Csl and CsOH released
to the containment in the AB-hot-leg sequence were predicted to increase from 69% to 73%
when sorption was included, and that of Te from 0.1% to 37%. This reflects the rapid reaction
and higher affinity of tellurium for metallic aerosols such as silver, thus favouring
chemisorption and reaction over physisorption and reaction with structural surface. However,
it is by no means certain that tellurium will be released in elemental form under accident
conditions and high-temperature experiments have shown the potential for the formation of
metal tellurides such as SnTe or CszTe [18,19],
Although sorption and chemisorption of fission products onto aerosol are likely to occur in
reactor accidents their potential to affect fission product transport is limited. This is in part due
to the limited quantities of fission products involved in adsorption compared with condensation
and chemical reaction. However, it should be noted that there are conditions where sorption
may play an important role. These include accident sequences where there is either a high
aerosol surface to fission product release ratio or where aerosol residence within the reactor
circuits is very short and there is sufficient time for only sorption to occur. In these instances
isotherms of the type provided by Spence and Wright [16] should be used to quantify sorption
effects.

5.1.3 Chemical Reaction
Chemical reactions between fission product vapours and aerosol sources are a considerable
source of uncertainty in the codes used to model severe reactor accidents. This is a particularly
complex problem because of the potentially large number of different chemical species
originating from the fission products, structural and absorber materials present in the reactor
core at the time of an accident. The importance of different species can be assessed to some
extent by performing sensitivity studies based on thermodynamic data, but only limited data are
available on the physical and chemical properties of many of the compounds.
A chemical reaction between a vapour species and an aerosol (if it is thermodynamically
favoured) can be considered in terms of a gas-surface reaction mechanism These are complex
processes which may consist of several stages:(i)
(i)

gas phase mass transfer of the gaseous reactant to the surface of the solid particle,
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(ii)

diffusion of the gaseous reactant through the solid matrix (i.e. reactants and solid
products),

(iii)

adsorption of the gaseous reactant on the surface of the solid matrix,

(iv)

chemical reaction at the surface of the solid matrix,

(v)

difiuson of gaseous reaction product through the pores of the solid matrix,

(vi)

desorption of the gaseous product from the surface of the solid matrix,

(vii) gas phase mass transfer of the gaseous product from the external surface of the solid to
the bulk of the gas stream.
Clearly, stages (v), (vi) and (vii) will only be relevant if gaseous products are formed. The
overall rate of a reaction is determined by the slowest step, so that if the chemical reaction on
the surface of the solid matrix was the slowest, then the overall rate of the reaction would be
the rate of that particular process.
It is generally assumed that the rate of any gas-solid reaction in a severe accident is limited by
mass transfer of gaseous reactants to the surface (stage (i) above), and that all the other
processes are fast in comparison. Experimental studies described by Benson and Newland [20]
have shown that this assumption is justified only under certain conditions.
Clearly, for a reaction to occur, the correct reagents have to be present in suitable
concentrations. The timing of the releases is equally important; there can clearly be no
interaction if the vapours and aerosols are released at completely different times, although
there could be a reaction between fission product vapours and deposited particles. This point
can be illustrated by calculating the number of molecular layers of product resulting from
reactions of different proportions of the fission product inventory with different proportions of
the control rod inventory. The total surface area of the aerosol (assuming spherical particles)
can be calculated using the same approach as described in Section 4.1 and reduces to the
equation given in reference 6,
3K

SAa

rpp ’

(27)

where SAa is the surface area of the aerosol (m2), Ma is the mass of aerosol material (kg), rp is
the average geometric mass radius of the aerosol particle (m), and p is the density of the
aerosol material (kg m"3). Therefore, assuming that a surface layer is 1 molecule thick, then the
mass of the first layer is given by,
M LI

~

#.4. '

(28)

where Mu is the mass of the first layer (kg), Mw is the relative molecular mass of the vapour
species (kg), NA is the Avagadro's number (6.02 x 1023 mol*1) and Am is the area occupied by a
single molecule (m2). The number of aerosol particles (n) is calculated using the equation
derived in Section 4.1. The addition of a single layer will cause an increase in particle radius by
one molecular diameter. Therefore the new surface area of the aerosol is given by,
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5/^ = n4n(rp + Dm) ,

(29)

where SA} is the surface area of the first layer (m2) and Dm is the molecular diameter (m). The
mass of a second layer deposited on the first layer is given by,
M 12

SA2Mv
#,4. '

(30)

where Mu is the mass of the second layer. The mass of each layer and the increase in particle
radius can therefore be calculated in this way. If the mass of each layer is summed, then when
the total mass equals the mass of fission product released, this will correspond to the total
number of molecule layers. Figure 23 shows the results of calculations performed for cadmium
aerosols with caesium, iodine and tellurium vapour species in which the total number of
molecular layers was calculated as a function of fractional release of the fission product and
cadmium inventories. These calculations were based on reactor inventory data given by
Butland et al [8], an average geometric mean radius of 0.16 pm for control rod alloy particles
reported by Bowsher et al [21] and a molecular diameter of 4.5 x 10"10 m based on a molecular
area of 2 x 10*19 m2 used by Spence and Wright [16].
The model can only be considered to be empirical as it assumes close packing and uniform
molecular size of the species, but the results do show the importance of the timing and
fractions of the aerosol releases. For example, if 100% of the cadmium inventory was released
at the same time as 10% of the iodine then this would lead to approximately 10 molecular
layers on each particle, whereas if 10% of the cadmium was released with 100% of the iodine
then there would be an increase by a factor of approximately 20. These calculations also
illustrate that the number of molecular layers is too great for sorption to be the dominant
process (Section 5.2) and indicate the importance of chemical reaction and condensation.
The potential for vapour species to react with aerosols has only been addressed by a limited
number of workers. Beard et al [17,22] have investigated the reaction of simulant fission
product vapours with control rod aerosols in static and flowing systems. The static system
studies [22] involved heating samples of control rod aerosol deposited on stainless steel
coupons in different iodine- steam-argon atmospheres. Post-experiment analyses showed that
cadmium iodide was formed under all conditions with limited formation of iron iodides from
the stainless steel substrate. The flowing system studies [17] were more detailed and involved
heating either unclad or 304 stainless steel clad samples of control rod alloy to approximately
1700 K with caesium iodide, caesium hydroxide, iodine or tellurium vapour. The apparatus
was designed so that the simulant fission product vapour and control rod aerosol were allowed
to mix at relatively high temperatures (~ 1000 K). The deposition behaviour of the vapouraerosol mixtures along a thermal gradient tube was also examined. The results indicated that
there was no chemical reaction between caesium hydroxide and the aerosol material, but there
was some evidence for a reaction with caesium iodide to form cadmium iodide. Cadmium was
found to react with iodine (as in the present study) and tellurium vapour as shown below,
Cd + /2 —> Cdl2,
Cd + Te —> CdTe.
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The results obtained from this study have provided the necessary information to define the rate
laws which may be generally applied to vapour-aerosol reactions described above. This is a
necessary starting points to develop modelling techniques which are required to quantify the
extent and implications of such interactions in source term calculations.

5.2 Implications of the Present Study
The results of this study have shown that the reaction between cadmium and iodine, either in
the vapour phase, or between aerosol and vapour is relatively fist, and the mass transfer
limitation assumption used in codes such as VICTORIA [3] is valid. Insight has also been
gained into the mechanism of the reaction of a vapour-phase species with an aerosol. This
could be important for reactions that may be kinetically controlled, where the mass-transfer
limitation does not hold. The most important aspect of this has been with respect to the
volatility of the CdL reaction product, which was relatively high under the conditions of the
experiments. Hence, the reaction mechanism must also have involved diffusion, desorption and
mass transfer of the product away from the aerosol particle reaction site (see also Section 5.1.3
above). The overall rate of the reaction was sufficiently fast for the cadmium/iodine system and
this process was clearly not the rate determining step, but there may be systems in which this
will be important. The volatility of Cdlz did influence the morphology of the particles that were
formed. Instead of a cadmium core surrounded by a layer of Cdfy the particles were found to
comprise a homogeneous mixture of cadmium and cadmium iodide. They were also
significantly smaller than the primary cadmium particles. Whilst it should be emphasised that
the sampling method may have had an influence on the particle morphology, it is highly likely
that the conditions in an accident would be such that co-condensation of cadmium and
cadmium iodide could occur (both have similar saturated vapour pressures). However, unless
there was a rapid thermal gradient in the accident, it is likely that the rate of condensation
would be less rapid and could result in the formation of larger particles. The possibility of
cadmium iodide dissolution in metallic cadmium was also possible under the experimental
conditions. However, this would not have been significant^ as the solubility of CdL in Cd is
reported as 2.5 mole % at 400 [23], although this increases by a factor of 10 at 900°C. The
VICTORIA [3] model treats multicomponent aerosols as homogeneous particles, rather than
particles with layers of material. This approach would be correct in cases such as for cadmium
and cadmium iodide, where the vapour pressures are similar. However, it should be
emphasised that this is probably true for only a limited number of cases. In most cases there
will be a large difference, and the mechanism will involve either formation of a low-volatile
reaction product layer on the surface of the primary particle, or condensation of volatile
species onto the aerosol.

6. CONCLUSIONS
The reactions of vapours with aerosols could play a significant role in determining the
transport and deposition of fission products in a severe reactor accident. A series of
experiments has been conducted in which the kinetics of reaction of cadmium and iodine were
measured under a range of different conditions, and the morphology of the resulting aerosol
particles was examined. Laser induced fluorescence (LIF) was used to measure iodine
concentration in the gas-phase, and these data were subsequently used to measure rate
constants at different temperatures. The main conclusions of the work are listed below.

250

[1]

The reaction was found to be first order with respect to cadmium and iodine, and second
order overall, with a dependence on the surface area of cadmium that was available.

(ii)

The rate of reaction was relatively fast, both in the vapour-phase and with aerosols, with
reaction half lives in the order of 0.3 s.

(hi)

The assumption used in primary circuit codes, such as VICTORIA, that the reaction
between cadmium and iodine is mass-transfer limited is justified.

(iv)

The volatility of the cadmium iodide reaction product played a significant role in
determining the morphology of the resulting aerosol, with the formation of homogeneous
particles containing cadmium and cadmium iodide.

(v)

It has been postulated that in the small number of cases, such as the cadmium-iodine
system, where the saturated vapour pressures of the reaction product and one of the
reagents (present in excess) are similar, use of the existing multicomponent model in
VICTORIA may be justified. However, it is emphasised that such cases almost certainly
represent the minority, and the majority require a model in which layers of volatile
material are deposited on a low-volatile primary particle.

The results of the work have clearly shown the potential of the LIE technique to study in situ
the reaction of vapour-phase species with aerosols, under severe accident conditions. Whilst
there is a requirement that the vapour-phase species should fluoresce, there are a number of
important systems that should be examined using the technique. In particular, the reactions of
cadmium with tellurium, and silver with tellurium and iodine should be addressed. The results
will enable further testing of the assumption that all reactions in the primary circuit are masstransfer limited, and also provide further insight into the mechanism of formation of
multicomponent aerosol particles.
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Table 1. Matrix of experiments
Test

LIF Run
(Data File)

VA26
VA26A

WINE 04
-

VA27

WINE 14
WINE 13
-

WINE
WINE
WINE
WINE
WINE

Tj
(°C)
22
22
22
22
22
22
22

Ft
(1 min1)
0.94
1.0

1.0

18
20
22
24
25

-

24

-

VA28

WINE 38

31

1.0

-

WINE 45
WINE 47
WINE 49
WINE 58
WINE_60

1.0

Ta
(°C)
529
20
52
20
20
525
100
195
250
300
315
315
20
70
250
280
290
20
200
250
275
300
320
338
360
380
200
(380)
*

Fa
(1 min'1)
9.9
10

Trz
(°C)
20
100

10

350

9.0

300

230
230

* Thermocouple gave spurious readings at this point so this temperature is uncertain.
Tj - Iodine Generator Temperature
TCd- Cadmium Generator Temperature
Tjv - Reaction Zone Temperature
Fj - Iodine Carrier Gas Flow Rate
FCd - Cadmium Aerosol Carrier Gas Flow Rate

253

Table 2. Calculation of iodine concentration at each point from the LIF intensity.
Fluorescence
intensity

Laser intensity

do

if

I0

di

If

d2

If

etc.
dx

etc.

Iodine concentration

etc.

etc.

If

ix

NS"

li

=A^(-6/[/2]1)

ii

►
-T

CO

"T

ii

17

’

t

Position

=4_i^-4^L)

Table 3. PRC data for primary cadmium particles
Tea
(°C)

400
450

Average
Geometric
Mean Diameter
(lim)
0.205±0.24.
0.458±1.66

Maximum
Geometric Mean
Diameter
<Um)
0.56
1.11

Max/Min

Area
(|tm2)

Peak
Height
(m)

1.64
3.12

0.19
2.47

0.5
0.3

Table 4. EDS data for particles from cadmium-iodine experiments
Experiment

VA26A

(°C)

Particle
Type

Beam
Power
(keV)

100

4 pm

10
15
20
25
10
15
20
25

TCd

trz

(°C)

500

3 pm

VA28

300

300

Overall

25

4 pm

10
15
20
25
10
15
20
25

2 pm

Elemental
Composition
(wt%)
I
Other
Cd
0.7
72.0
27.3
0.8
67.8
31.4
0.9
64.4
34.7
1.5
61.4
37.1
0.6
73.9
25.5
73.4
0.6
26.0
0.8
26.0
73.2
3.2
26.6
70.2
55.7
57.0
55.5
53.1
53.0
53.0
55.5
54.9
54.2
53.0

43.0
41.8
44.5
46.9
47.0
47.0
44.5
45.1
45.8
47.0

1.3
1.2
-

-

-

Table 5. Iodine concentration data

(a)r*z = 20°C
Tcd= 529°C

Dist
(cm)

t

/V

(s)

(mol l"1)

//7(//2//mol l"1)

0

0.00 1.18E-05

-1.13E+01

4.5

0.13 5.82E-06

-1.21E+01

5.5

0.16 4.96E-06

-1.22E+01

6.5

0.19 3.97E-06
0.28 3.70E-06

-1.24E+01

11.5 0.34 3.14E-06
14.5 0.43 2.77E-06

-1.27E+01
-1.28E+01

16.5 0.49 2.23E-06
19.5 0.57 2.25E-06
21.5 0.63 1.90E-06
24.5 0.72 1.90E-06

-1.30E+01
-1.30E+01
-1.32E+01
-1.32E+01

26.5 0.78 1.69E-06

-1.33E+01

9.5

-1.25E+01
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Table 5 (cont). Iodine concentration data
(b)

Trz =

300°C

TC(/ = 343°C

Dist
(cm)

t

(s)

Tc„=382°C

Tcd= 358°C
fhl

Ini/y/mol

r1)

(mol I"1)

Dist
(cm)

t

(s)

/hi

ln([I2]/mo\

l"1) Dist Time
(cm)

(mol f')

0.00 1.97E-06

-1.31E+01

0

0.05 1.80E-06

-1.32E+01

0.5

0.00 1.97E-06
0.02 1.57E-06

3.5

0.11

1.57E-06

-1.34E+01

2.5

0.08 1.38E-06

5.5

0.18 1.36E-06
0.21 1.17E-06

-1.35E+01
-1.37E+01
-1.39E+01

4.5
5.5
9.5

0.14 1.23E-06
0.18 9.60E-07
0.30 6.12E-07

-1.39E+01

12.5 0.40 3.92E-07

-1.43E+01

14.5 0.46 2.97E-07

15.5 0.49 6.26E-07

-1.43E+01

16.5 0.53 2.96E-07

-1.50E+01

18.5 0.59 5.92E-07

-1.43E+01

20.5

0.65 5.33E-07

-1.44E+01

-1.51E+01
-1.52E+01

23.5

-1.45E+01

25.5

0.75 4.88E-07
0.81 4.46E-07

19.5 0.62 2.79E-07
21.5 0.68 2.57E-07
24.5 0.78 2.55E-07

-1.46E+01

25.5 0.81 2.20E-07

30.5

0.97 3.65E-07

-1.48E+01

29.5 0.94 1.91E-07

6.5
8.5
10.5
13.5

0.27 9.46E-07
0.33 8.89E-07
0.43 6.34E-07

ln(/12J/mo\

l'1)

(mol l"1)

-1.31E+01

0

0.00 1.97E-06

-1.31E+01

-1.34E+01

0.5

0.02 1.05E-06

-1.38E+01

-1.35E+01

2.5

0.08 9.51E-07

-1.39E+01

-1.36E+01

4.5
5.5

-1.41E+01

7.5

0.14 7.62E-07
0.18 7.13E-07
0.24 4.00E-07

-1.48E+01

9.5

0.30 3.06E-07

-1.50E+01

-1.50E+01

10.5 0.33 3.05E-07
12.5 0.40 1.58E-07

-1.50E+01
-1.57E+01

14.5 0.46 1.33E-07

-1.58E+01
-1.58E+01

-1.52E+01

15.5 0.49 1.33E-07
17.5 0.56 1.27E-07

-1.53E+01

19.5 0.62 1.08E-07

-1.60E+01

-1.55E+01

20.5 0.65 1.08E-07

-1.60E+01

24.5 0.78 6.00E-08

-1.66E+01

29.5 0.94 1.20E-08

-1.82E+01

-1.39E+01
-1.43E+01

-1.42E+01
-1.47E+01

-1.59E+01
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0
1.5

(s)

Uzl

Table 5 (cont). Iodine concentration data
(c)r*z = 350°C
TCd=

1?5°C
Dist
(cm)

/

(s)

Ihl
(mol f1)

/«(//2//rnol 1
*)

0
0.5

0.00 1.18E-05

-1.28E+01

0.01 2.74E-06

3.5

0.10 2.27E-06

4.5
5.5
9.5

Dist
(cm)

t

(s)

220°C

Ihl
(mol1"1)

ln(/12//mol

r^-250T
l"1) Dist
(cm)

t

Ihl

7^=300*0

InqiJ!mol

l"1) Dist
(cm)

(s)

(mol l"1)

0.00

1.18E-05

-1.26E+01

/n(//2//mol l"1)

t

Ihl

(s)

(mol 1"')

0

0.00

1.18E-05

-1.34E+01

0

0.00 1.18E-05

-1.30E+01

1.5

0.04 2.37E-06

-1.30E+01

0
1.5

0.04

3.34E-06

-1.30E+01

1.5

0.04

1.59E-06

-1.35E+01

-1.31E+01

3.5

0.10 1.90E-06

-1.32E+01

4.5

0.13

2.33E-06

-1.31E+01

3.5

0.10

1.33E-06

-1.38E+01

0.13 2.09E-06

-1.31E+01

4.5

0.13 1.62E-06

-1.33E+01

6.5

0.19

1.99E-06

-1.33E+01

5.5

0.16

1.05E-06

-1.41E+01

0.16 1.98E-06

-1.33E+01

6.5

0.19 1.45E-06

-1.34E+01

9.5

0.28

1.66E-06

-1.35E+01

9.5

0.28 7.58E-07

-1.41E+01

9.5 0.28 1.17E-06
11.5 0.33 1.09E-06
14.5 0.42 9.44E-07
16.5 0.48 9.27E-07

11.5 0.33

-1.33E+01
-1.35E+01

21.5 0.62 1.04E-06

-1.40E+01

24.5 0.71 8.53E-07

-1.41E+01

29.5 0.85 7.20E-07

-1.35E+01
-1.37E+01
-1.38E+01

-1.37E+01

11.5

0.33

1.38E-06

-1.35E+01

-1.37E+01

14.5

1.37E-06

-1.35E+01

-1.39E+01

16.5

0.42
0.48

1.34E-06

-1.36E+01

-1.39E+01

19.5

0.56

1.22E-06

-1.37E+01

18.5 0.54 8.79E-07
21.5 0.62 8.36E-07
23.5 0.68 7.72E-07

-1.39E+01

21.5

1.12E-06

-1.38E+01

-1.40E+01

24.5

0.62
0.71

1.05E-06

-1.39E+01

-1.41E+01

26.5

0.77

9.65E-07

25.5 0.74 7.60E-07
29.5 0.85 6.90E-07

-1.41E+01
-1.42E+01

7.58E-07
13.5 0.39 5.40E-07
14.5 0.42 5.48E-07
15.5 0.45 4.69E-07
18.5 0.54 4.31E-07

-1.44E+01
-1.44E+01
-1.46E+01
-1.47E+01
-1.47E+01

20.5 0.59 4.06E-07
23.5 0.68 3.38E-07

-1.49E+01

25.5 0.74 3.15E-07
29.5 0.85 2.60E-07

-1.52E+01

-1.50E+01
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0.28 1.66E-06

10.5 0.30 1.63E-06
14.5 0.42 1.42E-06
15.5 0.45 1.40E-06
19.5 0.56 1.15E-06

Table 6. Rate constant data
TCd

k\

^0

tl/i

'd

k2

CO

CO

(s'1)

(mol l1)

(s)

(m s'1)

(Pa1 s’1)

20

529

1.7610.15

6.15E-0613.60E-08

0.39

2.60E-02

-

300
300
300

343
358
382

1.71±0.12
2.4H0.23
4.4010.27

1.68E-0618.16E-09
1.39E-0611.26E-08
1.28E-0611.24E-08

0.40
0.29
0.16

2.50E+00
2.03E+00 3.93E-02±1.12E-04
1.72E+00

350
350
350
350

195
220
250
300

1 5210.04
1.4010.14
1.4810.16
2.2210.13

2.64E-0614.23E-09
1.97E-0619.92E-09
2.77E-0611.67E-08
1.50E-0616.97E-09

0.46
0.50
0.47
0.31

Trz

1.27E-01±1.56E-02

-

-

Cadmium Generator

|

Reaction Zone

Aerosol Data

[CdJvap

Trz

(Pa)

(mol I1) |

CO

529

3204

4.00E-04

20

343
358
382

28.77
46.82
97.26

5.06E-06
8.03E-06
1.61E-05

300
300
300

5.35
5.35
5.35

1.01E-06 4.05E-06
1.01E-06 7.02E-06
1.01E-06 1.51E-05

195
220
250
300

0.03
0.12
0.58
5.35

6.83E-09
2.75E-08
1.22E-07
1.02E-06

350
350
350
350

36.22
36.22
36.22
36.22

6.36E-06
6.36E-06
6.36E-06
6.36E-06

TCd
CO

Pcd
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Table 7. Results of vapour pressure and aerosol calculations
Pcd

[Cd]vap

[Cdlaer

(Pa)

(mol l'1)

(mol l"1)

1.05E-09 3.60E-16 4.00E-04

0
0
0
0

MCd

n

(gh1)

(m‘3)

(m1)

4.48E-02

1.03E+14

6.79E+01

4.53E-04
7.86E-04
1.69E-03

1.04E+12
1.81E+12
3.88E+12

6.86E-01

0
0
0
0

0
0
0
0

0
0
0
0

AJV

1.19E-00
2.56E-00

Iodine Generator

V

Iodine
Flowmeter

Helium

FIGURE 1: SCHEMATIC OF THE IODINE GENERATOR
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0.1 M Na OH
Bubbler

Dalfratex Insulation

Cadmium Inside
Alumina Boat
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2 M HNO
Bubbler

Heating Coil - Ni Cr

Flowmeter
K-Type Thermocoupl
Positioned next to
Alumina Boat

Helium

FIGURE 2: SCHEMATIC OF THE CADMIUM GENERATOR

Nd: YAC Laser

Vacuum Pump

Nuclepore Filter

Thermocouple
Controlled Furnace

Optical
Window

IodineVapour
Mirror

Iodine Feed l ube for
Turbulent Mixing
with Cadmium

FIGURE 3: SCHEMATIC OF THE REACTION VESSEL

Two Phase
Bubbler

(pi 1 5.6)

261

Fig. 4. Iodine generator calibration graph

Experiment

Temperature (K)
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Fig. 5. Cadmium generator calibration graph

Experiment

—o----- Theory
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Aerosol gases

<

H e /12

Laser beam
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>

>
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Fig. 6. Schematic of furnace reaction zone
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Aerosol gases

FIGURE 7: PHOTOGRAPH OF THE EXPERIMENTAL FACILITY
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Distance from laser entry
FIGURE 8: SIMULATION OF LIF AS A FUNCTION OF DISTANCE
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FIGURE 9: IODINE MIXING IN FLOW TUBE
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267

In te n s ity
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earn profile

Energy
FIGURE 10: LASER BEAM PROFILE COMPARED WITH IODINE ABSORPTION LINE
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FIGURE 12: VARIATION IN VAPOUR-AEROSOL INTERACTIONS AT 350°C
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FIGURE 14: AEROSOL DEPOSITS FROM CADMIUM CALIBRATION TEST AT
450 C
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FIGURE 15: AEROSOL DEPOSITS FROM CADMIUM-IODINE EXPERIMENT AT
100°C, WITH A CADMIUM GENERATOR TEMPERATURE OF 529°C

273

FIGURE 16: AEROSOL DEPOSITS FROM CADMIUM-IODINE EXPERIMENT AT
300° C, WITH A CADMIUM GENERATOR TEMPERATURE OF 380° C
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Fig. 17. ln([IJ) vs t for experiments at 25°C
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Fig. 18. ln([lj) vs t for experiments at 300°C
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Fig. 19. InflIJ) vs t for experiments at 350°C.
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Fig. 19 (cont). InfllJ) vs t for experiments at 350°C.
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Fig. 20. k vs pCd for experiments at 300°C and 350°C.
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Fig. 21: Plot of saturated vapour pressure vs temperature for Cdl2
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Fig. 22. Variation of enthalpy of adsorption with increasing surface coverage
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Fig. 23. Theoretical dependence of the number of molecular layers formed on
aerosols
(a) Caesium

(b) Iodine

l
1
1

(c) Tellurium

properties of eadniiKD nveaary

282

283

CH9700209

The Reaction between Iodine and Silver under Severe PWR
Accident Conditions.
An Experimental Parameter Study.
F. Funke, G.-U. Greger, A. Bleier, S. Hellmann, W. Morell
Abstract
An extensive experimental parameter study was performed on the kinetics in the reaction
systems I2/Ag and F/Ag in a laboratory-scale apparatus. Starting with 1% or F solutions and
silver powder suspensions, the decrease of soluted I2 or F, respectively, due to fixation on the
silver particles, was monitored as function of time using the radioactive tracer 1-131.
The measured data were analyzed using a model of first order kinetics with respect to the
iodine concentration. However, the analysis using first order kinetics had to be performed
separately in an early, fast reaction phase (0-5 min) and in a late, slow reaction phase (5-30).
The reason for this unexpected behaviour was not identified. Thus, rate constants, two for
each test, were deduced from 1412/Ag main tests and from 36 F/Ag tests.
No dependencies of the rate constants were found on the parameters temperature (varied
between 25°C and 160°C), pH (3-7), initial iodine concentration (1E-4-1E-6 mol/1), presence
of boric acid (2000 ppm), type of silver educt (different powders, plate, coarse shreddings of
control rod material), and pretreatment of the silver educt (hydrogen reduction) prior to the
tests. However, the stirring of the reaction solution generally enhanced the kinetics
highlighting the importance of mass transfer. The F/Ag reaction proceeded only if there was
no inertization of the reaction solution by sparging with nitrogen.
The temperature-independent rate constant for the early, fast I2/Ag reaction phase is 2E-5 m/s.
However, a smaller rate constant of 6E-6 m/s is recommended for use in source term
calculations with IMPAIR, which already contains a first order model. Analogeously, the
temperature-independent F/Ag reaction rate constant is 8E-6 m/s in an early, fast reaction
phase. For use in source term calculations, a smaller rate constant of 2E-6 m/s is
recommended. The lower bound of the F/Ag rate constant was 3E-8 m/s which could be used
in very conservative source term calculations. If there is a boiling sump, and neglecting
oxidation effects due to radiation, inertizing conditions would be more appropriate to the
F/Ag system and in this case the F/Ag reaction should be switched off.
Inconsistencies in the literature data on the solubilities of silver iodide at high temperatures
were clarified experimentally. The solubility of stoichiometric Agl suspended in water at
T=160°C was measured by taking several samples from the homogenous solution and
amounts to 1.3E-5 mol/1. TTiis value fits well with the majority of the literature data in an
Arrhenius type representation.
The data of this work are helpful in quantifying the effect of silver iodide as an iodine sink in
LWR severe accidents.

All authors: Siemens AG, Power Generation Group (KWU), D-91050 Erlangen, P.O. Box 3220, F. R. Germany
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1. Introduction
The knowledge of the chemical behaviour of radioiodine in the containment during a
hypothetical core melt accident is essential for the prediction of the source term to the
environment using available iodine codes. An important aspect so far not sufficiently
contained in the modelling arises from the presence of large amounts of silver in PWR
silver/indium/cadmium control rods. The chemical reaction between iodine and silver leads to
the formation of non-volatile silver iodide. Consequently, this reduces the iodine volatility or
even represents a permanent iodine sink in PWR severe accidents, provided that silver iodide
is stable against radiation.
Due to its high volatility at core melt temperatures, silver (Ag) is evaporized and can reach the
containment sump. The Ag inventory in a PWR exceeds that of iodine by up to a factor of 100
and therefore even small quantities of silver reaching the sump represent a significant reaction
partner for iodine. A literature study showed that Ag particles in the aqueous phase react with
molecular iodine (1%) and with iodide ions (F) by formation of silver iodide (Agl) layers on the
Ag particles surfaces. Agl has a very low solubility in water and is non-volatile under severe
accident containment boundary conditions. Provided furthermore that it withstands radiolytic
disintegration, Agl represents a permanent iodine sink. It is therefore essential to model the
aqueous silver/iodine chemistry in severe accident iodine codes taking into account
parameters in the sump boundary conditions that have to be identified experimentally.
The present knowledge on the silver/iodine reaction indicates that Agl layers on the Ag
particles are formed by reaction of Ag particles with 1% and with water-soluble iodide F.
However, it is not clear from published literature, how boundary conditions in the sump water
such as pH, temperature etc. influence the formation of low-soluble Agl. Additionally, there
are uncertainties in the literature on the solubility of Agl in water at high temperatures up to
160°C. Due to lacking information on these questions, the influence of silver on the iodine
volatility under severe accident containment conditions can therefore not adequately be
modeled in the existing iodine codes (INSPECT, IODE, IMPAIR, LIRIC). An experimental
parameter study was therefore performed in order to create a data basis which allows an
improved modeling of the silver/iodine chemistry in severe accident iodine codes.
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2 Experimental
2.1 Principle
The experiments on the kinetics in the reaction systems F or F with silver were planned in
order to clearly define boundary conditions kept fixed during the tests and to take various
samples out of the reaction mixture during the tests without interupting them.
Remark: throughout the whole paper we use the expression iodine as representing in general
all different iodine species. Instead, in cases where the chemical symbols are used (1% for
elemental iodine or F for iodide in aqueous solution) a distinction between the various iodine
species is necessary.

2.2 Apparatus
Tests at T < 100°C were performed in the apparatus shown in the Figure 1. A glass vessel
with 12 cm inner diameter and 20 cm height contained the reaction suspension consisting of
small silver particles and aqueous iodine solution. The vessel was placed on a magnetic
stirring hot plate. The cover is equipped with a sampling line, a thermometer, a cooler, and a
separatory glass funnel for dosing of the silver suspension at the beginning of each test. A
second vessel besides the reaction vessel originally contained a sodium hydroxide solution
and serves to collect the reaction suspension at the end of each test. This second vessel is
equipped with a security valve.
Tests at T = 160°C were performed essentially in the same way as for lower temperatures, but
a glass autoclave was employed as reaction vessel. Dimensions and equipment were
essentially very similar to those of the apparatus for T<100°C tests.

2.3 Method
A standard method was developed in the course of the experiments and is described in the
following.
An aqueous solution (1 liter) of either I2 or F was brought to a defined pH in the reaction
vessel. Iodine tracer acitivity (usually about 4E6 Bq 1-131) was added.
A suspension of silver powder (10 ml water with adjusted pH and containing lg Ag) was
prepared and filled into the separatory funnel. A supersonic pretreatment of the silver/water
mixture was performed prior to the test to destroy agglomerates and to prevent whirl-up of
silver particles onto the surface of the suspension. In some tests, silver plates were used
instead of silver powder.
Tests were initiated by the addition of the silver suspension to the iodine solution within
30 seconds. In most tests the suspension was stirred. Durations of the tests were up to
300 minutes.
Samples were usually taken after 2 min, 5 min, 10 min, 20 min, 30 min, 60 min, 120 min,
200 min and 300 min to determine the amount of unreacted iodine. Shortly before each
sampling the stirrer was switched off in order to let the silver particles be deposited on the
bottom of the reaction vessel and to be able to take samples out of the homogeneous aqueous
solution (without Ag or Agl-coated Ag particles). Additionally, the samples were filtered
above glass filters to remove Agl coated particles. The remaining 1-131 activity of the sample,
being representative for the unreacted iodine concentration in the rection vessel, was
measured.
At the end of each test, the reaction suspension was transferred into the second vessel where I2
in the aqueous phase was reduced to non-volatile F by NaOH. The suspension was filtered

286

and the filter content was washed with NazSzO; to redissolve the iodine on the Agl particles.
The 1-131 measurement of this washing solution yielded the iodine loading on the Ag
particles.

2.4 Test matrix
A large number of parameters was variied in the tests as described below The complete test
matrices are given in Table 1 (main tests in the 1%/Ag system), Table 2 (pre-tests in the 17Ag
system) and Table 3 (main tests in the F/Ag system). It was found during the course of the
programme that the pre-tests in the F/Ag reaction system yielded data of the same quality as
in the following main tests and consequently, the pre-test data were included in the analysis of
the parameter study.
Five different silver educts were used:
• fine powder with 2.0 - 3.5 pm diameter, 0.2 m2/g specific surface, delivered by Aldrich,
• fine powder with 2.0 - 3.5 Jim diameter, 0.34 m2/g specific surface, delivered by JohnsonMatthey,
• 60 mesh powder, 0.13 m2/g specific surface, delivered by Aldrich,
• coarse shreddings of silver/indium/cadmium control rod material, total surface = 0.186 m2,
• silver metal sheet, total surface = 0.01 m2.
In some tests, freshly reduced silver powder (reduced by hydrogen) was used.
The tests were essentially performed at temperatures of 25°C (room temperature), 80°C and
160°C, thereby covering die whole severe accident temperature range that is relevant for
German containments.
All tests with I2 were done at pH 3 so as to avoid the hydrolysis which would render the data
analysis too complex. In tests with F the pH was varried between 3,5 and 7.
Prior to most tests, a 10 minutes gas sparging was performed with either air (oxidizing
conditions), argon or nitrogen (inertization).
The initial iodine concentration was variied between IE-2 g/1 and IE-4 g/1, i.e. about
IE-4 mol/1 and IE-6 mol/1, respectively. The initial iodine concentration of IE-2 g/1 is
consistent with the iodine concentration in the containment sump assuming that the whole
iodine LWR inventory (typically 15-20 kg, depends also on bumup) reaches the sump with a
volume of about 1500 - 2000 m3. For comparison, the Ag concentration was usually 1 g/1 and
therefore exceeded the iodine concentrations by factors of 100 or 10000.
The suspension was stirred in most tests. Non-stirring leads to the deposition of the silver
powder on the bottom of the vessel. Sampling is then performed out of an inhomogeneous
solution and renders the interpretation of results difficult.
Boric acid was added in some tests with F in an accident-relevant concentration
(2000 ppm B).

2.5 Measurement of the solubility of Agl at 160°C
Stoichiometreic Agl was prepared by adding an AgNCb solution to an 1-131 tracered KI
solution. The precipitated Agl was filtered and washed.
The Agl powder (in the order of 200 mg) was placed in an autoclave together with 600 ml
2000 ppm boric acid. The autoclave was equipped with the same instruments as described in
section 2.2. The Agl suspension was stirred. Two hours after the temperature of 160°C was
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reached, several samples were taken. A filter at the beginning of the sampling line retained
solid Agl particles. The activity of the samples was measured and yielded the concentration of
soluble iodine ([T]).
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3 Data evaluation and results
14 tests were performed with I2/Ag reaction and 36 tests with T/Ag reaction. This does not
include further numerous pre-tests and blind tests. The most valuable representation of test
results is the measured concentration of unreacted iodine in the suspensions as function of
time.

3.1 iyAg data
From the numerous measurements in the I2/Ag system, Figure 2 shows typical results for the
decrease of I2 with time. The results of three tests are given with variation of pH and variation
of gas sparging through the reaction solution before the tests. All three curves show a very
similar behaviour as function of time. More than 50 % of the iodine is removed by the silver
particles already after 2 minutes (the first sample). Afterwards, the decrease of I2 continues but
proceeds much slower. Usually, only negligible percentages of unreacted I2 were detected
after 30 minutes.
The kinetic approach to determine the rate constant for the chemical reaction
2 Ag +12 -> 2 Agl
was as follows:
+ V2 d[AgI]/dt = - d[I2]/dt = k [I2] [Ag] S 1000

(1)

silver iodide concentration

(mol/1)

M

I2 concentration

(mol/1)

[Ag]

Ag concentration

(g/1)

S

specific surface of the silver particles

(m2/g)

k

rate constant

(m/s)

1000

factor due to the employed dimensions

with [Agl]

Since the reaction between iodine and silver is a surface reaction, the reaction rate should be
proportional to the product of [Ag] and S, this product furtheron being called S’, the Ag
surface concentration given in m2/l. If it is assumed that the Ag surface concentration remains
constant, then (1) reduces to a first order kinetics with respect to I2:
+1/2 d[AgI]/dt = - d[I2]/dt = k [I2] S’ 1000

(2)

By integration of (2) the solution is obtained which was applied for the analysis of the data.
P2] = [I2]t=o exp(-k S’ 1000)

(3)

As is obvious from Figure 2, (3) cannot be applied over the whole data for a given test.
Therefore, two time ranges („early phase" and ,jate phase") were analyzed separately using
(3). The early phase was defined as the 0 min to 5 min phase, and the late phase was defined
as the 5 min to 30 min phase. Thus, from each test two rate constants were derived.

3.217Ag data
From the numerous measurements in the F/Ag system, Figure 3 shows typical results for the
decrease of F with time. Keeping constant all other parameters, only the initial iodine
concentration was varied between IE-2 g/1 and IE-4 g/1 in this case. The two curves show a
very similar behaviour as function of time. As in the I2/Ag tests, there is a rapid decrease of
the iodine (here F) in an early reaction phase. In a second phase the decrease of F proceeds
much slower.
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The kinetic approach to determine the rate constant for the chemical reaction
Ag + T —> Agl
was analogous to that from the I2/Ag reaction so that a rate law similar to (3) results:
[T] = [FJt=o exp(-k S’

1000)

(4)

As is obvious from Figure 3 the same phenomenon as in the I2/Ag tests occurs: (4) cannot be
applied over the whole data for a given test. Therefore, the two reaction phases as defined for
the I2/Ag tests were also applied to the analysis of the F/Ag tests and each test yielded two
rate constants, one for the early phase and one for the late phase.
It is essential to note that the F/Ag reaction, in contrast to the I2/Ag reaction, only took place if
there was no inertizing gas (argon or nitrogen) bubbled through the reaction vessel before the
test. Obviously the oxidizing conditions at the silver surface play an essential role in the
reaction mechanism.

3.3 Solubility of Agl at 160°C
The solubility of Agl in aqueous solution is given by the equilibrium of the reaction
Agl <=> Ag+ + F
The solubility product is then
L = [Ag+][F]

(5)

Since stoichiometric Agl was used in the present tests, [Ag*] is equal to [F] and (5) becomes
L = [F]2

or

lg L = 2 lg [F]

(6)

The result of a literature research [Gmelin 1972] on solubilities of Agl is given in Table 4
including the cited original publications. These data are also shown in Figure 4 as function of
the inverse temperature, together with the data point measured in the present work (filled
square, [F]=1.3E-5 mol/1 at T=160°C). The meanings of the different data and different lines
in Figure 4 are discussed later.
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4. Discussion
4.1 Parameter dependencies of the 1%/Ag reaction
Each of the Figures 5 to 13 contains the same data, namely the rate constants of the I2/Ag
reaction in 12 tests in the above defined early and late phase of the tests. In each figure,
different symbols are used to indicate the relevant tests for the comparison in order to detect
parameter dependencies on the reaction rate. Data marked as open circles in these figures are
generally not considered in the comparisons. It is important to note that the tests 8, 31 and 32
were done without stirring of the suspension so that the reaction rate is obviously reduced due
to the slower I2 transport to the settled Ag particles.
Figure 5 studies the influence of inertization on the reaction rate. Two very similar tests are
selected both with IE-2 g/1 initial I2 concentration, temperature of 25°C and stirring of the
suspension. Test 1 was with oxidizing conditions, test 2 with inertization using Ar. The other
tests are not regarded in this comparison. No dependency on the parameter inertization is
found for each reaction phase (early and late phase).
Figure 6 studies the influence of temperature on the reaction rate. No dependency on the
parameter temperature is found. The activation energy for the I2/Ag reaction in the iodine
codes can therefore be set to 0.
Figures 7 and 8 show that there is no dependency on the parameter initial /2 concentration on
the reaction rate at both temperatures, T=25°C and T=80°C. A separate analysis of Agl
monolayers reveals that, if a 100 fold smaller initial I2 concentration is used, then a 100 fold
smaller number of Agl monlayers is observed. The degree of Agl loading on the Ag particles
is therefore no parameter to be modelled in iodine codes.
Figure 9 shows that there is no dependency on the parameter pretreatment of the silver educt
on the reaction rate. Freshly reduced Ag powder reacts with the same rate as untreated Ag
powder.
Figure 10 shows that there is no dependency on the parameter type of the silver educt on the
reaction rate. Neither the granulometry of the silver particles nor a different chemical
composition (note that test 5 was performed using coarse shreddings of Ag/In/Cd control rod
material) has a significant influence.
Figures 11 and 12 clearly demonstrate the dependency of the reaction rate on the parameter
stirring at the two temperatures 25°C and 80°C.
Figure 13 again studies the temperature dependency in tests without stirring. As already
concluded from Figure 6, no dependency on the reaction rate is found.
It follows from the preceeding comparisons that the parameters inertization, temperature,
initial I2 concentration, type and pretreatment of the silver educt do not influence significantly
the I2/Ag reaction rate. However, stirring significantly influences the reaction rate. The
parameter pH was kept constant at 3 in order to avoid complicating hydrolysis effects.
From this observation, mean values of the rate constants were calculated on all tests with
stirring and, separately, on all tests without stirring. This was done for both reaction phases,
the early and the late phase. The results and the corresponding ranges of measured reaction
rates are given in Table 5.
It turns out that in tests with stirring the rate constant of the early reaction phase is about
2E-5 m/s and thus about a factor of 3 faster than that of the later phase being 6E-6 m/s.
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The two mean values of the rate constants in tests without stirring are about 4E-6 m/s, both in
the early phase and in the late phase. Additionally, this value is close to the value of the late
phase in tests with stirring.
The present interpretation of all these observations is that the I2/Ag reaction in the present
experiments is composed of two different processes, the chemical reaction between I2 and Ag
at the Ag surface and the I2 transport from the bulk solution through a boundary layer to the
Ag surface. Following this, the rate constant of the first fast reaction phase represents the first
process, whereas the slower rate constant in the second reaction phase reflects retarding I2
transport towards the Ag surface. At the beginning of the reaction, there is enough I2 in the
vicinity of the Ag surface for the deposition onto the surface. This means an initial rapid I2
decrease in this boundary layer. Further I2 deposition is then governed by the I2 transport
towards the Ag surface, being slower than the first process of chemical reaction even in the
case of stirring.
It is obvious that, compared to the applied model in chapter 3, a more sophisticated
description of the reaction mechanism is needed to consistently model the measured data.

4.2 Parameter dependencies of the I7Ag reaction
From the chemical point of view the T/Ag reaction needs some oxidizing step. This is
confirmed experimentally by the observation that the reaction took place only if no
inertization was performed prior to the tests.
The analysis of any parameter dependencies was performed analogously to the I2/Ag analysis
in Figures 5-13. Each of the Figures 14 to 20 contains the same data, namely the rate constants
of the T/Ag reaction in the above defined early and late phase of the tests. In each figure,
different symbols are used to indicate the relevant tests for the comparison in order to detect
parameter dependencies on the reaction rate. Data marked as open circles in these figures are
generally not considered in the comparisons. It is important to note that the tests 30 and 33
were performed without stirring of the suspension.
Error analyses were performed only for the late phase reaction rates in the T/Ag system. The
errors for the early phase rate constants can be assumed to be similar to those of the I2/Ag
system shown in the Figures 5-13.
Figure 14 studies the influence of inertization on the reaction rate. The pre-tests 8, 16 and 17
and the main tests 19 and 27, performed with Ar or N2 inertization of the suspension prior to
the tests. These tests show no reaction or have a significant reduced reaction rate. This
confirms the above chemical expectation of oxidizing conditions as being necessary for the
reaction. If oxygen was removed from the aqueous phase, e.g. by sump boiling, then the
inertizing conditions would be more appropriate to the T/Ag system (neglecting oxidation
effects due to radiation). In this case, according to the results of the present work, the T/Ag
reaction should be switched off.
The following comparisons are consequently done only with tests without inertization.
Figure 15 studies the influence of temperature on the reaction rate at a constant pH 5. No
significant dependency on the parameter temperature is found. The activation energy for the
T!Ag reaction in iodine codes can therefore be set to 0.
Figure 16 does not exclude a slight pH dependency. Further aspects on the parameter pH are
discussed separately later in this chapter.
Figure 17 shows that there is no dependency on the parameter initial F concentration.
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The type of Ag educt (different powders, plate) and the presence or absence of boric acid do
also not influence the reaction rate as seen in Figures 18 and 19, respectively.
Figure 20 shows (as expected) that the stirring enhances the reaction rate in the F/Ag system
as was also seen in the F/Ag system.
To summarize, the following parameters do not influence significantly the rate constants in
the F/Ag reaction: temperature, pH in the early phase, initial F concentration, boric acid and
type of Ag educt. Contrary to these observations, both, inertization of the reaction suspension
and non-stirring decrease the reaction rate or even prevent the reaction.
From Figure 16 a certain pH dependency could arise for the late phase rate constant (k in the
time range 5-30 min). To study this possible effect in more detail, mean values of the rate
constants were formed using all test results excluding those with inertization and without
stirring. Table 6 shows 4 groups of averaging: averages on all pH 3 tests, all pH 5 tests and all
pH 7 tests are given. Additionally, a mean value was calculated for all tests. Upper and lower
bounds determined from the test results are also given. Obviously, for each pH the mean value
is consistent with the bounds of the tests at the other pH values. Therefore, within the
accuracy of the tests of the present work, no pH dependency is found.
The rate constants in the early phase are generally slightly higher than in the late phase. The
mean value of all tests without inertization and with stirring yields k(0-5min)=8.3E-6 m/s with
a lower bound of 1.4E-6 m/s and an upper bound of 2.8E-5 m/s.
The rate constant in the late phase of the reaction variies largely between 3.3E-8 m/s and
2.0E-5 m/s. For conservative source term modelings, the lower value is recommended. For a
global modeling of the F/Ag reaction, the temperature-independant rate constant 2.2E-6 m/s
from Table 6 can be used.
As for the F/Ag system, the F/Ag system reveals two different reaction phases which are
interpreted to be correlated with two different processes, a fast chemical reaction at the surface
and a slower F transport towards the surface. It is questionable whether the accuracy of the
data in this work is good enough to draw more detailed conclusions on the reaction
mechanism.
The observation of the two different reaction phases does not seem to be an effect by silver
particle agglomeration in the tests of this work since (1) no agglomeration effect was observed
optically, and (2) a test with silver plate also showed the different kinetics in the two phases.

4.3 The solubility of Agl
The data shown in Figure 4 can be divided into 4 groups. The first group represents the bulk
of data measured in the vicinity of room temperature. The second group is given by the data
shown as crosses and connected by a dashed line, originating from one single author only. A
third group consists of data measured at about 300°C. The fourth group is composed only of
the single data point measured in the present work.
Obviously, the first group data (measurements by various authors) systematically differ from
the second group data (measured by only one author). In addition, the second group data
deviates from the combination of the first, third and fourth group data. Since no explanation
for the deviations was found, the second group data were excluded from further
considerations.
Arrhenius type fits were performed to selected data groups according to
[F] = A exp( B/T)

(7)
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with the free parameters A and B to be determined from the data. T is the temperature in
Kelvin.

The straight line in Figure 4 is a fit only to the group 1 data with the parameters A=32 mol/1
and B=-6500 K. The point-dotted line is a fit to the sum of data from the groups 1 and 3 with
the parameters A=2.4 mol/1 and B=-5800 K. The dotted line was already a fit given in the
literature to low temperature solubilities with the parameters A=5.6 mol/1 and B=-5900 K.
The measured data point of the present work at T=160°C is consistent with all three fits.
There is no preference of one of the several algebraic representations to the data. However,
taking into account the present measurement and most of the literature data, the uncertainty of
the solubility at T=160°C and also at other elevated temperatures relevant to severe accidents
is now lower than a factor of about 3. Thus, the amount of iodine, that can be bound as lowsoluble Agl in severe accidents, can be calculated with reasonable accuracy at each severe
accident relevant temperature.
The Agl solubilities presented in the present work were determined in experiments without
irradiation. Severe accident related dose rates could destroy the low-soluble Agl molecules
and liberate soluble iodine. Following this, the significance of Agl as an iodine sink would be
reduced. This aspect will be investigated experimentally in the 4th framework programme of
the European Union.
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5 Summary
The kinetics of the reaction of 1% and of T with Ag in the aqueous phase was investigated in a
large parameter study on a laboratory scale. In both cases, low-soluble Agl is formed on the
Ag particles.
The data evaluation was performed using first order kinetics with respect to the iodine (I2
or F) concentration. However, it was necessary to define an early reaction phase (0-5 min)
which was fast, and a late reaction phase (5-30 min) which was slow. Both reaction phases
had to be analyzed separately. Thus, from each test, two rate constants were derived.
In the I]/Ag reaction the parameters inertization, temperature, initial I2 concentration, type and
pretreatment of the silver educt do not influence significantly the reaction rate. However, nonstirring significantly reduces the reaction rate. A pH 3 was kept constant in all I2/Ag tests in
order to avoid complicating hydrolysis effects.
In the ITAg reaction the parameters temperature, pH in the early phase, initial F
concentration, boric acid and type of Ag educt do not influence significantly the rate
constants. However both, non-stirring and inertization of the reaction suspension decrease the
reaction rate or even prevent the reaction.
The early phase rate constant of the I2/Ag reaction is 2E-5 m/s in test with stirring. This value
reduces to 6E-6 m/s in the late phase. Tests without stirring yield about 4E-6 m/s in both
reaction phases, a value similar to the late phase result with stirring. Conservative modelings
of severe accident source terms should include the late phase rate constant being more
representative to containment sumps which are not stirred.
The early phase rate constant of the F/Ag reaction is 8E-6 m/s in tests with stirring. This value
decreases to 2E-6 m/s in the late phase. The lower bound is 3E-8 m/s which can be used in
conservative source term calculations and which then would also take into account that the
containment sump is not well stirred just as in the laboratory tests. Under sump boiling
conditions and neglecting oxidation effects due to radiation, the F/Ag reaction should be
switched off according to the results of the present work.
The reaction of h with Ag is somewhat faster than that of F with Ag. The reaction mechanism
is not fully understood and a model to describe the kinetics consistently over the whole test
duration is still missing.
The solubility of Agl was measured at T=160°C and amounts to 1.3E-5 mol/1. Together with
many literature data, the solubility of Agl, which increases with temperature according to an
Arrhenius law, can now be calculated over the whole temperature range relevant in severe
accident containment situations with reasonable accuracy.
The tests of the present work were performed without irradiation. Possible radiation
influences on the iodine/silver reaction kinetics, as well as on the radiolytic stability of Agl,
will be investigated in the 4th Framework Programme of the European Union.
With the above given rate constants and a simple first order kinetics with respect to iodine
concentration it is now possible to quantitatively assess the effect of Agl as an iodine sink as a
function of time in severe accidents in LWR’s using Ag/In/Cd control rods.
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Table 1.

Test matrix for the main tests in the 1%/Ag system.
"Test 8" was performed as a series of three separate tests (8a, 8b, 8c) but with identical boundary conditions. Only one sampling was
done after different test durations.
Test

Silver educt
Specific surface

Temperature

25°C

|

80°C

1

160°C

powder
0.20 nf/g
Aldrich

2

"

3

"

4

Atmosphere
Air | Ar/Ni

J

Manufacturer
1

,|?l7

1 1

1

1

X

x 1
x 1
x i

X

X

1
X !
x 1

X

Initial m

to2

|

[g/1] i [g/l]

x!
x

x !
! x
x i
i

coarse shreddings
of control rod
0.186 m2

X

X

X 1

6

"

X

X

7

powder
O.I3m2/g
Aldrich

X

X

i
x !
i

8a

powder
0.20 m2/g
Aldrich

X

X

8b

"

X

X

X

X

X

X

X

X

X

X

X

X

x

X

X

8c

9
10

"

11
12
31

"

32

»

powder, freshly
reduced Ag surface

"1
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5

Remarks

nr*

1 X
1x
I
j
i

x

! x
! x
!
1
1 90°C
i ioo°c

X
X

1
!

■

1 x!
1
j
1
!
i
1 x
1

-

x !
X |
x !
! x
x !
X

j

x !
X 1

without stirring

without stirring
without stirring

autoclave
autoclave
without stirring
without stirring

Table 2. Test matrix for the pre-tests in the I7Ag system,
Test

Ageduct
SpedDc surface

25°C

Manufacturer
Prc-1

powder

0.20 m2/g

i|
1

Temperature
80°C
160°C

X

Pre-2

"

x

|

|

Pre-3

"

x

i

!

Pre-4

"

x

!

!

Prc-5

"

x

i

i

"

x

!

i

Pre-8

"

x

!

1

ix

l

!

|

Pre-10

"

Pre-11

"

Pre-12

Pre-13
Pre-14
Pre-15

"
"
powder
0.34 m2/g
John.-Matth.

X

Prc-16
Pre-17

"

X

Atmosphere
Air j Argon

|

x

!

xi
1L 1
n x!
! I x !!
!1i ! n2
11 x I11
!x 1U!N*l
1 X !

X

|

Xj
x!

1

i

X

1

x|

S

X

I

x|

x|

lx

X

I

1

x

|X

X

X

X

X

i

1

I

X

X

Remarks

[g/U ! Ig/ll

1

1

Initial [FI

101 I 104

!

N,

|1
i
1!
X!
1!
!x
’!
x!i
X

1

x
X

1

X

1

H3BO3
(2000 ppm B)
deionized water

x

"
x
X 1
xl

Ag cone, reduced
by a factor 7.25
(29 mg in 210 ml)
NaOH
N2 sparging
H3BO3
(2000 ppm B)

1

x

NaOH
NaOH+
HjBOj

(2000 ppm B)

x

x

NaOH

NaOH
N2 sparging
N2 sparging
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"I i
x! x !
n
i1 xx i|
‘ i l|
_ !_

Pre-7
Pre-9

5 ! 7

!

Aldrich

Pre-6

pH
3

Table 3.

Test matrix for the main tests in the I7Ag system (part 1).
"Test 22" and "Test 23" were performed as a series of separate tests (numbered a,b,...) but with identical boundary conditions. Only
one sampling was done after different test durations.
Test

Ageduct
Specific surface
Manufacturer

13

powder
m2/g
Aldrich

0.20

14

Temperature
25°C | 80°C | 160°C

X

X
x

I
i

18

X

!
!
i
i

X

7

Atmosphere
Air I Argon

1

j

1

i

X
X
x

i
I
!

X

!

x!
x!

i
i

X i
I
i

X

I

1

X
X

x

I

x

I

22

a

x
22

b

23a

•

x

23b
23c
23d

X

24

powder
0.13 m2/g
Aldrich

25

silver plate
0.010 m2

i
1

!

x

x i

X

x

I

x

1

x

!1
xx i1
xx i!
I!

i
i

x

x

(200(?ppm B)
(200&ppmB)
reduced with 10 ml
0.1 nNa&O)
powder fleshly
reduced,
(2000 ppm B)
powder, freshly
reduced surface,
(2000 ppm B)
H1BO3
(2000ppm B)
(2000 ppm B)
without stirring
(2000 ppm B)
without stirring
(2000 ppm B)
without stirring
(2000 ppm B)
without stirring

x

x I

!

HjBOj
(2000ppm B)

NaOH
NaOH + H3BO3
(2000 ppm B)

x

i
!

Remarks

deionized water
(pH 5 —> 6)

1

!
1

M
X i
I
1 X

Initial [FI
j 104
fed] 1 ItVH
T1-------!
!
10 2

X

x

(200t?ppm B)
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x
x

21

1

1x 1i n Mx i
!xxl
i i
x!
1X I 11 jx|1
xx !1 i! lx! xx i .
xx l1 |i xixl x i!!.
!
|
"1x 1
'!x 1 11

15
16
17

20

5

1

!
I

19

PH.
3

Table 3 (cont.). Test matrix for the main tests in the I /Ag system (part 2).
Test

26

Ag educt
Specific surface

Temperature
25°C I 80°C i I60°C

Manufacturer

!
!
n

!"!

X 1

! x !
1
!

1x |
!x|

1

powder
0.20 m2/g
Aldrich

27
28
29
30
33

.

1

x

1x

PH

3|5|7

M

I 100°C i

X i

1

j 90°c |

xj

|

Atmosphere
Air 1 Argon

steam
steam +
air

1

Initial [11
101

i
i

Remarks
"

10

[gfi]
[e/i]
X i

x

x 1
x 1
X

j

x 1
X i

H3BO3
(2000ppm B)

(200(?ppin B)
autoclave
HtBOj (2000 ppm B)
autoclave
(20a3ppmB)
without stirring
without stirring
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Table 4. Literature data on Agl solubilities.

T(°C)

[I]
(mol/1)

lg [ I]

Reference in [Gmelin 1972]

18

5.74E-9

-8.241

[Lieser 1957]

18

5.72E-9

-8.243

[Mironov 1963]

20

6.7E-9

-8.174

[Lieser 1960]

25

9.7E-9

-8.013

[Goodwin 1894]

25

1.08E-8

-7.967

[Thiel 1900]

5

1.78E-9

-8.750

[Owen 1938]

15

4.17E-9

-8.380

"

25

9.08E-9

-8.042

"

35

1.859E-8

-7.731

"

45

3.599E-8

-7.444

"

300

8.1E-5

-,.092

[Gavrish 1955] and [Galinka 1961]

309

1.1E-4

-3.959

"

320

1.6E-4

-3.796

"

349

2.3E-4

-3.638

"

365

2.87E-4

-3.542

-

20

9.02E-9

-8.045

[Jurio 1971]

20

1.0E-8

-8.000

[Nedoma 1971]

25

1.46E-8

-7.836

[Soulier 1966]

25

9.66E-9

-8.015

[Hass 1933]

25

1.66E-8

-7.781

[Klein 1956]

100

8.63E-7

-6.064

"

20

1.45E-7

-6.839

[Bedel 1938]

40

2.56E-7

-6.592

"

60

4.00E-7

-6.398

"

80

5.83E-7

-6.234

"
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Table 5. Rate constants in the reaction between I2 and Ag.

Reaction phase

Stirring

Early phase

yes

1.8E-5

1.7E-6-4.4E-5

yes

6.1E-6

2.6E-7 - 1.6E-5

no

3.6E-6

1.7E-6-6.8E-6

no

4.3E-6

5.6E-7 - 8.4E-6

Mean value for k Range of k values
(m/s)
(m/s)

0-5 min
Late phase
5-30 min
Early phase
0-5 min
Late phase
5-30 min

Table 6. Rate constants in the reaction between F and Ag.

pH

Mean value for k;
late phase (5-30min)

Range of k values
(m/s)

(m/s)
3

3.9E-6

1.0E-7 - 1.2E-5

5

1.9E-6

6.9E-8 - 2.0E-5

7

1.2E-6

3.3E-8 - 4.9E-6

3 + 5+7

2.2E-6

3.3E-8 - 2.0E-5
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Figure 1.

Test apparatus to measure the kinetics in the systems Iz/Ag and I7Ag
at T < 100°C.

4

1

reaction vessel

2

magnetic stirrer

3

cooler

4

iodine safety filter

5

temperature control

6

sampling line

7

dosing unit

8

second vessel (used at end of test)

9

NaOH

10

pump

11

hot plate
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Figure 2. Decrease of I2 in the aqueous phase for three tests.
The main parameters for the comparison are:
Test 1: pH 3, T=25°C, [I2]o=lE-2 g/1, no inertization
Test 2: pH 3, T=25°C, [I2]o=lE-2 g/1, inertization with argon
Test 3: pH 3, T=25°C, [I2]o=1E-4 g/1, no inertization
All tests with 0.2 m2/g specific Ag surface

% I2 in solution

Test 3

' "A - - -

Test 1
Test 2

Minutes
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Figure 3. Decrease of I in the aqueous phase for two tests.
The main parameters for the comparison are:
Test 13: pH 5, T=25°C, [Iz]o=lE-2 g/1, no inertization
Test 18: pH 5, T=25°C, [I2]o=1E-4 g/1, no inertization
All tests with 0.2 m2/g specific Ag surface

Test 18

Test 13

Minutes
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Figure 4. Agl solubilities as logarithm of the I concentration in the aqueous phase
above stoichiometric Agl.
Data were taken from [Gmelin 1972] except for the filled square which was
measured in the present work. Due to the many measurements at low temperatures,
data symbols are overlapping in this regime in Figure 4. However, the whole
literature data set is contained in Table 4.
The lines represent fits to different selected data groups.
Group 1: Data between 5°C and 45°C
Group 2: Data by [Bedel 1938], connect by a dashed line
Group 3: Data above 300°C
Group 4: measured in the present work

300°C

80°C

45 °C

5°C

Group 4

r

(mol/l)

Group 3 '.

160°C

Group 2

Group 1

VI

(1/K)

Figure 5. Influence of inertization on the reaction rate in the lz/Ag system.
Constant parameters in this comparison: with stirring, [I2]o=1E-2 g/1, T=25°C
*
without inertization
•
with argon inertization
o not relevant for comparison here

5-30 min: late phase

0 - 5 min: early phase
1J0E-O4
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Figure 6. Influence of temperature on the reaction rate in the Iz/Ag system,
Constant parameters in this comparison: with stirring, [I2]o=1E-2 g/1
* T=25°C
■ T=80°C
• T=160°C
o not relevant for comparison here
5-30 min: late phase

0-5 min: early phase
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Figure 7. Influence of initial h concentration on the reaction rate in the Iz/Ag system at T=25°C.
*
■
o

[I2]o=1E-2 g/1
[I2]o=1E-4 g/1
not relevant for comparison here

5-30 min: late phase

0-5 min: early phase

k ( m /s )
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Figure 8. Influence of initial h concentration on the reaction rate in the 1%/Ag system at T=80°C.
*
■
o

[I2]o=1E-2 g/1
[12]o=1E-4 g/1
not relevant for comparison here

0-5 min: early phase

5-30 min: late phase
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Figure 9. Influence of pretreatment of Ag surface on the reaction rate in the 1%/Ag system.
Constant parameters in this comparison: with stirring, [I2]o=1E-2 g/1, T=25°C
* freshly reduced Ag
■ no pretreatment
o not relevant for comparison here

0-5 min: early phase

5 - 30 min: late phase

k ( m /s )
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Figure 10. Influence of type of Ag educt on the reaction rate in the IVAg system.
Constant parameters in this comparison: with stirring, [I2]o=1E-2 g/1, T=25°C
* Ag powder with 0.2 m2/g or 0.13 m2/g specific surface
■ course shreddings of Ag/In/Cd control rod material
o not relevant for comparison here

5-30 min: late phase
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0-5 min: early phase
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Figure 11. Influence of stirring on the reaction rate in the 1%/Ag system at T=25°C.
* with stirring
■ without stirring
o not relevant for comparison here

5-30 min: late phase

0-5 min: early phase
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Figure 12. Influence of stirring on the reaction rate in the 1%/Ag system at T=80°C.
* with stirring
■ without stirring
o not relevant for comparison here

0-5 min: early phase

5-30 min: late phase
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Figure 13. Influence of temperature on the reaction rate in the Ii/Ag system in tests without stirring.
* T=25°C
■ T=90°C
• T=100°C
o not relevant for comparison here
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Figure 14. Influence of inertization on the reaction rate in the F/Ag system.
• inertization with
or Ar
▲ no inertization (presence of air)
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Figure 15. Influence of temperature on the reaction rate in the F/Ag system.
▲ T=25°C
■ T=80°C
• T=160°C
x not relevant for comparison here (performed under inertizing conditions)
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Figure 16. Influence of pH on the reaction rate in the I7Ag system.
A pH 3
■ pH 5
• pH 7
x, o
not relevant for comparison here
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Figure 17. Influence of initial I~ concentration on the reaction rate in the I7Ag system.
▲ [T]o=lE-2 g/1
• [T]o=lE-4 g/1
x, o
not relevant for comparison here
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k(m/s)

Figure 18. Influence of type of Ag educt on the reaction rate in the I7Ag system.
A powder with 0.20 nr/g specific surface
■ powder with 0.13 m2/g specific surface
• silver plate
o powder with 0.34 m2/g specific surface
x not relevant for comparison here

Pre-tests

Main tests
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Figure 19. Influence of boric acid on the reaction rate in the I7Ag system.
A with boric acid
• without boric acid
x not relevant for comparison here
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Figure 20. Influence of stirring on the reaction rate in the F/Ag system.
▲ with stirring
• without stirring
x not relevant for comparison here
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THE INTERACTION OF IODINE WITH ORGANIC MATERIAL
IN CONTAINMENT
J.C. Wren1, J.M. Ball, G.A. Glowa, R. Portman and G.G. Sanipelli

Abstract
Organic impurities in containment water, originating from various painted structural surfaces and
organic containment materials, could have a significant impact on iodine volatility following an
accident. A research program at the Whiteshell Laboratories of AECL has been designed to
determine the impact of organic impurities on iodine volatility under accident conditions. The
program consists of experimental, literature and modelling studies on (1) the radiolysis of organic
compounds in the aqueous phase, (2) thermal and radiolytic formation and decomposition of
organic iodides, (3) dissolution of organic solvents from various painted surfaces into the aqueous
phase, and (4) iodine deposition on painted surfaces. The experimental studies consist of benchscale “separate effects” tests as well as intermediate-scale “integrated effects” tests in the
Radioiodine Test Facility.
The studies have shown that organic impurities will be found in containment water, arising from the
dissolution of organic compounds from various surface paints and that these compounds can
potentially have a significant impact on iodine volatility following an accident. The main impact of
surface paints will occur through aqueous-phase reactions of the organic compounds that they
release to the aqueous phase. Under the radiation conditions expected during an accident, these
compounds will react to reduce the pH and dissolved oxygen concentration, consequently increasing
the formation of I2 from T that is present in the sump. It appears that the rates of these processes
may be controlled by the dissolution kinetics of the organic compounds from the surface coatings.
Moreover, the organic compounds may also react thermally and radiolytically with h to form
organic iodides in the aqueous phase. Our studies have shown that the formation of organic iodides
from soluble organics such as ketones, alcohols and phenols may have more impact on the total
iodine volatility than the formation of CH3I.

1)AECL, Whiteshell Laboratories, Pinawa, Manitoba, CANADA, ROE 1L0
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1. INTRODUCTION
Structural surfaces within a reactor building are normally coated with organic-based paints. Such
surfaces may play an important role in determining iodine volatility in containment following a
reactor accident and are likely to be the main source of organic impurities in the sump water
following an accident. These impurities not only react with iodine to form organic iodides but also
affect the pH and dissolved oxygen concentration of the sump water, two key parameters affecting
iodine volatility. Painted surfaces, particularly those in contact with the gas phase, also provide
sites for iodine adsorption, one of the main processes limiting the airborne iodine concentration.
The effects of organic-painted structural surfaces on iodine behaviour under reactor accident
conditions have been studied as part of the safety research program on iodine behaviour at the
Whiteshell Laboratories of AECL [1-11]. The program on the effects of organics on iodine
behaviour has four components:
(1)
(2)

(3)
(4)

aqueous dissolution of organic solvents from painted surfaces to determine the types and
quantities of organic impurities likely to arise in sump water following an accident;
radiolysis of water containing organic impurities, originating from painted surfaces, to
determine their impact on the pH, dissolved oxygen concentration and oxidizing radical
concentrations;
thermal and radiolytic formation and decomposition of organic iodides in the aqueous phase;
and
gas-phase adsorption and desorption of iodine on painted surfaces.

The program includes literature and chemical kinetic modelling studies, as well as bench-scale
“separate effects” tests and intermediate-scale “all effects” experiments. This paper describes recent
findings from these studies.

2. DESCRIPTION OF THE EXPERIMENTAL STUDIES
2.1 Intermediate-Scale Studies
The intermediate-scale studies were performed in the Radioiodine Test Facility (RTF). Because the
RTF has been described in detail elsewhere [3,9], only a brief description of the facility and a
typical test procedure are presented here. The RTF consists of a replaceable, cylindrical main vessel
in which a °^Co radiation source can be placed. The radiation source provides an absorbed radiation
dose rate in the aqueous phase, ranging from 1.2 to 2.0 kGy*h \ The main vessel can be partially
filled with water and selected chemical additives to simulate the sump water in containment
following an accident. Typically, the aqueous and gas volumes are 25 and 315 dm3, respectively;
the surface areas in contact with the aqueous and gas phases are 52 and 220 dm2, respectively; and
the aqueous and gas-phase interfacial area is 37 dm2. Electrical heaters around the outside of the
vessel control the gas-phase temperature up to 110°C and the water temperature up to 90°C. A test
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generally starts with an injection of l3II labelled Csl into the aqueous phase, to provide an initial
aqueous iodide concentration of about 1 x 10"5 mol*dm"31 . This is followed by on-line detection of
iodine concentration in the gas and aqueous phases as a function of time. Gas and aqueous
speciation samples are also taken periodically. Finally, the iodine surface loadings are determined
by washing the surface at the end of each test, measuring the 131I activity in the washes, and
measuring the remaining activity on the surfaces. The final iodine activities on the coupons placed
both in the gas and the aqueous phases during the tests are also used to determine and confirm the
iodine surface loadings. Analytical procedures used in this experiment have been summarized in
detail previously [3,9].
The effects of radiation, surfaces (including carbon steel with various inorganic and organic
coatings, stainless steel and unpainted concrete), pH, and temperature on iodine volatility have been
investigated in the RTF [3,6-9]. This paper focuses on the impact of organic coatings on iodine
behaviour within containment.

2.2 Bench-Scale Studies
The main objectives of the intermediate-scale RTF studies are to identify unforeseen phenomena and
estimate the “all effects” behaviour of iodine. Bench-scale studies were conducted, in parallel with
the RTF program, to determine the separate effects of various parameters or processes on iodine
volatility and to evaluate the role and importance of phenomena identified in the intermediate-scale
studies. The bench-scale studies included measurements of the radiolysis of organic compounds
and the formation and hydrolysis of organic iodides in the aqueous phase, measurements of the
dissolution of organic solvents from painted surfaces into the aqueous phase, and measurements of
the iodine deposition on painted surfaces from the gas phase.
The radiolytic decomposition of the common paint solvents, methyl-ethyl-ketone (MEK), methylisobutyl-ketone (MIBK) and toluene in the aqueous phase were studied as a function of radiation
dose, initial organic concentration and initial pH. The changes in pH and dissolved oxygen
concentration that result from the radiolytic oxidation were studied. These data were used to
develop a mechanistic model for the time-dependent pH and dissolved oxygen behaviour caused by
the radiolytic decomposition of organic impurities in the aqueous phase.
Most of the early research on organic iodide formation in containment focussed on the radiolytic
production of CH3I, because of its high volatility. However, various RTF tests have suggested that
although volatile low-molecular-weight organic iodides, such as CH3I, may contribute a significant
fraction of the gaseous iodine, their contribution to total iodine volatility may be limited. Formation
of organic iodides of soluble organic compounds, such as ketones, alcohols and phenols, may also
play an important role in determining iodine volatility. During the course of the radiolytic
decomposition of the organic solvents, MIBK, MEK, xylene and toluene, to produce organic acids
and CO2, various alkane, ketone, alcohol, and phenol radicals are formed, which react readily with
I2 to form various organic iodides. Organic iodide formation from MIBK, MEK and aromatic
compounds in aqueous solutions containing T in the presence of radiation was studied. The yield of
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organic iodides was measured as a function of the organic and T concentrations, radiation dose, pH
and temperature.
The dissolution of organic solvents from painted surfaces into the aqueous phase was studied to
determine the time-dependent behaviour of pH, dissolved oxygen and organic iodide concentrations
under accident conditions. Paint types studied include vinyl, epoxy and polyurethane. The
preliminary results show that, under reactor accident conditions, the rates of radiolytic
decomposition of organic compounds and formation of organic iodides are much faster than the rate
of organic dissolution. Thus the latter process appears to be the rate-determining step for the
changes in pH, dissolved oxygen concentration and organic iodide concentration. Consequently,
detailed kinetic mechanisms for the radiolytic decomposition of organic compounds and the
formation of organic iodides may not be necessary.
Also included in the bench-scale studies are measurements of the hydrolysis rates and partition
coefficients of organic iodides as a function of temperature. Organic iodides hydrolyse in the
aqueous phase. The hydrolysis rate depends on temperature and this dependence is one of the main
factors affecting the temperature dependence of iodine volatility. Other temperature-dependent
processes are the hydrolysis of I2, the reduction of I2 to I" by H2O2, and the aqueous dissolution of
organic solvents, as well as aqueous-gas mass transfer (partition coefficients) and surface
deposition. Radiolysis reaction rates are much less temperature sensitive than these processes.
The adsorption and desorption parameters of I2 on painted coupons and tubing in the gas phase are
being measured as a function of the I2 concentration in the gas phase, temperature and relative
humidity. The results are being used to develop a semi-mechanistic model to be incorporated into
LIRIC [2],

3. RESULTS AND DISCUSSION
3.1 Iodine Volatility in Organic-Painted Vessels
Intermediate RTF tests show that iodine volatility increases substantially in the presence of organicpainted surfaces. For these tests, the vessel coatings were typically cured in dry air for about 3
months prior to the tests in the RTF. The constituents of the vinyl, epoxy, polyurethane and zinc
primer paints are shown in Table 1.
The gas-phase iodine concentration observed in a RTF test performed in a zinc-primed vinylpainted carbon-steel-lined vessel in the presence of radiation is compared with that of a zinc-primed
carbon-steel-lined vessel in Figure 1. The iodine volatility observed in the vinyl-painted vessel was
about 3 orders of magnitude higher than that observed in the zinc-primed vessel. Similar RTF tests
performed in polyurethane- and epoxy-painted vessels have shown iodine volatility similar to that
observed in the vinyl test (Figure 2).
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Table 1 - Constituents of Zinc Primer, Vinyl, Epoxy and Polyurethane Paints
INTERVINUX VM HB
Vinyl Paint
Ingredients2
methyl ethyl ketone
ethyl 3-ethoxy propionate
tricresyl phosphate
xylene
methyl isobutyl ketone
silica amorphous
ferric/ferrous oxide

wt %
15-40
10-30
3-7
1-5
1-5
1-5
1-5

Thinner
methyl isobutyl ketone
toluene

30-60
30-60

CARBOLINE CARBOZINC 11
Zinc Primer

AMERCOAT 66
Epoxy Paint
Ingredients
Part A - (Cure)4
polyamide resin
xylene
triethylene tetramine
Part B - (Resin)4
epoxy resin
methyl isobutyl ketone
Xylene
methyl n-amy ketone
2-butoxyethanol
talc
titanium dioxide
iron oxide
Amercoat 7 (Thinner)

Ingredients
Part A (base)3
ethanol
isopropanol
silica
2-butoxy ethanol
aluminum silicate
ethyl silicate
methanol
pigment
methyl silicate
mica
water
Part B (zinc filler)3
zinc dust
zinc oxide dust
Thineer#21
isopropanol
Thinner #26
l-methoxy-2-propanol
2-ethoxy butanol

wt %
30

20
15

10
10
10
10
5
5
5
4.4
97
3

100
>1
>1

NORMAC NR-5S
Polyurethane Paint
wt %
<75
<30
<5
<25

<10
<10
<10
<5
<40

<10
<10
No Data
Provided

Ingredients
Part A5
polyether polyol
methylene bis-(4cyclohexylisocyanate)
1,1,1 -trichloroethane
Part B5
dihydro-2(3H)-furanone
4-4’ - methylene dianiline

35-60
42-50

Thinner
1,1,1 -trichloroethane
diethylene ether
1,2-butylene oxide
nitromethane

96.5
2.5
0.5
0.3

wt %
42-60
2.1-3.6
35-55

1 Paint compositions provided by manufacturers.
2 Only hazardous materials are listed. Paint is up to 30% solids (vinyl-chloride, vinyl-acetate co-polymer) by volume.
3 One gallon part A (base) mixed with 8 kg (zinc filler). Thinner added as required.
4 One part A (cure) mixed with 4 parts B (resin). Thinner added as required.
5 One part A mixed with 0.15 parts B. Thinner added as required.
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Figure 1 - Effect of Surface Coating on Iodine Volatility in the RTF. The tests were performed in
the presence of radiation at an absorbed dose rate of ~1.5 kGy*h"\ with an initial pH of
10. The pH of the water was not controlled during the tests.

3.2 Effect of Organic-Surface Coatings on pH and Dissolved Oxygen
Figure 2 shows both the total gas-phase iodine concentration and the solution pH as a function of
time during the tests in organic-painted vessels. The gas-phase iodine concentration increases are
closely related to decreases in pH.
To confirm the association of the iodine behaviour with the pH change, tests were performed in
which pH was held at 10 throughout (by periodic additions of NaOH). With a vinyl-painted vessel,
the gas-phase iodine concentration was initially about 2 orders of magnitude lower than that
observed when the pH was not fixed (Figure 3). The test in a vinyl-painted vessel with the fixed pH
still yielded a higher gas-phase iodine concentration than the test performed in a zinc-primed vessel
with the fixed pH. This difference is attributed in part to considerable adsorption of T on the zinc
coating in contact with the aqueous-phase. Post-test examination found about 80% of the initial
iodine was adsorbed on the surfaces in contact with the aqueous phase. Details of the zinc primer
studies have been reported previously [6],
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Figure 2 - Effect of Organic-Painted Surfaces on pH and Gas-Phase Iodine Concentration in the
RTF. The tests were performed in the presence of radiation at an absorbed dose rate of
~ 1.5 kGy*h-1, with an initial pH of 10.
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pH uncontrolled

Time (h)

Figure 3 - Effect of pH Control on Gas-Phase Iodine Concentration in the RTF tests performed in
vinyl-painted vessels. These tests were performed in the presence of radiation at an
absorbed dose rate of ~1.5 kGy*h-1, with an initial pH of 10.
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The effect of pH on iodine volatility is discussed in detail in another paper presented at this
conference [4], However, to summarize this effect, in the presence of radiation, iodine volatility
depends on the reduction rate of volatile I2 to non-volatile T by H202, a water radiolysis product.
This dependence is inversely proportional to [fT] at high pH values and inversely dependent to
[H+]2 at low pH values. In all organic-painted vessel tests in the RTF, the pH decreased in the
presence of radiation, thus decreasing the iodine reduction rate and, hence, increasing the iodine
concentration in the gas phase.
Why does the pH decrease? Early modelling studies have suggested that the radiolytic formation of
nitric acid in air could lead to a lower pH [5], This can be ruled out as the main cause of the pH
decrease observed in these tests because the pH decrease was not observed in the absence of an
organic coating (bare stainless steel). Radiolytic formation of HC1 can also be excluded as a
potential cause for pH reduction with vinyl paint. The rate of HC1 production can be calculated to
be small, based on the known G value for HC1 production from the vinyl paint polymer (vinyl
acetate and vinyl chloride co-polymer) [5], and the measured chlorine content in the water in the
RTF tests with vinyl-painted vessels indicate no significant HC1 production.
The most likely cause of the pH decrease is the radiolytic oxidation of organic impurities in the
aqueous phase. This has been tested by adding MEK (methyl-ethyl-ketone) to the aqueous phase
during a test performed in a zinc-primed vessel (Figure 4). The addition of MEK resulted in a rapid
decrease in pH and dissolved oxygen concentration. Based on our bench-scale studies on the
radiolytic decomposition of MEK and MIBK, this can be rationalized by a radiolytic degradation of
MEK to form radicals (R») which subsequently form organic acids and eventually C02:
MEK
•R

+
+

*OH -»
02
—>

•R
•ro2
•R', alcohols, aldehydes, acids and C02

(1)
(2)
(3)

Clearly, surfaces painted with organic coatings, and in contact with water, are a source of organic
impurities. This was demonstrated by the observed organic concentrations in RTF tests that had
been performed in organic-painted vessels without radiation (millimoles of MIBK, the major
constituent of paint thinner, and a few micromoles of MEK, toluene and xylene, other major
components of paint solvents and thinners, Figures 5 and 6). These organics were not found in a
similar test with radiation. This is postulated to be the result of organic dissolution rates being
slower than organic radiolytic decomposition rates. Consequently, the steady-state concentration of
the organic impurities in the presence of radiation (at the dose rates used in these studies) is
negligible. The relative rates of their radiolytic decomposition, as compared with their dissolution,
can be seen by comparing the rate of change in the MEK concentration following the MEK addition
(Figure 4) to the change in the MIBK concentration (Figure 5). Methyl-isobutyl-ketone decomposes
more readily than MEK in a radiation field to form organic acids.
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Figure 4 - Effect of MEK Addition on pH, Dissolved Oxygen (DO) Concentration and Airborne
Iodine Concentration ([Ig]) in an RTF Test Performed in a Zinc-Primed Vessel. The test
was performed in the presence of radiation at an absorbed dose rate of 1.8 kGy*h"'.
3.00E-03
MIBK Addition
2.50E-03 2.00E-03 -1.50E-03 MEK
MIBK

1.00E-03 5.00E-04 O.OOE+OO
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Figure 5 - Aqueous-Phase Concentration of MIBK (Methyl-Isobutyl-Ketone) and MEK (MethylEthyl-Ketone) in RTF Tests Performed in a Vinyl-Painted Concrete-Lined Vessel in the
Absence of Radiation. No measurable amounts of these organic compounds were
present in a radiation field. The sudden increase in the MEBK concentration at -170 h
was due to a deliberate injection of 1.0 x 10"3 mol*dm"3 MIBK into the aqueous phase.
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Figure 6 - Gas-Phase Concentrations of Aromatics during RTF Tests Performed in Vinyl-Painted
Concrete-Lined Vessels With and Without Radiation.

The different pH reduction rates observed with different organic coatings (Figure 2) could arise
from differences in the organic species released, the aqueous dissolution rates and the radiolytic
decomposition rates of the organic species. However, it has been shown that the major organic
solvents released from organic-coated surfaces tested in our bench-scale studies (e.g. MIBK and
xylene from vinyl-painted coupons, and heptanone and xylene from epoxy-painted coupons) rapidly
decompose to small organic acids (e.g. acetic acid) and CO2 in the presence of radiation. Thus the
organic dissolution rate is most likely to determine the pH reduction rate. The bench-scale studies
on the dissolution of organic species from painted coupons are discussed in detail in Section 3.4.
The observed pH decrease is not linear with time because the change in pH not only reflects the
organic dissolution rate, which determines the acid production rate, but also shows the buffering
effects of carbonates, until the pH reaches about 9.5. The buffering effect appears to break down
below pH 9.5, causing the sudden drop in pH. (The buffer capacity of the H2CO3/ HCO3V CO32'
system reduces considerably at pHs below 9.5, reaches a minimum at pH about 8, but increases
again with another maximum at pH 6.37 [12]). The final pH values observed with the epoxy- and
polyurethane-painted vessels coincide with another buffering zone of the carbonate system (near pH
6.3). The final pH for the vinyl case was much lower, 4.8, probably because of the considerably
higher release of organics from the vinyl-painted surface than from other organic surfaces, which
allowed for significant accumulation of acetic acid.
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3.3 Effect of Organic Surface Coatings on Organic Iodide Formation
Because of the presence of organic compounds at relatively high concentrations in the aqueous
phase and a higher 1% concentration in the aqueous phase than in the gas phase or on surfaces, our
studies on organic iodides have mainly focussed on the formation and decomposition of organic
species in the aqueous phase. Although there is still controversy over the major organic iodide
formation mechanisms [13-19], it is generally accepted that homogeneous gas-phase reactions are
not likely to be the main source of organic iodides in containment in an accident because the
requisite radical (R*) and I2 concentrations are relatively low [16-19]. However, whether
heterogeneous surface reactions or homogeneous aqueous phase reactions are the main pathway
leading to organic iodide formation has not been resolved unequivocally.
We believe that organic iodide behaviour in containment following an accident is mainly
determined by homogeneous aqueous-phase reactions. Heterogeneous reactions to form organic
iodides depend on the formation of the precursor organic radical. The principal mechanism for
organic radical formation during an accident will be the radiolytic decomposition of the polymers
that form the bulk of the organic coating. However, the organic radicals thus formed are likely to
remain bound to the surface and subject to rapid recombination. The steady-state concentration of
surface radicals available for reaction with I2 will likely be low. Reactions of I2 with coating
solvent or impurity compounds on surfaces is possible; however, irreversible (i.e., chemically
bound) iodine adsorption on organic paints or metal surfaces in the aqueous phase is usually
observed to be small [3] (see also Table 2). (The exception is zinc primer.)
Studies on organic iodide formation have mainly focussed on CH3I because of its high volatility and
because methane or other small alkanes have been believed to be the major organic impurities in the
containment atmosphere following an accident. However, RTF tests performed in organic-painted
vessels have found much higher total organic iodide concentrations in the aqueous phase than in the
gas phase. Shown in Figure 7 are iodine speciation measurements obtained in an RTF test
performed with a vinyl-painted vessel. In later stages of the test, organic iodides became the
dominant gas-phase iodine species since most of the gaseous I2 had been adsorbed on surfaces by
then. However, the absolute concentration of organic iodides in the gas phase remained relatively
low and slowly decreased with time, presumably because of hydrolysis of the organic iodides. On
the other hand, there were more organic iodides than I2 in the aqueous phase. (Non-volatile F, not
shown in Figure 7, was always the major iodine species in the aqueous phase.) It should also be
noted that gas and aqueous-phase mass transfer is relatively fast compared with the other processes,
and thus the concentration of a given iodine species in the gas phase reflects its concentration in the
aqueous phase.
Although our confidence level for the aqueous speciation measurements, particularly for those of
molecular iodine, is low (about a factor of 5 for I2(aq)), comparison of the gas and the aqueous
phase speciations indicates that the majority of organic iodides in the aqueous phase are relatively

334

involatile, and certainly not as volatile as CH3I. Formation of these relatively involatile, presumably
highly soluble organic iodides of various ketones, alcohols and phenols, can thus reduce iodine
volatility by reducing the molecular iodine concentration in the aqueous phase.
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Figure 7 - Aqueous- and Gas-Phase Iodine Speciation in an RTF Test Performed in a Vinyl-Painted
Vessel.

Figure 7 also shows that in the aqueous phase, the organic iodide concentration closely followed
that of I2, which was observed in all tests with organic-painted vessels; another example is shown in
Figure 8. Figure 8 also shows that when MEK was added into the aqueous phase at a later stage of
the test, the gas-phase CH3I concentration closely followed that of total iodine. This indicates that
the organic iodides are formed by the reaction of I2 with organic compounds in the aqueous phase,
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and that these reactions are relatively fast. Various ketone and alcohol radicals formed by the
radiolysis of MIBK and MEK (see Reactions (1) to (3)) would easily react with I?:
R*

+

I2

—>

R1

+

I*

(4)

Aromatic organic iodides can be formed by thermal and radiolytic reactions of I2 with phenol
derivatives [10,11], which can be easily formed by the radiolysis of aromatic solvents such as
xylene and toluene.
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Figure 8 - Effect of Organic Addition to the Aqueous Phase on the Gas-Phase Iodine Concentration
and Speciation in an RTF Test Performed in a Epoxy-Primed, Polyurethane-Painted
Carbon-Steel Vessel.

3.4 Dissolution of Organics
It has been shown in the RTF that the kinetic behaviour of key factors affecting iodine volatility,
such as pH, dissolved oxygen concentration and organic iodide concentration, is mainly determined
by the aqueous dissolution of organic species from surface paints. The release of organic solvents
from vinyl- and epoxy-painted stainless steel coupons into the aqueous phase was studied as a
function of pH, radiation dose, iodine concentration and temperature. For these experiments, 60 mL
of water, with pH adjusted using boric acid and NaOH, was added to 375-mL glass vessels. An
experiment began with the immersion of two painted coupons (5.32 cm2 each). The temperature of
the cell was controlled by either a circulating-water bath or heating tapes. Gas and aqueous samples
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(1 mL) were taken periodically for organic analysis. The gas analysis was performed using ordinary
gas chromatography (GC) or gas chromatography with a mass selective detector and the aqueous
analysis was performed using high-performance liquid chromatography (HPLC) following
derivatization or following solid-phase micro-extraction. Because of the higher sensitivity of GC
compared with HPLC, gas-phase analyses were used more routinely to study organic compound
dissolution. Because the dissolution rates of the organic compounds from the painted coupons are
relatively slow, it is assumed that the organic compounds in the gas and the aqueous phases are in
fast equilibrium and that the concentrations of the organic species in the gas phase are correlated
with those in the aqueous phase by their partition coefficients. This equilibrium assumption was
tested by injecting MIBK into the aqueous phase and measuring MIBK evolution to the gas phase.
Equilibrium was reached within 10 min, and the partition coefficient of MIBK observed from the
test was 4.0 x 102.
We have observed the release of both aliphatic and aromatic organic compounds (paint solvents)
from the painted surfaces. Figure 9 shows the organic compounds detected in the gas phase in a test
with vinyl-painted coupons, aged in air for about 2 months, at 40°C. The major component of the
thinner present in this paint, MIBK, was the major organic compound released, as observed in the
gas phase and in the aqueous phase. The amount of MIBK released from these painted coupons was
twice that of xylene and toluene for relatively fresh (about 2 months) paints and was at least an
order of magnitude larger for older paints. Other components of the paint thinner, xylene and
toluene, were also observed in the gas phase.
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Figure 9 - Organic Compounds Detected by Gas Chromatography in the Dissolution Test with
Vinyl Coupons at 40°C. The curves were fitted to the data using Equation (7) in the text.
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Other organic compounds observed in the gas phase at much lower concentrations were MEK,
acetone and trichloroethane. At the end of a dissolution experiment at 90°C, the whole coupon
surface was covered with mini-blisters, 1 to 2 mm in diameter, and the carbon steel was exposed on
the edges. A layer of the vinyl polymer peeled, revealing yellow discoloration underneath, and
ethanol and 2-propanol, the major solvent constituents of the zinc primer base undercoating, were
observed in solution. However, in all cases, MIBK was by far the major organic compound released
from the painted surfaces.
The kinetics of the MIBK dissolution was derived based on the following simple mechanism:
MIBK(ab)
MDBK(aq)

-»
<->

MEBK(aq)
MIBK(g)

(5)
(6)

Assuming a fast equilibrium for Reaction (6) leads to the following equation for the concentration
of MEBK in solution,
1
[MIBK(ag)], = 1+ (%)*(!/*)"

aq

• [MIBK(ab)]0 • (1 - exp (-to))

(7)

aq

where aq, ab and g in the brackets and subscripts represent aqueous, absorbed and gas phase,
respectively, H is the partition coefficient of MIBK, V is volume, A is surface area, k is the
dissolution rate constant (s'1) and [MtBK(ab)]0 is the absorbed MIBK concentration present in the
paint polymer phase at the start of dissolution, which determines the total amount of MIBK
released.
Simulation calculations using Equation (7) reproduce experimental results very well (as shown in
Figures 10 and 11) indicating that the simple mechanism adequately describes the organic solvent
dissolution process. (Figures 10 and 11 use the same data except that in Figure 11 the data at each
temperature are normalized to the final MIBK concentration, which is determined by [MJBK(ad)]0.)
The dissolution parameters, [MIBK(ad)]o and k, were determined from best fits to the experimental
data using Equation (7).
The dissolution of organic compounds from vinyl-painted coupons was studied as a function of
temperature, aging, pH and radiation exposure. The dissolution rate constant was observed to
depend strongly on temperature, showing an Arrhenius temperature dependence with an activation
energy of 2.8 kcal^mol'1 (Figure 12). The pH of the water did not have a significant impact on the
dissolution process.
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Figure 10 - Dissolution of MEBK from Vinyl-Painted Coupons at pH 10 at Various Temperatures.
The curves are fits to the data using Equation (7) in the text.
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Figure 11 - Dissolution of MEBK from Vinyl-Painted Coupons at pH 10 and at Various
Temperatures. Compared with Figure 10, the dissolution data at each temperature are
normalized to the final MIBK concentration. The curves are fits to the normalized
data using Equation (7) in the text.
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Figure 12 - Arrhenius Plot for the Dissolution of MIBK in water at pH 10 from Vinyl-Painted
Coupons. The line shows the fit for an activation energy of 2.8 kcal'mol"1.

The maximum concentration of MIBK in the aqueous phase was found to depend only on the age of
the vinyl coating. The peak concentration was observed for a fresh coating. This concentration
decreased rapidly during the initial aging period followed by a slower decrease with further aging
(Figure 13). This supports the above mechanism if we assume that the initial MIBK concentration
within the coating surface controls the maximum MIBK concentration in solution and that the
MEBK content in the coating decreases with aging because of evaporative losses.
The effect of radiation on the dissolution of the organic compounds was small, although radiation
rapidly decomposed the organic compounds that had been released into the aqueous phase. The
effect of radiation was studied by irradiating test cells containing vinyl-painted coupons immersed
in water. A period of irradiation following a period of dissolution was found to increase
significantly the gas-phase concentrations of acetaldehyde, acetone and MEK, and reduce the
concentration of MIBK. Twenty-four hours of irradiation at a dose rate of 0.36 kGy*h"‘ was
sufficient to completely decompose the MIBK in solution for all the tests with vinyl-painted
coupons. The HPLC analyses of the aqueous phase also showed significant increases in the
concentrations of formaldehyde, acetaldehyde and acetone, along with a decrease in the
concentration of MIBK. The formation of 3-hydroxy methyl-ethyl-ketone (3-OH-MEK) was also
observed. Formaldehyde and 3-OH-MEK were not detected in the gas phase, presumable because
of their large partition coefficients. Toluene and xylene were not found, likely because they
decomposed to phenol derivatives (and further to organic acids to a small extent), which are
involatile and difficult to detect by conventional GC techniques.
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Figure 13 - The Maximum MD3K Concentration Released from Vinyl-Painted Coupons into Water
as a Function of Pre-Aging of the Painted Coupons

The changes in solution and gas-phase chemistry with irradiation can be attributed to radiolytic
decomposition of the MIBK in solution. This has been confirmed by independent irradiation tests
of aqueous solutions containing MIBK. The radiolysis of aqueous solutions containing various
concentrations of MIBK was studied at initial pH values of 10 and 5. The organic compounds
observed in the radiolysis of MIBK solutions behave similarly to those observed in the tests with the
vinyl coupons irradiated following dissolution. Moreover, the concentrations of radiolysis products
of the organic compounds found after irradiation, following different periods of dissolution, closely
correspond to the concentrations expected from irradiation of aqueous solutions containing the
quantities of MIBK and MEK that would be expected to be present in solution after the dissolution
period.
These results suggest that (1) the radiolysis of organic compounds from paint coatings will occur
primarily in the aqueous phase and not on the surface, and (2) the dissolution of organic compounds
from the surface paint into the aqueous phase is the rate-determining step that controls the change in
pH arising from organic radiolysis.
The dissolution of MIBK, xylene and toluene following a period of irradiation was found to be very
similar to the behaviour observed in non-irradiated tests. The release of MIBK following a period
of irradiation appeared to have the same dissolution rate constant, but the concentration in solution
was smaller. That is, the aqueous phase concentration of MIBK observed following the termination
of irradiation was reproduced using Equation (7) with the same k as, but with a smaller
[MIBK(ab)]o than, those obtained in non-irradiated tests. The organic compounds released during
the irradiation periods reduces [MIBK(ab)]o available for subsequent dissolution. In addition, once
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released into the aqueous phase, organic compounds rapidly decompose, resulting in their aqueous
phase concentrations being negligible. From this we conclude that irradiation (at the doses and dose
rates used here) does not have a significant impact on the chemistry of the paint coating per se,
although it decomposes the organic solvents that have been released to solution, affecting their
concentrations observed in the aqueous and gas phases.

3.5 Surface Adsorption
The RTF tests have also shown that organic-painted surfaces have large adsorption capacities for
iodine in the gas phase (Table 2). With the exception of the tests conducted with zinc-primer and
vinyl paints in the absence of radiation, gas-phase surfaces have shown larger adsorption capacities
for iodine than aqueous-phase surfaces. It also appears that the fraction of the total iodine deposited
on the gas-phase surfaces increases with an increase in the iodine concentration in the gas phase.
Organic surfaces in the gas phase have similar overall adsorption capacities for iodine to bare
stainless steel surfaces.

Table 2. Effect Of Surfaces On Iodine Volatility*
Maximum Gas-Phase
Radiation
Vessel
Iodine Concentration
Field
Surface
mol'dm"3

*

% Iodine
Lost to
Surface

Predominant
Loading Surface

Yes

Vinyl

8 x 10"9

78

gas

No

Vinyl

4x 1011

12

aqueous

Yes

Polyurethane

3 x 10"9

92

gas

Yes

Epoxy

7 x 10"9

87

gas

Yes

Vinyl (at pH 10)

2 x 10'10

5

gas

Yes

Stainless Steel

6 x 10‘10

86

gas

No

Zinc Primer

1 x 10"10

82

aqueous

Yes

Zinc Primer

3 x 10"10

79

aqueous

Yes

Concrete

1 x 10"12

45

gas

No

Concrete

3 x 10"12

12

aqueous

The surface areas in contact with the gas and aqueous phases (220 and 52 dm2, respectively) and
the gas-aqueous interfacial area (37 dm2) and the gas and aqueous volumes (315 and 25 dm3,
respectively) were the same for all the tests.
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The following model has been proposed for iodine deposition on painted surfaces:

d[l1]L =
dt

dihl
dt

^ Ad

'['2V 1-

[U

+ kD<s-f*[i2l

U2ih
I v

2 Jj
1- [/2]
Ags

V210;

-k Des '[/2]
2jj

where [LJg and [I2 ]s are the molecular iodine concentrations in the gas phase (mol*dm 3) and on the
surface (moledm2), respectively, kAd is the adsorption rate coefficient (dm*s"‘), koes is the
desorption rate constant (s'1), Ag$ and Vg are the gas-phase surface area (dm2) and volume (dm3),
respectively, and [12]$° is the saturation capacity of the surface for I2 (mol*dm'2).
Many RTF and bench-scale studies were used to develop this model and to obtain the adsorption
and desorption rate constants and adsorption capacity. A good fit is obtained using this model for a
variety of tests with a variety of surfaces. These modelling results are presented elsewhere in this
conference proceedings [2].

4. SUMMARY
A comprehensive research program is being conducted at the Whiteshell Laboratories of AECL to
study the influence of the chemistry of painted surfaces on iodine volatility under postulated reactor
accident conditions. The studies involve model development, bench-scale separate effects tests and
intermediate-scale integrated experiments on organic compound dissolution and radiolysis, and
iodine surface adsorption and desorption phenomena.
The studies have shown that organic impurities will be found in containment water, arising from the
dissolution of organic compounds from various surface paints and that these compounds can
potentially have a significant impact on iodine volatility following an accident. The main impact of
surface paints will occur through aqueous-phase reactions of the organic compounds released from
the paint. Under the radiation conditions expected during an accident, these compounds will react
to reduce the pH and dissolved oxygen concentration, consequently increasing the formation of I2
from T that is present in the sump. It appears that the rates of these processes may be controlled by
the dissolution kinetics of the organic compounds from the surface coatings. Moreover, the organic
compounds may also react thermally and radiolytically with I2 to form organic iodides. Our studies
have shown that the formation of organic iodides from soluble organics, such as ketones, alcohols
and phenols, may have more impact on the total iodine volatility than the formation of CH3I.
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The Reaction between Iodine and Organic Coatings under Severe
PWR Accident Conditions.
An Experimental Parameter Study.
S. Hellmann, F. Funke, G.-U. Greger, A. Bleier, W. Morell

Abstract
An extensive experimental parameter study was performed on the deposition and on the
resuspension kinetics in the reaction system iodine/organically coated surfaces. Both reactions
in the gas phase and in the liquid phase were investigated and kinetic rate constants suitable
for modelling were derived.
Previous experimental studies on the reaction of iodine with organically coated surfaces were
mostly limited to temperatures below 100 °C. Thus, this parameter study aims at filling a gap
and providing kinetic data on heterogeneous reactions with organic surfaces in the accident
relevant temperature range of 100 °C - 160 °C. Two types of laboratory experiments were
carried out at Siemens/KWU using coatings representative for German power plants (epoxy
type paint).
1. Gas phase tests:
Coated samples were exposed to a flow of h mixed with air, dry steam or condensing
steam at 100 °C - 160 °C. The steam condensation rates were similar to those assumed for
a hypothetical accident. From the experiments the deposition rate constants ko for h and
the resuspension rate constants kR for organic iodine, molecular iodine, and iodide (under
steam condensing conditions) were inferred. In a dry atmosphere the deposition rate
constant ko is in the range 7 E-4 m/s (air) - 19 E-4 m/s (steam) whereas under steam
condensing conditions kD' = 30 E-4 m/s. The deposition is diffusion-controlled, i. e. limited
by mass transfer to the surface. The resuspension experiments showed that under steamcondensing conditions (wet surface) at 100 °C - 160 °C the surface-bound iodine is
released or rather washed off nearly exclusively (>90 - 95 %) as iodide. The rate constants
for this iodide release, kR = 9 E-6 s'1 (100 °C) and kR = 6 E-5 s"1 (160 °C), are one to two
orders of magnitude higher than the rate constants for the release of gaseous h or organic
iodine. The iodide release from wet coated surfaces constitutes a new, effective reaction
path to be included in iodine modelling. This reaction path leads to a reduction of volatile
molecular iodine in the containment atmosphere.
2. Liquid phase tests:
Coated surfaces were submerged in solutions at T = 25 °C, 50 °C, 90 °C and 140 °C in
order to measure the deposition and resuspension kinetics. At 25 °C - 50 °C h is rapidly
absorbed onto the coating. However, at 90 °C and 140 °C the coating gives rise to an
efficient h/l conversion which counteracts the net 1% depositon. h deposition rate constants
of ko = 2-5 E-6 m/s are recommended in the temperature range 25 - 140 °C. In
comparison, T deposition rates are lower: ko = 2 E-8 m/s (25 °C), ko = 7 E-7 m/s (90 °C)
and kD = 3 E-6 m/s (140 °C). The resuspension is strongly dominated by the iodide release,
e.g. kR = 2.5 E-4 s'1 (140 °C). To sum it up, the efficient iodide formation at coated
surfaces in the liquid phase enhances the potential of the sump for a reduction of the h
concentration.
All authors: Siemens AG, Power Generation Group (KWU), D-91050 Erlangen, P.O. Box 3220, F. R. Germany
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1 Introduction
The prediction of the iodine source term to the environment requires a good knowledge of the
radioiodine chemistry in the containment during a LWR hypothetical core melt accident. The
complex iodine chemistry is influenced by a variety of boundary conditions such as
temperature, radiation dose rate, pH of sumps. Their effects have been investigated in the past
or are currently under investigation. The results are implemented in codes modelling the
kinetics of the various volatile and non-volatile iodine species in the containment during
severe accidents.
Due to large surface areas, the reaction of iodine with organically coated surfaces (both in the
containment atmosphere and in the sump) may also play an important role as regards either
formation of organic iodine or conversion of volatile into non-volatile compounds.
Previous experimental studies on the reaction of iodine with organically coated surfaces were
mostly limited to temperatures below 100 °C and pressures not exceeding 1 bar. Thus, this
parameter study aims at filling a gap and providing kinetic data on heterogeneous reactions
with organic surfaces in the accident-relevant temperature range of 100 -160 °C. As a
consequence, two types of laboratory experiments were carried out.
1.

Gas phase: Coated samples were exposed to a flow of h mixed with air, dry steam or
condensing steam. From the tests the following information should be derived:
- How fast is the deposition of h onto epoxy coatings in a dry atmosphere?
- How does the deposition of 1% proceed under steam-condensing conditions?
- How fast and to what extent is iodine - molecular iodine I2, organic iodine or iodide T subsequently resuspended from coated surfaces?
Thus from the experiments the h deposition rate constants and the resuspension rate
constants for organic iodine, I2 and T (under steam condensing conditions) are to be
deduced.

2.

Liquid phase: Coated samples were introduced in aqueous solutions in order to measure
- the deposition rate constants for I2 and I"
- the resuspension rate constants of organic iodine, I2 and I

The objective of the present work is to provide kinetic data for the reaction of iodine with
organically coated surfaces at accident-relevant temperatures which can be used in severe
accident iodine codes.
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2 Experimental

study of the iodine/organic surface reactions in

THE GAS PHASE
The heterogeneous reactions of iodine with surfaces consist of the two processes
- iodine deposition from the gas phase onto a surface
- iodine resuspension from a surface (which contains deposited iodine) into the gas phase
The experiments were designed in order to determine the kinetic constants for each process.

2.1 Iodine resuspension from organically coated surfaces in the gas phase
2.1.1 Experimental
The experimental setup to examine the iodine resuspension in the gas phase at T = 100 160 °C is shown in Figure 1. It consists mainly of three units:
- central unit with
• reaction vessel (organically coated steel tube)
• gas inlet and outlet
• vessel for sampling condensed steam from the sample surface
- supporting unit
• steam generator
• steam overheating to avoid steam condensation before the reaction vessel
• provision for gas mixing, cleaning and overheating
- sampling unit with four parallel gas filters to discriminate
• aerosols
• I2 (with DSM11, Kl-impregnated silica)
• I2 + organic iodine (with AC6120, AgNOg-impregnated silica)
The sample consists of an organically coated steel stube (inner diameter 76 mm, length
160 mm, surface/volume-ratio 52.3 m"1). The epoxy-type coating is representative for German
NPPs.
The steam condensation rates were in the range anticipated in severe accidents, i.e. 4 - 4.5 E-5
g H2O cm"2 s"1 without MCCI (Molten Corium Concrete Interaction) and 2 E-5 g H2O cm"2 s'1
with MCCI. The desired steam condensation rates were controlled by the pressure in the
system. Steam that had condensed on the sample surface was collected in a condensate vessel.
After the test the sample (coated steel tube), the iodine filters and all connecting pipes etc.
were removed and their iodine loadings were measured by y-counting of the 1-131 tracer.
A chemical separation of the iodine species in the condensed water similar to [Lin 1979] was
performed. Additionally, an iodide-sensitive electrode was used to discriminate I2 and T where
appropriate [Funke 1994].
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2.1.2 Evaluation of data
The interaction of gaseous iodine, 1%, with surfaces can be described according to [Deane
1990] by the general differential equation:
(i)

de

with

Pals

iodine surface concentration

Pz]g

iodine concentration in the gas phase

ko

deposition rate constant

kR

resuspension rate constant

In our case (flow system) the iodine released from the surface is immediately removed by the
gas flow and the deposition term in (1) can be neglected:
(2)

When the change in surface concentration AjT2]s in the interval At is small then kR can be
calculated with sufficient accuracy by

- 1AM

(3)

At [I2]s
with

[l2]s

average surface concentration in time interval At.

When several iodine species are resuspended simultaneously then the change in surface
concentration has to be considered for each species separately:
Kal
kR(0

with

(4)

At • iy s
kR<i)

resuspension rate constant for species i

Afoki change in surface concentration due to resuspension of species i

For large changes of the surface concentration [I2]s the integrated form of (2) has to be used
Pzls = [l2]s,o exp (- kR t)

(5)

This yields for the time interval At = t2 -1]
1 , [I2],,t2
kR --------In
At
[L]
2 -Is, t[

(6)

When several iodine species are released simultaneously then the rate constant for species i,
kR(i), is obtained by
(7)

with

Ans,i

= mass of species i released during At,

S

= surface area.
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2.1.3 Results and Discussion
Twelve resuspension experiments were carried out in which mainly the following parameters
were varied
- temperature: 100 °C, 160 °C
- atmosphere: air, superheated steam, condensing steam
- organic coating system (epoxy-type)
• kept at RT for 6-37 weeks
• aged (DIN: 1000 h at 80 °C and 24 h at 125 °C in air)
The test matrix is shown in Table 1. In the tests with steam a chemical analysis revealed that
the condensate contained only iodide and no other iodine species. This proves that previously
deposited I2 is efficiently reduced to I by the coating.
The release results can be summarized as follows (cf. Figures 2-4 and Table 2):
- The resuspension rate constants kR of I2 and organic iodine at 160 ° C/steam condensation
are in the same scatter band, irrespective of aging of the coating, a primer and the
temperature for loading of the surface with iodine. The kR values are approximately
constant during the test duration of 13 hours.
The rate constants kR averaged over all tests (FV 4, 5, 7, 8, 9, 12) are kR(I2) = 2.7 ±
1.5 E-6 s'1 and kR(organic iodine) = 1.1 ± 0.7 E-6 s'1. The corresponding rate constant for T
release is kR(I") = 6.2 ± 4 E-5 s'1. This "washoff rate" (iodide release into the condensate) is
about a factor of 20 larger compared to the I2 resuspension and about a factor of 50 larger
compared to the organic iodine resuspension. Thus under steam condensing conditions the
iodine release from painted surfaces is strongly dominated by iodide.
- The resuspension rate constants of I2 and organic iodine at 160 °C/drv atmosphere (air,
superheated steam) during the first two hours are similar to the ones obtained afterwards in
a wet atmosphere. However, in a dry atmosphere they decrease significantly afterwards:
• I2: from 2 E-6 s'1 to 1 E-7 s'1
• organic iodine/air: from 4 E-7 s'1 to 1 E-8 s'1
• organic iodine/steam: from 1 E-6 s'1 to 4 E-7 s'1
- At 100 °C the release behaviour is in part different.
Under steam condensing conditions kR(U) = 8 ± 5 E-7 s'1 and kR(organic iodine) = 4.4 ±
3 E-7 s'1 which is a factor of 3 lower compared to 160 °C. The activation energies
according to Arrhenius, Ea(Iz) = 27 kJ mole"1 and Ea(organic iodine) = 20 kJ mole"1,
correspond to diffusion-controlled reactions.
The iodide "washoff rate", kR (I") = 9 ± 1 E-6 s'1, is a factor of 6 lower than at 160 °C. The
activation energy, Ea = 43 kJ mole'1, is somewhat higher than for a purely diffusioncontrolled reaction.
However, in a drv atmosphere the release at 100 °C, kR(U) = 3.3 ± 1.7 E-8 s'1 and
kR(organic iodine) = 2.2 ±1.4 E-8 s'1, is about two orders of magnitude lower than at
160 °C. Consequently the activation energies are significantly higher: Ea(l2) — 80 kJ mole"1
and Ea(organic iodine) — 70 kJ mole"1.
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It shall be emphasized that the tests with steam condensation are more relevant to the severe
accident source term. The result, that the resuspension rate constants varied in this case only
to a small extent with temperature, points at a diffusion-controlled process. Possibly the
diffusion through the water film on the surface is the rate-determining step. However, the
transferability of the results is good as accident-relevant condensation rates were used in the
tests.
The resuspension processes can be modelled in iodine codes by the following equations:
d [organic iodine]g/dt = 2 kR(organic iodine) [I2]s S/Vg
d[l2]g/dt = kR(l2)[l2]SS/Vg
with kR(i)

(8)
(9)

resuspension rate constant for species i

P2]s

iodine surface concentration

p2]g

I2 concentration in the gas phase

[organic iodine]g organic iodine concentration in the gas phase
S/Vg

surface area/gas phase volume - ratio

The surface concentration changes according to
d [I2]s/dt = -kR(organic iodine) [I2]s - kR(I2) [I2]s

(10)

In condensing steam most of the surface iodine is washed off as iodide f. Assuming that this
iodide is transferred into the sump (index 1) then the following equations have to be added:
d [I’]i/dt = 2 kR(T) p2]s S/Vi

(11)

d [I2]s/dt = - kR(I") [I2]s

(12)

with the sump volume V,.

2.2 Iodine deposition from the gas phase onto organically coated surfaces
2.2.1 Experimental
The experimental setup (Figure 5) differs essentially only by the I2-dosing unit from the
apparatus used for the resuspension tests. The experimental and analytical procedure was the
same as described in section 2.1.1 with two exceptions:
- the sample surface was not loaded with iodine
- the gas flow contained I2.
I2 was generated according to the Dushman reaction

5r + I03- + 6H30+

->

312 + 9 H20

(I)

To this end KI and KI03 in an acid solution, tracered with 1-131, were kept at 40 °C in a
pressure vessel and a controlled nitrogen flow was passed over the solution.
2.2.2 Evaluation of data
The deposition of iodine, I2, on a surface can be described by
(13)

dt
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For small changes of the surface concentration, AMs, ko is obtained with good accuracy by
A[I2]s

k

(14)

with [l2 ]g average gas phase concentration during the time interval At.
In a flow system the reaction time is given by At = V/V where V = volume of the reaction
chamber and V = volumetric gas flow rate.
For larger changes of the surface concentration the accurate evaluation formula was used. The
decrease of the gas phase concentration is given by
d[IJg

S d[I2]s

dt

V

(15)

dt

S

sample surface area

V

volume of reaction vessel

Integration of (15) in the limits 0 - t and [I2]g,in -Mg,out yields
‘■-£"Eu

(16)

reaction time in the flow system, t = V/V

T
Mg-m

h concentration entering the sample tube

Mg,om

h concentration leaving the sample tube

In the deposition experiments with condensing steam one part of the iodine remains on the
surface while another part is washed off immediately after surface contact. For this case two
different deposition rate constants can be defined: ko, which considers as "deposited iodine"
only the iodine which remains (for some time) on the surface, ko', which considers as
"deposited iodine" both the iodine remaining on the surface and the iodine washed off the
surface, i. e. all iodine which had come into contact with the surface.
It is advantageous for modelling purposes to determine ko' and also the fractions
f= n

'

and

n(I2)g

(1 - f) = n

'

'

experimentally.

n(I2)g

(17)

f:

proportion of iodine, which is immediately washed off from the surface again

(1-f):

proportion which remains deposited on the surface and is subsequently resuspended

2.2.3 Results and Discussion
Five deposition tests at 160 °C were carried out (Table 3). The main parameters were
test DV1:

dry air

test DV2:

condensing steam (accident-relevant condensation rates)

test DV3:

superheated steam

test DV4:

condensing steam, artificially aged coating

test DV5:

air, very high surface/volume-ratio (test for mass transfer contribution)
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The steam condensate of tests DV2 and DV4 was analysed for T, IO3 and 1%. It contained only
hydrolized I2, i. e. no additional T or IO3 was formed during the (short) reaction time. The
results of all tests are summarized in Table 4.
Tests DV2 and DV4 show that the deposition kinetics is independent of the ageing of the
paint. The rate constants show the ranking ko (air) < ko (dry steam) < kD' (wet steam). These
differences are significant and should be considered in iodine modelling.
Test DV5 confirms that the deposition of I2 onto an organically coated surface is limited by
gas phase diffusion. The reaction of I2 with the surface is very rapid. The reaction rate of the
overall process is thus limited by the subsequent delivery of I2 from the gas phase to the
surface. For modelling purposes the (limiting) mass transfer has to be considered. Since the
rate constant ko is clearly governed by mass transport limitations, the determination of the
deposition kinetics at other temperatures was dispensed with.
Additionally, the fractions f and (1 - f) were determined in tests DV2 and DV4:
f = 0.68 ± 0.02 and (1 - f) = 0.32 ± 0.02, which are valid for the condensation rates in the
experiments (4.05 - 4.36 E-5 g H20 cm"2 s"1).
The iodine (I2) deposition under steam condensing conditions can thus be modelled by the
following equations (for deposition rate constants confer to Table 4)
d [I2]g/dt = kD' S/Vg [I2]g

(18)

d [I2]i/dt = + fkD' S/Vg [I2]g Vg/V,

(19)

d [I2]s/dt = + (l-f)kD' [I2]g

(20)

d [I2]i/dt describes the increase of (hydrolized) I2 in the sump due to the iodine which is
washed off the surface. Vg, V] and S denote the gas phase volume, the sump volume and the
surface area, respectively.
The same modelling equations can be used for the I2 deposition in a dry atmosphere, too. In
this case f = 0 and kD' = ko-

3 Experimental

study of the iodine/organic surface reactions in

THE LIQUID PHASE
An approach similar to the gas phase reactions was chosen, i. e. the deposition and the
resuspension kinetics were investigated separately.

3.1 Experimental
The tests were carried out in the temperature range of 25 °C - 140 °C (deposition) and 50 °C 140 °C (resuspension). Removal of volatile I2 and organic iodine was assured by sparging the
solution with nitrogen. Hydrolysis of I2 which would have rendered impossible the monitoring
of I2 in the gas phase was prevented by a suitable pH [Bell 1982]: pH 3 at 50 °C, pH 2.5 at
90 °C and pH 1.5 at 140 °C. At 140 °C/3.6 bar the deposition and resuspension tests were
carried out using a glass autoclave (Figure 6). For measuring deposition kinetics an iodine
dosing unit was attached to the reaction vessel. Liquid samples were analysed by yspectrometry using 1-131 as a tracer. Additionally, gas phase samples taken in the
resuspension tests were analysed for I2 and organic iodine. The surface samples consisted of
coated coupons, the epoxy coating being typical for floor coatings of German NPPs.
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3.2 Evaluation of data
The procedure was similar to the one already described in sections 2.1.2 and 2.2.2 for
heterogeneous gas phase reactions.

3.3 Results and Discussion
The test matrix and the results of the resuspension tests are shown in Table 5. The iodine
release is dominated by iodide as was also the case in the gas phase tests under steam
condensing conditions. The resuspension rate is independent of
- previous loading of the surface with 1% or T
- ageing of the coating
- manufacturer of the coating
The deposition tests were carried out both with I2 and T. At temperatures below 100 °C the
deposition rate constant of I is significantly lower.
The resuspension and the deposition rate constants recommended for modelling are
summarized in Table 6. The analogous differential equations as described in section 2.1.3 and
2.2.3 can be used for modelling of the heterogeneous reactions in the liquid phase
[Cripps 1992]).
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conditions of iodine loading
test

coating

resuspension conditions

surface cone.

atmosphere

gas flow

T[°C]

t[h]

[g I/cm2]

age

primer

T [°C]

air

FV1

25

21

1.79 E-5

28 weeks

-

160

X

2.98

FV2

25

20

1.89 E-5

31 weeks

160

X

0.30

FV3

25

21

1.12 E-6

33 weeks

-

160

FV4

120

5.5

4.16 E-6

35 weeks

-

FV5

25

5.5

1.19 E-5

36 weeks

FV6

25

5.5

9.87 E-6

37 weeks

dry steam

wet steam

[1/min]

x

2.46

160

X

1.60

-

160

X

1.60

-

100

X

2.00

160

X

2.00

FV6 A

X

-*■

25

5.5

8.46 E-6

9 weeks

Fe-Glimmer

160

X

1.87

FV8

25

5.5

5.55 E-6

DIN-aged

Fe-Glimmer

160

X

2.07

FV9

25

5.5

6.05 E-6

shortly aged

Zn-silicate
Fe-Glimmer

160

X

2.10

FV10

25

5.5

8.27 E-6

12 weeks

-

100

X

1.80

FV11

25

5.5

1.16 E-6

13 weeks

-

160

FVI2

25

5.5

6.52 E-6

DIN-aged

-

160

Table 1:

Test matrix for the iodine resuspension experiments in the gas phase.
Reference test: FV 5.

2.33

X
X

2.20

354

FV7

resuspension conditions
(temperature/atmosphere)

resuspension rate constants [s'1]
I2

organic iodine

1 (washoff)

- "wet" atmosphere

2.7 ± 1.5 E-6

1.1 ±0.7 E-6

6.2 ± 4 E-5

- dry atmosphere (air,
superheated steam)

1.3 ±1.2 E-6
1.2 ±0.9 E-6

5 E-7/1 E-91
8 ± 4 E-72

8 ± 5 E-7

4.4 ± 3 E-7

3.3 ± 1.7 E-8

2.2 ± 1.4 E-8

160 °C:

100 °C:
- "wet" atmosphere

1air: kR decreases by two orders of magnitude in 25 h - e. g. for l2 from 2.5 E-6 s'1 to 1 E-7 s'1
2 superheated steam: kH decreases, too, but to a much smaller extent than in air

Table 2: Summary of the results of the iodine resuspension experiments
in the gas phase.
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- dry atmosphere (air)

9 ± 1 E-6

test

sample

coating
age

atmosphere

primer

T

P

gas flow

linear flow
velocity

reaction
time x

[°C1

[mbar]

[cm3/s]

[cm/s]

[s]

steel tube with
coated inner
surface

17 weeks

Fe-Glimmer

air

160

1,140

51.0

1.12

14.2

DV2

steel tube with
coated inner
surface

20 weeks

Fe-Glimmer

condensing
steam

160

7,150

98.6

2.17

7.36

DV3

steel tube with
coated inner
surface

14 weeks

—

superheated
steam

160

4,200

117.0

2.58

6.20

DV4

steel tube with
coated inner
surface

DIN-aged

—

condensing
steam

160

7,090

107.4

2.37

6.76

DV5

steel tube with
coated inner
surface and coated
steel balls

58 weeks

air

160

1,130

51.5

1.85

2.43

Table 3:

Test matrix for the iodine deposition experiments in the gas phase.
Data on sample (DV1-4): length of steel tube =160 mm, inner diameter of = 76 mm
surface area = 380 cm2, volume = 726 cm3.
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DV1

atmosphere

test

DV1

air

DV2

condensing steam

superheated
steam

DV4

condensing steam

DV51
1

air

S/V

reaction
time t

[g/cm2s]

[m1]

[s]

inlet

-

52.3

14.2

4.05 E-5

52.3

7.36

^-concentration in the
gas phase
[g/cm3]

iodine surface
concentration

deposition rate
constant

outlet

[g/cm2]

[m/s]

8.24 E-10

4.85 E-10

6.52 E-7

ko =7.1 E-4

22.5 E-10

6.72 E-10

6.10 E-6
total surface
contact

k'D= 31.3 E-4

1.8 E-6
remained
(after test)

kD = 8.9 E-4

-

52.3

6.20

17.2 E-10

9.37 E-10

3.46 E-6

kD =18.7 E-4

4.36 E-5

52.3

6.76

8.72 E-10

3.05 E-10

2.21 E-6
total surface
contact

k'D = 29.7 E-4

7.47 E-7
remained
(after test)

ko = 8.8 E-4

16.3 E-6

kD = 27.7 E-4
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DV3

conden
sation
rate

-

463

2.45

133 E-10

5.94 E-10

tube with coated steel balls

Table 4:

Results of the iodine deposition experiments in the gas phase (T = 160 °C). kD and kp are defined in the text.

test

Iodine loading

coating

resuspension
temperature

resuspension rate constant kR [s'1]

T
[°C]

type

manufac
turer

age

[°C]

I

I2

organic
iodine

FR1
FR2

I2
U

90
90

floor
floor

GuW
Perm

103 d/RT
110 d/RT

90
90

3.3 ± 0.4 E-5
7.4 ± 0.8 E-5

2.0 ± 0.5 E-6
6 ± 2 E-6

2.2 ± 0.6 E-6
7 ± 4 E-7

FR3
FR4

I2
I2

90
90

wall
floor

GuW
GuW

2a/RT
48h/125 °C

90
90

1.1 +0.2E-4
2.1 ± 0.3 E-5

1.1 ±0.3 E-6
1.8 ± 0.3 E-6

1.5 ± 0.4 E-6
8 ± 2 E-7

FR5
FR6

I
I2

90
25

floor
floor

GuW
GuW

173 d/RT
181 d/RT

90
90

4.2 ± 0.5 E-5
3.3 ± 0.4 E-5

—

1.4 ±0.7 E-5

3.9 ± 1.5 E-7
2 ± 1 E-6

FR7
FR8

I2
I"

50
90

floor
floor

GuW
GuW

327 d/RT
334 d/RT

50
50

4.9 ± 0.6 E-6
2.6 ± 0.4 E-6

(6 ±3 E-8)
—

(<1.5 E-8)
(< 1 E-9)

FR9
FR10

I2
I2

90
25

floor
floor

GuW
GuW

1a/RT
6d/50 °C

140
140

2.2 ± 0.5 E-4
> 6.2 E-4

(2 E-6)
(2 E-6)

(1 E-6)
(1 E-6)

GuW: Geholit & Wiemer

Table 5:

Perm: Permatex

Test matrix and results of the iodine resuspension experiments in the liquid phase.
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iodine
species

temperature

|2 deposition

1 deposition

25 °C

2E-6

2 E-8

8
o

deposition rate constant [m/s]

4 E-6

7 E-7

140 °C

> 5 E-6

>3 E-6

resuspension rate constant [s'1]
temperature

l2 loaded surface

I loaded surface

r

organic iodine

la

50 °C

4 E-6

6 E-8

90 °C

4 E-5

2 E-6

1 E-6

4 E-5

3.5 E-7

140 °C

2.5 E-4

2 E-6

1 E-6

4 E-5

3.5 E-7

Table 6:

2.6 E-6

Summary of the deposition and resuspension rate constants in the liquid phase.
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organic iodine

I

®

Air

© (V)

© ®

Temperature Measuring
Pressure Measuring
Volume Flow Rate
Mass Flow Rate
Moisture Measuring

Heating
Reaction Vessel
Condensate Collecting Tank
Startup Filter
Iodine Analysis Filter

Condenser
Condensate Vessel
Heating Chamber
Gas Purification
Heating Coil
Pump

Figure 1: Test apparatus to measure iodine resuspension kinetics in the gas phase at T = 100 -160 °C

Figure 2: Resuspension rate constants kR for l2 release into the gas phase at 100 -160 °C
(scatter range with experimental data points)
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Figure 3: Resuspension rate constants kR for organic iodine release into the gas phase at 100 -160 °C
(scatter range with experimental data points)
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1.0E-09
FV1
FV2
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air

air

363

kR(1/s)

Figure 4: Resuspension rate constants kR for I release ("wash off") under steam-condensing conditions
at 100 -160 °C (scatter range with experimental data points)
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Central Unit

Sampling Unit

Air

T
P
V
M
F

Temperature Measuring
Pressure Measuring
Volume Flow Rate
Mass Flow Rate
Moisture Measuring

1
2
3
4
5
6

Heating
Reaction Vessel
Condensate Collecting Tank
l2 Generation
Iodine Analysis Filter
Condenser

7
8
9
10
11

Condensate Vessel
Heating Chamber
Gas Purification
Heating Coil
Pump

Figure 5: Test apparatus to measure iodine deposition kinetics in the gas phase at T = 100 -160 °C

6
7
8
9
10
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12
13

Magnetic stirrer
Oil bath
Sample (coated coupon)
I2, r dosing
Thermometer
Security valve with activated charcoal
Pressure control
Iodine Analysis Filter (I2, organic iodine)
Sampling line
Valve protected with activated charcoal
for ventilation
Sampling vessels
Activated charcoal
Cooling bath

Figure 6: Experimental setup for the iodine deposition and resuspension tests in the liquid phase
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STUDY OF MOLECULAR IODINE - EPOXY PAINT MASS
TRANSFER
E. Belval-Haltier

Abstract

The mass transfer phenomena may have a significant influence on the quantity of I2 which
could be released into the environment following a hypothetical severe accident of a nuclear
power plant and specially the mass transfer of iodine onto containment surfaces. So, the
objective of the present work was to evaluate which phase limited the adsorption process of
iodine onto gaseous epoxy paint under a range of conditions which may be relevant to a
severe reactor accident.
In this aim, a series of experiments was conducted in which the sorption kinetics of molecular
iodine, labelled with 13]I, was measured by monitoring continuously the accumulation of this
species on the epoxy surface. For each test condition, the initial deposition velocity was
determined and the corresponding gas phase mass transfer coefficient, kg, was estimated by
using the heat transfer analogy for a laminar flow passing over a flat plate. Then, the surface
reaction rate, Kr, was deduced from these two values.
Experiments performed indicated that iodine adsorption onto epoxy paint is highly dependant
on temperature, relative humidity of the carrier gas and moisture content of the painted
coupon. In dry air flow conditions, the adsorption of iodine onto paint was found to increase
with temperature and to be limited by the surface reaction rate, Kr. The I2 adsorption rate was
found to increase with the humidity of carrier gas and in some studied conditions, the initial
deposition velocity appeared to be controlled by gas phase mass transfer rather than surface
interaction. The same phenomenon has been observed with an increase of the initial water
content of the painted coupon.

Institut de Protection et Surete Nucleaire, IPSN/DRS/SREAS, CEN Cadarache BP n° 1, 13108 St Paul-LezDurance, Cedex France

368

1. INTRODUCTION
During a hypothetical accident in a Pressurised Water Reactor (PWR) which would lead to
core meltdown, molecular iodine could be released into the environment. In fact, the iodine,
having been released from the core in meltdown and then transported, mainly in aerosol form,
to the containment vessel, would be transformed into molecular iodine I2 by radiolytic and
thermal reactions in the sump. However, the interaction of the molecular iodine with the
various substances present in the containment building [1,2,3,4], and especially with the
painted surfaces of the latter [5,6], could modify the quantity of I2 released into the
atmosphere as a result of an accident.
The purpose of the current study is to identify the main parameters which could affect the
absorption of molecular iodine onto the painted surfaces exposed to air in the vessel in order
to increase our knowledge of the iodine-paint mass transfer in conditions corresponding to
those encountered during a reactor accident. In this way, this work enables us to estimate the
effect of:
- the temperature of the carrier gas (28 °C < Tgas <130 °C)
- the relative humidity of the carrier gas (s < RH < 90 %)
- the initial conditioning of the paint sample
on the initial deposition velocity of the molecular iodine onto the paint, and to establish, for
each of the cases studied, the phase which limits the iodine-paint global mass transfer.
The results detailed in this study concern the experiments carried out with epoxy paint
identical to that used as a finishing coat for a majority of the painted surfaces in French
nuclear power plants.

2. EXPERIMENTAL PROTOCOL
2.1 Experimental device
The functional diagram for the assembly used is shown in Figure 1. However, two different
experimental devices were necessary in order to carry out this study. In fact, the tests
performed at atmospheric pressure were carried out by means of an assembly made essentially
of glass and Teflon elements in order to minimise the trapping of the molecular iodine
upstream and downstream from the paint sample. However, the pressurised tests required the
completion of a circuit made entirely from stainless steel, the assembly allowing a working
pressure of 5 bar to be obtained. These two experimental devices enabled the four following
parameters to be varied, independently: the temperature, the relative humidity, the flow-rate of
the carrier gas and the concentration of the molecular iodine in the gas.
The principle of the 131I2 generation is based on the reaction of a solution made up of
potassium iodide KI, labelled with 100 pCi of iodine l31I, and potassium iodate KI03 which is
injected, at a constant rate in a reactor containing 200 cm3 of a sulphuric acid solution 0.5 M.
After approximately two hours of injection of the KI-KI03 solution into the sulphuric acid, a
constant concentration of molecular iodine is obtained in the gaseous phase of the H2S04
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reactor. I2 is then carried, by the air, towards the iodine/carrier gas mixture vessel. Before this
equilibrium state is achieved in the H2S04 reactor, the I2/air mixture are passed directly
through an iodine trap made of charcoal impregnated with KI at 1 %.
The iodine/carrier gas vessel, temperature regulated, enables, at a given temperature, a
homogeneous mixture of iodine vapour and carrier gas, which can be dry air or a mixture of
air/steam, to be obtained. The gaseous mixture then passes through a device containing a paint
sample. As shown in Figure 2, the exposure device has an annular geometry so that the gas
flow is not disturbed at the paint sample level. Therefore, the exposure device is made up of
two separate elements:
- a glass rod of a diameter of 0.6 cm, 35 cm in length, upon which the epoxy paint is
placed, at 23 cm from the extremity from where the gas flow enters and over a length of
approximately 2 cm.
- a cylindrical body of approximately 40 cm in length and with an internal diameter of
1.5 cm, in which two centering devices are placed at each of the ends, enabling the glass rod
to be maintained at the centre of the gaseous flow.
For the tests carried out at an atmospheric pressure, the body of the exposure device was made
of glass, however, for the tests carried out at an increased pressure, it was necessary to
manufacture a stainless steel body, which was electropolished in order to minimise the
adsorption of I2 on the internal walls of the latter. A Nal crystal probe, aimed at the paint
sample and connected to a multichannel analyser, enables the rate of iodine deposition onto
the paint to be measured on line. A Maypack, made up of a fibre-glass filter and 6 pots filled
with charcoal impregnated with KI at 1%, is placed downstream from the paint sample in
order to trap the iodine which has not been retained by the paint during the test. Furthermore,
for the tests carried out in air/steam, a cooling apparatus and a condensate container were
placed upstream of the Maypack.

2.2 Measurements
The experiments consist in following the evolution of the iodine mass deposited on a
paint sample upon which a carrier gas, charged with molecular iodine vapour labelled with
iodine I31I, is flowing, whilst measuring sequentially, over time, the 13II activity of the sample
by means of gamma spectroscopy. At the end of each test, the paint sample is recovered and
its activity is counted in a geometry for which the efficiency of the Nal probe is known. In this
way, by knowing the ratio between the activity of the iodine 131I and the mass of the iodine
127I at the start of the experiment, we can directly deduce from the activity measured on the
paint, the mass, m, of the iodine fixed on the latter as a function of time.
The uncertainty concerning the measurement is due to the uncertainty of the activity
measurement, in other words, if the peak of 131I is correctly defined and by assimilating the
uncertainty to the confidence interval at 95 %, Vn where N represents the number of counts in
the peak.
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2.3 Experimental conditions
The different experimental conditions for each of the deposition tests carried out during this
study are detailed in the summary table 1 to be found in Appendix 1. Furthermore, all the
paint samples used during this study had a surface area of S = 3.77 cm2 (±0.19 cm2). The
flow of the carrier gases were calculated in such a way that a laminary flow is established at
the sample's level (Re = 300). The duration of the thermal conditioning of the paint, when
necessary for the tests, is of 100 hours approximately before the run. This pre-conditioning
can be carried out either in a dry atmosphere (100% air) or in a humid atmosphere (relative
humidity 100%) and consists in subjecting the paint sample to a temperature of 130 °C. The
duration of a test is of approximately 9 hours.

3. EVALUATION OF THE DATA
Based on the slope at the start of the kinetic curves obtained during the iodine deposition tests
on the paint, we can establish that the initial trapping rate of the I2, noted as kexp, on the paint
was:
dm
S[h]l dt vt=0

= kexp

(1)

where S represents the painted surface of the sample (m2), p2] represents the concentration of
molecular iodine in the carrier gas (kg/m3) and — represents the variation of the iodine mass
dt

fixed on the paint per unit of time (kg/s).
This experimental deposition velocity is linked to the kg and Kr gas/paint mass transfer
individual coefficient by the following expression:

kexp

kg

Kr

where kg is characteristic of the diffusional transport of the molecular iodine in the gaseous
phase (m/s) whilst Kr is characteristic of the physical-chemical interaction of the iodine with
the paint (m/s).
The mass transfer coefficient of the iodine in the gaseous phase, kg, can also be estimated by a
"mass transfer/heat transfer analogy" [7], by means of the following equation:
kg = O.GGRe^Sc0,33

D

with Re, < 15000

VI

v

v

D

(3)

where Re, = — represents Reynolds's number, Sc = — represents Schmidt's number, V
represents the flow rate of the carrier gas at the sample's surface (m/s), 1 represents the
characteristic length of the sample (1 = 0.02 m), D represents the diffusion coefficient of I2 in
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the carrier gas (m2/s) and v represents the kinematic viscosity of the carrier gas in the
experimental conditions (m2/s).
Given that the initial deposition velocity of the I2 on the paint, kexp, and the kg coefficient are
known, it is easy, by means of the following expression (2) to calculate the interaction
coefficient of the iodine with the paint, Kr, for each of the tests performed:
1____ 1_

Kr

kexp

_1_

kg

(3)

Therefore, the comparison of these three coefficients enables us to estimate, for each of the
experimental conditions studied, the factor and therefore the phase limiting the mass transfer
concerning the trapping of the molecular iodine by the Ripolin paint. In fact, in the case where
the diffusional transport of I2 from the gaseous phase to the paint surface is the limiting phase,
kexp and kg must be of the same order of magnitude. In the opposite case (kexp « Kr), the
physical-chemical interaction of the iodine with the Kr becomes the resistant phase of the
global mass transfer.
Furthermore, the study of the evolution of Kr with regards to the temperature of the carrier gas
T, for given experimental pressure and humidity conditions of the carrier gas, can enable us to
better clarify the nature of the interaction of the iodine with the paint. Thus, for an interaction
of a chemical nature, Kr increases with the temperature following an Arrhenius type law:
f Ea"
Kr = Aexp ■ rtJ
V

(4)

where A is a coefficient, Ea represents the activation energy of the interaction (J/mol) with Ea
between 40 and 120 kJ/mol, T represents the temperature (K) and R represents the gas
constant equal to 8.32 J/K.mol.

4. RESULTS AND DISCUSSION
4.1 The effect of the gas temperature on the I2 retention onto an epoxy
paint
The effect of the temperature on the trapping of the iodine by the paint was studied using air
as the carrier gas for the iodine. A first series of tests was carried out in a temperature range
between 25 and 110 °C using paint samples, which had not been subjected to prior
conditioning, and a concentration of iodine of approximately 10'4 kg/m3. The kinetic curves
corresponding to these tests are shown in Figure 3 and the values for the deposition velocity
of the I2 on the corresponding paint, kexp, are given in Table 1 below. The values for the mass
transfer coefficient of I2 in the gaseous phase, kg, are also shown in Table 1, along with those
for the characteristics of the physical-chemical interaction of the iodine with the paint, Kr,
calculated by means of expressions (2) and (3).
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Table 1. Values for the various coefficients of mass transfer depending on the
temperature of the carrier gas
Tair

104 x kexp

104 x kg

104 x Kr

1

°C
28

m/s
87.9

m/s
1.03

2

45

102

9.28

3

90

122

188

4

110

m/s
1.02
(±0,12)
8.51
(± 0.20)
74.0
(±2.5)
51.3
(± 2.0)

132

83.9

Test
number

These results show an increase in the trapping rate, kexp, for the I2 on the paint with a
temperature between 28 and 90 °C which then reduces above this temperature. A differential
calorimetric analysis, carried out on one of our samples, highlighted the fact that between 90
and 120 °C the paint underwent a physical transformation resulting from the removal of the
water in the paint film, whilst between 120 and 190 °C there was no further evolution of the
paint with temperature. Therefore, the reduction of the reactivity of I2 onto the paint, observed
experimentally at 110 °C, could be a result of the loss of water from the paint during the
duration of the test. Furthermore, Figure 4 establishes that the values for Kr relating to the
physical-chemical interaction of the iodine with the paint follow, between 28 and 90 °C, an
Arrhenius type law (4) with an activation energy, Ea of approximately 75 kJ/mol indicating
that, in this temperature range, the trapping of I2 on the paint is due essentially to an
interaction of a chemical nature. Furthermore, the comparison of the kexp, kg and Kr for these
tests enables us to establish that between 28 and 45 °C the resistance to the iodine/paint global
mass transfer was a result of the chemical interaction of the iodine with the paint (Kr « kg)
and that at 90 °C, the diffusional resistance in the gaseous phase, kg, becomes of the same
order of magnitude as that of chemical interaction Kr.
Based on the results of the differential calorimetric analysis, a second series of tests was
carried out with a temperature range between 90 and 130 °C, with paint samples which had
been subjected to a heat conditioning process at 130°C in a dry atmosphere. In these tests,
iodine concentration in the carrier gas was of 10*5 kg/m3. Table 2 below summarises the
results obtained for the test series.
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Table 2. Values for the various mass transfer coefficients depending on the
temperature of the carrier gas, after the paint had undergone a conditioning at
130°C in a dry environment
Tair

104 x kexp

104 x kg

104 x Kr

5

°C
90

m/s
122

m/s
1.27

6

110

132

2.32

7

110

132

2.76

8

130

m/s
1.26
(± 0.12)
2.28
(± 0.46)
2.70
(±0.15)
9.42
(± 0.54)

147

10.10

Test
number

These results show that the trapping rate of I2 increases with the temperature between 90 and
130 °C. This result, opposite to that obtained for the experiments carried out with paint which
had not been subjected to a conditioning and at temperatures greater than 90 °C (Fig. 3),
confirms that the measurements for the differential calorimetric analysis, in other words the
prior conditioning of the paint at 130 °C eliminates the water which the paint initially
contained which places the paint in a state where it no longer evolves, or very little, with the
temperature of the carrier gas. As a result, we can consider that the kexp values for Table 2
hereinabove are in fact representative of the effect of the temperature of the carrier gas on the
trapping rate of the iodine. Figure 5 shows that the values for Kr can be described, in the
temperature range studied, by a law of the Arrhenius type (4) with an activation energy of
approximately 65 kJ/mol. This result validates those previously obtained between 28 and
90 °C without treating the paint, in other words the interaction of the iodine with the paint is a
phenomenon with an essentially chemical nature. Furthermore, the comparison of the values
for the kexp, kg and Kr shows that, in the conditions used for this study, the resistance of the
iodine/paint global mass transfer is due to the chemical interaction coefficient for the iodine
with the paint, in other words Kr.

4.2 The effect of the relative humidity of the carrier gas on the I2 retention
onto an epoxy paint
Following the tests carried out in air, we have worked in conditions more representative of
those encountered during a serious reactor accident, in other words in air/steam atmosphere,
with a temperature (90 < T < 130 °C) and a pressure (1 < Ptot < 3.3 bar) in order to evaluate
the effect of the relative humidity of the iodine's carrier gas on the retention of I2 by the paint.
Furthermore, in order to avoid being affected by an evolution of the paint during these tests,
all the paint samples were subjected to a prior thermal conditioning at 130 °C, in dry air
(Appendix 1, Table 1). The results of these tests are summarised in Table 3 below and are
compared with those obtained in air for the same temperature range.
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Table 3. Values for paint/gas mass transfer coefficient depending on the composition of
the iodine carrier gas and the relative humidity (RH) of this gas
Total gas
104 x kexp 104 x kg
104 x Kr
Test
Carrier gas
pressure
Tgas
number
% v/v
°C
bar
m/s
m/s
m/s
5
1
100% Air
1.26
90
122
1.27
(± 0.12)
9
48% Air - 52%
90
1
4.42
137
4.57
H20
(± 0.59)
(RH » 74 %)
1
10
90
28.9
141
37% Air - 63%
36.4
H20
(±2.3)
(RH « 90 %)
7
110
1
2.70
100% Air
132
2.76
(±0.15)
12
33.2
56% Air - 44%
110
2.3
65
67.9
H20
(±2.0)
(RH « 70 %)
9.42
8
130
1
100% Air
147
10.10
(± 0.54)
14
3.3
25.3
43% Air - 57%
130
51
50.2
(±1.3)
H20
(RH « 70%)

By examining the values in Table 3, one can clearly see that, for each of the temperatures
studied, as the relative humidity rate of the iodine carrier gas increases, so does the initial
deposition velocity of the iodine and therefore the iodine retention by the paint is promoted
(Fig. 6). Furthermore, it appears that, for the tests performed at 110 and 130 °C that for the
steam contents considered, the interaction of the iodine with the paint and the diffusional
transport of the I2 in the carrier gas becomes of the same order of magnitude (kg ~ Kr). This
phenomenon can be explained by the fact that, in our tests, the increase in the relative
humidity rate for the carrier gas is accompanied by an increase in the pressure of this carrier
gas which leads to a reduction of the diffusion coefficient, D, of I2 in the gas (D «[8]) and
as a result, in accordance with (3), a reduction of kg with the pressure. As a result, within the
temperature range between 110 and 130 °C, the physical-chemical interaction of the iodine
with the paint does not represent the limiting phase of the global transfer of the iodine onto
the paint.
Thus, this test series enabled us to highlight the fact that the presence of steam in the iodine
carrier gas promotes the fixing of the iodine onto the paint. It also shows that the pressure in
the containment, at the point when the iodine is released into this containment during a serious
accident, can affect the limiting phase of the iodine/paint global mass transfer and as a result
the quantity of iodine likely to be released in the atmosphere.
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4.3 The effect of the paint conditioning on the I2 retention onto an epoxy
paint
Our first tests enabled us to highlight that the thermal conditioning carried out to the paint, in
a dry environment, reduces the reactivity of the iodine with the paint, by removing the water
contained in the paint (Fig. 3). It seems that the initial state of the paint, and especially the
water content before the iodine fixing phase onto the paint, probably affects considerably the
I2 retention phenomenon. In addition, in order to check this hypothesis, we dealt with the
behaviour of the iodine with the paint when the paint, before the iodine deposition phase
itself, was subjected to an atmosphere with a relative humidity rate of 100 %, which probably
would be the case during a reactor failure (Appendix 1, Table 1).
For this, the paint sample was placed in a airtight autoclave containing, initially, some water
so that the paint would be conditioned, during approximately 100 hours before the test, in a
water-saturated atmosphere (T = 130 °C - P « 4 bar, RH = 100%).
The results of these tests are shown in Table 4 hereinafter and are compared to those obtained
in the same experimental conditions, with regards temperature (90 < T < 130 °C) and pressure
(1 < Ptot < 3.3 bar), but after which the paint sample was subjected to a heat conditioning at
130 °C in a dry atmosphere.

number

Gas
composition

Temp.
°C
130

10

dry air

11

humid air
(RH 100%)

130

12

dry air

130

13

humid air
(RH 100%)

130

14

dry air

130

15

humid air
(RH 100%)

130

Gas
composition
% v/v
37% Air
63% H20
37% Air
63% H20

Temp.

56% Air
44% H20
56% Air
44% H20

110

43% Air
57% H20
43% Air
57% H20

130

°C
90
90

110

130

X

9,

Table 4. Effect on the sample of the conditioning in a water-saturated atmosphere for
the gas/paint mass transfer coefficients values
Paint
104 x Kr
104 x kexp
Carrier gas
Test
conditioning

m/s
28.9
(±2.3)
74.0
(±2.0)

m/s
141

m/s
36.4

141

156

312
(±2.0)
51.4
(±3.7)

65

67.9

65

245.7

213
(±1.3)
35.2
(±1.8)

51

50.2

51

113.6
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Table 4 highlights that, for each of the temperatures studied, the prior conditioning of the
sample in a water-saturated atmosphere, over a long period and in a sealed vessel, increases
the retention rate, kexp, of the iodine by the paint. However, taking into account the
conditioning mode used for these tests, it is very probable that the steam contained in the
autoclave was adsorbed quite significantly by the paint, which then favoured the fixing of the
I2. These results therefore confirm the tendency already noted during the previous tests that
the reactivity of the iodine with the paint increases with the initial water content of the paint
sample.
Furthermore, as for the tests carried out at 110 and 130 °C and detailed in Table 3, the
comparison of the results for the tests carried out at 90 °C (Table 4) shows that the diffusional
resistance of the iodine in the gaseous phase contributes to limiting the global mass transfer of
the iodine to the paint when the quantity of water in contact with the paint is increased (kg *
Kr). The results of tests 13 and 15, compared to those of tests 12 and 14 respectively, confirm
this evolution, as, for these tests, the diffusional transport of the iodine in the gaseous phase
becomes the limiting phase for the iodine/paint global mass transfer.

5. CONCLUSIONS
This molecular iodine/paint mass transfer study has enabled us to evaluate the ability of an
epoxy paint to fix the iodine, depending on a number of parameters, for example the
temperature, the steam content of the iodine carrier gas and the initial state of the paint (prior
conditioning of the paint in a dry or humid atmosphere).
In this way, the characteristic constant of the interaction of the iodine with the paint, Kr, was
estimated for the entire range of temperatures and relative humidity rates representative of a
reactor accident. This also enabled us to highlight that this Kr constant would affect, in most
of the cases studied, the phase limiting the gas/paint global mass transfer (Kr « kg).
Furthermore, this study enabled us to highlight that the initial state of the epoxy paint, and
especially its water content at the moment of the accident, can affect the iodine fraction which
it is able to fix.
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APPENDIX 1

Table 1. Experimental conditions for the retention study
105 x p2]
Carrier gas
Paint
Total gas
Test
composition
pressure
conditioning
number
% v/v
bar
kg/m3
without
100% Air
1
1
8.58
100% Air
2
without
9.75
1
100% Air
without
10.10
1
3
100% Air
1
4
without
9.95
""" 130
0.926
100% Air
1
5
dry air
0.975
100% Air
1
130 °C
6
dry air
0.915
100% Air
1
7
130 °C
dry air
1
0.915
100% Air
8
130 °C
dry air
48% Air
1
1.13
9
130 °C
52% H20
dry air
37% Air
1
0.966
10
130 °C
63%
H20
dry air
0.992
37% Air
1
130 °C
11
63% H20
humid air
56 % Air
2.3
130 °C
0.436
12
44 % H20
dry air
0.660
56% Air
2.3
13
130 °C
44%
H20
humid air
1.320
43% Air
3.3
14
130 °C
57% H20
dry air
43% Air
1.380
3.3
15
130 °C
57% H20
humid air

Gas
temperature
°C
28
45
90
110
90
110
110
130
90
90
90
110
110
130
130

Fig. 1. Mass transfer experimental setup.

379

(7) 12 Generator
(z) Mixing chamber (gas + 12)

P :

Pump

(5)

F :

Charcoal Filter

Painted coupon

(J) Nal detector
(S) Maypack with Activated Charcoal

M :

Manometer

V :

Flow meter

380

Fig.2. The epoxy paint holder.
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Fig. 3. Variation of iodine deposition onto an epoxy paint with gas temperature.
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Fig. 5. Variation of the surface reaction rate, Kr, with gas temperature, for an epoxy paint preheated at
130 °C.
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PREVENTION OF ORGANIC IODIDE
FORMATION IN BWR’S
T. Karjunen1, T. Laitinen12, J. Piippo2 and P. Sirkia2
Abstract
During an accident, many different forms of iodine may emerge. Organic iodides, such as
methyl iodide and ethyl iodide, are relatively volatile, and thus their appearance leads to
increased concentration of gaseous iodine. Since organic iodides are also relatively immune to
most accident mitigation measures, such as sprays and filters, they can affect the accident
source term significantly even when only a small portion of iodine is in organic form.
Formation of organic iodides may not be limited by the amount of organic substances
available. Excessive amounts of methane can be produced, for example, during oxidation of
boron carbide, which is used in BWR’s as a neutron absorber material. Another important
source is cable insulation. In a BWR, a large quantity of cables is placed below the pressure
vessel. Thus a large quantity of pyrolyse gases will be produced, should the vessel fail.
Organic iodides can be formed as a result of many different reactions, but at least in certain
conditions the main reaction takes place between an organic radical produced by radiolysis
and elemental iodine. A necessary requirement for prevention of organic iodide production is
therefore that the pH in the containment water pools is kept high enough to eliminate
formation of elemental iodine. In a typical BWR the suppression pool water is usually
unbuffered. As a result, the pH may be dominated by chemicals introduced during an
accident. If no system for adding basic chemicals is operable, the main factor affecting pool
water pH may be hydrochloric acid released during cable degradation. Should this occur, the
conditions could be very favorable for production of elemental iodine and, consequently,
formation of organic iodides.
Although high pH is necessary for iodine retention, it could have also some adverse effects.
High pH may, for example, accelerate corrosion of containment materials and alter the
characteristics of the solid corrosion products.
A study has been initiated by Finnish Centre for Radiation and Nuclear Safety (STUK) aiming
at measuring the corrosion rates of zinc and aluminum in conditions typical for BWR’s. Also
the corrosion product characteristics are to be analyzed. The study is ongoing, but the main
results gained so far are presented here.

1
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Finnish Centre for Radiation and Nuclear Safety, P.O Box 14, FIN-00881 Helsinki, Finland
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1. INTRODUCTION
The potential for releases of iodine in the early phase of an accident is mostly dominated by
the formation, transport and deposition of aerosol-borne radioiodine. A feature specific to
BWR’s is that most aerosols released into the containment either through the lines for
pressure relief or a break are carried into a suppression pool, provided that the containment
remains intact. Since the aerosols vented into a suppression pool are usually efficiently
removed from the vent gas, the potential for late releases is inherently reduced. With the
containment sprays operating the late release potential experiences further decrease. Would
there be no other processes involved, the risk of late releases could be practically eliminated
without any further actions. This, however, is not necessarily the case. Fission products
deposited in the primary circuit may be revolatilized, if the primary is allowed to remain
without cooling. Should this take place after the containment leaktightness is lost, the fission
products leaving the primary may pass both suppression pool and sprays escaping directly
into the environment. The potential for late releases may also be increased by iodine
chemistry, since there are reactions which may lead to formation of volatile iodine species,
such as elemental iodine and organic iodides, under unfavorable conditions.
In this paper, the production of volatile iodine, and organic iodides in particular, under severe
accident conditions is discussed with specific reference to boiling water reactors.
It is well-known that a necessary requirement for eliminating volatile iodine production is to
assure that the water solution containing iodine is basic (pH > 7) [1]. Although high pH is
beneficial for iodine retention, it may have also some adverse effects. Water pH affects for
example corrosion of containment materials, such as zinc and aluminum. Since all previous
studies on corrosion of zinc and aluminum were concentrated solely on estimating the
hydrogen generation potential of these materials, while little or no concern was paid to the
nature of the solid corrosion products, a new study was initiated by Finnish Centre for
Radiation and Nuclear Safety (STUK). The purpose of this study was to measure the
corrosion rates of zinc and aluminum in conditions relevant to BWR’s and to characterize the
solid corrosion products. The main results gained so far are presented here.

2. ACCIDENT MANAGEMENT IN BWR’S
All BWR’s have containments equipped with so-called pressure suppression system. The
containment consists basically of two parts: the drywell housing the pressure vessel and the
wetwell containing a large volume of water. All excess steam pressurizing either the primary
or the drywell is vented into the wetwell pool, called suppression pool, for condensation. The
advantages of such pressure suppression system are that the size of the containment can be
reduced and the need for maintenance is usually low.
The pressure suppression system has also some disadvantages. Since the containment is
typically small, oxidation of zircaloy can produce so much hydrogen that detonations could be
possible, were hydrogen allowed to mix with air. To avoid such conditions, most BWR
containments (excluding Mark III type) are inerted during normal operation, i.e. the oxygen
concentration is kept below 5 %.
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Yet hydrogen may pressurize the containment even without burning. This is possible during a
primary pipe rupture, when steam from the primary carries both nitrogen from the drywell and
hydrogen produced in the core to the wetwell. The same conditions can be achieved also
without pipe break, if the accident proceeds to pressure vessel failure. In order to avoid
uncontrolled containment rupture due to packing of non-condensables, BWR containments are
equipped with vent lines, which are usually connected to filters for fission product retention.
Various different filtering designs, including charcoal filters and scrubbers, are used.
For controlling pressure and temperature in the drywell during an accident, most BWR’s have
containment sprays, which can also be used for washing fission products from the drywell gas
phase. For this purpose, alkaline chemicals can be added into the spray water. Since the spray
water flows down to the suppression pool, from where it is circulated back to the spray
system, addition of chemicals into the spray water determines as well the pH in the
suppression pool.
Suppression pool acts as a water reservoir also for emergency core cooling systems. Since
boric acid is not used in BWR’s for reactivity control during normal operation, there is no
apparent need for strong buffering of the suppression pool water. Consequently, the pH level
in the suppression pool water is relatively sensitive to the chemicals introduced during an
accident. In this respect the situation is different from that of PWR’s, where a large amount of
alkaline chemicals has to be added into the sump water in order to compensate the presence of
boric acid alone. In many PWR this is done passively with chemicals stored either in the ice
condensers or in a storage near the sump level, where they will be inherently flooded during
an accident.

3. FORMATION OF VOLATILE IODINE
The behavior of iodine dissolved in the containment water pools depends on many factors
including iodine concentration, temperature, pH, redox potential and the presence of
impurities. A complete chemical analysis of iodine behavior is a very demanding task and
clearly out of the scope of this paper. However, the essence of iodine chemistry from the
accident management point of view can be captured by noticing that formation of volatile
iodine requires acidic conditions, while in basic conditions nonvolatile forms prevail [1].
Consequently, it is of paramount importance that the high pH level is maintained throughout
an accident. Due to the BWR characteristics, the pH control may be difficult to achieve in
certain conditions. These conditions, together with the effects induced by the low pH level on
volatile iodine formation, are discussed below.

3.1 Challenges to pH control
After iodine is released from the fuel, it will be transported to the suppression pool either
through the vent lines leaving the primary or, as in the case of LOCA, through the lines
leaving the drywell. It is therefore mainly the suppression pool, where iodine chemistry takes
place.
Since the suppression pool is usually unbuffered, the chemicals introduced during an accident
can have a large impact on the pH level, as illustrated with a simple example. A typical water
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volume of a suppression pool is about 3500 m3. If the initial pH is assumed to be 8, there are
about 4 mol of OH'-ions present in the water. During an accident, mainly basic fission
products, such as CsOH, may be released. The cesium inventory in the core is typically of the
order of 200 kg. As CsOH, this would yield 1500 mol OH'-ions in the suppression pool and,
consequently, rise pH up to the value of 10.6. The same could be achieved by adding 25 1 of
LiOH into the spray water. If both took place, the pH would climb up near 11.
Also acidic materials may be introduced during an accident. For example, iodine can be
released as hydriodic acid (HI), although in relatively small quantities. More significant could
be formation of carbonic acid as a result of absorption of carbon dioxide released during a
melt-concrete interaction. Also nitric acid could be produced by the irradiation of water and
air. However, since these processes are relative slow, at least in the short run the main source
of acids may be the cables in the drywell [2,3].
Due to the fact that there are steam separators on the top of the core in every BWR, the
mechanisms for control rod driving have to be located below the pressure vessel. As a result,
there is a large number of cables in the vicinity of the pressure vessel bottom. If the
containment sprays are not operable or the pressure vessel fails, these cables will be heated.
Should this occur, a large quantity of hydrochloric acid (HC1) would be produced together
with pyrolyse gases [4], A rough estimate on the amount of hydrochloric acid can be given
assuming that the amount of insulation near the pressure vessel is 2000 - 4000 kg [2,3]. A
common insulation material is Lipalon, which has about 5 mol of chlorine for each kilo of
insulation [4]. Complete release of chlorine could thus cause a release of 10 000 - 20 000 mol
of HC1. If not compensated, this would reduce pH in the suppression pool to 2.2 - 2.5. Such
release is possible, if the cables are heated up to temperatures around 600°C or higher [3,4].
Also irradiation may release hydrochloric acid from the cables. Beahm with his co-workers
have calculated the amounts of HC1 generated due to radiolysis of Hypalon using best
estimate radiation levels following a LOCA. They concluded that the fractional release of HC1
could be from 5 to 15 % in 12 hours and from 9 to 25 % in 24 hours [2]. In our example case,
irradiation would yield 500 - 3000 mol of HC1 after 12 hours and 900 - 5000 mol after 24
hours, i.e. enough to superimpose the effects of basic fission products introduced during an
accident.
Consequently, if the suppression pool water is let alone to remain unbuffered during an
accident, the pH in the containment water may decrease with time to values low enough to
permit formation of volatile iodine in all accident sequences involving considerable core
damage. In order to prevent this, some measures are needed. If these measures are taken only
after a reduction in the pH level has been observed, they may be difficult to execute, because
working in environment with high radiation level may be required. Better solution at least
from the iodine retention point of view would be either to increase the buffering capacity of
the suppression pool or to design more robust or even passive systems for addition of
chemicals during an accident.
The effects of cable degradation are not necessarily limited to the containment. If containment
venting is applied with the vent lines beginning from the drywell, the acidic materials released
during cable pyrolysis and radiolysis could be carried to the filters. Should this occur, a loss of
filtering may follow with subsequent release of iodine retained prior to cable degradation.
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3.2 Consequences of iodine volatilization
When the water pH is reduced to values below 7, formation of elemental iodine will start with
a rate depended on temperature, dose rate, concentration and redox conditions. As elemental
iodine is produced, part of it will remain in the water solution while some will become
gaseous. The partition between different phases may occur in a relatively long time scale, but
eventually a situation will be reached, in which the concentrations in the liquid and gas phase
are in equilibrium.
As the partition coefficient (defined as a ratio between concentrations in the liquid and gas
phase) for elemental iodine varies from 30 at 50°C to 5 at 100°C [2], the concentration of
gaseous iodine increases with increasing temperature. With BWR’s, the ratio of containment
gas and water volumes is 2.5 - 3 (excluding Mark III type), and thus at most 40 % of
elemental iodine would be gaseous at the temperature of 100°C, while at lower end of the
temperature spectrum the amount would be less than 10 %. However, these values bound the
amount of gaseous elemental iodine only in static conditions. When venting is started, the
iodine concentration in the gas phase decreases disturbing the partition equilibrium and,
consequently, more iodine is volatilized. If venting would be allowed to continue indefinitely,
all elemental iodine dissolved in the water pools would be released.
If filters are applied, this alone may not be detrimental. However, some problems may be
encountered, since the filters are not designed to cope with such iodine loads. For example,
scrubbers may run dry earlier than anticipated resulting loss of filtering. If all water is
evaporated, also some iodine retained prior to dry out would be released.
Another consequence of formation of elemental iodine is that it opens the way for organic
iodides. While degradation of cables, either due heating or irradiation, tends to cause
reduction in the pH level, it also produces gaseous hydrocarbons, such as methane. Under
irradiation these compounds can be ionized to form free radicals, which may react with
elemental iodine. This reaction can take place in the liquid phase, when the hydrocarbons are
carried through the suppression pool, or in the wetwell gas phase, where all non-condensables
will be packed, if the pressure in the drywell is not reduced by any means. Reactions in both
phases have been shown to be very efficient at least in optimal conditions.
The reactions in the liquid phase have been studied by Beahm and his co-workers, who did
experiments by bubbling a mixture of methane and argon through a iodine solution under
irradiation. Different flow rates and pH levels were used. According to their results, more than
40 % of dissolved iodine can form methyl iodide under suitable conditions [5], The effects of
high-molecular-weight hydrocarbons or impurities such as chloride were not studied.
While the studies concerning reactions in the suppression pool are few, the gas phase
reactions have been studied quite extensively, although usually in conditions most relevant to
PWR’s, i.e. with air present. Since oxygen is known to be an efficient free radical scavenger,
it is not obvious that the results of these tests can be applied to BWR’s, where the oxygen
concentration may be much lower due to containment inerting and venting.
In a limiting case, when there is no oxygen in the gas phase, the formation of organic iodides
appears to very efficient. In these conditions the reaction between iodine and methyl radicals
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can be sustained to exhaustion of iodine with the rate of methyl iodide formation depending
on the dose rate and the ratio between methane and iodine concentrations [6,7].
The time scale associated to formation of methyl iodide can be illustrated using the results of
Kircher and Barnes [6]. They did tests using high methane and iodine concentrations of 5-1 O’3
- 2-10"2 and 2-10*5 - 8-10"5 mol/1, respectively, both in pure methane-iodine atmosphere and
with steam present. The results of their tests without steam are presented in Figure 1 with the
conversion ratio on the y-axis and the outcome of multiplication of the respective dose and the
ratio of methyl and iodine concentrations on the x-axis.
Fig. 1. Formation of methyl iodide as a function of dose and the ratio of methyl and
iodine concentrations [6].

+CH4:12 = 10:1
eCH4:l2 = 31:1
CH4:I2 = 102:1
XCH4:12 = 304:1
XCH4:I2 = 490:1

10000

100000

dose x CH,:l,-mole ratio (Mrad)

For example, let us consider a situation in which 10 % of iodine is in the form of gaseous
elemental iodine occupying a wetwell gas volume of 3500 m3. The dose rate caused by iodine
alone can be roughly estimated by using the dose rate conversion factors [8]. Six hours after
the scram, the dose rate in the wetwell of 1000 MWe plant would be 22 Mrad/h (assuming
infinite medium). Together with all noble gases, the total rate would be around 35 Mrad/h.
Assuming that the amount of methane present in the wetwell is equal to that of iodine, the
dose needed to convert 10 % of gaseous iodine (i.e. 1 % of all iodine) into organic form would
be around 4000 Mrad. With also steam present, the dose needed for the conversion would be
even less, since the presence of steam has been found to accelerate conversion [6]. Should
thus the dose rate be constant, less than 100 hours of irradiation would be needed for the
conversion. However, since in practice the dose rate would decrease with time, the time
required would be considerably longer.
Yet there may be also excess methane in the wetwell. The amount of methane can be
estimated conservatively according to the results by Fridemo and Liljenzin [4], They
measured the amount of hydrocarbons released due to pyrolysis as a function of temperature.
At the high end of the temperature range studied, i.e. near 1000°C, the amount of pyrolyse
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gases was about 8 mol for each kilo of insulation. Assuming that the total amount of
insulation is 2000 kg, this would yield 16 000 mol of pyrolyse gases, possibly even more if
radiation effects are included. Were methane the only pyrolysis product, the ratio between
methane and iodine concentrations could be as high as 3000:1. In these conditions, total
conversion of gaseous iodine into methyl iodide would occur in half an hour. This is probably
a very conservative estimate, but nevertheless illustrates the vast potential for organic iodide
production at least in steam atmosphere, i.e. after venting.
It is obvious that the amount of hydrocarbons is very difficult to estimate with any certainty,
since in practice also gases other than methane would be produced during pyrolysis. The task
is made more difficult, when also oxidation of boron carbide, which is used in BWR’s as a
neutron absorber material, is included. During an accident, boron carbide may react
chemically with steam. Several reactions are possible, but at least one of them includes
methane as a final product. Should this reaction take place, less than 1 % of boron carbide in
the core is needed to produce the amount equal to the iodine inventory. Presently these
oxidation reactions are not very well known, and even less is known about reactions between
methane and iodine in the primary circuit at high temperature. Consequently, considerable
effort is needed in order to make the analysis more mechanistic.
The situation becomes even more complicated, when one considers formation of organic
iodides before venting, when more substances are likely to be present. Some, as steam and
possibly also hydrogen, may accelerate iodine conversion, as suggested by Kircher and
Barnes, while others, notably oxygen, may have an opposite effect. It appears that complete
conversion is no longer possible in these conditions. However, the amount of organic iodides
could still be temporarily as high as 20 - 30 % of gaseous iodine, as observed in the tests
simulating accident conditions in PWR plants [9].
It can be concluded that there seems to exist a considerable potential for organic iodide
formation in BWR containment provided that elemental iodine is formed, i.e. the pH level in
suppression pool is lowered during an accident. Organic iodides can be formed both in the
liquid and gas phase. Quantitative estimates concerning the rate of organic iodide production
can be made for the conditions prevailing after venting. If only steam, hydrocarbons and
iodine are assumed to be present, relatively rapid conversion can occur leading to complete
depletion of gaseous elemental iodine. If there is also oxygen in the atmosphere, the
conversion of iodine may be restrained, but it is highly uncertain whether the oxygen levels
typical for BWR’s would be enough to suppress formation of organic iodides completely.

4. POSSIBLY ADVERSE EFFECTS OF BASIC WATER CHEMISTRY
Although basic water chemistry is clearly a necessity for iodine retention, it may effect
accident mitigation and management also in other ways. For example, corrosion of
containment materials, such as zinc and aluminum, depends heavily on the water chemistry.
Whether corrosion of zinc and aluminum will have any significant impact on accident
management depends upon variety of factors, including the amount of and the characteristics
of solid corrosion products. Although corrosion of zinc and aluminum has been studied quite
extensively already in the past, the data available is not sufficient for assessment of both these
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factors especially in conditions relevant to BWR’s. Therefore a new study was initiated by the
Finnish Centre for Radiation and Nuclear Safety (STUK).

4.1 Experimental approach
The experiments were done by installing plates of galvanized steel and aluminum together
with two metal wires, one made of zinc and the other made of aluminum, into a autoclave
filled with deionized water. After installing the autoclave was pressurized and heated.
The corrosion rates of zinc and aluminum wires were determined by measuring in line their
electrical resistances. As the oxidation of the metal wire and consequently the diminishing of
cross-sectional area of the wire proceed the electrical resistance of the wire increases. The
measured corrosion rates were compared with observed corrosion in the plates. The plates
were weighed before and after each test. The post-test weight was measured before and after
the dissolution of oxide layer.
In the first test series, both pressure and temperature were kept constant for a certain period,
after which they were lowered step by step. The purpose of these tests was to simulate
conditions during a LOCA. The main parameters in these tests were temperature and pH.
Only lithiumhydroxide was used for adjusting pH. The temperatures used were 130, 110, 90,
70 and 50°C with corresponding pressures of 3.5 and 2.5 bars for the first two steps and 1.5
bars for the rest. The complete duration of each test was about 170 hours, with a duration of 6
and 24 hours for the steps at temperatures of 130 and 110°C, correspondingly. The steps at
lower temperatures lasted about 48 hours each. Alternatively either nitrogen or air was
continuously bubbled through the solution in order to assure efficient mixing.
The examination of solid corrosion products in the tests was limited to zinc. In order to obtain
enough solid corrosion products for further analysis, a relatively large number of galvanized
steel plates was used in each test.
In the second test series, the effect of hydrochloric acid was studied by making tests with
uniform temperature of 50°C. pH was adjusted by adding lithium hydroxide to hydrochloric
acid. Aerated water was used in these tests.

4.2 The measured corrosion rates
The corrosion rates determined by means of the measured increase in the resistance of the
corroding wires in the first test series are presented in Figures 2 and 3. The rates measured
using this technique corresponded well with the observed weight loss results of aluminum and
galvanized steel plates.
Validity of the experimental approach is supported also by earlier results, although tests
suitable for such comparison are rare. For zinc, the only appropriate tests available are those
with pure water at temperatures of 48 and 107°C [10]. The measured corrosion rates were
0.088 and 0.34 g/m2h, correspondingly, in full agreement with recent observations. For
aluminum some test results are available also for BWR solutions. Fried et al. made tests with
different aluminum alloys applying temperatures of 50, 100 and 150°C with pH either 5 or 9
[11]. In most tests corrosion rate was determined by weight measurements. In few tests also
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Figure 2. Corrosion rates (g/m2h) for zinc as a function of pH and temperature,
determined by means of the measured increase in the resistance of the corroding wires.

Figure 3. Corrosion rates (g/m2h) for aluminum as a function of pH and temperature,
determined by means of the measured increase in the resistance of the corroding wires.

gas chromatography was used. They concluded that corrosion of aluminum in deionized,
deaerated water was practically independent of temperature and pH and did not exceed 0.05
mm/year (0.015 g/mn). This is a very low figure compared to the recent measurements.
However, this conclusion was based solely on the weight gain data. In the tests with aerated
solution, in which also gas chromatography was used, the corrosion rate based on hydrogen
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evolution rate was much higher than the rate based on the weight gain of the specimens. The
highest hydrogen evolution rate measured in the tests was 0.07 mol/m2h at temperature of
150°C and with pH of 9. This implies that aluminum was oxidized with a rate of 1.3 g/m2h
(assuming that the oxide formed is A1203), which is quite compatible with our measurements.
For zinc, there are many results obtained using borated solutions [10,12]. The general trend
that the corrosion rate for zinc is lower in basic than neutral conditions seems to be the same,
as can be seen for example in the Westinghouse data as presented by van Rooyen [12].
However, the exact values differ to some extent. The scatter in the earlier results is remarkable
displaying the importance of accurate measurement techniques.
Large quantities of chloride may be introduced during a severe accident, as discussed earlier.
The presence of chloride is known to enhance corrosion of metals, and the results of the
second test series support this also for zinc and aluminum. The tests were performed at
temperature of 50°C with the pH varying between 3 and 11. In the tests with acidic solution,
only hydrochloric acid was used for controlling pH, while in the tests with alkaline solution
both hydrochloric acid and lithiumhydroxide were used. The results are presented in Table 1
and with a result from a test with pure water (pH = 7), which is included for comparison.
Table 1. The effect of pH and chloride concentration on the weight loss rate of zinc and
aluminum.
pH
3
5
7
9
11

HCl-concentration
mol/1
1.0-10"
1.0-10"
5.0-10"*
s!oW

LiOH-concentration
mol/1
5.6-10"
7.0-10"j

Zn weight loss
g/m'h
0.142
0.108
0.079
0.120
0.110

A1 weight loss
g/mzh
0.030
0.030
0.016
0.051
0.126

4.3 Results from solubility analysis
When zinc and aluminum are oxidized, both soluble species and some solid corrosion
products can be formed. The nature of the solid corrosion products depends on the prevailing
conditions. Generally in acidic solutions oxide compounds are produced, while high pH
favors the formation of hydroxides. Also other chemicals, such as boric acid, may participate
in the process leading to formation of more exotic compounds, such as metaborates.
Substantial release of soluble species to the aqueous environment at one location may lead to
precipitation of solid products in other parts of the vessel, if the physical and chemical
conditions (e.g. pH) vary. This is evident on the basis of Figures 5 and 6 in which the
maximum concentrations of total soluble zinc and aluminum are plotted as a function of pH.
The values are based on thermodynamic equilibrium calculations assuming that A1203,
Al(OH)3, ZnO and Zn(OH)2 are the relevant solid compounds. The analysis was limited to
these compounds, as it is anticipated they are the dominant ones especially in BWR solutions.
The corresponding maximum amounts of dissolved A1 and Zn (given as number of moles) for
a typical suppression pool volume of 3500 m3 are also presented in Figures 5 and 6. These
values should be compared with the amounts of corrosion products formed during an accident.

395

Figure 5. The maximum concentration (upper curve) and the corresponding maximum
number of moles (lower curve) of total soluble aluminum for a typical suppression pool
volume of 3500 m3 as a function of pH at 80°C.
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Figure 6. The maximum concentration (upper curve) and the corresponding maximum
number of moles (lower curve) of total soluble zinc for a typical suppression pool volume
of 3500 m3 as a function of pH at 80°C.
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4.4 Formation of precipitates
Although complete analysis of precipitation was clearly out of the scope of the present study,
some preliminary data characterizing the nature of the solid corrosion products formed in
different conditions was obtained. The compositions of precipitates were characterized using
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X-ray fluorescence (XRF) and X-ray diffraction (XRD) techniques. The results of the XRD
diffraction analysis suggested that the precipitates formed in the tests where temperature was
varied consisted mainly of zinc oxide, ZnO. However, the presence of zinc hydroxide,
Zn(OH)2, cannot be excluded either. It may be present as an amorphous product, but in that
case it is not detected using XRD analysis. The mean grain size of the precipitates is circa 10
pm. The scanning electrone microscope (SEM) figures show that the precipitate grains have a
texture resembling of cauliflower.

4.5 The effects of corrosion on accident management
The precipitates formed as a result of corrosion of zinc and aluminum may affect accident
mitigation and management through various ways. Precipitation may occur on cooling
surfaces, e. g. heat exchangers and reactor core channels, reducing the capacity of decay heat
removal. Precipitates, together with insulation material debris generated in an accident, may
clog strainers through which cooling water is sucked to emergency core cooling and spray
systems. Also post-accident clean-up may be influenced, if the precipitates are carried to
filters or ion-exchange units.
Although considerable attention has been paid to the effects of different materials in the
suppression pool water, only the consequences of insulation material debris and sludge
(consisting mainly of iron oxide) on strainer performance have been analyzed in detail [13].
However, the present results suggest that the type and amount of sludge may vary
considerably, when also formation of solid oxidation products of zinc and aluminum are taken
into consideration. For example, the present results imply that in a typical large break LOCA
the amount of oxidized zinc may be as high as 30 g/m2 after 6 hours and 55 g/m2 after 24
hours in the most favorable conditions. Although there are large variations in the amount of
zinc present in a containment, at least in some containments the area of galvanized steel can
be high as 35 000 m2 [3]. Using this value, the total amounts of zinc oxide are about 1300 kg
after 6 hours and 2400 kg after 24 hours, together with 30 kg and 60 kg of hydrogen,
respectively. Since much lesser amounts of sludge together with fibers have been found to
cause clogging both in the experiments and in practise, this clearly underlines the importance
of considering oxidation of zinc and aluminum as potential sources of precipitates.

5. CONCLUSIONS
Since the suppression pool water in a BWR is not buffered during normal operation, the water
pH is sensitive to the chemicals added during an accident. Should no additional buffering take
place, the main factor affecting the pH may be hydrochloric acid released from the drywell
cables either due to heating or irradiation.
In acidic conditions iodine may react forming elemental iodine, which could in turn react with
the hydrocarbons released either from the cables or from boron carbide during an accident.
Also low-molecular-weight compounds, such as methyl iodide, could be formed. These
compounds are relatively volatile and they are not efficiently retained by sprays or filters
usually designed for severe accident conditions. Consequently, their formation could lead to
significant releases even in the case the containment remains basically intact, but pressurized.
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The most efficient way of limiting formation of organic iodides is to assure that no elemental
iodine is produced, i.e. to maintain high pH in the suppression pool. In the experiments
conducted so far, no apparent negative effects of high pH were discovered, as much as the rate
of zinc and aluminum oxidation and the nature of the solid corrosion products are concerned.
However, thermodynamical calculations imply that the solubility of zinc decreases sharply as
the water pH increases, while the opposite is true for aluminum.
The oxidation rates of both materials were found to be depended on temperature, redox
potential and pH. Although some trends were apparent, the test results can not be considered
as conclusive, in fact the scatter observed in our results, together with the previous results,
indicates that large variations in the oxidation rate are possible also in real accident
conditions. The same might be true also for the sludge characteristics, such as composition
and size distribution. Consequently, robust solutions in prevention of any problems caused by
precipitates, such as clogging of strainers, are needed.
It should be pointed out that the results presented here were obtained without using any boron
in the water solution, although it is known from the previous studies that it can affect the
nature of the solid corrosion products considerably. Experiments on this phenomenon are
under way.
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Summary Session IV
Thermodynamic and Kinetic Studies
prepared by Dr. W. Kupferschmidt, AECL/WL, Canada
Seven papers were presented in this session. One paper dealt with evaporative release of fission
products from liquid sodium pool reactors. Two other papers dealt with modelling iodine behaviour
in the primary circuit, one focusing on gas and aqueous phase chemistry while the other investigated
the deposition of vaporised Csl on piping. The remaining four papers focused on containment aspects
of modelling iodine behaviour in water-cooled reactors.
The first paper, presented by PNC (Japan), dealt with the development and validation of analytical
models for volatile fission product release from liquid sodium pools in sodium-cooled Fast Breeder
Reactors (FBR) under accident conditions. The authors developed and assessed three analytical
models for the transient release rates of sodium (Na) and fission product iodine (the latter as Nal).
The results of these models were then compared with actual release rates of Na and Nal in the FRAT1 test rig. The sodium release rate observed in the FRAT-1 test was conservatively modelled using a
model based on heterogeneous nucleation theory, whereas Nal release was best modelled using Hill's
theory. The authors acknowledged that further studies on fission product vaporisation relevant to
FBR’s are needed in order to develop better release models.
The second paper, jointly authored by the Paul Scherrer Institute and Los Alamos Technical
Associates Inc., presented recent work on expanding the modelling capability of IMPAIRS, primarily
a containment chemistry code, in support of the US Department of Energy’s Advanced Reactor
Severe Accident Program (ARSAP).

This involved the development of a stand-alone iodine

chemistry program IMPRCS (TMPAIR-Reactor Coolant System) which utilises a thermochemical
equilibrium iodine model previously developed for high temperature conditions. Ten elementary
iodine reactions, involving caesium, iodine, hydrogen and steam are modelled in IMPRCS; in its
current version, IMPRCS also calculates surface deposition of selected iodine species as well as
iodine and caesium RCS releases using rate constant values applied to the input by the modeller. A
preliminary evaluation of IMPRCS against several test problems relevant to a small-break loss of
coolant accident, designed specifically for the Advanced Light Water Reactor, was judged to be
acceptable (i.e., dominant iodine release from RCS is in the form of Csl). However, the authors
acknowledged that further assessment of the rate coefficients in IMPRCS is needed and that actual
release models for Cs and I from fuel or core debris must be added, as well as models for
deposition/desorption phenomena. Future work will also include the implementation of IMPRCS as a
subroutine within IMPAIRS. Discussion of this paper focused primarily on whether there was a need
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to model RCS chemistry kinetically versus thermodynamically, given the high temperatures within
the RCS.
The third paper outlined recent efforts at the Paul Scherrer Institute (PSI) to assess IMPAIRS against
selected experiments conducted within the Advanced Containment Experiment (ACE) Radioiodine
Test Facility experimental programme. In particular, the IMPAIRS code, which was recently updated
from IMPAIR 2.2 to include iodine transport between multiple compartments, changing sump pH and
releases to the environment, was compared against results from ACE/RTF Tests SB and 4. In general,
the comparison between experimental and calculated results was reasonable; IMPAIRS demonstrated
it is capable of handling changing boundary conditions and reproduced most of the trends observed in
these tests. In particular, the total iodine partition coefficient was routinely calculated to be within an
order of magnitude of that observed experimentally. However, significant discrepancies between
calculation and experiment were observed in some aspects of ACE/RTF Test 4, in particular,
molecular iodine concentrations in the gas and aqueous phase during the acidic stage. The authors
noted the need for more data to further validate the various models contained within IMPAIRS.
The fourth paper, a contribution from IPSN-Cadarache, outlined efforts to utilise the results from
bench-scale experiments conducted at AEA-Harwell and AECL-Whiteshell to update the French
IODE code. In particular, using the AEA work on the radiolytic oxidation of r determined as a
function of dose, pH, temperature, gas flow rate and I concentration, the authors empirically fitted the
results to two reactions within IODE: the aqueous phase radiolytic oxidation of I to 1% and the
radiolytic reduction of iodate to f. This version of IODE was then used to simulate results from the
AECL bench-scale studies on iodine behaviour in the presence of ripilon-coated coupons; in general,
good agreement on the extent of surface adsorption was obtained between calculation and experiment.
Where differences were observed, the authors suggested that in addition to I2, f may also adsorb on
surfaces in contact with aqueous solution. Such a reaction is not currently included within IODE.
The fifth and sixth papers in the Session, contributed by AEA-Harwell and AECL Whiteshell,
outlined recent modifications to the mechanistic models INSPECT and LIRIC. For the former,
significant improvements include updated rate constants and activation energies for the water
radiolysis reactions, modified mechanisms and rate constants for the I2 hydrolysis reaction and the
reaction of 1% with hydrogen peroxide, an additional mechanism for the disproportionation of 02‘ and
inclusion of atomic iodine (I ) as a volatile species. These changes to INSPECT have resulted in
improved modelling of iodine volatility over a wider pH range, although iodine volatility is still
underpredicted at pH 8 and above. The authors also purport that the effects of temperature and
oxygen concentrations in the gas phase are well modelled by INSPECT. Similarly, the LIRIC 3.0
paper focused on the areas where significant improvements were made since the model was last
reported (in 1991 as LIRIC 2.0). In particular, LIRIC 3.0 was critically evaluated for self- consistency
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and numerous additions were made, including sub-models on organic radiolysis, thermal and
radiolytic organic formation, trace metal reactions and surface adsoiption/desorption processes.
Results from recent pulse radiolysis studies on iodine radiolysis reactions were also added to URIC
3.0, as has new mechanistic information on the VHA reaction. The URIC 3.0 paper also outlined
numerous simulations of various Radioiodine Test Facility experiments, including experiments in
stainless steel and vinyl- and epoxy-coated vessels. In general, experimental and calculated results
were in good agreement, often within a factor of three. However, the authors noted that several areas
of uncertainty still remain. These include choosing, for actual containment conditions, effective metal
ion concentrations, which can significantly influence iodine chemistry, and appropriate rate constants
for adsorption/desorption processes. Also, modelling the effects of organic surfaces on the timedependent behaviour of pH, dissolved oxygen concentration and organic iodine formation is not yet
adequate. Discussions following the latter paper focused on the need to obtain additional data on the
effects of aged containment paints on iodine behaviour.
The final paper of the Session was a collaborative effort between JAERI and the Toshiba Advanced
System Corporation on the deposition of vaporised Csl on piping under severe accident conditions.
This contribution outlined recent studies within JAERI’s WAVE (Wide range Aerosol model
VErification) facility and attempts to analyse the experimental results using the SPRAC, ART and
VICTORIA codes. This work revealed that the nature of the carrier gas impacted significantly on the
extent and nature of Csl deposition in the piping. In tests done with nitrogen carrier gas, the authors
state that aerosol deposition was consistent with thermophoresis dominating aerosol deposition and
that the experimental results were adequately modelled by the three codes previously cited. However,
in tests with superheated steam as carrier gas, the deposited aerosols were appreciably larger than
with nitrogen as carrier gas. The authors note that existing aerosol growth models in ART and
VICTORIA cannot account for this observation; only by arbitrarily increasing the aerosol size in the
ART calculations were the authors able to simulate the experimental findings. Further experimental
and modelling work in this area was recommended.
The Session concluded with a discussion period focusing on whether there was a need to harmonise
the different national codes and databases on iodine chemistry. At present, various modelling
strategies are being developed which range from being predominantly empirical (IODE, IMPAIR
3.0) to mechanistic (INSPECT, LIRIC 3.0) in nature. Although the participants generally expressed
interest in maintaining close contacts with programs in other countries, it was judged that developing
a mechanism to co-ordinate iodine model development amongst NEA Member countries would be
impractical.
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Evaporation Release Behavior of Volatile Fission Products from
Liquid Sodium Pool to the Inert Cover Gas
- Development and Validation of Analytical Models T. Nakagiri1

and S. Miyahara1

Abstract
In fuel failure of sodium cooled fast breeder reactors, released volatile fission products
(VFPs) such as iodine and cesium from the fuel will be dissolved into the liquid sodium coolant
and transferred to the cover gas by vaporization.

In the cover gas system of the reactor,

natural convection occurs due to temperature differences between the sodium pool and the gas
phase.

The release rates of VFPs together with sodium vaporization are considered to be

controlled by the convection.

In this study, three analytical models are developed and

examined to calculate the transient release rates using the equilibrium partition coefficients of
VFPs.
The calculated release rates is compared with experimental results for sodium and
sodium iodide.

The release rate of sodium is closest to the calculation by the heterogeneous

nucleation theory.

The release rate of sodium iodide obtained from the experiment is between

the release rates calculated by the model based on heat-and-mass transfer analogy and the Hill's
theory.
From this study, it is confirmed that the realistic release rate of sodium is able to be
calculated by the model based on the heterogeneous nucleation theory.

The conservative

release rate of sodium iodide is able to be calculated by the model based on the Hill's theory
using the equilibrium partition coefficient of sodium iodide.

1) Oarai Engineering Center, Power Reactor and Nuclear Fuel Development Corporation, 4002 Narita, Oaraimachi, Ibaraki 311-13, Japan
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1. Introduction
When fuel failure of sodium cooled FBR is assumed, volatile fission products (VFP) such
as iodine, cesium, and tellurium will be released from the coolant sodium to the cover gas
because of their high volatility. It is important to evaluate the quantities of released VFPs
because they are important in the radioactive exposure evaluation.
The important release mechanisms of VFPs from the damaged fuel pins to the cover gas
are transportation with the inert gas bubbles and vaporization after they dissolved in the coolant
sodium. Transportation with inert gas bubbles is important in short time phenomena, and
vaporization is important in long time phenomena [1]. A concept of these mechanisms are
shown in Figure 1. In PNC, mechanical models to evaluate the quantities of released VFPs is
under developing for both mechanisms.
Generally, the heat and mass transfer analogy is applied to the transfer in gas phase, and
several release models are already developed for the vaporization of sodium and VFPs.

For

sodium, release models based on Hill's theory and critical supersaturation (homogeneous
nucleation) are developed by Kumada [2], and a model which considers the effect of high
partial vapor pressure and reasonable condensation is developed by Brockmeier [3].

For

VFPs, a release model by coupling sodium release model and activity coefficient of VFP is
developed by Brockmeier [3].
In this study, a mechanistic release model based on heterogeneous nucleation theory had
been developed for sodium and sodium iodine.
The content of the release models and the test results of the measurement of release rate are
reported in this paper.

2. Development of Analytical Models
2.1

Model Features and Assumptions
In the release model, two mechanism are considered. A basic concept of release model is

shown in Figure 2.

One is the release from the sodium pool to the cover gas near the pool

surface, the other is transfer in gas phase. For the first mechanism, equilibrium partition
coefficient (Kd) or activity coefficient is used, and for the latter mechanism, natural convection
model is used based on heat-and-mass transfer analogy and on the theories to consider the
promotion of release by the vapor condensation.
Release rates from the sodium pool to the inert cover gas can be considered to be equal to
the transfer rate in the boundary layer, because the release rate from the sodium pool to the
lower boundary of the layer is much larger than the transfer rate in the boundary layer.

The

release rate of sodium from the sodium pool to the inert cover gas in equilibrium condition can
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be calculated from the saturated vapor pressure because the vapor concentration at the lower
edge of the layer is in equilibrium condition to the sodium pool at the sodium pool temperature.
On the other hand, the release rate of VFP in equilibrium condition can be calculated from the
equilibrium vapor pressure in cover gas.

The ratio of release rates of sodium and VFP is

calculated as the Kd.
The release rate of sodium from the sodium pool to the cover gas can be calculated by the
models which consider the transfer in boundary layer, and the release rates of FPs can be
calculated by the models coupled the transfer models of sodium in boundary layer with the Kd
of VFPs.

2.2 Sodium release models
The contents of the sodium release models based on the heat and mass transfer analogy,
the Hill's theory, heterogeneous nucleation theory and the model developed by Brockmeier are
described below.
(1) Release model based on the heat and mass transfer analogy
Generally, mass transfer rate of sodium in the boundary layer can be calculated by an
equation based on heat and mass transfer analogy.
m'a = (Sha/DagL)( p a,w - p a,°°)

(1)

where m' is the transfer rate in boundary layer, subscript a denotes sodium, Sh is the
Sherwood number, D is the diffusion coefficient in gas, L is the characteristic length, p w is the
vapor concentration at the upper boundary of the layer and p °° is the vapor concentration at the
lower boundary of the layer.

The equation (1) can be used to calculate the release rate of

sodium from the sodium pool to inert cover gas, because the sodium release rate from the
sodium pool to the lower edge of the layer is much faster than the transfer rate in the layer.
When the vapor concentration in gas phase is negligible small, the equation (1) is
expressed as follows,

m 'a = (Sha / Dag L) p a,w

(2)

The Sherwood number is expressed by Grashof number and Schmidt number.
Sh = A (Gr • Sc)c
where Gr is the Grashof number, Sc is the Schmidt number, A and c are the

(3)
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thermalhydrauric constants.
p a,w =

Vapor concentration p a,w is calculated as follows,

(4)

P°a / RTw

where P° is saturated vapor pressure, R is gas constant and Tw is absolute temperature of
sodium pool.
In actual vaporization, vapor condensation in boundary layer will occur because of the
temperature difference of sodium pool and cover gas, but this model can't consider the effect of
the condensation.
(2)

Release model based on the Hill's theory
Sodium release rate was also calculated applying the Hill's theory which assume maximum

condensation of sodium vapor by Kumada [2].
In the Hill's theory, the distribution of the vapor concentration corresponds to the
distribution of the saturated vapor pressure at the temperature of each position, and it is
assumed that the vapor condensation will occur when the vapor concentration will reach to the
saturated vapor pressure [2].
surface.

The gradient of the vapor concentration is calculated at the pool

The gradient of the vapor concentration of the Hill's theory is larger than that of the

heat and mass transfer analogy, as showed in Figure 3.

The ratio of the gradient of the vapor

concentration by the Hill's theory to the heat and mass transfer analogy is expressed as follows,

(9 P° /

d x)x=o / [P°w/(Tw - T=o)]

= K / Tw (1 - T=o / Tw)

(5)

where P° is the saturated vapor pressure, T is the absolute temperature and K is the constant
used in the equation (6).
P° = const • e"1^

(6)

The ratio of the gradients of the vapor concentration of sodium for the both theories at the pool
temperature is shown in Figure 4.

The vaporization model of sodium based on the Hill’s

theory is expressed as follows,
m 'a,Hill = m'a.analogy ' K/Tw(l - T°° /Tw)

(7)

The release rate calculated by Hill's theory was several times to the measured value by Kumada.
(3)

Release model by Brockmeier
Release model of VFP to estimate reasonable release rate was developed by Brockmeier
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[3].

In his model, Sherwood number is transformed to consider the effects of high vapor

pressure and condensation.

Shg = Sheqm ' Chpp ' Ccond

(8)

where Sheqm is Sherwood number for the heat and mass transfer analogy, Chpp is the
coefficient when the partial pressure is high and Ccond is the coefficient for vapor condensation.
Ccond is expressed as a geometric mean of two extreme cases,

Ccond = (Ccond,max

Ccond,min)W

(9)

where Ccond,min is the coefficient when no condensation occurs, and Ccond,max is the coefficient
calculated from Hill's theory.

Release rate of sodium is calculated as follows,

(10)

m'a,Brock = m’a,analogy • Chpp ' Ccond

The release rate calculated by the Brockmeier's model agreed well with the release rate
measure in the experiment performed at NALAI and NALAII.
(4) Release model based on the heterogeneous nucleation theory
We developed a mechanistic release model based on heterogeneous nucleation theory
which estimate reasonable condensation of sodium vapor.
In the heterogeneous nucleation theory, the distribution of the vapor concentration
corresponds to the distribution of the super-saturated vapor pressure at the temperature of each
position, and it is assumed that the vapor condensation will occur when the vapor concentration
will reach to the super-saturated vapor pressure.

The super-saturated vapor pressure can be

calculated from the Thomson-Gibbs equation which consider the vapor pressure rise at a
particle surface.
In (Pd /P°) = 2ffM/rjoRT

(11)

where Pd is the vapor pressure at a particle surface, a is the surface tension at a particle
surface, M is mole weight, r is the particle radius, p is the density of condensed liquid and R
is the gas constant.

VFPs, ions or impurities are considered to be the Nuclei for the

heterogeneous nucleation.
The gradient of the vapor concentration can be calculated as the slope of the tangent from
the saturated vapor pressure position at the pool surface to the super-saturated vapor pressure
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line, as shown in Figure 3.

It is clear that the gradient of the heterogeneous nucleation is

between the gradient of the heat and mass transfer analogy and the Hill's theory from Figure 3.
The ratio of the gradients of the vapor concentration of the heterogeneous nucleation to that of
the heat and mass transfer analogy is expressed as follows,
[(8 Pd/ 8

X)

x=xcrit] / [P°w/(Tw - T<»)]

(12)

where xcrit is the position where condensation will occur.
shown in Figure 4.

The ratio for sodium vapor is

The Sherwood number calculated by the heterogeneous nucleation theory

is expressed as follows,
Shheter = Sheqm ' [( 8 Pda / 8 x) x=xcrit] / [P°w /(Tw - T°°)]

(13)

Release model based on heterogeneous nucleation theory is expressed as follows,
m'a,heter = m’a.analogy * [( 8 Pda / 8 x) x=xcrit] / [P°w /(Tw - T°°)]

(14)

2.3 Volatile Fission Product release models
Release rate of VFP from the heat and mass transfer analogy or the Hill's theory is
calculated by the equation (2) or (7) by using the values for VFP.

The contents of the model

of Brockmeier and the model based on heterogeneous nucleation theory are described below.
(1)

Release model of Brockmeier
A release model of VFP was developed by Brockmeier by coupling his sodium release

model and activity coefficient of VFP [3].
m'VFP.Brock = m'a,analogy ' (DvFP.g/Da.g)'"

• fc '

y VFP * (P°VFP / P°a) " Xm.VFP

(16)

where D is the diffusion coefficient in gas phase, n is the thermalhydrauric constant (in most
case n = 1/3), fc is a correction factor for the heat and mass transfer analogy and y is the
activity coefficient in sodium.

The correction factor fc is calculated from the constants Chpp

and Ccond of sodium and VFP as follows,
fc = (Chpp • Ccond)VFP / (Chpp ' Ccond)a

(17)
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In this model, vapor condensation is considered for VFP not only for sodium.
(2) Release model based on the heterogeneous nucleation theory
We developed a mechanical release model based on the heterogeneous nucleation theory
coupling the sodium release model and Kd.
Because the vapor concentration of VFPs in the boundary layer is much smaller than the
value calculated from the super-saturated vapor pressure, vapor condensation is considered only
for sodium.

For this reason, it is considered that the ratio of the promotion of vaporization of

VFP is equal to the ratio of the promotion of vaporization of sodium.
Vapor concentration of VFP at sodium pool surface is calculated from the concentration
and Kd of VFP in sodium pool.

Pvfp.w

= Kd • Xvfp

(18)

Release rate of VFP is calculated from the equation (1), (4), (14) and (18),

m'VFP.heter =m'a,heter

' Kd " Xmil

(19)

Kd is expressed as follows,
Kd = (Pi / P°a) / Xii

(20)

and the relation between Kd and activity coefficient of VFP in sodium pool is expressed
thermodynamically as follows,
Kd = y i(P°i /P°a)

(21)

Experimentally measured Kd when the concentration of VFP is negligible small (i.e. 200
wt.-ppm) agreed well with the value calculated thermodynamically by Castleman.
Experimentally measured Kd when the concentration of VFP is negligible small is expressed as
a function of temperature.
log Kd =-215/T-0.271

(22)
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3. Experiments and Model Validations
3.1

Experiment on sodium iodide release rate from the sodium pool
An experiment to measure the sodium iodide release rate from the sodium pool was

performed at FRAT-1 test rig.

A concept of the test rig is shown in Figure 5.

FRAT-1 test rig can be replaced by inert gas.

Gas phase of

The vaporization pot can be maintained at stable

temperature by electric heater, and raised to 600'C.

Released sodium and VFP from the pot

deposited on to the ceiling, wall and floor of FRAT-1, and they were dissolved by distilled
water.

For this reason, only cumulative released mass during the test duration can be

measured.
The concentration of sodium iodide in the sodium pool was about 200 wt.-ppm.
temperature of the sodium pool and the cover gas changed as time went on.
in Figure 6 and Figure 7.

The

They are shown

The amount of sodium was determined by flameless atomic

absorption spectrometry, and iodine was determined by inductively coupled plasma mass
spectrometry.

3.2

Measured weight of sodium and iodide in the experiment are shown in Table 1.

Calculation of vaporized weights of sodium and sodium iodide
Vaporized weights of sodium and sodium iodide were calculated by the models, but the

model of Brockmeier is not used because the model is not surveyed adequately.

The

temperatures of the sodium pool and the cover gas which were used to calculate vaporized
weights are shown in Figure 6 and Figure 7 with measured values.
sodium iodide in the sodium pool was 200 wt.-ppm.

The concentration of

For the model based on the

heterogeneous nucleation theory, the particle radius was assumed to be 0.01 ji m which is
general for an initial aerosol radius.
for the calculation.

4.

The measured Kd shown in the equation (22) was used

Calculated vaporized weights are shown in Table 1.

Result and Discussion

4.1 Release rate of sodium
Measured vaporized weight of sodium is closest to the calculated value by the
heterogeneous nucleation theory, and it is confrimed that the release rate of sodium is closest to
the calculated value by the heterogeneous nucleation theory.

From this result, it is assumed

that the fraction of the condensation of sodium vapor is close to the value calculated by the
heterogeneous nucleation theory.

The release rate calculated by the Hill’s theory is larger
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about 25 % than the measured value, it is found that conservative release rate is calculated by
this theory.

4.2 Release rate of sodium iodide
Measured vaporized weight of sodium iodide is between the calculated values by the
heterogeneous nucleation theory and the Hill's theory, and it is confirmed that the release rate of
sodium iodide is between the values calculated by the heterogeneous nucleation theory and the
Hill's theory.

Release rate calculated by the heterogeneous nucleation theory is smaller about

40 % than measured value.

In this theory, condensation is considered only for sodium

because the vapor pressure of sodium iodide is much smaller than the saturated vapor pressure.
It is considered that this is one reason for the under estimation.
by the Hill’s theory is larger about 25 % than the measured value.

The release rate calculated
It is considered that the

theory is applicable for the estimation of conservative release rate.
In actual release behavior, though condensation of sodium iodide will not occur because
the vapor pressure is much smaller than the saturated vapor pressure, other phenomena to
promote vaporization are assumed.

For example, sodium iodide is assumed to solve or be

absorbed to the liquid sodium aerosol.

The effects of these phenomena are not still

investigated, but possibility to promote vaporization is considerable, and these effects should be
investigated in the future.

5.

Conclusion
Obtained conclusions in this study are described below.

(1)

Measured release rate of sodium are closest to the value calculated by the heterogeneous

nucleation theory.
(2)

Measured release rate of sodium iodide is between the values calculated by the

heterogeneous nucleation theory and Hill's theory.

The reason for this result is that the

heterogeneous nucleation theory is not considered for sodium iodide.

The effects of

solution or absorption of sodium iodide to the condensed liquid sodium aerosol should be
investigated.
(3)

Detailed experiments will performed to examine the applicability of the theory in the

future.

Furthermore, release models of other VFPs are going to developed and experiments

for the examination of the theories are going to be performed.
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Table.1

Vaporized weight in the experiment and the calculation
Total vaporized weight (g)
Na

Nal

(1)Test

3.74

2.22X10*

(2)Heat-and-Mass
Transfer Analogy

0.501

1.78X1 O'5

(3)Hills theory

4.64

2.81X1 O'4

(4)Heterogeneous
nucleation theory

3.95

1.40X10*
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Fig.1
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PRIMARY CIRCUIT IODINE MODEL ADDITION
TO IMPAIR-3*
D. J. Osetek1, D.L.Y. Louie1, S. Guntay2, and R. Cripps2

Abstract
As part of a continuing effort to provide the U.S. Department of Energy (DOE) Advanced
Reactor Severe Accident Program (ARSAP) with complete iodine analysis capability, a task was
undertaken to expand the modeling of IMPAIR-3, an iodine chemistry code. The expanded code
will enable the DOE to include detailed iodine behavior in the assessment of severe accident
source terms used in the licensing of U.S. Advanced Light Water Reactors (ALWRs). IMP AIR-3
was developed at the Paul Scherrer Institute (PS1), Switzerland, and has been used by ARSAP for
the past two years to analyze containment iodine chemistry for ALWR source term analyses.
IMPAIR-3 is primarily a containment code, but the iodine chemistry inside the primary circuit
(the Reactor Coolant System or RCS) may influence the iodine species released into the
containment; therefore, a RCS iodine chemistry model must be implemented in IMPAIR-3 to
ensure thorough source term analysis. The ARSAP source term team and the PSI IMPAIR-3
developers are working together to accomplish this task.
This cooperative task is divided into two phases. Phase I, taking place in 1996, involves
developing a stand-alone RCS iodine chemistry program called IMPRCS (IMPAIR - Reactor
Coolant System). This program models a number of the chemical and physical processes of
iodine that are thought to be important at conditions of high temperature and pressure in the RCS.
The initial set of processes included in the model were taken from the open literature. A total of
12 chemical species and 10 kinetic reactions are included in IMPRCS. After IMPRCS was
developed, an exercise took place to ensure that the model worked properly for the conditions
of interest for ALWR accidents.
In Phase II, which is tentatively scheduled for 1997, IMPRCS will be implemented as a subroutine
in IMPAIR-3. To ensure an efficient calculation, an interface/tracking system will be developed
to control the use of the RCS model from the containment model. These two models will be
interfaced in such a way that once the iodine is released from the RCS, it will no longer be tracked
by the RCS model but will be tracked by the containment model. All RCS thermal-hydraulic
parameters will be provided by other codes (e g., MAAP or FIPLOC). To ensure that the new
IMPAIR-3 code with the RCS model functions properly, ALWR demonstration calculations that
use both RCS and containment iodine models will be performed. This new iodine analysis
capability will be available to the ALWR vendors upon the completion of Phase n.
* This work is being supported by the U.S. Department of Energy Advanced Reactor Severe Accident Program under
contract number DE-AC07-93ID-13201.
1) Los Alamos Technical Associates, Inc., Risk and Safety Engineering, Albuquerque, New Mexico 87110, USA
2) Paul Scherrer Institute, Laboratory for Safety and Accident Research, Villigen PSI, Switzerland, CH-5608
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1. INTRODUCTION
The U.S. Nuclear Regulatory Commission (NRC) has issued a policy statement [1] providing
guidance for certification of new nuclear power plants in the U.S. As a part of this certification
process, the nuclear industry must address the potential severe accident vulnerabilities and
consequences of new plant designs. The U.S. Department of Energy (DOE) has instituted the
Advanced Reactor Severe Accident Program (ARSAP) to assist the nuclear industry in addressing
these severe accident issues. The goal of the ARSAP is to facilitate the certification of
standardized advanced light water reactors (ALWRs) by ensuring that severe accident safety issues
of demonstrated significance are resolved. Since the consequences of a severe accident depend
strongly on the amount of radioactive iodine that is released from the containment, ARSAP has
initiated the development of a comprehensive iodine analysis capability for the ALWR accident
evaluation.
The first task was to provide an ex-vessel iodine analysis capability for ALWRs. A search
identified a suitable existing code—the IMPAIR code, an ex-vessel iodine chemistry code
developed at Paul Scherrer Institute (PSI) of Switzerland [2], Initially, IMPAIR was developed
to model only iodine chemistry and physical interactions in the containment. Other codes, such
as MAAP [3], provided the thermal hydraulics, and in-vessel release of iodine and other important
chemical species required for ex-vessel iodine chemistry computation. Because of the differences
in the input and output requirements between these two codes, and the maturity of the IMPAIR
code for modeling iodine behavior, an interface was initiated as a part of the ARSAP task [4-6].
The interface, which is called MID (MAAP-IMPAIR Interface Driver), minimized the
modifications needed in either code, and also addressed new modeling capabilities not found in
the other two codes. To exercise MID and test the ex-vessel iodine behavior analysis capability,
a number of accident scenarios related to ALWRs were conducted [5-6].
To help address the uncertainties associated with the form of iodine released from the reactor
coolant system (RCS; also known as the primary circuit), and to provide a complete (in- and ex
vessel) iodine analysis capability, a decision was made to expand the modeling of the IMPAIR
code by implementing a RCS iodine chemistry model in IMPAIR-3 [7], This task was a
cooperative effort between the ARSAP source term team and the PSI IMPAIR-3 developers.
This task was divided into two phases. Phase I, which is described in this paper, includes the
development of a stand-alone RCS iodine chemistry program called IMPRCS (IMPAIR - Reactor
Coolant System). IMPRCS utilizes a previously developed high-temperature iodine chemistry
model [9], which was expanded to include other capabilities such as surface depositions and RCS
releases. IMPRCS is a kinetic iodine code using the same principles as IMP AIR-3 (i.e., coupled
differential rate equations); thus, it will be easy to incorporate into IMPAIR-3 later. In Phase II,
tentatively scheduled for 1997, after IMPRCS is incorporated as a subroutine of IMPAIR-3, it will
be used to perform a number of demonstration calculations depicting the release of iodine from
the fuel to the RCS and into the containment. These calculations will focus on ALWR
applications. As a part of the ARSAP charter, this new iodine capability will be transferred to the
vendors upon the completion of this task.
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This paper will first present a brief description of the IMPAIR-3 code and the ex-vessel iodine
analysis methodology followed by a discussion of the IMPRCS code and its test problems.
Finally, the future improvement of IMPRCS and its incorporation into IMP AIR-3 will be
addressed.

2. IMPAIR-3
IMPAIR-3 is an ex-vessel iodine chemistry code developed at PSI in Switzerland. On-going
research at PSI and elsewhere on the severe accident behavior of iodine is being used to improve
and update IMPAIR-3. To be consistent with the work done previously [4-6], an older version
of IMPAIR-3 [7] is being used for the initial development of the RCS iodine model. This version
of the code models 4 gas-phase and 17 liquid-phase chemical processes, plus 16 physical processes
in the containment that are thought to be important to iodine behavior during a severe ALWR
accident. These processes and their associated rate coefficients are illustrated in Figure 1. As
shown, IMPAIR-3 models 7 chemical species of iodine in various forms (i.e., deposits, aerosols,
droplets, gas, or liquid). A total of 28 species including the non-iodine species are modeled.
Since IMPAIR-3 is a multi-compartment iodine chemistry code, it uses a total of 28 rate equations
to solve for the iodine species mass in each compartment during each timestep. To solve these
rate equations, IMPAIR uses the DDRIV1 solver routine [8], The code also employs double
precision arithmetic and is portable to several computer platforms such as personal computers and
workstations. Because IMPAIR-3 only models the iodine chemistry in the containment, it relies
on other codes to supply the thermal hydraulic conditions in the containment as well as the iodine
sources from the RCS. The following section briefly describes an interface developed to link
IMPAIR with MAAP.

2.1. Ex-Vessel Iodine Analysis
To provide a capability for assessing iodine behavior in containment during severe accidents in
ALWRs, IMPAIR-3 was linked with MAAP by an interface code called MED. MID was initiated
as part of an ARSAP task and was intended to alleviate the differences between the input and
output requirements of MAAP and IMPAIR, to minimize the modification of these two codes, and
to implement new modeling capabilities not present in the two primary codes. These new
capabilities included time-dependent spray removal of iodine vapors (such as 1% and CH3I), iodine
absorption into the water droplets, surface deposition (resulting from difiusiophoresis and
sorption), and iodine mass transfer due to settling, pool flashing, and enhanced droplet entrainment
[5]To exercise MID and its capabilities, a number of ALWR demonstration calculations were
performed. A total of 10 calculations for 2 accident scenarios of the Westinghouse AP600 and
for 4 accident scenarios of the General Electric SBWR were performed using the linkage of
MAAP, MID, and IMPAIR codes [5-6]. These calculations clearly demonstrated that a 30-day
ALWR accident sequence, including ex-vessel iodine behavior, can be modeled by the linked
codes. In terms of iodine behavior, the demonstration calculations showed that the organic iodide
dominated at the latter part of the 30-day accident. In all these demonstration calculations, the
form and the release of iodine from the RCS were arbitrarily assumed to be Csl; however,
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sensitivity calculations have shown the importance of molecular iodine in the RCS releases. Thus,
the source term results will definitely depend on the iodine species that is released from the RCS
and available to interact in the containment. Therefore, a project was initiated to develop a RCS
iodine chemistry model for inclusion in the IMPAIR code. The following section describes briefly
this RCS iodine chemistry stand-alone code, IMPRCS.

3. IMPRCS
As a stand-alone code that models the RCS iodine chemistry, IMPRCS utilizes the reaction
kinetics iodine model developed previously for the high temperature conditions in the RCS of light
water reactors [9]. Based on this model, fission products of cesium and iodine would interact with
other elements in a RCS hydrogen/steam gas environment. Also in this model was the simplified
reaction of organic materials with iodine, because a very small amount of organic material may be
present due to the carbon generation from the decomposition of the structural materials and the
possible reaction of carbon and hydrogen at elevated temperatures. The 10 dominant reactions
of iodine modeled in IMPRCS are presented in Table 1. They are listed in the order of their
forward reaction rates. Because these reactions in general are exothermic, a second reaction
product is probably required to stabilize the reaction that yields a single product. Examples of
such reactions are listed as items 7 through 10 in Table 1. The rate coefficient values listed were
taken at 1000 K and were obtained from Ref [9-10], In general, some of the rate coefficients are
quite large. In a previous study [9], it was shown that chemical equilibrium is reached in seconds
for a fission products-to-steam mole ratio <10 *, and that the principal species produced were
CsOH and HI. For the fission products-to-steam mole ratio >10'$, the equilibrium time is on the
order of 10"* s, and the principal species produced are CsOH and Csl. Reactions listed in Table 1
result in a total of 12 chemical species which require 12 rate equations. In addition, IMPRCS
explicitly models the surface deposition of selected iodine species and their RCS releases (see
Table 2). In this way, both deposition and releases are computed after the rate equations are
solved.
IMPRCS is currently designed for a single RCS volume, with capabilities to calculate surface
depositions and releases to containment. IMPRCS uses double precision arithmetic and the
principles of coupled rate equations which can be solved by the same DDRTV1 solver routine as
in IMPAIR-3 [8], Note that unlike IMPAIR-3, in which the rate coefficients are numbered below
100, IMPRCS rate coefficients are numbered starting with 101.
Because IMPRCS is at present a single volume code, users need to supply only the gas
temperature and volume, as well as the initial concentrations of the 12 chemical species and their
initial source rates. In addition, users can input the deposition rates of the Csl, CsOH, CH3I, and
I2, and the volumetric gas flow rate out of the RCS. This volumetric gas flow rate is used to
estimate the quantity of the 6 iodine species (Csl, CsOH, CH3I, 1%, HI, and HOI) thought to be
released from the RCS to the containment. Eventually many of the input parameters will be
provided by the thermal-hydraulic code (e g., MAAP). The following section describes the test
problems performed for the IMPRCS.
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3.1. RCS Iodine Analysis
A number of preliminary test problems were conducted to evaluate IMPRCS and to ensure that
it was functioning properly. All test problems were designed specifically for the ALWR. For
example, based on a small-break loss-of-coolant accident for the Westinghouse AP600 scenario
[5], the initial Csl inventory in the fuel was 26 kgs. Generally, the molar ratio of cesium to iodine
is about 10 in the initial inventory of fuel irradiated for more than a few months. Therefore, it was
determined that the initial inventories for cesium and iodine are about 130 and 13 kgs,
respectively. Based on the same scenario [5], MAAP calculated that the hydrogen mass generated
in the RCS was about 290 kgs, with 1 kg of steam. The high hydrogen mass might be a result of
the cladding-steam reaction. In reality, both cesium and iodine should be released from the fuel
at a certain rate. Therefore, it was assumed that both Cs and I were sourced into the RCS volume
at a release rate (75% of the initial inventory to be released from the fuel in first 5 hours)
determined by a recent study on the estimate of the in-vessel source terms for the ALWRs [11].
Based on this rate and using the fission product inventory determined by MAAP, the source rate
for the Cs and I was 6.0236x10"* g/cm3-s and 5.7518x10 * g/cm3-s, respectively. It was further
assumed that H20 and H2 in the RCS were generated at a rate of 6.0386xl0"10 g/cm-s and
1.7512xl0"7 g/cm3-s, respectively, during the 5-hr time frame.
By assuming no RCS release or deposition, two preliminary runs were performed to examine the
reaction behavior as a function of temperature: Case 1 at 1000 K, and Case 2 at 1500 K.
Figures 2 and 3 present the species concentrations for these two cases, respectively. As shown
in these figures, a noticeable difference was evident for the formation of CsOH. At the higher
temperature, CsOH tended to form at a higher rate, and I depleted faster. In fact, most of the I
was converted into Csl which dominated the reacted iodine species and cesium species for both
cases. Note that a large amount of Cs is still unreacted because the steam available was very
limited.
To examine the effect of hydrogen-to-steam molar ratio, a third run (Case 3) at a temperature of
1000 K was performed for a hydrogen-to-steam molar ratio of 26, instead of 2610 as in the
previous two cases. The species concentrations for Case 3 are plotted in Figure 4. In comparing
Figures 2 and 4, a similar trend was observed between the two cases. However, near the end of
the 5-hr run (Case 3), the concentration of CsOH dominated for the reacted species because of
the abundance of steam available. Beside Csl, a very small amount of HI, 1%, and HOI were
formed (< 10"10 g/cm3).
The percentage of the Cs and I conversion at the end of 5-hr run for these three cases is shown
in Table 3. The results as shown in Table 3 suggested that the formation of Csl may not be
temperature dependent, but rather iodine-limiting. On the other hand, the formation of the CsOH
was sensitive to temperature and steam availability. Of course, these runs only examined specified
steam-to-hydrogen molar ratios, and fission product-to-steam molar ratios. Other situations
should be tested also.
To test both the deposition and leakage models within IMPRCS, a fourth case was run. In this
case a deposition rate of CsOH onto the RCS surfaces was assumed to be 1x10"* s'1. In addition,
aRCS-to-containment flow rate of 0.013 m3/s was assumed (this rate corresponds to the release
time that MAAP calculated for all Csl to reach containment [5]). All other parameters were the
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same as in Case 3. The preliminary results of this run are plotted in Figures 5 through 6. As
shown in Figure 5, for the 5-hr problem time, the trend of the species concentrations was similar
to that in Case 3, except the curves of HI and I2 intersected near the end of the run for Case 4.
At the end of 5 hours, only 3.5% of the Cs remained uncombined in the RCS, in comparison to
8.4% in Case 3. About 86% of the Cs formed CsOH, with only 62% of this CsOH released into
the containment (see Figure 6) and 0.05% deposited. The remaining approximately 10% of the
Cs formed Csl, with nearly all the I being converted. About 64% of the Csl was released into the
containment and 36% remained in the RCS.
These results clearly indicate that Csl dominates the release in both steam-starved and steam-rich
conditions. Note that these calculations are merely a demonstration run. If the possibility of
organic interaction and variations in thermal-hydraulic conditions are included, the results may be
significantly different. The following section provides some suggestions for enhancing the
performance of IMPRCS and performing additional analyses to provide better insight into the RCS
iodine releases.

4. FUTURE IMPLEMENTATION OF IMPRCS INTO IMPAIR-3
This section contains a brief description of the future development of IMPRCS, the plan to
incorporate IMPRCS into IMPAIR-3, and proposed studies for the new IMPAIR-3 for ALWR
applications.

4.1. Improvements to IMPRCS
Although the basic model of iodine chemistry in the RCS has been developed, a more detailed
examination of the rate coefficients for the ALWR applications is needed in order to evaluate a
wide range of thermal-hydraulic conditions. Extensive research and development have been done
since the model used in IMPRCS was developed; therefore, comparison and benchmarking with
the new research and development results may actually improve the accuracy of IMPRCS iodine
chemistry. In addition, a release calculation of cesium and iodine from the fuel or core to the RCS
is needed (e g., MAAP) because the release rate will affect the time dependence of the calculated
results. Also, the surface interactions may depend on the physical parameters, which means that
other factors could influence the deposition and desorption of the iodine species coupling with the
thermal-hydraulic parameters such as steam condensation rate. Experimental data from recent or
ongoing research programs may be useful in the development of an improved model.
In addition to the improvement of the model, the code architecture of IMPRCS should be
improved to include multi-volume capability. For example, if a release path from the primary
coolant system is via a steam generator, it may not be appropriate to assume a single volume.

4.2. Proposed architecture for IMPRCS in IMPAIR-3
IMPRCS was developed with code architecture similar to that of IMPAIR-3. A subroutine in
IMPAIR-3 contains all rate equations to be solved for the containment model. A revision of this
subroutine would be necessary to include both the containment and the newly developed RCS
(IMPRCS) models. To identify the appropriate applications for the RCS or containment analysis,
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a logic flag or Boolean logic will be used. The iodine species, HI, will be added to the
containment model since they are not modeled by IMPAIR-3,. Additional flags will be used to
direct the flow among the RCS volumes and to the containment compartment(s). Once the release
to the containment is started, the amount released will be added to the containment inventory of
the species. Currently, it is proposed that once released from the RCS, no material can return to
it. Thus, once all RCS releases are completed, the RCS model will be shut down in such a way
as to minimize the execution time for the containment analysis. This option should prove valuable,
because the RCS iodine chemistry is dominant in the early part of the accident, while the
containment iodine chemistry is important at the latter part of the accident. For a 30-day scenario,
it would save time to terminate the RCS iodine model after its releases are complete (<1 day).

4.3. Proposed new IMPAIR-3 for ALWR Iodine Behavior Analysis
As development of the IMPAIR code continues, a complete iodine analysis (including release from
fuel through release from containment) will be possible. This new tool, coupled with a thermalhydraulic code such as MAAP, will estimate the iodine source term more realistically than
currently possible with the available computer codes. The new IMPAIR code, coupled with a
detailed release of iodine and cesium from the fuel, and the IMPRCS model will estimate the
chemical reaction rates of the iodine and other fission products in the RCS. Depending on the
thermal-hydraulic conditions of the scenario simulated, and the presence of impurities such as CH4,
the chemical form of the iodine released from the RCS may be different. Once the iodine is
released to the containment, the containment model in IMPAIR-3 will track its chemical reaction
and physical interaction rates. Thus, a more realistic model of iodine interaction from fuel release
to containment release can be readily demonstrated.
Once the link is established, ALWR demonstration calculations can be performed based on
particular ALWR designs, and various accident scenarios, including severe accident conditions.
When the new calculation capability is complete, it will be transferred to vendors for their use in
certifying the designs.

5. CONCLUSION AND SUMMARY
The preliminary development of IMPRCS has been completed. Additional work will be needed
to improve the IMPRCS capability and to actually incorporate IMPRCS into IMPAIR-3. A more
elaborate testing of the IMPRCS needs to be performed, since the runs provided here omitted the
possibility of methane chemistry interaction. If this interaction is included in the test runs, the
results may be significantly different. Once the new IMP AIR-3 is developed, it will provide better
insight into iodine behavior during ALWR accidents. This advanced tool will provide an additional
capability for the DOE ALWR program, and will assist vendors with calculations for licensing
ALWRs.
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Table 1. Gas-Phase Chemical Reactions in IMPRCS

Process*

Rate
Coefficient**

1. Cs + HI~CsI + H
forward
backward

k101=2.00xl0'n
k, m=3.06x1 O'14

2. CH4 + I~CH3I + HI
forward
backward

k1O3=1.66xl0‘u
kIM=3.36xl04)9

3. CsOH + HI~CsI + H20
forward
backward

k1O5=1.0Oxl0'15
kinfi=2.32xl0'24

4. Cs + H20~CsOH + H
forward
backward

k107=1.76xlO-16
kin*=1.16xlO"10

5. I + H2-HI + H
forward
backward

k109= 1.46x1 O'17
kno=6.91xl0"u

Dependence***
^kim,k102,C)
Tp,
Tm

^0^1031^1041 C)
Tp,
Tm

f(ki05,ki06,C)
Tp.

^0^1071 ^10«i O
Tp,
Tm

^0^1091^110} C)
Tp.
Tm
^O^llli^llfc Q

6. I + H20~H0I + H
forward
backward

km=4.12xl0'21
k,„=8.50xl0-12

7. I + H + X-HI + X
forward
backward

k1I3=1.24xlO"30
k11d=2.57xl0'41

Tp.

^kii3,kii4,C)
Tp,
Tm
^llSi^USi C)

8. H + H + X~H2 + X
forward
backward

k115=1.03xl0-32
k,,,=4.53x10^

9. Cs + I + X~CsI + X
forward
backward

ku7=7.66xl0"32
k,„=2.43xl0'43

10.1 + I + X — I2 + X
forward
backward

k119=1.00xl0'33
k,2n=1.0xl0'107

Tp,
T„

^^1171^11*1 C)
Tp.
Tm

f(kii9iki2o,C)
Tp.
Tm

*X in the reactions is the collision body which is added to dissipate the heat of the reaction.
** Values given at 1000 K are in cm3/molecules-s, except for the forward rate coefficients of
k113 - ku9 which are in cm6/molecules2 -s.
***C is the species concentration in molecules/cm3, and T^is the RCS gas temperature in Kelvin.
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Table 2. Gas Phase Physical Processes in 1MPRCS
Dependence

Rate Coefficient

Process

|

Surface Deoosition
Csl
CH3I
CsOH
12

constant, user input
constant, user input
constant, user input
constant, user input

^121
^122
^123

kl24

Release to Containment
concentration x
HI
Qflow
concentration x
Csl
concentration x
Qflow
CH3I
concentration x
Qflow
CsOH
concentration
x
Qflow
HOI
Other
concentration x Qflnw
I2
*Qfiow= total volumetric gas flow rate from the RCS to containment is provided by user or
thermohydraulic analysis (e g., MAAP).

Table 3. The Amount of Cesium and Iodine Converted at the End of 5-hr Runs
Case 1
(Temp.=1000K,
H2/Steam=2610)

Case 2
(Temp.=1500K,
H2/Steam=2610)

Case 3
(Temp.=1000K,
H/Steam=26)

Cesium unreacted

84%

82.6%

8.4%

Cesium converted to Csl

10%

10%

10%

Cesium converted to CsOH

6%

7.4%

81.6%

99.9%

99.9%

99.9%

Iodine converted to Csl

1

I
1
|
i
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Figure 1. Relationship Among Rate Coefficients, Species, and Processes
Modeled in IMPAIR-3........

GAS SPACE

ksflz-CHaO
k«, k«7 (CHsl^—D—»lz)
k eei k«s (HMW1 —D —12)

Surface DeposMon/Desorotton

Steel—k8i (la)
Cone—kg* Oz)
Conc^-kgaOa)
k,0g)Palnt
kga 02)SteeI
ke4 02)Conc
Tiunoff

ke(Agl,l ,IOD

A

k6(l ,IOg,HOI)

>L
Aerosol Resus
pension &
Settling

v
ks(AgU-|0;)

kgsOg)
kw(CH,l)
k^.k*.^IMWI)
>

1

Droplet Carry
over and
Fallback

>

f

Partitioning

>

f

k10(l'. 10J, HOI)

Surface Deposltlon/Dlssolution
Paint—kia(CH3l from Ij, k^ (l2from I2)
kgg (I" from la), k I, (I'from I")
kgg (CH3 I from I~)
Paint-k 17 Oa), kjy (T)
Steel—kse 01
Steel—k5s Oa)
Cone—k 55 01
Cone—k57 02)

Water Reactions
k121 k1tf. kg. ka , k^, k 241 kgg, kj^f kzg, O2)
kit. kw, kai, kas»Kao • k<o • ^32 • kgg 01
kis POj)
kis • k4i. kgg (HOI)
kjs«kjy (Agl)
kaa»kgg,k^f kgg,k^ (CHgl)
k«6«kgg, kgg, kgi. k^ (HMWI)

WATER SPACE
010010Z/920ZA-DRW

434

Figure 2. Case 1RCS Gas Concentrations at 1000 K with a H2/H20 Ratio of 2610
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Figure 3. Case 2 RCS Gas Concentrations at 1500 K with a H2ZH20 Ratio of 2610
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Figure 4. Case 3 RCS Gas Concentrations at 1000 K with a H2/H20 Ratio of 26
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Figure 5. Case 4 Concentration in RCS Gas Space with a Containment Leakage
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Figure 6. Case 4 Mass Release from RCS with a Containment Leakage
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FURTHER ASSESSMENT OF
THE CHEMICAL MODELLING OF IODINE
IN IMPAIR 3 CODE USING ACE/RTF DATA
R.C. Cripps and S. Giintay1

This paper introduces the assessment of the computer code IMPAIR 3 (Iodine Matter
Partitioning And Iodine Release) which simulates physical and chemical iodine processes in a
LWR containment with one or more compartments under conditions relevant to a severe
accident in a nuclear reactor. The first version was published in 1992 to replace both the
multi-compartment code IMPAIR 2/M and the single-compartment code IMPAIR 2.2.
IMPAIR 2.2 was restricted to a single pH value specified before program execution and
precluded any variation of pH or calculation of H* changes during program execution. This
restriction is removed in IMPAIR 3. Results of the IMPAIR 2.2 assessment using ACE/RTF
Test 2 and the acidic phase of Test 3 B data were presented at the 3rd CSNI Workshop.
The purpose of the current assessment is to verify the IMPAIR 3 capability to follow the
whole test duration with changing boundary conditions. Besides revisiting ACE/RTF Test 3B,
Test 4 data were also used for the current assessment. A limited data analysis was conducted
using the outcome of the current ACEX iodine work to understand the iodine behaviour
observed during these tests. This paper presents comparisons of the predicted results with the
test data. The code capabilities are demonstrated to focus on still unresolved modelling
problems. The unclear behaviour observed in the gaseous molecular iodine behaviour and its
inconclusive effect on the calculated behaviour in the acidic phase of the Test 4 and
importance of the catalytic effect of stainless steel are also indicated.

1 Paul Scherrer Institut, Laboratory for Safety and Accident Research, 5232 Villigen PSI, Switzerland
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1. INTRODUCTION
The IMPAIR 3 (Iodine Matter, Partitioning And Iodine Release) Computer Code simulates
physical and chemical processes in one or more compartments of a LWR containment during
a hypothetical severe accident. This version is an update [1] of the first multi-compartment
code IMPAIR 2/M presented at the last Workshop [2]. It contains the basic physical and
chemical models as the earlier single-compartment code IMPAIR 2.2 [3] with the added
ability to calculate iodine species behaviour in dry compartments, to represent transport of
species between compartments and to calculate the release of airborne iodine species into the
environment. It is already integrated into containment codes such as CONTAIN and FIPLOC
/M, so that thermal-hydraulic and aerosol behaviour can be directly considered.
The purpose of the current assessment is to verify the IMPAIR 3 capability to follow the
whole test duration with changing boundary conditions and to expand the past IMPAIR 2.2
assessment work [5] using the ACE/RTF data obtained from Test 2 and the acidic phase of
Test 3B. Besides revisiting the ACE/RTF Tests 3B, Test 4 was also simulated. A limited data
analysis conducted indicated several difficulties in understanding the behaviour observed.
Lack of error bands on the measured quantities is the main reason for the difficulties. This
paper presents comparisons of the predicted results with the test data. The code capabilities
are demonstrated to focus on still unresolved modelling problems. The unclear behaviour
observed in the gaseous molecular iodine behaviour in the acidic phase of the Test 4 and
importance of the catalytic effect of stainless steel are also indicated.

2. METHODOLOGY
Modelling approach adopted in the IMPAIR 3 Code is a phenomenological treatment of
iodine chemistry. Phenomenological modelling is based on correlations with data obtained
from integral experiments. Relatively crude models involving few empirical equations are
often used to represent the composite effect of a large number of competing and sequential
reactions (e.g. iodine radiolysis reactions).
The main advantage in adopting this method over the detailed mechanistic modelling is its
fast running feature. It is especially important for CPU-intensive multiple compartment
applications. The main disadvantage of this method is that the validity of the models is
limited to the experimental data base for which the models are assessed. The IMPAIR 3
Code and its predecessor have been assessed using the ACE/RTF data base.
A detailed description of the models used in IMPAIR 3 Code can be found in the handbook
[1].

3. MODELLING FEATURES
Both radiolysis and deposition played a significant role in ACE/RTF Tests 3B and 4 during
the acidic period (pH 5). IMPAIR 3 uses, as before, a simple empirical equation to model the
overall effect of a large number of radiolysis reactions for the oxidation of iodide to
molecular iodine [1]. The rate and exponent in this equation for the forward and reverse
reactions were adjusted until the calculated and measured iodide concentrations showed a
close agreement for the complete pH range of the Test 3B. The values were then kept to be
the same for the Test 4 simulation.
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3.1 Deposition of I2 on paint surfaces in the gas space
The equations modelling the dry surface deposition are unchanged since IMPAIR 2.2
assessment [5]. The RTF test vessel was coated with Keeler & Long self-priming epoxy
amine enamel #4500 for ACE/RTF Test 1 to Test 3. A deposition rate constant of 0.19 cm s '
was estimated at operating temperature of Test 3B (60 °C) using the experimental data [6]
obtained at 80 °C for this paint type. This compares favourably with the value (0.25 cm s ')
which was obtained during the previous assessment by adjusting the rate constant until the
IMPAIR 2.2 Code results modestly correlated the Test 3B data.
Since the paint type might be different in any IMPAIR 3 application, appropriate rate
constants for the deposition on the given painted surfaces at relevant thermal-hydraulic
conditions (temperature and humidity) should be provided to the code as input data.

3.2 Deposition of I2 on immersed stainless steel
Data from a recent experimental work [7] indicated that a zero steady-state I2 loading on the
immersed steel surface occurred due to a rapid temperature-dependent reduction to iodide.
Contrary to the data in [7], a minimum surface deposition (about 4.0 x 10'7 mole.m 2) was
reported in Test 4 results and was about 100 times less than the estimate for the gas space
surface loading. Hence the current code model simulates deposition and reduction to
dissolved iodide.

33 Deposition of I2 on gas space stainless steel
A deposition rate constant of 0.1 cm s ' at 60 °C was estimated using the data set provided in
the literature [8]. A revolatilisation rate of 9.0 x 10"6 s"1 was found by slightly adjusting the
rate constant used during the previous assessment to match the measured gas space I2
concentrations. The current model does not consider surface saturation or humidity effects on
deposition.

3.4 Partitioning of hypoiodous acid
An interface model for mass transfer of HOI species between the gas and water spaces was
added to the code. The model is consisted of a differential equation analogous to that of I2.
An empirical formula, derived from an earlier work [9], is built to calculate the HOI partition
coefficient. A partitioning coefficient of about 380 is predicted at the sump water temperature
of 60°C.

3.5 Formation and dissociation of the I, species
The formation and dissociation of the I3" species reaction are significant at higher iodide
concentrations (> 1 .Ox 10"1 mole.dm3) due to evaporation of sumps. Although not important for
the iodide concentrations used in these tests, a model was added to the code for completeness.
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3.6 Organoiodine modelling
IMPAIR 3 modelling of methyl iodide formation (homogeneous and on paint surfaces),
depletion (hydrolysis and radiolysis) and interface mass transfer is identical to the one built in
IMPAIR 2.2 Code. An analogous set of models was built in IMPAIR 3 to attempt to simulate
behaviour of all organoiodides with more than one carbon atom (Higher Molecular Weight
organolodides). HMWI and methyl iodide reaction mechanisms are assumed to be identical.
It is likely that a large number of organoiodide species is simultaneously present in a given
scenario. However, the separate effects data base, apart from hydrolysis rate constants (H^O
and OH") [10,11], are very limited. Reaction of iodine with organic material is dependent on
the rate constants as well as initially available organic residuals in the sump water. The initial
amount of residual organic material in the RTF experiments is not known. The rate constants
have not been assessed with other data sets. Therefore, the current assessment using the RTF
3 B and 4 Test data is an attempt to demonstrate the status of the organoiodide modelling.

4. CODE ASSESSMENT
The data base produced from the Phase B of the International Advanced Containment
Experiments (ACE) Project [4] has been used for the basis of the current and the past
IMPAIR assessment. The experiments were performed at the Radioiodine Test Facility (RTF)
at AECL Research, Whiteshell Laboratories, Canada. A summary of the experimental
conditions is shown in Table 1.

Table 1. ACE/RTF Tests 1 to 4, experimental conditions

Dose
Rate

Experiment

Test conditions

Surface type

kGy/h
Initial concentration:
1.0 x 10"5mol.r'

R
T
F

A

B

C

1

Csl

CH,I

I,

none

9/173

80

Epoxy painted
carbon steel

2

Csl

CH,I

L

2.0

9/122
***

60

Epoxy painted
carbon steel

Csl

L

2.0

5.5773
****

9/51

60

Epoxy painted
carbon steel

2.0

9/145

5.5/110

60

Stainless steel

3 CH,I
4

D

CH,I

Csl

*:

pH and time (h)

**:

temperature fC)

*

E

L

*

*

*** : Test A, Csl solution

9/53

**

****: Test B: Csl solution
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Uncertainties in the measurements and error bands were not provided for the measured
quantities in the ACE/RTF documents. Lack of this data made the interpretation of the
measured behaviour very difficult to reach conclusive decisions about the trends.

4.1 Previous Assessment Work
The last single compartment code, IMPAIR 2.2, was previously validated using the ACE/RTF
2A and the acidic phase of Test 3B data. The aim was to achieve a first validation of the
phenomenological models, especially the pH-sensitive models such as the radiolytic oxidation
of iodide ions in solution. A good agreement for most species, except the I2 in the water
space, with each set of test data at constant pH (pH 9.0 and 5.5, respectively) was obtained.
The IMPAIR 2.2 Code had overestimated the I2 water space concentration. The results were
presented at the Third CSNI Workshop on Iodine Chemistry in Reactor Safety, September
11-13, 1991 in Tokai-mura, Japan [5j.

4.2 Assessment of IMPAIR 3 Code with ACE/RTF Test 3 and 4 databases
The aims of the current assessment are:
1. To show the calculated effects of an abrupt programmed change of pH and demonstrate the
capability of the code to follow the changing pH during the test period as well as to
investigate possible long term effects of the changing pH on the iodine behaviour. Due to the
inability of the IMPAIR 2.2 Code to follow the time dependent boundary conditions, possible
long term or history effects on the iodine behaviour could not be simulated in the previous
assessment, after the pH was ramped to 9.
2. To adjust pH-sensitivity of the empirical equation in the code which governs the global
radiation-induced oxidation of iodide to achieve a close agreement with the measured iodide
concentrations for each of the entire ACE/RTF Tests 3B and 4.
3. To compare the surface loadings calculated on paint and stainless steel surfaces in the gas
space with the ACE/RTF TEST 3 and 4 deposition data.
Initial calculations, employing the rate constants used in the previous assessment made for
ACE/RTF Test 3B, have shown a divergence between the experimental and calculated I2
water space concentrations when the pH was ramped to 9. This indicated that the empirical
rate constants used in the previous assessment were clearly not optimal for the entire test
where the pH was changed. Hence in the current assessment ACE/RTF Test 3B calculations
were repeated.43

43 Code Assessment using ACE/RTF Test 3 data
43.1 Iodide concentrations
As in the previous IMPAIR 2.2 Code assessment, radiolysis rate constants were adjusted to
obtain a close agreement between the measured and calculated iodide concentrations.
However, the adjustment was made but this time for the entire test. In the current assessment,
the pH-sensitivity was increased to reach a close fit for both Test 3B and Test 4 data sets. On
ramping to pH 9, a slight divergence was obtained (Figure 1), leading to an underestimation
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of Ij, in the water space (Figure 2). A significant portion of I2, which was transported from the
water space into the gas space, was deposited on the wall surfaces as shown in Figure 6.

43.2 Molecular iodine concentrations in the water and gas spaces
Good agreements for the water (Figure 2) and gas space molecular iodide concentrations
(Figure 3) were obtained and hence the calculated partition coefficient for I, (Figure 4) agrees
very well with the deduced one based on the measured data.

433 Total partition coefficient
The calculated and measured total partition coefficients are shown in Figure 5 to indicate the
effect of other volatile iodine species (CH3I, HMWI and HOI) besides 1^. The underestimation
of volatile iodine species during the acidic period was not significant.

43.4 Deposition on the paint surfaces in the gas space
A close agreement was achieved for the maximum surface loading, as shown in Figure 6,
although some underprediction occurred during the first 10000 s of the simulation. However,
it is difficult to conclude the extend of the underprediction due to the lack of the error band
on the experimental data.

43.5 Iodate concentrations
Figure 7 presents a comparison of calculated and measured iodate concentrations. The
measured and calculated concentration trends were quite different despite absolute values of
the concentrations are of similar order of magnitude. The experimental curve showed no
particular trend, apart from a slight decreasing concentration. The variation in the
experimental values are inconclusive. It is conceivable that possible uncertainties in the
measured values could have masked the true behaviour of the reaction. It is, therefore,
difficult to interpret whether the lower iodate concentration after the pH change showed a
trend, because the difference between iodate concentrations measured before and after the pH
change could be within the measurement uncertainties. If this is the case, the iodate
concentration throughout the test remained approximately constant. The calculated trend
showed a prominent fast rise (burst) as contrary to the measured data when the pH was
increased to 9. The code predicted a rapid hydrolysis and disproportionation of I2 that was
generated during the acidic period. Although the relative importance of the calculated
hydrolysis and the Dushmann reaction (iodate depletion reaction) were reversed at pH 9, the
computed relatively high iodate “peak concentration” could be attributed to the
overemphasised hydrolysis effect in the code or an unknown mechanism was depleting the
iodate in the test.

43.6 Organoiodide results
Figure 8 and 9 present a comparison of the calculated and measured total organoiodide
concentrations in the gas and water spaces respectively. The good agreements presented in
these figures conclude that the organic iodine modelling, although, the rate constants were
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not assessed previously, and the initial organic residuals were only estimates, looks
promising.

4.4 Code Assessment using ACE/RTF Test 4 data
4.4.1 Iodide Concentrations
Figure 10 presents the measured and calculated iodide concentrations. Both concentrations
stayed practically constant until about 5 x 105s at pH 9. This stable behaviour was due to the
negligible radiolytic oxidation of iodide at high pH. Consequently a very close agreement was
expected and achieved.
After ramping to pH 5.2 (acidic period: ~ 500,000 s to - 940,000 s), a continued close
agreement was only obtained after adjustment of the rate and exponent constants in the
radiolytic iodide oxidation equation.
The IMPAIR Code simulates a radiation-independent reverse reaction, which reduces I2 in
solution to iodide. As described above, the code contains a model to reduce I2 deposited on
immersed steel surfaces to metal iodides. These reaction products are considered to be
immediately dissolved in the water phase. A 10 fold larger rate constant for the higher reverse
reaction was used, compared with the values used for Test 3B (paint surface), to achieve a
good agreement. It is feasible that the metal ions may have influenced the reverse reaction.
This shows a clear need to explicitly model radiation chemical reactions of metal ions
released from steel surfaces.
Upon ramping the pH back to 9, a slight overestimation of the iodide concentration was
calculated. This may be due to the overpredicted I2 concentration from the previous acidic
period, which is subjected to hydrolysis and disproportionation.

4.4.2 Water and gas space molecular iodine concentrations
The molecular iodine concentrations in the water (Figure 11) and in the gas spaces (Figure
12) were respectively overestimated and underestimated by about an order of magnitude
during the acidic period. A close agreement for the gas space concentrations could only be
obtained by selecting a deposition rate for the gas space steel surfaces of about two orders of
magnitude less than the literature value. Using this low deposition rate, the molecular iodine
in the water space was then overestimated by more than two orders of magnitude.

4.4.3 Calculated and measured partition coefficients for molecular iodine
Figure 13 shows a comparison between the measured and calculated molecular iodine
partition coefficients. The calculated values are based on the computed bulk I2 concentrations
in the water and gas spaces. The code calculates the equilibrium partition coefficient for I2
using an empirical formula derived from a previous work [9]. This value is about 20 at 60°C.
The calculated equilibrium value of the partition coefficient was maintained throughout the
first alkaline period and with some slight increase until the end of the acidic period.
After ramping the pH back to 9, the calculated partition coefficient reduced rapidly to about
0.6. This was probably due to rapid hydrolysis depleting the water space \ concentrations,
followed by a slower recovery by I2 transfer, through the gas space, from the gaseous I2 loaded
on the steel surfaces in the gas space. A complete recovery, presumably to the equilibrium
value, would only be reached by continuing the code execution.
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The measured I2 partition coefficient stayed also at a constant value of about 10 during the
first pH 9 period. However, in contrast to the code prediction, it fell rapidly to less than 0.1 in
the acidic period and remained at about 1 for the remainder of the test. This was reflected
directly in the overprediction of the water space molecular iodine concentration (Figure 11)
and underprediction of the gas space concentration (Figure 12).
Since the measured I2 concentration in the gas space is higher than in the water space during
the acidic period, it is not clear at all whether a technical artefact in the measurement
technique or alternatively a physical process caused this excessively low water space
concentration. No reason is provided in the data report for this phenomenon.

4.4.4 Calculated and measured total partition coefficients
The total partition coefficients are compared in Figure 14. The difference between the
calculated and measured total partition coefficient during the first alkaline period is less than
an order of magnitude. The acidic period indicated a decreasing underestimation of volatile
species. After pH ramping to 9, a good agreement was obtained. Comparison of the absolute
values of the total and ^ only partitioning coefficients indicated that a large fraction of the
iodine inventory was predicted to remain in the water and on gas space surfaces as in the
experiment.

4.4.5 Deposition on gas space steel surfaces
Since the vessel walls were washed down at the end of the Test 4, which released 28% of the
initially available iodine inventory, the maximum Test 4 surface concentration was estimated
to be 4 x 10"5 mole.m'2. Figure 15 shows that the maximum calculated surface loading is very
close to the maximum load estimate during the acidic period.

4.4.6 Iodate concentration in the water space.
A close agreement was achieved as seen in Figure 16 during the first alkaline period before
the Dushmann reaction became significant during the acidic period. A “burst” of iodate was
predicted after returning to pH 9, as found in the RTF 3B simulation. The rapid rise was
caused by hydrolysis and disproportionation of the overpredicted I2, which was generated
during the previous acidic period. Unavailability of the experimental error bands made it
difficult to determine the extend of the overestimation.

4.4.7 Organoiodine results
In Test 4, impurities formed the only source of organoiodine, since a stainless steel surface
replaces the epoxy-paint surfaces of the previous tests. Considering the invalidated rate
constants for the organoiodine formation and uncertainties in the amount of organic
impurities assumed in the input data, the good agreements shown in Figures 17 and 18
indicate that provided a minimum initial amount of impurities necessary to sustain the organic
iodine interaction, the rate constants used in the assessment did indeed a good job.
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5. CONCLUSIONS
The calculated results for both RTF Test 3B and Test 4 confirm that IMPAIR 3 continues to
reproduce the results produced by its predecessor. It is demonstrated that the code can follow
the changing boundary conditions and can reproduce most of the trends seen in the
experimental data.
Unfortunately the lack of experimental uncertainties on measured concentrations did not
make it possible to satisfactory assess all the code models relevant for RTF test data.
In particular, the iodide burst calculated for both tests when the pH was changed from 5 to 9
was largely overpredicted. The measured Test 4 molecular iodine concentrations in the water
space have shown a large decrease when the pH was changed from 9 to 5, which resulted in a
partition coefficient for I2 of 0.1. This may be associated either with the measurement
technique or with a physical process that is currently not understood. Similarly, the code
indicated that the equilibrium value of the partition coefficient could be obtained in the long
run after the pH was changed from 5 to 9 due to the release of the deposited molecular iodine
on the steel surface although no such trend was observed in the experiment. Therefore, it
could be argued that the RTF data should be compared with the independent data, if
available, to understand the trends and phenomena observed.
Generally the code models the iodine behaviour observed during the ACE/RTF tests
correctly. However, more accurate data are needed to validate and expand the validity range
of the current IMPAIR 3 models. The need to extend the modelling to include the effect of
metal ions on the radiolytic oxidation of iodide reaction is emerging from the analysis.
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Figure 2: ACE/RTF 3B: Molecular Iodine Concentrations in Water Space

400000

448

Measured

Calculated

100000

200000

400000

300000
Time (s)

Figure 3: ACE/RTF 3B: Molecular Iodine Concentrations in the Gas Space
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Figure 6: ACE/RTF3: Surface Loadings on the Paint Surface in the Gas Space
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Figure 9: ACE/RTF3: Total Organoiodid Concentrations in the Water Space
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Figure 10: ACE/RTF 4: Iodide Concentrations in the Water Space
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Figure 11: ACE/RTF 4: Molecular Iodine Concentrations in the Water Space
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Figure 12: ACE/RTF 4: Molecular Iodine Concentrations in the Gas Space
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Figure 13: ACE/RTF 4: Molecular Iodine Partition Coefficients
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Figure 14: ACE/RTF 4: Total Iodine Partition Coefficients
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Figure 15: ACE/RTF 4: Surface Loadings on the Steel Surface in the Gas Space
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Figure 16: ACE/RTF 4: Iodate Concentrations in the Water Space
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Figure 17: ACE/RTF 4: Total Organoiodide Concentrations in the Gas Space
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Figure 18: ACE/RTF 4: Total Organoiodide Concentrations in the Water Space
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PARAMETRIC STUDIES OF RADIOLYTIC OXIDATION OF
IODIDE SOLUTIONS WITH AND WITHOUT PAINT :
COMPARISON WITH CODE CALCULATIONS
C. Poletiko1, C. Hueber1, B. Fabre12

Abstract
In case of a severe nuclear reactor accident, radioactive material may be released into the
environment. Among the fission products involved, are the very volatile iodine isotopes.
However the chemical forms are not well known, due to the presence of different species in the
containment (water, paints, chemicals...), with which iodine may rapidly reacts to form
aerosols, molecular iodine, hydroiodic acid and iodo-organics...
Tentative explanations of different mechanisms were performed through benchscale tests. A
series of tests has been performed at AEA Harwell (GB) to study parameters such as pH, dose
rate, concentration, gas flow rate, temperature in relation to molecular iodine production,
under dynamic conditions.
Another set of tests has been performed in AECL Whiteshell (Canada) to study the behaviour
of painted coupons, standing in gas phase or liquid phase or both, with iodine compounds
under radiation.
The purpose of our paper is to synthetize the data and compare the results to the IODE code
calculation.
Some parameters of the code were studied to fit the experimental results the best. A law,
concerning the reverse reaction of iodide radiolytic oxidation, has been proposed versus : pH,
concentrations and gas flow-rate. This law does not apply for dose rate variations.
For the study of painted coupons, it has been pointed out that molecular iodine tends to be
adsorbed or chemically absorbed on the surface in gas phase, but the mechanism should be
more sophisticated in the aqueous phase. The iodo-organics present in liquid phase tend to be
partly or totally destroyed by oxidation under radiations (depending upon the dose delivered).
These points are discussed.

1 Institut de Protection et de Surete Nucldaire, DRS/SEMAR - C.E. Cadarache - 13108 Saint Paul lez Durance
Cedex - FRANCE
2 CISI - C.E. Cadarache -13108 Saint Paul lez Durance Cedex - FRANCE
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1. INTRODUCTION
In the event of a severe accident in a PWR nuclear reactor, radioactive material would be
released. Some volatile fission products may reach the environment.
Among these volatile compounds are iodine isotopes, which may evolve as various chemical
species. Some of these compounds may lead to severe hazards to human health [1] since
radiological effects depend upon physical properties and decay mode of isotopes, the risks to
man may become important.
When iodine species are released, they enter the containment and may react with the sump
water; a complex chemistry, particularly under a radiation field, then leads to the generation of
different iodine species whether volatile or not.
Under radiation, water may be decomposed, then generates some species which have a high
oxidation potential.
A typical reaction of water decomposition [2] may be :
(a) 4.11 H20+ 0.1 e -» 0.45 H2 + 0.7 H2O2 + 2.6 it + 2.7 OH- + 0.6 H
This reaction is an example under radiation energy of 100 eV.
Depending upon the pH condition iodide will be oxidized to lead to low volatile compounds
(IO'; IO3...) or volatile species (I2) and even volatile organic species (R-I) generated by
iodine reaction on organics present in liquid or gas phases.
With a knowledge of some experimental parameters, a calculation code may anticipate (at best)
the behaviour of radioactive materials. The confident level of a code is based on the
interpretation of reliable experiments performed on a laboratory or industrial scale.
It is, in such a framework, that our study is developped : based upon the behaviour of iodide
ion versus different parameters : pH, temperature, dose rate, concentration gas flow, organics.
The first part of the study concerns the radiolysis of iodide and, consequently, volatile iodine.
The second part of the study is devoted to organic species, under radiation field.
The tool used to perform calculations is the IODE 4.0 code included in the IPSN ESCADRE
0.1 (annex 1) [3] [4],
A series of data must be defined prior to calculation. The geometry of the reactor, phases gas
and liquid volumes of the containment exchange areas, painted surfaces... are the parameters
primarily considered, to influence the kinetics of reactions and mass transfers.
Initial conditions also interfere on the calculation : concentration of species, pH, dose rate,
temperature, pressure...
For the chemical model, it is essential to select some constant values which influence
hydrolysis, radiolytic oxidation, organic formation...
Many of these parameters have been studied yet [5] [6] ; our studies concern radiolysis
parameters which remain poorly known.
A chemical model of the IODE code consists of 15 basic reactions (annex 2) ; for each of these
reactions, kinetic constants have been fixed, including those for reverse reactions.
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For the experiments performed in the AEA(I) (UK) and in the AECL® (Canada), labelled
solutions with iodine 131 were used. AEA experiments were necessary to study radiolysis
phenomena, in dynamic conditions to adjust kinetic constant values in iodine generation.
Information then gathered was used to study the AECL experiments which involved painted
coupons.

2. EXPERIMENTAL SECTION
2.1 AEA Experiment
The experimental design (fig. 1) allows a continuous gas flow through the iodine solution, to
avoid a liquid-gas steady state.
Solutions containing a known quantity of caesium iodide, labelled with I 131, are placed in a
shielded containment where they are irradiated by the strong gamma radiations of a Cobalt 60
source.
Upstream from this experimental containment are : a flowmeter, a charcoal trap for gas
impurities, a bubbler with sodium hydroxide to trap carbon dioxide and a bubbler with water to
wet the gas.
Downstream from the containment are : a bubbler with sodium hydroxide to trap molecular
iodine generated from radiolytic oxidation of iodide: Iodine 131 increase is monitored by a
gamma detector. All experimental results are expressed as a percentage of iodide involved at
the beginning of experiments, they are given as graphics [7] [8] for interpretation.
The proposed test matrix for the radiolysis study is as follows :
0.1028

0.583

0.072

KT1

Iff4

Iff4 to 10"6

7 to 8.4

4.6 to 8

4.6 to 5

Liquid volume mL

20

20

20

Temperature °C

25

25 to 90

25 and 50

Gas flow rate mL/s

0.5

1.67

0.22 to 1.67

Gas phase volume mL

100

100

100

until 240

~ 100

-100

Dose rate Gy/s
[T| mol/L
pH

Duration h.

Experimental parametric variations are studied in order to adjust the parameters of the code,
which are connected to radiolytic oxidation of iodide to iodine. The involved chemical
reactions correspond to reactions number 7 and 14 of the code IODE (annex 2).

<l> AEA. : Atomic Energy Agency
AECL : Atomic Energy of Canada Limited
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2.2 AECL experiments
A series of experiments, under gamma radiation, has been performed to examine the behaviour
of iodine in presence of painted coupons [9]. Parameters involved were dose rate, pH and

temperature. Volatility of iodine, deposition of iodine on liquid and gaseous surfaces has been
measured at 40°C and 90°C. A quantity of 50 nanomoles of iodide, labelled with isotope 131,
was necessary for these benchmark experiments; The experimental test matrix was :
Unit

Temperature
°C

Initial
pH

Samples

Total dose
kGy

Dose rate
Gy/s

1

90

5

Po, PL, PA
P2, IL, IA

36

0,139 (78 h)

2

90

5

PL, PA

108

0,139 (234 h)

3

90

6.4

PL, PA

36

0,139 (78 h)

4

90

9

PL, PA

36

0,139 (78 h)

5

40

5

Po, PL, PA,
P2,EL,IA

36

0,139 (78 h)

6

40

5

PL, PA PLD

12

0,042 (80 h)

7

40

5

PL, PA

108

0,139 (234 h)

8

40

6.4
9

PL, PA
PL, PA

36

0,139 (78 h)

Po
PA

: no coupon
: painted coupon in gas phase

PL

: painted coupon in liquid phase

IL

: stainless steel coupon in liquid phase

LA

: stainless steel coupon in gas phase

P2

: painted coupon in gas phase and liquid phase

PLD : painted coupon in gas phase and liquid phase but low dose rate
Experimental results and calculated results are expressed as a percentage of the iodide present
at the beginning of experiments.

3. CALCULATION PARAMETERS
In the code IODE, parameters have a specific codification; some of them used in this study are
listed hereafter:
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3.1 Deposition rate of iodine on a surface of the gas phase:
This value depends on the temperature, it is admitted [3] that for painted surfaces they are :
10"4 m/s at 40°C and
10‘3 m/s at 90°C
Desorption rates were estimated too low to be considered, they have been set at 0.

3.2 Deposition rate of iodine in the liquid phase :
This value also depends on the temperature, for painted surfaces [3] they are :
KT* m/s at 90°C
and
10'5m/sat40°C
Desorption rates were estimated too low to be considered, they have been set at 0.

3.3 Transfer coefficient for molecular iodine : KC
This parameter concerns the mass transfer phenomena between liquid and gas phases for the
iodine generated in the liquid phase. Previous studies [5] [10] set the values of KC for
different temperatures, for instance KC = 2.10"6 m/s at 40°C and 6.8.10'5 m/s at 90°C.

4. PARAMETRIC STUDIES
In order to make the best estimate of the formation of volatile iodine, it is necessary to link this
phenomenon to the pH variation. It is obvious that a pH increase tends to slowdown the iodine
generation.
In the IODE code, the contribution of radiation to chemistry is based upon 2 reactions :
- radiolytic generation of 1% (reaction n°7)

(7)

2 r + hv

;

<-Ft)

>

h

- radiolytic generation of IO3' (reaction n°14)
(W)
(14) 2103* + hv :
* 2T + 302
<

(-14)

For each of them there is a kinetic law concerning each way of reaction (direct and reverse)
and the global kinetic corresponds to the sum of each way :
v(7)= - k7 [T]! [H*]”. D + k-7 p2],
V(14) = - ki4 [IOs"]! . D + k-14 p~]l
Where:

[T]i

= concentration of iodine in liquid phase : mol/L

[lOs"]:

= concentration of iodate in liquid phase : mol/L

[I2]i

= concentration of iodine in liquid phase : mol/L

k7 = ki4 = kinetic constants for the direct reactions : mol"” Gy'1
k.7 = k-14 = kinetic constants for the reverse reactions : s*1
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n
[Hf]
D

= a constant equals to 0.5
= concentration of H* in solution : mol/L
= dose rate expressed as Gy/s

5. RESULTS AND DISCUSSION
5.1 Kinetic constants for radiolysis reactions
The AEA experiments performed at a temperature of 25°C, were used to fit the values of the
kinetic constants (expressed above) of reactions 7 & 14 ofthelODE code.
One experiment has been performed at pH = 3, at such a pH the generation of I2 is very fast,
consequently the reverse reaction of iodine hydrolysis is not significant. This implies that the
first estimated parameters were k7 and ku : at pH=3 the values of k_7 and k_w must be
considered as negligible
The best result was for k7 = kM = 4.10'2 NT0'5 Gy'1 as displayed in Figure 2, where experimental
data and code calculation are compared.
To proceed, a series of experiments (fig. 3) was performed for various pH ranging between 4.6
and 8 at a dose rate of 0.072 Gy/s. Considering the previously estimated values of k7 and kw
constant at such a temperature, we have defined k_7 and k-u values. These values have a pH
dependency: they increase with a pH increase. A satisfactory series of values was gathered
(fig. 4 and 5). From these results, it was possible to set up a law, valid for pH from 3 to 8:
k-7 = k_i4 = A. pH - B
With: A = 2.5.10-4 .

B = 7510-4 s-i

However, a slight discrepancy appears between pH 5.7 and 6, for which the experimental
generation of iodine is less than the calculated one.
Two possibilities may occur :
- a lack of oxidation strength to convert T to I&
- an oxidation too strong which can convert T to 10 or IQ: (non volatile species).
From our knowledge, it appears difficult to explain what is the predominant phenomenon on
that matter.

5.2 Application to sets of experiments
5.2.1 On another set of experiments pH varies between 7 and 8, to check the reliability of the
proposed law : k_7 = k_u = A pH - B.
Despite the different experiments, in this case the gas flow was 3 times lower (2.3.10-4 m/s)
than before and the dose rate was 50 % higher (0.103 Gy/s). Results carried out on figures 6
and 7 are in agreement with the proposed law. The deviation between calculation and
experiment can be estimated at 20 % which is quite acceptable.
5.2.2 Dose rate influence
In that case, only the dose rate was increased (0.583 Gy/s), but other parameters were the
same. For calculation, the proposed law (k_7 = k.u = A pH - B) was applied to check its
validity.
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Comparison results between experiment and calculations are carried out in Figure 8.
Despite a deviation of approximately 50 % between experiment and calculation on iodine
generation kinetics, one can admit a weak agreement for the proposed law.
5.2.3 Concentration of initial iodide
In that case, the concentrations were
10-6 mol/L at pH = 7.

10"4

and 10‘5 mol/L at pH = 4.6; then 10“* ; 10*5 and

The results carried out on fig. 9 and 10, are in fair agreement despite a delay in iodine
production for low concentrations 10'5 mol/L at pH 4.6 and 10-6 mol/L at pH 7.
This phenomenon may come from impurities, present in reagents at a concentration level close
to iodine species, which may compete in the chemical oxidation process.
5.2.4 Gas flow rate
For these experiments, at pH = 4.6 and pH = 7 different flow rates were studied: 1.67 mL/s ;
0.83 mL/s and 0.33 mL/s.
Experimental results pointed out weak differences in iodine production, despite various gas
flow rates. This could be the consequence of a constant mass transfer: thus it is not possible
to find a correlation between the experiments and the code calculation.

5.2.5 Temperature influence
Only one experiment has been performed at 50°C for an initial pH of 4.6 with a dose rate of
0.583 Gy/s and a gas flow rate of 1.67 mL/s.
For the comparison between experiment (at 50°C) and code calculations, the best adjustement
of k.7 = k.14 was 4.10'3 s'1 that is to say 10 times higher than 25°C values. The mass transfer
coefficient was the same in both cases, this means that iodine generation is better at 25 °C than
at 50°C. Increasing temperatures tend to enhance hydrolysis of iodine which is not basically
considered by the code .
Not enough experiments have been carried out to confirm such a result. Nevertheless, it is
possible to evaluate an activation energy for the reverse reaction Ea-7, from the Arrhenius law:
r
A"7"
where:

RT x 298
AT
EA-7

= activation energy : J/mol.

R

= gas constant = 8.32

T

= temperature considered in kelvin

kl7

= kinetic constant value at T K: s'1

k?

= kinetic constant value at 298 K: s*1

For k*7 = 4.10'3 s*1 at 323 K, an activation energy EA_7 = 86.7 kJ/mol has been estimated.
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5.3 Organics and iodine behaviour
In this section, which involves organics reacting with iodine, benchmark experiments and code
calculations are compared. Tables 1.2. 3 list the experimental results and the calculations.
For this comparison previously estimated kinetic constants have been used [12].

5.3.1 Painted coupons in liquid phase
Some light differences appear, for instance on units 8 and 3 (table 2; pH = 6.4) the painted
coupons have trapped an excess of iodine: this is valid from pH=6.4 to pH=9. This
phenomenon could be explained by a trap of both iodine and iodide on the paint. But this is
not considered by the IODE code calculation. For pH = 5, the experimental behaviour of
iodine is about the same as the code evaluation (fig. 13), the acidity level of the solution may
contribute to this.
Whatever it is, iodine species trapped on painted coupons decrease with a pH increase both at
40°C (fig. 14) and at 90°C (fig. 15)
53.2 Painted coupons in gas phase
Only generated iodine may react with the atmospheric paint. The trapping kinetics of iodine on
the painted coupons is faster at 90°C (fig. 16, 17 and 18): a higher reactivity of organic sites
with molecular iodine, could be the explanation. Experimental results and calculation with the
code remain in fairly good agreement.
5.3.4 General consideration for the liquid phase
Organic iodine in liquid phase may come from the fragmentation of organic molecules which
could react with iodine. Quantities of non volatil organic-iodide are low : about 3 % of the
inventory at 40°C under 12 kGy radiation [9], The amount of organic iodide decreases when
irradiation increase : 2 % at 40°C under 36 kGy and 0.1 % under 108 kGy dose [9] [12]. This
phenomenon is less sensitive at 90°C, but lower quantities of organic species are present.The
organics are sensitive to radiation and may oxidize. This oxidation also leads to a higher
generation of iodate IO3".
Reaction (a) is the starting point of a chemistry process under radiation and a lot of reactions
may induce a comprehensive chemical mechanism for iodine species behaviour:

(b) CH3I + e"«,
(c) CH3I + H
(d) CH3 + I2
(e) i + r
(0 h'+h'
(g) 13'
(h) H2O2+I2'
(0 CH3+HO2
G) 2 moon + h2o

—>

ch3

-»
->

ch3i

—»

-»
—>
-»
-»
->

+t
ch3+h"+t
+1

I2"
i3"+r
i2+r
HO2 + 2T + H*
CH3OOH
HCHO + CH3OH + O2
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(k) CH3I + H20

->

(l) CH3OH + I Cb

->

(m) HCHOH + lo2

(n) HCOOH + ~02

CHsOH + r+lT
HCHO + H20

+ir

->

hcoo

—►

CO2+h2o

When no organics are present the reaction (a) applies, that leads to a pH increase (excess of
OH" production), and generally the pH decreases when organic species interfere in the
chemistry.
For reactions (c) and (h), a production of H* is observed, consequently the pH decreases. On
the contrary when FT are not consummed, several reactions occur ((b) to (f)) to lead to
reaction (g) where iodine is generated. This reaction (g) is less efficient at high pH (pH > 7),
because reaction (c) slows down the procedure: low concentration of H* .
There is one experimental exception (unit 7), where pH increases. The difference consists
mainly of a higher irradiation level (108 kGy instead of 36 kGy) at 40°C.
The increase pH phenomenon could be the consequence of the destruction of organics under
radiation. Because chemical reactions (i) to (1) lead to acidic species, but when irradiation is
long enough, reaction (n) leads to organics destruction, i.e. elimination of acidic molecules.
At 90°C, organics are more volatile, this could explain a different behaviour of the pH :
oxidation process is less efficient.

6. CONCLUSIONS
The AEA experiments have been performed under dynamic conditions with variations of pH,
dose rate, iodide concentration and temperature under radiation, to measure iodine generation.
Calculations were performed with the IODE code of JPSN to compare, at best, the
experimental iodine generation under radiation. Radiolysis parameters concerning the influence
of radiation on the chemistry have been studied to fit the experimental results. Two radiolysis
reactions in the code were involved (reactions 7 & 14). This study permitted us to set up a law
applied
to
kinetic
constants
which
linearly
varies
with
the
pH
k-7= k_i4= A. pH - B
where A and B are two constants valid for a defined temperature (25°C in that case). This law
is weakly valid for dose rate evolution, nevertheless the deviation with the experimental results
is close to 50 %.
More experiments are required to study iodine generation versus temperature and,
consequently, to adjust the code calculation parameters. The major observation on that matter
was a decrease of iodine generation with a temperature increase.
Molecular iodine is easily trapped by painted coupons both in gas phase and in liquid phase.
However when painted surfaces are located in liquid phase, it is obvious that other iodine
species are trapped onto the painted surfaces (T ; IO3...). This last phenomenon is not
considered by the IODE code: a series of experiments could be carried out to study this item.
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When doses increase, organic species are oxidized and, may be destroyed. It has been observed
then, that the pH of solution increases, and consequently lower iodine production occurs.
Once again a series of experiments would be necessary to consider this mechanism.

7.
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Annex 1. Position of Code IODE in ESCADRE
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Annex 2. Chemical Reactions for Liquid Phase used in Code IODE

(3)

Hydrolyse de l 'iode moliculaire

V (3) = - k3 [12), + k.3 [T)t PIOI], [Hi

I2 + H20 <=> HOI + V+H*
(4)

Dissociation de HOI

HOI <=> OI +H+
(5)

Dismutation de HOI

V(5) = - k, [HOII}/2+ 3 k., HO,]# [Hz 2[H*]!

3 HOI <=> I03 + 21'3 H*
(6)

Oxydationde T par l ’oxyg&ne dissout dans l ’eau

V(6)--k«[n<[H*I+ *PdZ

2I* + '/202 + 2H+ <=> i2+h2o
(7)

Oxydation de T par radiolyse

2 F +hv

V (7) = - k7 p")/ pf*]0'

+k.,pjz

V(*)--k,pj<[CH3]

+ k,[CHjI]z

V(9)-k,[CH4JzPi

“D + I^PJzICHjJz

l2

(8) Formation de CHJ

I2+2CH3<*

2CH3I

(9) Decomposition radiolytique de CHJ
(10) Formation deAg I dpartirde T

Ag + T « Agl

V (10) = - k,o PI/ [Ag] ag. Mag + k.,0 [Agl]/

(I I) Formation de Aglapartir de I2

2 Ag +12

2 Ag I

V(ll) = -k„p2]/[Ag]/ Sag. Mag + k.„ [Agl]2/

2 CH3+ hv <=> 2 CH3 +12
(12) Hydrolyse de CHJ
ch3i+h2o

<=> r+ch3oh+h*

(13) Hydrolyse CHjIavec les ions hydroxyles
ch3i

V (12) = - k12 [CH3I]/ +kl2P1/[Hl

V (13) = - k|3 [CH3I]/ 10-‘4/pT] + k.13 PI,

+ oh* <=> r+ch3oh

(14) Decomposition radiolytique de lOj

V (14) = - ku P03I]/ D + k.MP']/

I03+ hv o I"+3/2 0215
(15) Formation de CHjI par reaction de surface

V (15) = - A//V/ (k.I5+ k.|5l*dD) (p*], +2 PJ,)
k.,5 =2.78 10 5

10 <

5 7184 0 2405 p”>

k.15”d= 0.1 10 (-4 *958 - 0.2374 pH)
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Table 1. Painted Coupons for pH = 5
UNIT

pH=5

T

1

36kGy

90°c

2

5

6

7

108kGy

36kGy

12kGy

108kGy

90°c

40°c

40°c

40°c

PL

PA

P2

PiL

PiA

exp

87

87

89

0.03

0.03

calcul

99.8

97.8

99.9

1.1

0.1

exp

88

87

calcul

99

99

exp

75

73

74

0.6

0.68

calcul

99

65

90

20

1.5

exp

73

32

79

calcul

94

29

66

exp

92

93

calcul

99

71

P2

PiL

PiA

P2

PiL

PiA

PO

Table 2. Painted Coupons for pH = 6.4
UNIT

pH=6.4

T

3

36kGy

90°c

8

36kGy

40°C

pH=9

T

4

36kGy

90°c

8(9)

36kGy

40°c

% of Total Iodide

P0

PL

PA

exp

68

50

calcul

50

32

exp

60

21

calcul

56

8.4

Table 3. Painted Coupons for pH = 9
UNIT

% of Total Iodide

% of Total Iodide
PL

PA

exp

2.4

0.43

calcul

0.42

0.12

exp

0.96

0.61

calcul

1.3

0.12

P0

Figure 1. Experimental Design of AJEA. Device
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Flowmeter
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Figure 2. Best Estimate of k? and ku
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Figure 3. Experimental Results

Effect of pH on rate of 12 production from le-4M IDose = 0.026 Mrad/hr
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Figure 4. Experiment and Code Calculation Comparisons
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Figure 5. Experiment and Code Calculation Comparisons
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Figure 6. Comparison between Experiment and Code Calculations
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Figure 7. Comparison between Experiment and Code Calculations
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Figure 8. Experiment and Code Calculation Comparisons for a Dose Rate of 0.583 Gy/s
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Figure 9. Experiment and Code Calculation Comparisons for Different Iodine
Concentrations
dosel = 10"4 mol/1
im 2 = 10"5 mol/1
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Figure 10. Experiment and Code Calculation Comparisons for Different Iodine
Concentrations
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Figure 11. Experiment and Code Calculation Comparisons at Different Flow Rates
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Figure ll.Experiment and Code Calculations at temperature * 25ec (pHl)
at temperature « 50®c (iml 1)
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Figure 13. Calculation of Deposited l2on Wet Surface at T=40°c and T=90°c
for pH=5
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Figure 14. Code Calculations at different pH for T=40°c
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Figure IS. Code Calculations at Different pH for T=90°c
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Figure 16. Code Calculations of Deposited I2 on Gas Painted Surface at T=40°c
and T=90°c for pH=5
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Figure 17. Gas Phase Code Calculations at T=90°c for Different pH
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Figure IS. Gas Phase Code Calculations at T=40°c for Different pH
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MODIFICATIONS TO THE INSPECT MODEL
S Dickinson1 and H E Sims12
Abstract
The prediction of iodine behaviour in the containment of a PWR following a loss of coolant
accident requires a reliable model of the chemistry of iodine in aqueous solution. The
INSPECT model, which was developed several years ago, contains a large number of the
relevant chemical reactions of iodine and water radiation chemistry. Since the reaction set was
first assembled, however, new data on rate constants and mechanisms have become available.
In addition, the application of the model to various small-scale experiments has revealed
problems in the modelling of some reactions, leading to an under-prediction of the iodine
volatility at high pH, although the experiments have demonstrated that the high pH volatility
remains satisfactorily low.
This paper describes the modifications which have been made to the INSPECT model to take
account of new data and to improve the modelling where appropriate. The main changes which
have been made to the reaction set are as follows:
• The rate constants and activation energies for the reactions describing the radiolysis of
water have been updated in accordance with recent assessments, and the temperature
dependence of the G values for the primary species have been taken into account.
• The mechanism and rates of I2 hydrolysis have been modified in accordance with the latest
assessments of this reaction.
• The mechanism for the reaction of I2 with H202 has been changed to a form which produces
a more realistic pH dependence under neutral and alkaline conditions.
• An additional mechanism for the disproportionation of the 02 ion has been included,
reflecting experimental observations that this reaction has a significant first-order
component under all but the purest conditions. This reaction, which represents the catalysis
of 02 decomposition by metal ion impurities, is appropriate to the conditions of most
experiments as well as to realistic accident conditions.
• Atomic I is treated as a volatile species, with a partition coefficient of 1.9 at 298 K.
Although the recombination of I atoms to I2 in the gas phase is thermodynamically
favoured, particularly at low temperatures, this reaction would have a half-life of several
minutes and I could therefore make a significant contribution to iodine volatility under
certain conditions. Furthermore, the atomic I could also react with other species in the gas
phase.

1 Chemical Physics Department, Materials and Chemistry Group, AEA Technology pic,
108/A50 Winfrith,
Dorchester, Dorset, DT2 SDH, UK.

2 Process Chemistry Department, Materials and Chemistry Group, AEA Technology pic, 220 Harwell, Didcot,
Oxfordshire, 0X11 ORA. UK
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These modifications lead to an increase in the predicted iodine volatility under neutral and
alkaline conditions. At pH 4.6, where the original model had been found to be satisfactory, the
modifications did not result in a significant change in the predicted volatility. These changes
do not affect any safety cases which are based on a robust, conservative, simplified iodine
chemistry.
The predictions of the revised model are compared with the results of a comprehensive series
of experiments which are described in a separate paper.
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1. INTRODUCTION
In the event of a reactor accident involving gross loss of coolant (LOCA) in a PWR, a
sustained loss of ability to cool the core could lead to a rise in the temperature of the fuel to
the point where the fuel clad fails and fission product are released.
Iodine is the most radiologically important fission products because it is biologically active and
can exist in volatile forms such as I2. It is therefore important to be able to predict the
behaviour of iodine in a reactor fault in order to be confident that the extent and consequences
of any release are acceptable. This requires a reliable model of iodine behaviour, tested against
a comprehensive experimental database.
The INSPECT (IodiNe SPECiation and Transport) computer model for the simulation of
iodine chemistry in a LOCA was developed at Harwell some years ago [1], The model
contained as many as possible of the known radiolytic and thermal reactions of iodine, together
with those describing the radiolysis of water - a total of around 150 reactions. Since the
development of INSPECT, some of the rate constants have been re-evaluated. A programme
of experimental work has also been carried out to measure the radiolytic oxidation of iodide
solutions under a range of conditions [2], This paper describes the modifications that have
been made to the INSPECT programme as a result of this re-evaluation, and compares the
predictions of the modified data set with experimental results.

2. THE INSPECT MODEL
The INSPECT model can be considered to be the input data set for the FACSIMILE numerical
integration package [3], FACSIMILE was specifically designed for chemical problems;
chemical equations are entered in their normal form and converted by FACSIMILE into the
implied differential equations. For example, the equation in FACSIMILE format:
FI 7 %kl:

I- + H202 = HOI + OH-

is equivalent to

d[rJ=d[HA]
dt

dt

kl[r][H202]

and

d[HOI]

d[OH~]

dt

dt

ki[r][H,o,]

where kl is the second order rate constant for the reaction and FI7 is an optional parameter
which contains the flux or reaction rate at the integration step:
F17 = kl[rjH202],
There are, broadly, five sections in the chemical reaction set, dealing with (i) the radiolysis of
water and the inter-reactions of the water radiolysis products, (ii) the reactions of water
radiolysis products with iodine and the inter-reactions of the iodine species, (iii) the thermal
reactions of iodine, (iv) the partition of volatile species between the liquid and gas phases, and
(v) the reaction of I2 with surfaces. Changes have been made to the first four of these, as
discussed in Section 3
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2.1 Inorganic Iodine Chemistry in Irradiated Solution
The fundamental radiation chemistry of iodide solution has been studied extensively [4], and
the mechanisms are reasonably well established for aerated, acidic solutions and reasonably
high I" concentrations. A brief outline of the chemistry treated by the INSPECT model is given
here to give a context to the following sections.
The radiation chemistry of any solvent in dilute solution initially involves the interaction of
radiation with H20. This interaction produces e“q, OH, H, H202, H* and

with different

yields known as G (values); G is defined as the number of molecules formed per 100 eV of
energy absorbed by the water. The radiolysis products can react with each other, and with
other species present in solution such as iodine species or dissolved 02. A key reaction in the
radiolysis of iodide solutions is the oxidation of I" by the OH radical:
I" +OH<=>HOI” -»I + OH~
This reaction results in the formation of atomic I which, as well as being volatile itself, will
react with other species to produce volatile I2 in solution. The other radiolysis products e^, H
and H202 are reducing towards iodine, as is 02 which is produced in aerated solution by the
reaction of e”q with 02. Overall, however, the system is slightly oxidising; not because the
yield of OH is larger than the sum of the reducing products (the reverse is true), but because of
the reaction
H202 + e''

OH" + OH

in which two reductants are changed into an oxidant.
In addition to the radiation-induced reactions, iodine has quite a complicated aqueous
chemistry. I2 is hydrolysed to I and 10 3 according to the overall reaction
I2 +3H20o5I~ +IO3 +6H+
This reaction occurs in several stages and involves intermediate species such as HOI (which
dissociates to 10") and 10 2; debate still surrounds the detailed mechanism, particularly for the
reverse or Dushman reaction.

3. MODIFICATIONS TO THE MODEL
3.1 Water Radiolysis Reactions
The water radiolysis reaction set was considered to be satisfactory at low temperatures.
However, the model did not include the temperature dependencies of the rates of production of
the primary radiolysis products (G values), or take account of recent compilations of activation
energies for other reactions [5], These have therefore been added, although these modifications
are not expected to have a large effect on the iodine chemistry.
The water radiolysis reaction set contains the acid dissociation reactions of H, OH, HO2 and
H2O2. These acid-base reactions should be very rapid, so that equilibrium is maintained at all
times. The values of the rate constants are, therefore, less important than the equilibrium
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constant (KJ values. It is also important to ensure that the ionisation reactions do not become
rate limiting. This is achieved by including two possible mechanisms for the acid-base
reactions:

and
K

where

HA o A" + H+

(1)

HA + OH" o A" +H20

(2)

_ Ke,[H20]

^E2 -

T„

The second form becomes increasingly important at high pH, where k2[OH"] > k/, and for the
OH and H202 dissociations, this form dominates over the whole pH range of interest.

3.2 Effects of Metal Ions
The 02 ion is an important reducing species in reactions such as
I2 + 02 -> I2 +02

(3)

I2 + 02 -> 21 + 02

(4)

02 exists in acid-base equilibrium with H02, and can disproportionate according to the
following reactions
H02 + HO2 —> H202 + 02

(5)

H02 +02

(6)

H+ >H202 +02

02+02^->H202 +02

(7)

Early studies of these reactions [6,7] showed that the decay of H02 / 02, which is expected to
be second order, always had a first order component with a rate constant of 10 to 20 s'1. Only
when stringent precautions were taken to purify the solution [8] was no first order component
observed. Furthermore, a first order rate constant of about 25 s'1 is reported for 02 loss in
alkaline solution containing 1.25x10"* mol dm'3 Fe2+ [9],
Reaction rates measured in ultra-pure solutions are certainly not applicable to the AEA
experiments, nor to a containment. This effect has therefore been included in the INSPECT
model by adding the following pair of half-reactions:
02~->02

(8) kg = 12.5 s'1

02 +H+ + H+ —» H202

(9) k9= 12.5/fH"]2 s'1

Although experiments have shown that the first-order disproportionation is pH dependent, this
is not included as these reactions will only be important at high pH where the I2 concentration

* throughout this paper, k^ denotes the forward rate constant for a reaction as written, k.n the rate constant of
the reverse reaction, and KEn the equilibrium constant.
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is very low. The rate constant of (3) is 6 x 109 at 298 K; this reaction will therefore be faster
than (8) and (9) when [I2] >4 x 10"9 mol dm‘J.

3.3 Reaction of I2 with H2Oz in Alkaline Solution
The reaction between H202 and I2 or its hydrolysis products is known to be fast in alkaline
solution, and the mechanism previously used in INSPECT was [10]

io’

+h2o2 ->r +o2 +h2o
hoi+h2o2 -> r + o2 + h* + h2o

(io)

(ii)

The relative values of k10, kn and KH01 are such that (11) is negligible except at low pH.
Recent work has shown that the inverse [IT]2 dependence implied by this mechanism is not
found at neutral or slightly alkaline pH, and a more appropriate mechanism has therefore been
suggested; this is discussed in detail elsewhere in this Workshop. [11]. The reactions which are
included in the modified INSPECT model are shown in Table 1.

3.4 Other Radiolytic Iodine Reactions
New measurements have recently been made for the following reactions [12]:
I +OH0HOI'
i + r oij

(12)
(13)

i2 +12 ~^ I3 +1

(14)

The reported value of ki2 was about a factor of three lower than the value previously used in
INSPECT. The new data for the equilibrium constant of (13) were in reasonable agreement
with the INSPECT value at 298 K but showed a stronger temperature dependence, with the
reverse reaction being favoured at higher temperature. The kinetics of (3) have also been
recently re-evaluated [12]; the new values give a somewhat lower reaction rate than the
existing INSPECT data, particularly at higher temperatures. The INSPECT data set has been
modified to include the new data, as shown in Table 1.
The rate of the disproportionation reaction (14) has been re-measured at 21°C [12]; the new
value (5.7 x 109 dm6mol'2s"1) was similar to the existing INSPECT value of 4.5 x 109 dm6mol"
V at 298 K. Since no new data for the activation energy of this reaction were available, the
existing INSPECT data were not changed.

3.5 I2 Hydrolysis Reactions
This reaction is usually written as:
I2+H2Oor+HOI + H+

(15)

The reaction mechanism is probably more complex than this with an initial reaction
I2 + H20 o I2OH" + H+

(16)

or

I2 +OH" oI2OH’

(17)

followed by:

I2OH’ o HOI +1’

(18)
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There have been three papers on the hydrolysis of I2 using a temperature jump to perturb the
equilibrium existing in aqueous I2 solutions, the subsequent relaxation being followed by
spectrophotometry [13,14,15], The main difference lies in the rate constants for (18), where
the results differ by a factor of 1000. It has been shown [16] that the rate constants in
Reference 14 are too slow to explain qualitative data from stopped flow experiments.
Furthermore, an INSPECT simulation of a temperature jump experiment using these rate
constants showed a relaxation time of about 1 s. Increasing the rate constants to the values in
Reference 15 decreased the relaxation time to close to the reported value of about 10"3 s
(Figure 1), and these constants are therefore taken in INSPECT (Table 1).

3.6 HOI dissociation
The acid dissociation of HOI is usually written as
HOI <=> IO_ + H+

(19),

and the reverse reaction taken to be diffusion controlled with k_i9 = 2x1010 dufmol'Y1. This
leads to quite a slow forward rate (since K19 = 2.3x10'" mol dm"3 at 298K) which could result
in the reaction becoming rate-determining under some conditions. As discussed in Section 3.1,
an alternative mechanism is
HOI + OH" <=> IO" + H20

(20).

This reaction has been included in the reaction set with a rate constant of 10* dnrmor's"1

3.7 Atomic Iodine Volatility
I- is formed by the oxidation of T in (12) and the subsequent dissociation reaction
HOI" -»I +OH"

(21)

Although the concentration of I- is very low, at high pH it can become comparable to that of
I2. The solubility (and hence volatility) of I- may be expected to be similar to that of Xe, since
the atoms are of similar size. A volume partition coefficient of 1.9 at 298 K has been derived
[17], which is somewhat greater than that of Xe (0.14); this difference is probably due to
interaction of the I unpaired electron with the water molecules. However, the partition
coefficient of I2 at the same temperature is about 80. This means that even if the concentration
of I- is an order of magnitude lower than that of I2 in solution, atomic I could be the dominant
gas-phase species.
No data are available for the partition coefficient of F at higher temperatures; however, the
temperature dependence might be expected to be similar to that of I2 or Xe. These are
illustrated in Figure 2 (in which the Xe data are taken from (18)). The I2 partition coefficient
decreases more rapidly with increasing temperature than that of Xe, falling by about a factor of
10 over the range 20 to 100°C. It is conservative, as well as chemically consistent, to assume a
similar dependence for the partition function of T. A more rigorous approach would require
data on T(aq) at elevated temperatures which could then be combined with the results of
statistical thermodynamic calculations on T(g). In the absence of such data, it is reasonable to
assume a proportionality between the T and I2 partition coefficients. The formation of T(g),
with a partition coefficient of
INSPECT.

pcI=, has therefore been included in the modified version of

494

The above arguments, being based on a thermodynamic equilibrium calculation, must take
account of the gas-phase equilibrium
T + T o I2

(22)

which, at low temperature, lies well over to the right (In K22 = 49 at 298K [19]). However, the
T will not only recombine to 12(g), which will eventually re-equilibrate with the aqueous phase,
but will also react with other species such as H2, CH4, 03, NOx etc whose concentration in the
gas phase is likely to be higher than that of T The steady-state gas-phase iodine concentration
will thus depend on multiple kinetics and gas - liquid mass transfer rates. Under the conditions
of the sparging experiments [2], the gas-bome iodine is rapidly removed from the system so
these effect can be neglected. For systems with a lower gas removal rate, (22) is included for
completeness, although it should be noted that other gas-phase reactions of T may dominate.
The termolecular rate constant for the recombination of atomic I to I%(g) is of the order of
3xl015 cm6 mol'2 s'1 [20]. At atmospheric pressure this corresponds to the pseudo-bimolecular
constant k22 = 10* dnfmol'1 s'1.

3.8 Phosphate Reactions
Phosphate is stored in the containment of Sizewell B (and other reactor systems) to establish
and maintain a high sump pH in the event of an accident. Most of the experiments used to
validate the INSPECT model have therefore been performed in phosphate-buffered solutions,
and it is important to include possible interactions with the iodine radiation chemistry.
The most important radiolytic reaction of phosphate is

which competes with

H2PO; + e" -> HPO4- + H

(23)

H202 + e" -> OH- + OH

(24)

and hence makes the system less oxidising. The rate constant of (23) has been measured as
1.8xl07 M"1 s'1 in 1 M phosphate solution [21]; however, because of ionic strength effects, the
rate constant is somewhat dependent on the phosphate concentration. At high pH, the HPO4ion is formed which can react with OH radicals [22]:
HPO2" +OH—> HPO4 + OH"

(25)

However, HP04 reacts rapidly with I" so (25) would not be expected to affect the iodine
volatility. HP04 can also react with H202 (k = 3xl07), but this reaction is slower than that of
T and is therefore unimportant.
The extent to which (24) occurs will depend on the pH of the solution and the pKa of the
phosphate ion. An expression for the equilibrium constant for the second neutralisation
reaction
H2PO" + OH" o HPO2' + H20

(26)

as a function of temperature and ionic strength [23] is therefore included in the model.
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4. COMPARISON OF THE MODIFIED MODEL WITH
EXPERIMENTAL RESULTS
The experiments used in this comparison are described in detail elsewhere [2], For the purpose
of the following discussion, it is sufficient to note that 13 ^-labelled solutions of Csl were
simultaneously irradiated and sparged with a carrier gas (usually air) which removed the
volatile species to a trap. On-line counting of the activity in the trap gave a measure of the
fraction of the iodine transferred out of the test solution as a function of time. Experiments
were performed under various conditions of dose rate, pH, I- concentration, temperature, gas
composition and flow rate. The INSPECT calculations are compared to the experimental
results in Figures 3 to 7; in these figures, the experimental and simulated data are shown by
solid and broken lines respectively, unless indicated otherwise.

4.1 Effect of pH
The results presented in Figure 3 show that the model is generally in very good agreement
(within a factor of 4) with the experiments in 10-4 M Csl solutions up to pH 8. Under more
basic conditions, the model increasingly underpredicts the iodine volatility by up to a factor of
30 at pH 9. This result, however, represents a considerable improvement on the 500-times
underprediction found before modifications were made to the data set. Although the results
shown are for a dose rate of 0.2 MRad/hr,the comparison between the calculations and the
experiments was similar at 0.02 MRad/hr

4.2 Effect of Temperature
The experiments at pH 4.6 showed a small reduction in the initial rate of transfer at 40°C
compared with 25°C; the initial transfer rate then increased gradually with increasing
temperature (Figure 4a). Overall, however, the effect of temperature on the results was small.
This arises because the iodine volatility depends on two factors - the I2 concentration in
solution, and the partition coefficient - which have opposing temperature dependencies. This
appears to be inconsistent with earlier work [24] showing a strong decrease in radiolytic I2
production with increased temperature up to 140°C. However, it should be remembered that
the I2 concentration in the sparging experiments is lower than the steady-state value in a static
experiment, and that this difference will be smaller at high temperature, leading to an apparent
increase in the I2 concentration.
The calculations showed an increase in transfer rate at 40°C, and very little change at higher
temperatures (Figure 4b). Overall, therefore, the agreement between the experimental and
calculated results improves at higher temperature. The discrepancies at intermediate
temperatures indicate that some of the activation energies could be improved upon, but in
general the model performed correctly over this temperature range. However, whilst the
model predicted the results quite closely at the start of the experiments, it did not reproduce
the observed fall-off in volatility after the first 1-2 hours. The reasons for this are unclear, and
may be associated with the observed increase in solution pH.
The model reproduced the experimental result at pH 7 of lower volatility at 50°C compared to
25°C , but predicted a further reduction as the temperature was raised to 70°C, which was not
observed experimentally (Figure 4c,d).
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4.3 Effect of sparge gas composition
Experiments at pH 4.6 using lower 02 concentrations in the sparge gas (0, 1 and 5% 02 in N2)
showed slightly increased I2 volatility compared with the experiment in air, but very little
difference between the three low-oxygen compositions (figure 5 a). The model predictions were
in fairly good agreement with these results, although the volatility in the low-Oz cases was
slightly overpredicted (Figure 5b). The results at higher pH were more sensitive to the 02
content of the sparge gas; changing the gas from air to N2 during the course of the experiments
produced a significant increase in volatility which was reflected by the model (Figure 5c,d).
This increase was less pronounced in solutions containing 0.1 M phosphate due to the
competition of (23) with (24). In aerated solution (23) has much less effect since the electron
reacts predominantly with O2.
Experiments at pH 4.6 showed a considerable decrease in iodine volatility when the sparge gas
contained 4% H2, particularly for 10"5 M iodide solutions. In contrast, the INSPECT model
predicted only a very slight effect of hydrogen. In experiments at pH 7, when the gas was
changed from a 4%H2/20%O2/Ar mixture to air, there was a very slight increase in the transfer
rate. A somewhat larger increase was observed on changing from a 4%H2/6%02/Ar mixture to
air. The INSPECT simulation of the first case showed a small increase in transfer rate when
the gas was changed, in good agreement with the experiment. However, the increase in the
calculated volatility was entirely due to an increase in the volumetric flow rate which was
imposed to compensate for the change in the sparge gas density, and the effect of the flow rate
on the transfer rate at pH 7 is not clear, as discussed in Section 4.4 below. In the simulation of
the second case, the effect of the increased flow rate was more than compensated by the
reducing effect of the increased 02 concentration when the sparge gas was changed from
4%H2/6%02/Ar to air. The net result was a slight decrease in the calculated transfer rate,
which is the opposite effect to that observed in the experiment.
Whilst the experiments at pH 4.6 indicated that there is a reducing effect of H2 in solution, the
results at pH 7 were more equivocal; in 10‘5 M solution, the main effect seemed to be a
decrease in volatility at lower 02 concentration. This result is contrary to other observations on
the effect of oxygen.

4.4 Effect of Flow Rate
The model predicted that the I2 transfer rate was not strongly dependent on the flow rate at pH
4.6, in good agreement with the experiments (Figure 6a). At pH 7, however, the transfer rate
was predicted to be proportional to the flow rate, but again the experiments showed very little
dependence (Figure 6b). Using a steady-state approximation for the simplified reaction scheme
kox

ks

I (aq) <=> l2(aq) ^ ^2(g) >
where kox and

are the net oxidation and reduction rates respectively and ks is the rate at

which I2 is removed by sparging, it can be shown that if k^ «Iq, then the transfer rate will be
independent of the flow rate, as observed in the experiments. However, at pH 7 the model
predicts that the transfer rate will be proportional to the sparge gas flow rate ie k^ » ks.
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Since k^ is fixed by the experimental conditions, this implies that the model overpredicts the net
rate of reduction at pH 7. This is consistent with the overall tendency of the model to
underpredict the iodine volatility at high pH.
It should be noted that the flow rate effect was only studied at the lower dose rate (0.02
MRad/hr); at a higher dose rate,
and kox would both be increased so the behaviour would
be expected to be closer to the model prediction.

4.5 Low I concentration: H2 and Phosphate Effects
All of the results obtained using 10"5 M Csl solutions indicate an increasing tendency of the
model to overpredict the volatility at lower I concentrations, particularly at the lower dose
rate. This would seem to indicate that the model is neglecting a reaction (or reactions)
involving impurities, surface or other species which becomes more significant as the iodide
concentration is reduced. Such a reaction could also account for the irreproducibility of many
of the results obtained from 10"5 M solutions.
In order for any species to result in a lowering of the iodine volatility, it has to react with the
OH radical in competition with (12):
I' +OH-+HOI'

ki2 = 7xl09 dm3 mol"1 s"1

The reaction set includes two possibilities:

and

H2 - 0H->H + H20

(27)

HPO*' + OH-» HPO; + OH'

(28)

These reactions would have the same rate as (12) in a 10'5 M I" solution when [H2] = 1.7x1 O'3
M (the equilibrium H2 concentration for a 4% gas concentration is 3x1 O'5 M) or [HPO^-] =
0.5 M. Neither reaction would, therefore, be expected to have a detectable effect on the results
of these experiments. The experimental results, however, do appear to indicate that both
phosphate and Hz may cause a lowering of the iodine volatility in 10"5 M solutions, and this
needs to be verified with further experiments.
Another unexplained experimental result is the increase in pH observed in unbuffered solutions
at pH 4.6. An increase of the observed magnitude (up to about 5.2) would be expected in 10"4
M solutions, since the change in charge when T is oxidised to I2 is balanced by the production
of OH", but in more dilute solutions this would not produce a detectable pH change. This could
be explained by a reaction of the type
OH + X -» OH" +X+
However, even if this reaction was very fast, the concentration of X would have to be similar
to that of T, which would seem to implicate the buffer chemical of vessel surfaces. If this was
the case, then a similar pH rise would be expected in the absence of I-, but this is not observed.

4.6 Comparison with Previous Modelling
The predictions of the modified version of INSPECT were compared with those of the data set
before the modifications (Figure 7). In this figure, the first two experiments (20 and 18) were
at the lower dose rate (0.02 instead of 0.2 MRad/hr). It can be seen that the results of the two
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versions do not differ significantly at pH 4.6 and 6, but at pH 7 and above the modified version
predicts increasingly higher iodine volatility.
The main changes giving rise to the increased volatility at high pH are
(i)
(ii)
(iii)

modifications to the H202 -12 reaction mechanism,
the treatment of atomic I volatility, and
the catalysed first-order disproportionation of O;.

In order to identify which of these changes is the most important, a series of sensitivity
calculations were performed for 10"4 M solutions irradiated at 0.2 MRad/hr at pH 7, 8 and 9.
The results these studies are summarised below.
Model name

H202 H2 model

k(o;)

I volatility

Change in Iodine transfer
pH 7

original
run 0
run 1
run 2
run 3
run 4
modified
run 5
run 6

old, k=1.6xl09
new, k=2xl09
new, k=2x!09
new, k-2x!09
new, k=2xl09
new, k=2xl09
new, k=2x!09
I new, k=4xl0*
| new, k=4xl0*

0
0
2.5
25

no

1

no
no
no

4.3
4.8
7.2

pH 8
1
3.3
6.3
14.0

0
2.5
25
0
25

yes
yes
yes
no
yes

4.3
4.8
7.2
5
8.2

4.3
7.7
15.3
6
24

pH 9
1
0.3
0.7
1.3
6.7
12.0
16.3
0.3
18.3

In the “old” H2O2 model, k is the rate constant of (10), whereas in the “new” model it is the
rate constant of
HOI + HO;

HOOI + OH" .

k(0;) is the rate constant for (8) and (9). The last three columns show the increase in iodine
transfer normalised to the predictions of the original model.
At pH 7, the changes to the peroxide modelling have the largest effect, increasing the
calculated volatility by about a factor of 4. The addition of the catalysed O;
disproportionation introduces a further factor of about 1.5, and the effect of treating I volatility
is negligible. At pH 8, the new peroxide modelling and the O; disproportionation reaction
produce similar increases in volatility; the effect of atomic I volatility is very small.. At pH 9,
however, the volatility of atomic I is the dominant factor in increasing the calculated volatility,
with the 0; disproportionation having only a minor effect.
It can be seen from these results that the predicted volatility at pH 9 is a factor of 3 lower in
the Run 0 case than with the old model, even though the two peroxide models are practically
identical at this pH. This is mainly a result of changes in the I2 hydrolysis reaction rate
constants.
The sensitivity of the predictions to the rate of the peroxide reaction is shown by Runs 5 and 6.
The lower value of k, 4x10*, is probably the lowest value which is justified from the
experimental results. The effect of using this value is to increase the pH at which the peroxide

499

reaction rate changes from a linear to a squared [H~] dependence from 7.6 to 8.3 in a 10"4 M I"
solution. The effect of this change is greatest at pH 8, where the volatility is increased by a
factor of 1.5.

5. CONCLUSIONS
The predictions of a revised INSPECT reaction set have been compared with the results of
experiments to measure the volatility of iodine in irradiated Csl solutions. The main
conclusions from the work are
(i)

The model predictions are in good agreement (within a factor of 3) with the results of
experiments in 10-4 M iodide solutions in the pH range 4.6 to 7.

(ii)

The performance of the model at neutral to high pH has been considerably improved by
recent revisions, although it still tends to underpredict the volatility at pH 8 and above.
The improvement is mainly due to changes in the H202 - 12 reaction mechanism (pH 7);
the inclusion of a first-order reaction for 02 disproportionation (pH 8); and the
treatment of atomic I as a volatile species (pH 9).

(iii)

There is good agreement between the model and the experiments regarding the effects of
temperature and the 02 concentration in the sparge gas, at least for 10"4 M I" solutions.

Some aspects of the experimental results remain unexplained, and in some cases no firm
conclusions can be drawn due to reproducibility problems. To resolve these questions, further
systematic studies are required on the effect of gas flow rate at high pH, the irreproducibility of
experiments at low I concentration, the effects of 02 and H2 in Ar sparge gas mixtures, and
the effects of phosphate concentration in aerated solution.
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Table 1: Kinetic Data for Radiolytic and Thermal Iodine Reactions

(a) Hydrogen peroxide reactions
Reaction
i2+ho; ohooi+i"

kz98

E,

forward

O

3

16000

reverse

5x10*
2.1xl09

16000
16000

HOOI + OH" -> r + o2 + h2o
HOI + H202 -> HOOI + H20

2x109

16000

37

50000

H00I->I'+02+H+

0.2

50000

HOI + ho; -> HOOI + OH"

no

Reaction

&

(b) Other radiolytic iodine reactions
Ea

3

I2 +02 -> i2 + o2

3.9x10s

6700

12

r +OHoHor

7.7xl09

18000

13

i + roi;

forward

1.2xl010

18840

reverse

7.4x10*

40400

(c) Hydrolysis reactions
no

Reaction

Keq

15

I2 + H20 oP+ HOI + H+

K-hyd

16

I2+H2OoI2OH"+H+

KhVKsi

17

I2+OH" oI2OH"

18

i2oh"

<=> hoi + i"

2.2xl03

E,

k298
-

-

k,= lxlO10

12500

kf = 8x10s

12500

kf= 1.34x10*

502

Figure 1: Simulation of Temperature Jump Experiment - Effect of Increasing k18.
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Figure 3: Effect of pH
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(a) pH 4.6, experimental results

Figure 5: Effect of 02 Concentration
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(a) pH 4.6, 0.2 MRad/hr: experimental Results

Figure 6: Effect of Flow Rate

Figure 7: Comparison with Original Model
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MODELLING IODINE BEHAVIOUR USING LIRIC 3.0
J.C. Wren1, G.A. Glowa, and J.M. Ball

Abstract
The overall objective of the iodine chemistry research program at the Whiteshell Laboratories of
AECL is to develop and validate the LIRIC (Library of Iodine Reactions In Containment) model.
The model, once validated, is intended as either a stand-alone analytical tool or for incorporation
into a code for licensing analyses of fission-product behaviour in containment. LIRIC is currently
being used to assess the role and importance of individual phenomena on iodine volatility under
reactor accident conditions and, thus, help to establish priorities within the iodine research
program.
The LIRIC model has undergone significant alterations since it was last reported (LIRIC 2.0),
mainly as a result of considerable development in understanding of iodine behaviour over the last
few years. The new version, LIRIC 3.0, has been used to simulate various results from the
Radioiodine Test Facility (RTF) with reasonable success, although under somewhat limited
conditions. The reproducibility of the tests using LIRIC 3.0 suggests that many of its reaction
modules are modelled reasonably well. These are (a) iodine reactions in the aqueous phase,
(including the effects of pH, radiation and dissolved oxygen), (b) water-radiolysis reactions, and
(c) gas- and aqueous-phase mass transfer. There remain difficulties in reproducing some results in
detail, because of uncertainties in choosing appropriate values for many model parameters such as
(a) the rate and capacity of surface deposition of I2, (b) the effects of trace metals on reaction rates,
and (c) the effects of organic surfaces on the system chemistry. The surface-adsorption model in
LIRIC 3.0, which requires two constants, reproduces the results of RTF tests very well. However,
it is not certain what the appropriate values for these constants will be under real containment
conditions. The effects of trace metals in the RTF tests has been modelled, using Cu+/Cu2+
reactions with an effective metal-ion concentration. However, again, choosing an appropriate
value for the effective metal-ion concentration in a real situation is uncertain. The least developed
area in modelling iodine chemistry is the effect of organic surfaces on the time-dependent
behaviour of water pH, dissolved oxygen concentration and organic iodide chemistry.

1)AECL, Whiteshell Laboratories, Pinawa, Manitoba, CANADA, ROE 1L0
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1. INTRODUCTION
Under most reactor accident conditions iodine is expected to be released from fuel as Csl, which,
upon contact with water in containment, will dissolve to form the aqueous non-volatile iodide ion,
T(aq). However, some of this iodide can subsequently be converted to volatile molecular iodine
(I2) and a variety of volatile organic iodides. From the perspective of reactor safety, it is important
that the rate and extent of iodine volatilization be understood and predicted. As a result, AECL
has a comprehensive program on containment iodine chemistry that includes intermediate-scale
("all-effects") experiments using the Radioiodine Test Facility (RTF) and bench-scale ("separate
effects") experiments on solution chemistry, surface reactions and mitigation options. The main
goal of the program is to develop the chemical kinetics model, Library of Iodine Reactions in
Containment (LIRIC), which predicts the time-dependent behaviour of iodine in containment
under a variety of reactor accident conditions.
An integrated program of containment iodine chemistry has been in place at the Whiteshell
Laboratories of AECL since 1985 under the auspices of the CANDU Owners Group (COG) with
the objectives (a) to develop an understanding of fission-product behaviour for safety and
licensing purposes and to provide the basis for assessing the conservatism in licensing
assumptions, (b) to identify unforeseen phenomena and to assess their impact on iodine release,
(c) to develop information on which accident management strategies could be based, and (d) to
develop and validate a model for predicting iodine behaviour under accident conditions.
The following summarizes the earlier key findings from the integrated iodine chemistry program
[1-11]:
(a)

Iodine volatility increases considerably in the presence of radiation, mainly because of
oxidation of non-volatile T to volatile I2 by •OH radicals formed by the radiolysis of water.
(b) Iodine volatility is a very sensitive function of pH, increasing with decreasing pH. The pH
dependence mainly arises from the reduction reaction of I2 by the water-radiolysis product,
hydrogen peroxide (H2O2), a reaction with a strong inverse acid dependence.
(c) Because of the importance of radiolysis reactions, detailed understanding of chemical
kinetics, not chemical thermodynamics, is required to predict iodine volatility following an
accident.
(d) Organic impurities in the aqueous phase significantly affect iodine volatility, easily
undergoing radiolytic decomposition to form organic acids that reduce the solution pH.
Organic compounds also react thermally and radiolytically with molecular iodine, forming
organic iodides with different volatilities.
(e) Trace metal impurities may have a significant impact on iodine behaviour due to their
catalytic reactions with key iodine reductants such as H2O2 and superoxide, O2 .
(f) Gas-phase iodine concentration and speciation is mainly determined by mass transfer of
volatile iodine species from the aqueous phase and by their adsorption on surfaces in contact
with the gas phase. Homogeneous gas-phase reactions have little impact on iodine
behaviour under accident conditions.
(g) Containment surfaces play an important role as sources of organic and metal impurities in
the aqueous phase and as adsorption sites for iodine.
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Our current understanding of iodine behaviour is summarized in Figure 1.

FACTORS INFLUENCING IODINE VOLATILITY

Iodine Reactions in
Aqueous Phase

Iodine
Volatility

l2 with H20;

pH
Mass Transfer to Gas Phase

Radiation
Dissolved 02
Temperature

Surface Deposition

Water
Radio lysis

Radiolysis of
Organics

Surface

Degradation

Catalysis Reactions
of Metal Ions

Figyre 1 - Key Processes Affecting Iodine Volatility in Containment Under Accident Conditions.

These findings have been reflected in the LIRIC model, which has undergone significant
alterations since it was last reported (LIRIC 2.0) [8]. The chemical reactions in the updated
version, LIRIC 3.0, have been, and will continue to be, critically evaluated for mutual consistency;
those in the earlier version were mainly a collection of data from the literature. Many empirical
reactions did not have a technical or scientific basis, but were required to explain RTF test results;
these have been replaced with mechanistic or semi-mechanistic reaction schemes based on recent
experimental studies.
Some of the specific changes to LIRIC are in the areas of organic compound radiolysis, thermal
and radiolytic organic iodide formation, trace metal-ion reactions, and dynamic surface adsorption
and desorption. Some of the reaction schemes involved in these changes are still being evaluated,
while others have been updated with improved mechanisms and more accurate rate constants.
Notably, the mechanism and rate constants for the reaction of I2 with H202, determined from our
bench-scale studies, and the rate constants of many iodine radiolysis reactions, determined from
pulse-radiolysis studies, have been improved.
In summary, LIRIC 3.0 models what are presently considered to be the important phenomena
governing iodine volatility in containment following an accident, whereas LIRIC 2.0 was a mere
database of reactions in the aqueous phase coupled to aqueous-to-gas-phase mass transfer. This
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paper describes the improved LIRIC 3.0 model and presents the results of some simulations of
RTF tests.

2. LIRIC 3.0
The building blocks of the LIRIC 3.0 model are represented by the boxes in Figure 1. Currently,
LIRIC 3.0 contains about 200 chemical and physical processes, consisting of
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)

aqueous iodine reactions,
water-radiolysis reactions,
reactions of iodine with water-radiolysis products in the aqueous phase,
radiolytic decomposition reactions of organic compounds in the aqueous phase,
organic iodide formation and decomposition in the aqueous phase,
reactions of inorganic impurities such as buffers and metal ions,
mass transfer of 0%, H2, CO2,12, CH3I and CHI3, between the aqueous and gas phases, and
surface adsorption and desorption of iodine species.

Some of these reaction sets are discussed in more detail below.

2.1. Key Iodine Reactions
There are two iodine reactions particularly important in determining iodine volatility in
containment under accident conditions:
(a)

the oxidation of T by the primary water-radiolysis product, »OH;
F
+ •OH
•!->->

-> HOT
I2

-* •! +

OH

(1)
(2)

that converts non-volatile iodide (I") to volatile molecular iodine (I2); and
(b)

the reduction of volatile molecular iodine, I2, to non-volatile F by a range of water-radiolysis
products;
I2

+

H2O2

—> —>21 +

2H+ + O2

I2

+ O2

—>

I2

+ O2

(4)

I2

+ I2

—>

I3

+ r

(5)

(3)

(Double arrows represent several reaction steps in LIRIC.)
Molecular iodine is also subject to hydrolysis:
I2

+

H20
HOI

<-> HOI
^ H+

+
+

r
OF

+

H+

(6)
(7)
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and further oxidation to form iodate ion:

3HOI -»-> I03"

+ 21" + 3H+

(8)

Reaction (1) is mainly responsible for the significant increases in iodine volatility observed in the
presence of radiation. Thermal oxidation of iodide, even when catalytic and photolytic oxidation
reactions are considered, is very slow and would lead to little iodine volatility in an accident.
Because Reaction (1) is the key step in the formation of volatile iodine species, accurate rate
constants for the individual reaction steps are needed. Also, an accurate reaction mechanism and
rate constants for prediction of the time-dependent *OH concentration from radiolysis of
containment water are required. The rate constants of the two steps in Reaction (1) are relatively
well established: LIRIC 3.0 uses values of 0.9 x 10m dm3*morW [12] and 1.2 x 108 s'1 [13] for
the first and second steps of Reaction (1), respectively.
Reactions (3), (4) and (6) explain the effect of pH on iodine volatility observed in RTF tests.
These reactions exhibit a strong inverse acid dependence, resulting in the buildup of molecular
iodine at lower pHs. A detailed understanding of the mechanism for these reactions is important
if iodine volatility under accident conditions is to be accurately predicted. As a result, Reaction
(3) was investigated and an improved mechanism formulated and incorporated into LIRIC 3.0 [4];

I2
LOH
io2h

+ H2o
+ H202
+ OH

—>

I2OH
I02H
r

+ H+
+ r
+ O2

+
+

h2o
h2o

(9)
(10)
(ID

Reaction (4) also explains the effect of dissolved oxygen on iodine volatility. Dissolved oxygen
reacts with hydrated reactions, produced by water-radiolysis, to form O2", a strong reductant that
converts volatile 1% to non-volatile T and I3". Under radiation conditions various impurities in the
aqueous phase can affect the dissolved oxygen concentration. Notably, organic impurities
undergoing radiolytic decomposition generate organic radicals that rapidly react with the
dissolved oxygen.
Because of the sensitivity of iodine volatility to Reactions (1) to (11), the concentrations of the
reactants and the changes in relevant parameters, such as pH and dissolved oxygen concentration,
must be followed with time. Thus most of the chemical reactions included in LIRIC are those
affecting the concentrations of OH, H2O2/HO2", O2VHO2 and the pH of the water, that is, waterradiolysis reactions, and the reactions of metal ion and organic compounds with water-radiolysis
products.

2.2 Reactions Involving Organic Compounds
Organic impurities will arise in water, released into containment from various paints (on structural
surfaces) or other organic materials (e.g., oils, greases). These could have a significant impact on
iodine volatility following an accident. Organic compounds in the aqueous phase can readily
decompose to form acids under radiation conditions, thus reducing the pH of the water and
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consequently increasing I2(aq) formation. (We are mostly concerned with cases where the water
in containment will initially have a pH close to that maintained in CANDU coolant (ca. 10).) In
the aqueous phase, organic compounds also react thermally and radiolytically with I2 to form
organic iodides. The effect of painted surfaces on iodine behaviour is discussed in detail in
another paper in this conference [2].
A semi-mechanistic model for the radiolysis of organic compounds, using methyl-ethyl-ketone
(MEK) as a representative species, has been added to LIRIC 3.0. A simplified reaction
mechanism is shown below.
MEK
•R

+
+

#OH
02

->
—>

•R
•R02
•R, alcohols, aldehydes, acids and C02

(12)
(13)
(14)

This model has been previously reported [5]. Since then, an improved mechanistic model for the
radiolysis of MEK has been developed, based on bench-scale studies. This model is currently
being used as a basis for developing a generalized model for other organics expected in
containment following an accident and has not yet been incorporated into LIRIC 3.0.
A semi-mechanistic model for the reaction of phenol with iodine, reported previously [10], has
been incorporated in LIRIC to account for highly soluble organic iodide formation in the aqueous
phase. Work is continuing to develop a more accurate mechanistic model and to incorporate the
radiolytic conversion of xylene and toluene to phenol derivatives. Similarly, a semi-mechanistic
model for the reaction of iodine with ketones to form iodoform (CHI3) has been incorporated into
LIRIC;
CH3CH2COCH3
ch3ch2coch2i
ch3ch2cochi2

+
HOI
+
HOI ->
+
HOI —>
ch3ch2coci3 ->

ch3ch2coch2i
ch3ch2cochi2

CH3CH2COCI3
ch3ch2co2h

+

CHI3

(15)
(16)
(17)
(18)

A reaction model is also currently being developed for the radiolytic formation of organic iodides
from I2 and methyl-isobutyl-ketone (MEBK), the major constituent of most paint solvents and
thinners;
•R
•R'

+
+

I2
I2

->
->

RI
RT

+ «I
+ •!

(19)
(20)

where *R and «R represent organic radicals formed by Reactions (12) to (14) and RI and R'l
represent organic iodides. These organic iodides can be very soluble, such as iodides of ketones,
alcohols and aldehydes, as well as more volatile alkyl iodides, such as CH3I and other simple alkyl
iodides.
A new development in the area of modelling the effects of organic impurities on iodine behaviour
stems from bench-scale studies which show that the release of organic compounds from surface
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paints into the aqueous phase is a much slower process than their subsequent radiolysis [2].
Therefore, the organic-compound release rates from paints, in addition to their rates of acid
production because of radiolysis, are required to model the time-dependent pH and dissolved
oxygen concentration (which determines the 1% concentration in the aqueous phase). The organiccompound release rates and the rates of the reactions of these compounds with h are also required
to model the time-dependent organic iodide formation. A model for the leaching of organic
compounds from paints into water is currently being developed [2]. Consequently, LIRIC 3.0 is
not yet capable of modelling the time-dependent pH and dissolved oxygen concentration of water.
Improvements in modelling organic iodide formation are also needed.

2.3 The Role of Metal Impurities
We have observed significant quantities of iron, as high as 10"5 mol*dm'3, in the aqueous phase in
RTF tests performed in unpainted stainless steel vessels. Thus it is reasonable to expect that
metals, such as Cu, Ni, Mn and Fe from various structural materials, would be present in trace
quantities in containment water following an accident. Because of their catalytic reactions with
H2O2 and O2, the key I2 reductants (Reactions (3) and (4)), trace metal impurities could have a
significant impact on iodine volatility, even at concentrations as low as 10"9 -10"7 mol din'3.
In LIRIC 3.0, a semi-mechanistic model for the reactions of metal ion impurities has been added:
M+
M+
m2+
M+
M+
m2+
m2+
m2+

+
+
+
+
+
+
+
+

02
H02
H02
H202
•OH
O2
e"
•H

—>
—>
—>
—>
->
—>
->
—>

m2+
m2+

M+
m2+
m2+
M+
M+
M+

+
+
+
+
+
+

H2O2
H2O2
02
•OH
OH
O2

+

H+

+
+
+
+

2 OH
OH
H+
OH

(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)

where M+ and M2+ represent a redox pair of metal ion impurities.
The rate constants for Reactions (21) to (28) used in LIRIC 3.0 are those observed for Cu+/Cu2+
solutions [14,15]. Similar reactions, with somewhat smaller rate constants, are expected for
Fe2+/Fe3+ [14]. The overall effect of all metal impurities (with different reactivities) is modelled
in LIRIC using Cu as a representative metal impurity with an effective metal-ion concentration.
Without inclusion of metal-ion reactions, the LIRIC model predicts much lower gas-phase iodine
concentrations, particularly at high pHs.

2.4 Mass Transfer
Mass transfer of the volatile iodine species, I2, CH3I and CHI3, between the aqueous and gas
phases is modelled in LIRIC 3.0. Mass transfer of other volatile species, such as oxygen,
hydrogen and CO2, which impact on the iodine chemistry in the aqueous phase, is also modelled
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in LIRIC 3.0. In general, two parameters, the partition coefficient and the mass-transfer rate
coefficient, determine the rate of mass transfer. (The partition coefficient is defined as the ratio of
the aqueous-phase and the gas-phase concentrations at equilibrium). However, if the water is well
mixed (by flow turbulence), so that mass transfer is relatively fast compared with chemical
reactions in the aqueous phase, then the concentrations of iodine species in the gas phase are
essentially determined by their partition coefficients. The mass-transfer rate coefficients appeared
to play a role in determining iodine volatility only in RTF tests where pH was deliberately and
rapidly changed (see Section 3). It is possible that the mass-transfer rate may be more important
in real accident situations, because of potentially different flow conditions and surface area to
volume ratios. However, because most volatile iodine species will be formed mainly in the
aqueous phase, the assumption of fast mass transfer will yield conservatively high iodine
concentrations in the gas phase.
In LIRIC 3.0, the reactions describing the aqueous/gas phase mass-transfer processes remain the
same as those in LIRIC 2.0, except that the mass transfer of HOI has been eliminated. Studies
have shown that HOI is essentially non-volatile and that its concentration in the gas phase will
always be negligible [17,18], contrary to an early report by Lin [16]. Mass transfer of volatile
organic compounds and soluble high-molecular-weight organic iodides is recognized as
important, but has not yet been incorporated in LIRIC 3.0 because of a lack of partition coefficient
data for these species.
The mass transfer between the gas and aqueous phases is modelled as follows:
dC^
dt

= k, •-

aq

(Hi

Cs - Or

aq

5 =k
dt

'

•—

y

(Caa ~ H• C )
x~aq

where Caq and Cg are the aqueous- and gas-phase concentrations of a given species, kt is the
overall mass-transfer coefficient (i.e., l/kt = l/kaq + l/kg), Aaq is the gas/aqueous phase interfacial
area, Vaq is the aqueous-phase volume, Vg is the gas-phase volume, and H is the partition
coefficient.

2.5 Gas-Phase Surface Adsorption
Adsorption and desorption of 1% on surfaces in contact with the gas phase could have a major
impact on iodine behaviour in containment. In LIRIC 3.0, gas-phase adsorption and desorption
are formulated using a reversible physical adsorption-desorption model with saturation effects
included;

d[I2]
2h
= ~ kAd •[/,]
2h
dt

\ (hV + k
\

(hi0 J

Des
g
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d[I2]s

dt

1-

'■Ad

gs

U2I
Ihl
2-h y

~ kDes * U2I

where Mg and Pals are the molecular iodine concentrations in the gas phase (mol*dm‘3) and on
the surface (moledm 2), respectively, kAd is the adsorption rate coefficient (times'1), koes is the
desorption rate constant (s'1), Ags and Vg are the gas-phase surface area (dm2) and volume (dm3),
respectively, and [I2]s° is the saturation capacity of the surface for I2 (mol*dm 2).
LIRIC 3.0 also provides the option of using two alternative models, one based on chemisorption
and the other on reversible physical adsorption followed by slower chemisorption. Models
incorporating chemisorption may provide better descriptions of I2 adsorption behaviour on
surfaces coated with organic paints.

3. SIMULATIONS OF RTF TESTS
3.1 Description of the RTF Tests
LIRIC 3.0 has been used to simulate five RTF tests in which the behaviour of iodine under
accident conditions was studied. Because the RTF has been described in detail elsewhere [3,9],
only a brief description of the facility and a typical test procedure are presented here. The RTF
consists of a replaceable, cylindrical main vessel in which a 60Co radiation source can be placed.
The radiation source can provide an absorbed radiation dose rate in the aqueous phase, ranging
from 1.2 to 2.0 kGy»h \ The main vessel can be partially filled with water and chemical
additives, to simulate the sump water expected in containment following an accident. Typically,
the aqueous and gas volumes are 25 and 315 dm3, respectively, and the surface areas in contact
with the aqueous and gas phases are 52 and 220 dm2, respectively. Electric heaters around the
outside of the vessel control the gas-phase temperature up to 110°C and the water temperature up
to 90°C. A test generally starts with an injection of Csl, labelled with 131I, into the aqueous phase
to produce an initial aqueous iodide concentration of about 1 x 10'5 mol*dm"3. This is followed
by on-line detection of the iodine concentrations in the gas and aqueous phases as a function of
time. Gas and aqueous-phase speciation samples are also taken periodically. Finally, the iodine
surface loadings are determined by washing the surfaces at the end of each test, measuring the 13II
activity in the washes, and measuring the remaining activity on the surfaces. The final iodine
activities on the coupons placed both in the gas and aqueous phases during the tests are also used
to determine and confirm the iodine surface loadings. Analytical procedures in support of RTF
experiments are discussed in detail elsewhere [3,9].
Discussed here are two tests that were conducted in the same stainless steel vessel under
controlled pH conditions, two tests conducted in zinc-primed vinyl-painted carbon-steel-lined
vessels and a test that was performed in a zinc-primed epoxy-painted carbon-steel-lined vessel.
All five tests had a radiation source present and were performed at room temperature.
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The main objective of the tests in a stainless steel vessel was to investigate the effect of pH on
iodine volatility in the presence of radiation, without interference from the effects of other
parameters, such as the presence of organic compounds. The pH of the water started at 10 and
was lowered in a step-wise manner during these tests. The two tests were performed sequentially
in the same vessel, but the vessel was thoroughly washed and air dried between tests. The
difference between the two tests was the pH profile during the tests. These tests will be referred
to as Test 0.2.1 (Phase 0 - Test 2 - Stage 1) and Test 0.2.2 (Phase 0 - Test 2 - Stage 2).
In the two tests with vinyl-painted vessels, the pH, initially at 10, was uncontrolled for the first
350 h or 100 h and then raised in a step-wise manner. These tests will be referred to as Test 2.1
(Phase 2 - Test 1) and Test 2.4 (Phase 2 - Test 4). The difference between the two tests was the
duration of the paint-curing period (aging) prior to the tests: for Test 2.1, the coating was cured in
dry air for 3 months, compared with 1 year for Test 2.4. In Test 2.1, the pH fell from 10 to 6.9
within the first 10 h and the dissolved oxygen concentration dropped from 8 to 4 ppm ((Xg*g_1).
During that time period, the total gas-phase iodine concentration reached a maximum of 3 x 10"9
mol*dm3. About 100 h into the test, only 10% of the iodine originally injected into the aqueous
phase remained in solution. In Test 2.4, the pH of the water fell from 10 to 4.6 during the first 40
h, and the dissolved oxygen concentration dropped to 2.9 ppm. In both tests, despite evidence that
organic compounds were abundant in the aqueous phase, I2 was still the predominant form of
iodine in the gas phase, until the later stages of the tests when most of the gaseous I2 had been
adsorbed on surfaces. It was also observed that about 70% of the iodine initially added was
adsorbed on the vinyl-painted surface in contact with the gas phase at the end of these tests.
When pH was raised at a later stage of the tests, the sum of the aqueous- and gas-phase iodine
concentrations increased as a result of the desorption of iodine from the gas-phase surface (see
discussion in Section 3.3).
Direct vents to atmosphere were performed in Test 2.4 and Test 4.2, which removed the airborne
iodine species, reducing the gas-phase iodine concentration to a very low level during venting.
The direct vents performed in all RTF tests appeared to bring the pH of the water to near 7
regardless of its value prior to venting; this is presumably attributable to the addition of CO2containing air. Air circulation through an inline charcoal filter had the effect of decreasing the
gas-phase iodine concentration as well, but did not affect the pH significantly, since the gas
mixture is not altered by the addition of new air. However, venting has a negligible overall
impact on the iodine behaviour; once venting stops, both the gas- and aqueous-phase iodine
concentrations return to their pre-venting values. Thus venting was ignored in most LIRIC
simulations presented here.
The effect of organic compounds on iodine volatility was examined by additions of methyl-ethylketone (MEK) into the aqueous phase. The MEK additions resulted in significant decreases in pH
and dissolved oxygen concentration. Hydrazine, strongly reducing in nature, and as such, having
a potential to decrease iodine volatility by reducing I2 to I", was added during the tests to
determine if it could be used for mitigating iodine volatility in an accident. However, in the
presence of radiation, the addition of hydrazine was observed to increase iodine volatility because
of its reaction with dissolved oxygen, thus depleting O2", another strong reductant for I2.
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Hydrazine was decomposed rapidly by radiation; therefore the increase in iodine volatility
associated with its addition was transitory. The additions of MEK and hydrazine were not
modelled, although the pH changes caused by these additions were.
Test 4.2 (Phase 4 -Test 2) with an epoxy-painted vessel was very similar to Tests 2.1 and 2.4.
The RTF test results and LIRIC simulations are shown in Figures 2 to 16 and discussed below.

3.2 Simulation of Tests in a Stainless Steel Vessel
The LIRIC 3.0 simulation results for Test 0.2.1 and Test 0.2.2 are shown in Figures 2 to 7. The
calculated total iodine concentrations in the gas and aqueous phases as a function of time are
compared with the RTF test results. In simulating the RTF tests, pH was adjusted in a step-wise
manner in the input to LIRIC 3.0 to follow the experimentally observed pH changes (Figures 4
and 7), although the pH changes used in the calculations were more abrupt than those that
occurred during the test.
For the simulation of Test 0.2.1, an effective metal-ion concentration of 1 x 10‘7 mol*dm'3 and
gas-phase adsorption and desorption rate coefficients of 0.9 x 10"2 dm*s_1 and 9 x 10'7 s'1,
respectively, were used with the reversible physical adsorption model. In all simulations, these
three are the only adjustable parameters used to produce reasonable fits. For the simulation of
Test 0.2.2, these parameters were 2 x 10"7 moI*dm'3, 1 x 10"2 dm»s 1 and 9 x 10"7 s’1, respectively.
The other input parameters required by LIRIC 3.0 were the same as those defined by the test
conditions (such as the radiation dose-rate and the initial Y and dissolved oxygen concentrations).
The input parameter values used in all the simulation calculations are listed in Table 1.

Table 1. Input Parameters Used in the Simulations of the RTF Tests*
Test 2.4
Test 2.1
Input Parameter
Test 0.2.1
Test 0.2.2

Test 4.2

Dose Rate (kGy«h_1)

1.36

1.36

1.77

1.23

1.47

Initial [T] (mol»dm3)

9e-6

9e-6

8.5e-6

le-5

9e-6

1.5e-3
1.5e-3
le-3
le-2
Adsorption
Rate 9e-3
Constant (dmes1)
le-6
le-6
1.2e-6
Desorption
Rate 9e-7
9e-7
Constant (s'1)
le-8
le-8
2e-7
le-8
Metal-Ion Concentration le-7
(mol*dm'3)
* The overall gas-aqueous phase mass-transfer coefficient was 2.25 x 10"4 cm s'1 in all
simulations.

Although observed in both the gas and the aqueous phases in the RTF tests, organic iodides were
not included in the simulations of the stainless steel tests since there were nominally no organic
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compounds present. The organic iodides might have been introduced to the water as impurities in
the iodine source or may have formed from the reaction of trace organic impurities in the bare
steel vessel (possibly from cleaning residues). Throughout these tests the organic-iodide
concentration in the gas phase remained constant and small compared with the h concentration in
the gas phase. In the aqueous phase, the organic-iodide concentration was observed to be about
the same as that of I2, but the determination of aqueous speciation was inconclusive. The major
iodine species in the aqueous phase was always non-volatile I .
As shown in Figures 2 to 6, the calculations reproduce the observed iodine behaviour very well in
both the gas and the aqueous phases. The discrepancies, particularly in the gas phase, may be due
to the omission of organic-iodide formation and, to a small extent, the abrupt pH changes used in
the calculations. The omission from the simulations of the formation of soluble organic iodides,
such as iodides of ketones, alcohols and phenols, would yield calculated total gas-phase iodine
concentrations higher than the test value because such compounds are less volatile than molecular
iodine. However, the omission of the organic-iodide formation would not affect significantly the
total aqueous-phase iodine concentration.
The depletion of iodine in both the gas and the aqueous phases with time is due to the adsorption
of gaseous I2 on surfaces. The decrease in the gas-phase iodine concentration following each peak
is more noticeable for a higher I2 concentration in the gas phase because the adsorption rate is
proportional to the gas-phase I2 concentration. The gas-phase I2 concentration and its decay rate
are sensitive functions of the adsorption and desorption rate coefficients. The adsorption and
desorption rate coefficients used in the simulations are of the same order of magnitude as those
measured for I2 adsorption on stainless steel coupons in bench-scale studies [19].
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7.0E-6
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Time (h)

Figure 2 - Simulation of RTF Test 0.2.1: Aqueous-Phase Iodine Concentration.
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Figure 3 - Simulation of RTF Test 0.2.1: Gas-Phase Iodine Concentration. The perturbations in
the gas phase iodine concentration are mainly due to the changes in pH (see Figure 4).
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Figure 4 - Input pH to LIRIC 3.0 for the Simulation of RTF Test 0.2.1
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Figure 5 - Simulation of RTF Test 0.2.2 : Aqueous-Phase Iodine Concentration
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Figure 6 - Simulation of RTF Test 0.2.2 : Gas-Phase Iodine Concentration
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Figure 7 - Input pH to LIRIC 3.0 for the Simulation of RTF Test 0.2.2.

The calculations of both Tests 0.2.1 and 0.2.2 do not reproduce the total gas-phase iodine
concentrations immediately following each pH transient. This may be because the pH changes in
the calculations were instantaneous whereas in the RTF tests it required some time for the small
quantity of added acid solution to bring the pH of the water in the RTF to the desired level. Also,
in cases of high h concentrations, adsorption on the sampling line may lower the observed gasphase concentration. The overall aqueous/gas mass-transfer rate coefficient has a small impact on
the peak gas-phase iodine concentrations, and a better fit could have been obtained with a
different mass-transfer coefficient. However, uncertainties in the adsorption and desorption rate
coefficients, the pH profiles and the effective metal-ion concentration have more significant
consequences on iodine volatility and, hence, a larger impact on the quality of the fit.

3.3 Simulation of Phase 2 Tests in Vinyl-Painted Vessels
Figures 8 to 13 show the results of simulation studies of RTF Tests 2.1 and 2.4. Because LIRIC
3.0 is not yet able to accurately model organic compound dissolution from the vinyl paint and,
thus, the resulting time-dependent pH changes and rates of organic-iodide formation, we did not
attempt to simulate the pH or the organic-iodide behaviour. As input to the calculations, the pH
profile was adjusted to approximately match the experimentally observed pH behaviour (Figures
10 and 13).
In the presence of radiation, organic iodides are mainly formed by reactions of radiolytically
produced organic radicals and L in the aqueous phase (Reactions (19) and (20)) [2,11]. Because
these reactions are relatively fast, the rate of organic-iodide formation and the total yield of
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organic iodides are determined by the organic compound dissolution rate from the paint into the
aqueous phase, and the h production rate in the aqueous phase. Radiolytic organic-iodide
formation was not included in the simulation. While organic-iodide formation by thermal
reactions is not likely to contribute significantly, thermal iodoform (CHI3) formation (from MEK)
was included in the calculations (with an MEK concentration of 5 x 10*9 mol*dm'3). Iodoform
does not contribute significantly to the calculated total gas-phase iodine concentration, except at
later stages during a test when most of the gaseous I2 has been adsorbed on a surface.
The adsorption rate coefficient used to simulate the tests with vinyl-painted surfaces is smaller
than that used in the simulations of the stainless steel vessel cases and is about an order of
magnitude smaller than the gas-phase mass-transfer rate coefficient, characteristic of
chemisorption. LIRIC 3.0 has an option to use an I2 adsorption model based on physical
adsorption/desorption followed by chemisorption, the rate of the chemisorption step depending on
the amount of physically adsorbed I2. However, for all the simulations presented in this report
only the reversible physical-adsorption model was used because the chemisorption model requires
too many adjustable parameters whose values are not presently available. Not using the
chemisorption model may explain the higher calculated aqueous-phase iodine concentration at the
later stages of the tests when the pH was raised (Figures 8 and 11). When pH is increased, the
aqueous-phase I2 concentration decreases because of an increase in the rate of reduction of I2 to I
(Reactions (3) to (11)). This induces the mass transfer of I2 from the gas to aqueous phase, which
in turn results in the desorption of iodine from the gas-phase surface to the gas phase. This net
transfer of I2 from the surface to the aqueous phase increases the total iodine concentration in the
aqueous phase.
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Figure 8 - Simulation of RTF Test 2.1: Aqueous-Phase Iodine Concentration
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Figure 13 - Input pH to LIRIC 3.0 for the Simulation of RTF Test 2.4:

There were again more organic iodides observed in these tests than used in the calculations (where
radiolytic organic-iodide formation was not modelled). Since organic iodides are not adsorbed on
surfaces as easily as I2, the calculations tend to show sharper decreases following peaks in the gasphase iodine concentrations than was observed in the corresponding RTF tests.
The metal-ion impurities in the vinyl-vessel tests probably came only from various sampling and
circulating loops of the RTF and hence their concentration is expected to be much smaller than
that present in the stainless steel vessel tests. Gas-phase ventings during the tests were not
simulated. The RTF test results show that venting has only a small impact on iodine
concentrations: when venting stops, both the gas- and aqueous-phase iodine concentrations return
to the values prior to the venting.
The calculations reproduce the observed iodine behaviour in both the gas and the aqueous phases
reasonably well considering that organic-iodide formation was not modelled adequately.
Omission of radiolytic organic-iodide reactions should have a larger impact on iodine-volatility
calculations in a vinyl vessel than that in a stainless steel vessel. In both vinyl tests, the organiciodide concentration in the aqueous phase was much greater than that of I2 in the aqueous phase (I
was still the major aqueous iodine species), whereas I2 contributes more than organic iodides to
the total gas-phase iodine concentration except at the later stages of the tests [2,3]. The organic
iodides in the aqueous phase are likely to be iodides of soluble organics such as ketones, alcohols
and phenols, whereas those in the gas phase will be limited to the more highly volatile organic
iodides such as CH3I. However, in both the gas and the aqueous phases, the organic-iodide
concentration closely follows that of I2. Our studies on the effects of organic-coated surfaces on
iodine volatility [2] suggest that organic iodides are mainly formed by the reaction of molecular
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iodine and organic impurities in the aqueous phase. The radiolysis-driven organic-iodide
formation appears to be faster than either the rate of organic release from the surface paint into the
water or the rate of molecular iodine production. Thus the concentrations of h and organic
iodides tend to parallel one another. Some of the organic iodides formed in the aqueous phase
become airborne and the fraction of organic iodides in the gas phase is determined by thenpartition coefficients. It appears that the average partition coefficient of the organic iodides
formed in the RTF tests with the vinyl-painted vessels is somewhat less than that of molecular
iodine.
As in the stainless steel vessels, significant depletion of iodine in both the gas and the aqueous
phases is a result of adsorption of gaseous h on the vinyl surface. The increase in the aqueousphase iodine concentration at later stages in the test, when the pH was intentionally raised, is due
to slow desorption of h from this surface.

3.4 Simulation of Phase-4 Test-2 in an Epoxy-Painted Vessel
The simulation results of Test 4.2, compared with the test results, are shown in Figures 14 to 16.
The calculations were performed in a very similar way as those for the Phase 2 tests in vinylpainted vessels. The differences are in some of the input parameters (Table 1). Both the
experimental and the calculated results are very similar to the behaviour observed in Phase 2 tests.
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Figure 14 - Simulation of RTF Test 4.2: Aqueous-Phase Iodine Concentration
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4. CONCLUSIONS
Understanding of iodine behaviour in containment under accident conditions is improving.
Intermediate-scale studies identified unforeseen phenomena and key processes that may control
iodine behaviour in containment under accident conditions. Detailed bench-scale mechanistic
studies of some key processes were performed and their results were incorporated into the LIRIC
3.0 model.
The LIRIC 3.0 model has undergone significant changes and improvements from the previous
version - LIRIC 2.0. It has been used to assess the role and importance of individual phenomena
in iodine chemistry in containment and to establish priorities in the iodine research program. The
new version, LIRIC 3.0, has been used to simulate some RTF tests with reasonable success. The
general ability of LIRIC 3.0 to reproduce the tests under somewhat limited conditions suggests
that four of the reaction modules shown in Figure 1 are modelled reasonably well in LIRIC.
These are (a) iodine reactions in the aqueous phase, (b) the effect of pH, radiation and dissolved
oxygen on the iodine reactions, (c) water-radiolysis reactions, and (d) the gas- and aqueous-phase
mass transfer.
We have difficulties in reproducing some results in detail, because of uncertainties in modelling.
These are (a) the surface deposition of h, (b) the effect of trace metals, and (c) the effects of
organic surfaces. For surface deposition, the adsorption model in LIRIC 3.0, which requires two
rate constants, reproduces the RTF tests very well. However, it is not certain how to choose
appropriate values for these constants under real containment conditions. Trace metal ions can
have a major impact on the aqueous chemistry controlling iodine volatility. The effect of trace
metals in the RTF tests has been modelled using Cu+/Cu2+ reactions with an effective metal-ion
concentration. Again, how to choose an appropriate value for the effective concentration in real
situations is not known. The least developed area in modelling iodine behaviour is the effect of
organic surfaces on the time-dependent behaviour of pH, dissolved oxygen concentration, and
organic-iodide formation. Although our understanding of the radiolysis of organic compounds in
water has improved significantly over the last few years, dissolution of organic paint components
into water in a radiation field and the formation of highly soluble organic iodides are not well
understood. Clearly, more work is required in these areas. The iodine chemistry research
program at the Whiteshell Laboratories of AECL is currently focussing on this area, and
significant progress has been made [2],
We have not discussed the effect of temperature on iodine volatility in this paper. Although
temperature is a key parameter in determining iodine volatility, our database is lacking in
temperature-dependent reaction rates. We are investigating the effects of temperature on iodine
behaviour in the RTF as well as in bench-scale studies, and as the results from these studies
become available, they will be incorporated in LIRIC 3.0.
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ABSTRACT
The WAVE (Wide range Aerosol model VErification) experiments have been performed at
JAERI to investigate Cesium Iodide (Csl) deposition onto an inner surface of piping wall under
typical severe accident conditions. The test facility consists of a dish containing Csl powder,
electrical heaters and a straight pipe of 1.5 m in length with diameter of 0.042 m. Nitrogen gas and
superheated steam were injected into the pipe to carry the vaporized Csl and to simulate the
thermohydraulic condition for the PWR hot-leg inlet. Analyses of the experiments have been
conducted with a three-dimensional thermohydraulic code, SPRAC and the radionuclide behavior
analysis codes, ART and VICTORIA A clear difference was found in the deposition behavior
between nitrogen and steam conditions as carrier gases. For nitrogen gas, the analyses well
reproduced the experimental results by closely coupling the Csl behavior and the detailed
thermohydraulic analyses. For steam carrier gas, on the contrary, the experimental results could not
be well reproduced without the use of larger aerosol size. Since the observed enhancement of
aerosol size in superheated steam cannot be explained by existing models, it is necessary to further
investigate this mechanism by experiment and analysis.

1. INTRODUCTION
It is recognized in the source term evaluation of Light Water Reactors (LWRs) that large
uncertainties still remain in the Fission Products (FP) aerosol behavior in Reactor Coolant System
(RCS) during severe accidents.11 In order to reduce the uncertainties in the analyses, the complete
integration of thermohydraulics and FP behavior was pointed out as one of solutions.2) However,
in most of previous studies in this field the detailed thermohydraulics was not well reflected on the
FP behavior analyses. In the present study, an emphasis was placed on an appropriate coupling
between the thermohydraulics and FP behavior in a piping.
The relatively small-scale experiment, WAVE (Wide range Aerosol model VErification),
has been performed at Japan Atomic Energy Research Institute (JAERI) to investigate the behavior
of a typical radionuclide, cesium iodide (Csl) deposition onto the inner surface of pipe wall under
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severe accident conditions.3) In the experiments, the Csl gas and aerosol behaviors at a PWR hot
leg inlet was simulated and the effect of difference in carrier gas, nitrogen and steam, on the Csl
behavior in pipe was investigated. Analyses of the experiments have been conducted with the
SPRAC41, ART9'61 and VICTORIA71 codes.

2. OUTLINES OF COMPUTER CODES
2.1 SPRAC
A three-dimensional thermohydraulic code, SPRAC has been developed by JAERI and
Kawasaki Heavy Industries, Ltd. to analyze the air ingress accident of the High Temperature
engineering test Reactor (HTTR) at JAERI.41 The code can treat incompressible flows with complex
geometries using Boundary-Fitted Coordinate (BFC) system and has been validated by applying to
an experiment on the natural convection flow in an enclosed space. In the present study, SPRAC
was used because the code is considered to be suitable for the analysis of typical thermohydraulic
conditions in piping of WAVE experiment in which a steep temperature gradient and a natural
convection flow appear in the pipe cross section.

2.2 ART
The ART (Analysis of Radionuclide Transport)51,61 code has been developed at JAERI for
the analysis of radionuclide behavior in RCS and in containment under severe accident conditions.
The radionuclide behavior modeled in ART is shown in Fig. 1. The code considers removal of
radionuclides by natural deposition and engineered safety features (ESF) such as spray systems.
The natural deposition mechanisms considered by ART are shown in Table 1. The aerosol growth
by agglomeration and condensation/evaporation of volatile material at the aerosol surface are
considered. The code also models the iodine chemistry in water such as radiolysis or hydrolysis.81
The code is capable of treating up to 60 materials including chemical compounds and of
representing the systems by an arbitrary number of volumes. In each volume, materials can take the
forms of gas, aerosol, deposition onto structure, and solution in water. The code solves the
governing equations for multi-component aerosol and gaseous radionuclides. The "sectional
method" developed by Gelbard91 is used to describe the size distribution of aerosols. The phase
change of chemical species can be considered while the chemical reactions among FP elements in
gas phase is not taken into account.
ART has a fast running capability for application to Probabilistic Safety Assessment
(PSA). Since the code is a module of the JAERI's integrated severe accident analysis code,
THALES-2101, the improvement of ART can be directly reflected on the source term analysis.

2.3 VICTORIA
The VICTORIA code71 developed by Sandia National Laboratories (SNL) calculates
mechanistically the radionuclide release and transport behaviors in RCS of an LWRs during severe
accidents. The special feature of the code is the thermodynamic chemical equilibrium calculation.
This is based on the assumption that the ultimate driving force for the FP release is the inherent
tendency of physical and chemical systems to move toward a state of thermochemical equilibrium.
Under the high temperature conditions in RCS during severe accidents, kinetic limitations can be
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ignored and equilibrium can be assumed to be achieved instantaneously.
VICTORIA uses the CHARM model11} for the aerosol behavior and transport. The code
also uses a combination of agglomeration and deposition models from the MAEROS12) and
TRAP-MELT213) codes. The natural deposition mechanisms treated in VICTORIA are mostly the
same as those of ART.14) The comparison of models for typical radionuclide behaviors in ART and
VICTORIA are shown in Table 2.

3. WAVE EXPERIMENTS
Schematics of the whole WAVE facility and the test section are shown in Figs. 2 and 3,
respectively. The facility mainly consists of a dish containing Csl powder, electrical heaters for Csl
evaporation, a straight pipe of approximately 1.5 m in length with diameter of 0.042 m. The pipe is
made of stainless steel (SUS316) and contains three 0.90 m long and 0.02 m wide stainless steel
(SUS304) coupons located at the floor, wall and ceiling of the pipe.
Thermohydraulic conditions of the experiments were defined based on the typical severe
accident conditions calculated with THALES-2 for the hot-leg inlet of a PWR. Two experiments
were performed using the carrier gas of nitrogen and steam in order to investigate the effect of
difference in physical and chemical properties of carrier gas on the Csl behavior in pipe.

3.1 Nitrogen Carrier Gas
Nitrogen gas supplied to the pipe at a rate of 3.3x104 m3/s at 293 K was used to carry the
vaporized Csl. A dish containing Csl powder of a total amount of 2.59 g was set in the test pipe
and then the pipe wall temperature was raised up to 1073 K and was maintained for 60 minutes. In
the meantime all the Csl powder was vaporized. The flow velocity at the pipe inlet was 1.05 m/s
and the flow regime was laminar flow. The temperature distribution along the pipe axis during the
Csl vaporization is shown in Fig. 4. Several experiments were performed under the same
conditions and the reproducibility of the experimental results was confirmed.
In the post-test measurement, the three coupons were soaked into pure water for 12 hours
to extract the deposited Csl into the water. After that, Csl dissolved in water was measured for each
element. Iodine was extracted by organic solvent and measured with a spectro photometer. Cesium
was measured with the liquid ion chromatography method.
The measured iodine and cesium deposition masses onto the floor, wall and ceiling
coupons are shown in Figs. 5 and 6, respectively. A relatively large amount of iodine and
cesium was deposited at the upstream floor of the pipe. Deposited Csl onto SUS304 coupons at the
upstream and the downstream portions are shown in Photos 1 and 2, respectively. Moreover, a
larger amount of cesium and iodine was deposited on the ceiling than the floor at the downstream.
The analysis of elements deposited on the coupons with an Electron Probe Micro Analyzer (EPMA)
showed that the distribution of cesium deposited on the whole coupons was almost the same as that
of iodine except for the upstream portion of pipe. This means that most of cesium and iodine might
have been transported and deposited in the chemical form of Csl after the vaporization.
Small quantity of cesium was deposited at coupon No.l while almost no deposition of
iodine was observed at that portion. The detection limits of the spectro photometer and the liquid
ion chromatography method were smaller than 0.1 mg and 0.01 mg, respectively. Therefore, this is
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a significant difference. One possible explanation to this result is that Csl vapor was partially
resolved into cesium and iodine due probably to unexpected impurities, e.g., water and cesium
vapor was condensed onto the pipe wall.
The aerosol size distribution measured by cascade impactor is shown in Fig. 7. It mostly
agrees with the lognormal distribution. The obtained Mass Median Aerodynamic Diameter
(MMAD) and Mass Median Diameter (MMD) were equal to 1.2 and 0.5, respectively.

3.2 Steam Carrier Gas
Steam supplied to the pipe at a rate of 2.3xl04 m3/s at 293 K was used to carry the
vaporized 1.66 g of Csl. The flow velocity at the pipe inlet was 0.61 m/s and the flow regime was
laminar flow. The experimental methods were mostly the same as those of nitrogen gas. It is noted
that after the test termination, a carrier gas was changed from steam to nitrogen for cool down of
the test section just for 20 minutes in order to avoid the condensation of steam onto coupons. The
temperature distribution along the pipe axis during the Csl vaporization is shown in Fig. 8. The
reproducibility of the experimental results was confirmed.
The method for measuring the masses of iodine and cesium deposited onto the coupons
were the same as that of the nitrogen gas. The measured iodine and cesium deposition masses onto
the floor, wall and ceiling coupons are shown in Figs. 9 and 10, respectively. A relatively large
amount of iodine and cesium was deposited at the upstream floor of pipe as observed in nitrogen
gas. However, a difference was found in deposition mass at the pipe downstream. In contrast to
nitrogen gas, the larger deposition mass onto floor than ceiling was observed in steam. Deposited
Csl onto SUS304 coupons at the upstream and the downstream portions are shown in Photos 3
and 4, respectively. It can be pointed out that the diameter of deposited aerosol in steam is clearly
larger than that of nitrogen gas (see Photos 1 and 2).
The post-test analysis with an EPMA showed that the distribution of cesium deposition
was almost the same as that of iodine except for the upstream portion of pipe. This means that most
of cesium and iodine might have been transported and deposited as Csl as in nitrogen gas.
The aerosol size distribution measured by cascade impactor is shown in Fig. 11. It is
noted that the distribution did not agree with the lognormal distribution in contrast to nitrogen gas.
The obtained MMAD and MMD were equal to approximately 5.3 and 2.2, respectively. The
normalized aerosol size distribution (see Fig. 12) showed that two peaks (at 0.7 and 15 pm) were
formed in steam while one peak appeared at 1.5pm in nitrogen gas. This suggests that steam
(water) plays an important role in Csl aerosol growth. The EPMA analysis also showed that
element ratio of oxygen in Csl aerosol with 0.7 pm in diameter was approximately half compared
with that in aerosol with 15 pm in diameter. This indicates that the atomic ratio of H20 in Csl
aerosol could affect the aerosol growth.

4. ANALYTICAL RESULTS
4.1 Nitrogen Carrier Gas
(1) Thermohydraulic analysis
As a first step, the thermohydraulic analysis was performed for preparing more realistic
boundary condition for the ART analysis in order to evaluate a specific ART model. Three
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dimensional velocity and temperature distribution of nitrogen carrier gas flow in piping were
predicted by SPRAC4> which calculates these quantities using the second order upwind method.
The nodalization scheme for SPRAC analysis is shown in Fig. 13. It is noted that the noding of
the pipe cross section was provided based on the BFC method^ of which features are no singular
point and suitable for the analysis of gas flow in the pipe. The flow velocity and gas temperature at
0.5 m upstream of the Csl dish and the whole pipe wall temperature were given as the input.
The calculated gas temperature along pipe axis is shown in Fig. 4. The gas temperatures
calculated by SPRAC are mostly in good agreement with the measured data. However, SPRAC
predicted slightly higher gas temperature at middle portion of the pipe axis and lower temperature at
downstream than the measured data. This is because the radiation heat transfer from aerosol to the
pipe wall was treated only approximately in the present calculation.
The calculated gas velocity along the pipe axis is shown in Fig. 14. The calculated
velocity of upflow gas perpendicular to pipe axis and calculated isotherm in the pipe cross section
are shown in Figs. 15 and 16, respectively. The calculation showed that circulation of gas
perpendicular to the pipe axis occurred due to difference in temperature between pipe wall and gas.
Consequently, a downflow and an upflow of gas occurred along the pipe axis at the upstream and
downstream portions, respectively. Therefore, at the downstream of pipe, the hottest gas point and
the fastest gas flow portion were shifted to the upper half region of the pipe cross section.

(2) Csl Behavior Analyses
The ART analysis was performed to predict the Csl deposition onto the coupons in pipe.
The nodalization scheme for ART analysis is shown in Fig. 17. The pipe cross section was
subdivided into 5 sections based on the SPRAC nodalization. The three-dimensional flow and
temperature distributions calculated by SPRAC were then used as the input to ART. That is, the gas
temperature and flow velocity at 3.7 mm inside from the pipe wall and at the center were assigned
to each section so that the SPRAC results could be well reflected. It is noted that the flow velocity
at 3.7 mm inside from the pipe wall mostly corresponds to the averaged one in each section. It was
assumed that the aerosol mass class consists of 10 separated classes of which mass and radius
correspond to the extent between 10'18 kg and 10* kg, and between 0.04 pm and 40 pm,
respectively. The aerosol surface temperature was assumed to be equal to the gas temperature.
The calculated and measured masses of Csl deposited onto the pipe floor and ceiling are
shown in Figs. 18 and 19, respectively. The ART results with 5 nodes pipe cross section are in
reasonable agreement with the measured data within a factor of two and are closer to the measured
data than the results with one node pipe cross section. The calculated deposition mechanisms for
Csl is shown in Fig. 20. The principal deposition mechanism was condensation at the pipe
upstream. On the other hand, at the pipe downstream, most of Csl became aerosol by nucleadon
due to decrease in gas temperature and was deposited mainly due to thermophoresis. This result
agrees with previous findings obtained by, e.g., the FALCON experiments.:) The calculated and
measured MMDs of aerosol shown in Fig. 21 indicates the reasonable agreement.
A large amount of Csl deposition at upstream floor was predicted by ART because
calculated Csl concentration near floor was high by setting the Csl source at pipe floor. Moreover,
ART succeeded in predicting larger amount of Csl deposition onto ceiling than floor at
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downstream. This is because the temperature gradient of gas near ceiling was steeper than that near
floor and therefore the deposition velocity of thermophoresis at ceiling was larger than that of floor.

4.2 Steam Carrier Gas
(1) Thermohydraulic analysis
The thermohydraulic analysis was performed with SPRAC as in the nitrogen gas case. The
calculated gas temperatures along pipe axis are shown in Fig. 8. The gas temperatures calculated
by SPRAC are mostly in good agreement with the measured data. Calculated gas velocity along the
pipe axis is shown in Fig. 22. Calculated velocity of upflow gas perpendicular to pipe axis and
calculated isotherm in the pipe cross section are shown in Figs. 23 and 24, respectively. It is
noted that the calculated thermohydraulics in steam is almost the same as those of nitrogen gas.

(2) Csl Behavior Analyses
The Csl behavior analysis was conducted with the VICTORIA and ART codes. Since it
was expected that other chemical species such as CsOH are formed in the steam carrier gas, another
calculation was performed with VICTORIA code which considers a chemical reaction based on the
thermochemical equilibrium theory. It is noted that the pipe cross section was divided into one node
in VICTORIA due to the model limitation while one and five nodes in ART. The VICTORIA
calculation was performed for two cases with and without a chemical reaction with the pipe
materials including chemisorption.
The calculated and measured masses of Csl deposited onto whole pipe inner wall are
shown in Fig. 25. All the calculations slightly underpredicted the deposited mass at pipe upstream
because the higher Csl concentration near floor in experiment could not be predicted by the
calculations with one node. There is a difference in deposited mass at 0.3 m between VICTORIA
and ART. This is because both codes predicted condensation at that point while the thermochemical
equilibrium calculation which is not treated in ART was applied for condensed FPs in VICTORIA.
A difference can be seen in deposition mass at pipe upstream between VICTORIA with and
without chemisorption. This is because in the VICTORIA calculation with chemisorption, the
amount of cesium in condensed phase increases due to chemisorption of CsOH. As a result, the
amount of deposited Csl which is determined by the thermochemical equilibrium calculation in the
condensed phase also increases in proportion to the mass increase of CsOH. The measurement with
an EPMA showed that the deposition distribution of cesium at upstream partly corresponded to that
of chromium which is a constituent of SUS304 coupons. The VICTORIA calculation also predicted
a formation of small amount of Cs2Ci04 at the upstream.
It was observed that the there is a tendency that aerosol size becomes larger in superheated
steam than in nitrogen as shown in Photos 1 to 4. However, existing aerosol growth models
such as Brownian, turbulent and gravitational agglomeration and condensation at aerosol surface in
ART and VICTORIA cannot explain this phenomenon. A hygroscopic aerosol growth model in
REMOVAL22* also cannot describe this enhancement of aerosol growth because the relative
humidity was small due to injection of superheated steam in the present experiment.
In the ART modeling, a part of FP gas which exceeds the saturation vapor pressure is
assumed to become aerosol due to homogeneous nucleation and the generated aerosol is assigned to
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the minimum aerosol mass class. In order to simulate the observed aerosol size distribution with
existing models in ART, the minimum aerosol mass class in the present calculation was tentatively
changed from 10'18 to 10"13 kg based on the sensitivity analysis as shown in Fig. 26.
The calculated and measured masses of Csl deposited onto the pipe floor and ceiling are
shown in Figs. 27 and 28, respectively. It is noted that ART calculations with one and five
nodes pipe cross section were conducted with the assumption of minimum aerosol mass of 10"13
kg. The ART results with five nodes pipe cross section reproduce well the observed tendency, that
is, larger deposition mass at floor than that at ceiling. The calculated deposition mechanisms for Csl
is shown in Fig. 29. In contrast to the nitrogen gas, the deposition mechanism for gravitational
settling became as large as thermophoresis. This is because the gravitational settling velocity
depends on the aerosol mass. The calculated and measured MMDs of aerosol shown in Fig. 30
indicate the reasonable agreement.

5. DISCUSSIONS
In most of previous studies, the pipe cross section was modeled as one node and averaged
thermohydraulic information in the pipe cross section was used for the radionuclide deposition
analysis. Although the total amount of Csl mass deposited onto the whole pipe inner wall is mostly
the same between the calculations with one and five nodes, the amount of revaporization from the
deposited one could be different. If relatively large amount of Csl is deposited locally in the pipe
cross section, the revaporization from that place may increase due to decay power of itself
compared with the uniform deposition as predicted in the previous studies. Accordingly, there is a
concern that the source terms might be different from those with the previous method. It is
recommended for more precise source term evaluation that the FP behavior at a pipe with steep
thermal gradient, i.e. hot-leg inlet of PWR be calculated taking into account the three-dimensional
thermohydraulics in the pipe cross section. However, concerning other piping with less steep
thermal gradient, the detailed method described above is not necessary because the use of this
method has little effect on the results and needs long computation time.
Concerning the enhancement of aerosol growth rate in superheated steam, the mechanism
should be investigated and modeled in the radionuclide transport analysis codes because this could
also affect the Csl deposition behavior in piping, consequently, on the source terms. This
phenomenon will further be examined with the JAERI's WAVE and WIND experiments.231

6. CONCLUSIONS
The WAVE experiments have been performed at JAERI to investigate the Csl deposition
onto the pipe inner wall under severe accident conditions. Analyses of the experiments were
performed with SPRAC, ART and VICTORIA codes. A clear difference was found in the
deposition behavior between nitrogen and steam conditions as carrier gases. In the nitrogen gas, it
was observed that larger amount of Csl was deposited on the ceiling than the floor at the pipe
downstream. This phenomenon was considered to be caused by aerosol deposition mainly due to
thermophoresis and was well reproduced by closely coupling the Csl behavior and the detailed
thermohydraulics analyses. In the steam carrier gas, on the contrary, larger deposition mass at the
downstream floor than ceiling was observed. The aerosol size measurement showed that the
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aerosol size in steam was larger than that in nitrogen. The ART analyses with imposed larger
aerosol size could reproduce the experimental trends by predicting the principal aerosol deposition
mechanism as gravitational settling. Since the observed enhancement of aerosol growth size in
superheated steam cannot be explained by existing models, it is necessary to further investigate this
mechanism by experiment and analysis.
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Table 1 Natural Deposition Mechanisms Considered by ART
aerosols

gaseous species

gravitational settling

condensation

thermophoresis

chemisorption

diffusiophoresis

revaporization

Brownian diffusion

partition between gas and liquid

diffusion under laminar
or turbulent flows
resuspension

Table 2 Comparison of Radionuclide Behavior Models
ART
Gravitational settling

Newton's law (Re^ 1)

VICTORIA
Stokes' law

Stokes' law (Re<l)
Thermophoresis

Brock's model15)

Brock's model151
(possible negative value)

Turbulence

TRAP-MELT2 model131
Davies' (diameter < lmm)16)
Friedlander's (diameter ^ 1mm)1

Davies' (diameter < lrrnn)161
Sehmel's (diameter ^ 1mm)181
17)

Laminar flow

Gormley's model191

Gormley's model191

CsOH chemisorption

Bowsher & Dickinson's201

Vine & Clough's211

Chemical reaction

Not considered

Thermochemical equilibrium

Aerosol nucleation

A part of FP which exceeds the

Solid calculated by thermo-

saturation vapor pressure

chemical equilibrium

homo-nucleation

aerosol
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Photo 1 Deposited Csl onto SUS304 Coupons at Pipe Upstream (Nitrogen)
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NEA7CSNI/R(96)6
Overview of Safety Applications (prepared by Mr. J. Bardelay, IPSN, France)
The main objectives of accident studies are:
accident prevention and management,
consequence mitigation in terms of making adequate technical systems (spray, pH
control, filters, measurement devices etc.)
crisis management.
Due its radiological consequences, determination of the following iodine release parameters is one of
the key issues of an accident analysis :
iodine release quantity with a special importance for short-term countermeasures,
release kinetics which allow appropriate steps for accident management,
important physical and chemical species to evaluate the efficiency of retention devices,
environmental transport and biological effects.
The open uncertainties can be divided in three categories: chemical reactions, mass transfer and
coupling between chemical reactions and mass transfers. Two chemical phenomena are very
important from the safety point of view:
the radiolysis effect which creates molecular iodine and,
organic iodine production, as they would be currently unfiltered during containment
venting.
The mass transfers include different phenomena, that is, the iodine transport by evaporation and
condensation, convection patterns in the containment, adsorption/desorption on paints, scrubbing
effects and delay releases. All these phenomena are unequally important, but some are coupled with
chemical reactions:
adsorption/desorption on paints and organic iodine behaviour, *
spray and iodine behaviour in containment,
sump reactions,
potential effect of combustion phenomena.
The choice of R&D priorities (codes developments, validation experiments) depends on the situation
in each country but the choice must consider the objectives described above. It is essential to study
the phenomena in accordance with their importance towards the source term to the environment. The
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link can be direct (effect of iodine behaviour in the reactor) or indirect (preventive effect or mitigation
procedures, systems etc.).
For the direct links, the major safety issues are the limitation of gaseous iodine formation (effect of
basic pH), stability of potential trapping effects (reaction with silver and paints, re-entrainment from
filters) and the analysis of scale effect on mass transfers.
For the direct links, the following questions can help to build a matrix of priorities:
Prevention:
What are the current and future procedures linked to iodine problem prevention?
How are they or how will they be dimensioned and implemented?
What is or what will be the scheme for efficiency verification?
What are or what will be the administrative requirements for operating?
What are the consequences for the source-term?
Mitigation techniques (current and future):
Passive systems (e.g.: soda addition)
How are they or how will they be dimensioned and implemented?
What are the consequences on source-term?
Active systems (e.g.: containment sprays):
In what form are they or will they take?
What are or what will be the criteria for operating the active systems?
What are the source term consequences if the systems are operating or not?
Crisis management:
What information is required to achieve a reliable diagnosis during the accident?
What tools are required to reliably predict the future course of the reactor
accident?
What is the situation today ? Is it acceptable?
It is possible, using the responses, to identify areas of our understanding which are inadequate.
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NEA/CSNI/R(96)6
Summary of Session V
Safety Applications
prepared by Mr. J. Bardelay, IPSN, France
Six papers were presented in this session. The first paper dealt with Tellurium (Te) behaviour in
CANDU reactors. The other presentations can be classified in two categories: reactor calculations and
phenomena modelization (pool scrubbing).
The aim of the first paper was to provide some information on the chemical behaviour of the fission
product Te under severe accident conditions. It can be transported, under these conditions, within the
RCS as SnTe, Cs2Te and Ter Their behaviour depends on the type of accident scenario. Te can
contribute directly to iodine volatility since the isotope, "'Te, is a precursor of the iodine isotope, I132.
However, the authors noted that under most circumstances, Te does not contribute significantly to
fission product release.
Reactor calculations
The second paper described iodine behaviour calculations using the FIPLOC/IMPAIR code for an
accident in a German plant.
The FIPLOC code is an integrated program which uses lumped parameter techniques. It can be used,
with some linked modules, to analyse thermal-hydraulics (RALOC 2.1 module), aerosol behaviour
(MAEROS, MG A, MONAM, SPARC modules) and iodine behaviour (IMPAIRS). It considers the
fission product decay.
The calculated scenario was initiated by loss of main feed water supply to steam generators and the
four redundant (inactive) auxiliary feed water systems. Fourteen hours after the accident start, the
core melt makes contact with the sump. Several hours from start, the venting system is started
(containment pressure: 6 bar). Regarding iodine behaviour, the calculated results show that the
different species are unevenly distributed within the containment. Two hours after its release, Csl is
higher between the concrete wall around the inner compartment and the steel shell of the
containment. The dominant species in the sump are I and 10 3, followed by HOI and I,. The
concentration of organic species is very low. Initially there is a high I, concentration in the gas phase
which decreases due to oxidation by ozone producing eventually iodate. Hence the release to the
environment is dominated by iodate, the amount of other species being more than two orders of
magnitude lower.
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This calculation depends on different hypothesis. In particular, the iodate production is described by a
model based on experimental results obtained from a dry atmosphere. Hence, it should be important
to verify the model’s validity using data obtained in experiments performed under wet atmosphere
conditions(see recommendations).
The third paper was devoted to a work based on iodine behaviour in two types of scenarios. Data
were obtained using each of the three codes: INSPECT, IODE and IMPAIR. The purpose of the work
was to identify the most important models and data for the evaluation of release.
The first code is a ‘mechanistic code’ and the others are ‘semi-empirical’ codes. The difference
between them was discussed during Session IV of the Workshop. An important mechanism, under
condensing conditions, which reduces the amount of leakage is the iodine returning to the sump after
depositing on gas phase surfaces. Organic iodine is not modelled in INSPECT.
The scenarios which were studied are large LOCA and a by-pass into auxiliary buildings. The plant
model was Sizewell-B. In the LOCA sequence, the cumulative leakage given by the three codes are
not significantly different when sump pH is not controlled. The radiolytic production of nitric acid
could be a major factor in pH determination. When the pH is controlled (pH 8), the three codes
predict that the oxidation of iodine to produce gas phase species does not make a significant
contribution to the source term. In the case of by-pass, the content of the RCS is discharged into a
water pool in the pump room (auxiliary building). The L, fraction available for release depends on
competition between mass transfer and Agl formation. If the water is not boiling, all the codes predict
a leakage of <2% (iodine reacts with silver). If water is boiling, between 25% and 65% of iodine will
leak out of the building. These results are given for 5 mm silver particle size. There is an inverse
relationship between silver particle size and production of silver iodide.
The fourth paper is divided in two parts. Firstly a description of the ACT WATCH code, which
allows an improved understanding of essential mechanisms, and secondly, reactor applications.
ACT WATCH is a code which calculates the behaviour of the chemical compounds and activity
transfer during a reactor accident The thermal-hydraulic description of the accident sequence needs to
be defined by the user. The code allows the study of iodine behaviour and the relative significance of
various chemical forms and limiting factors. At present 15 different compounds (including pH
additives such as H,B03, NH, and KOH) and 50 reactions are allowed in the code. The reaction
equilibria depend on temperature. The activities and chemical effects are calculated simultaneously.
Regarding reactor applications, the studied scenario was a LOCA with a discharge of RCS in the
steam generator room (lower compartment). The plant model was Loviisa which is equipped with an
Emergency Core Coolant system which feeds safety injection and a containment spray system.
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LOCA is a design basis accident for Loviisa NPP. When steam is purged into the lower compartment,
it passes through ice condensers (which include pH additives) into the main volume of containment.
Due to containment pressurisation, there is a leakage from the main volume to the outer annulus. The
lower compartment and the outer annulus are ventilated and the gases are collected through filters
into the stack. The calculations show that there is a high HOI release due to 1^ hydrolysis at high
temperature. I2 is produced from I" by radiolysis near the reactor core. I2 and HOI are transferred to the
gas phase via boiling of the coolant. The total cumulative I131 activity releases at the stack are ~ 8.10"
Bq (HOI volatile) and - 4.1010 Bq (HOI non-volatile).
Comment on reactor calculations
The different scenarios which were calculated consider accident management and mitigation aspects
such as sprays. They show, however, that the results depend on the applied hypothesis and data.
For safety considerations, a ‘best-estimate* source-term evaluation must include the following steps:
- First the chosen code must be well established in terms of:
. validation limits:
for example: FEPLOC/IMPAIR predicts iodate main released species into the environment,
but the 10 3 formation model (gas space) is not validated for wet conditions: How valid are
the results ?
. uncertainties:
for example: how reliable are the kinetics constants ?
. scale effects
for example: how valid are analytical experiments performed in a cell for reactor
accident cases?
principal parameters and modelisation.
- Second, the source-term evaluation must include calculations on:
different scenarios close to the principal scenario to generate a matrix estimation:
for example: what are the effects if spraying is delayed ?
some parametric studies to take account of the code’s weaknesses (see above)
code effects
for example: what are the consequences of a new containment nodalization ?
In addition the results must always be criticised, in particular, by a comparison with calculations
using other codes, if possible, using the same boundary conditions and phenomena.
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The working method allows criticism of operator plan of actions in terms of prevention and
mitigation. As regards crisis management, scenario calculations allow one to predict the evaluation of
an hypothetical accident by comparing the real situation with these former calculations.
Pool scrubbing phenomena
The goal of the fifth paper was to summarise the models for pool scrubbing of gaseous iodine
components in the codes BUSCA, SPARC and SUPRA, to discuss the validation and to give an
assessment of the state of knowledge and the open questions.
In BUSCA, I, and HI are considered (HI is treated like a non-soluble gas). The injection zone and
pool surface zone are not modelled. In the bubble rise zone, 1, removal is calculated for a bubble of
spherical cap shape, where diffusion coefficients are determined for the gas and liquid sides of the
upper curved surface, while for the fiat base only the liquid side mass transfer is taken into account
Diffusive transport on the liquid and gas side are coupled by a Henry number at the interface. The
Henry number is essential for calculating I2 deposition.
In SPARC the species 1% and CH,I are considered. The code has a model which estimates the L,
deposition on hygroscopic aerosols in the primary system before the injection into the pool. The three
zones are modelled. In the bubble rise zone, removal processes are calculated taking dissolved
aerosols into account The effects of temperature and pool pH are also considered.
In SUPRA, gas species are I2, CH,I, and Csl. The injection zone is not simulated. The models for the
bubble rise zone are similar for all codes. Heat and mass transfer at the pool surface are described.
To improve the codes, the authors recommend to include the effect on pool pH due to the deposited
alkaline aerosols and the coupling between containment thermal-hydraulics and pool scrubbing
models. Further work appears necessary in the context of moderation (e.g. scrubbing in the injection
zone, resuspension in pool surface zone etc.), chemistry and validation using recent data.
The sixth and last paper extends the previous paper by focusing on the BUSCA and SPARC codes.
After a presentation of available experimental data and different models description, sensitivity
analysis was presented, the initial conditions for analysis corresponding to the scenario of the LACEEspena program. The variables examined were pool temperature, incoming iodine concentration and
steam mass fraction of the injected gas. The results show a different sensitivity to the incoming iodine
concentration because BUSCA does not consider chemical interactions in water. The incoming I2
concentration may play an important role on the SPARC predictions.
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An assessment of the two codes was performed on UKAEA experiments. The calculations show that
SPARC follows the experimental trend (small and large scale experiments) whereas BUSCA does
not(large scale experiments only). The experimental results are much too uncertain to be useful for
validation purposes, but they are interesting for qualitative assessments.
For the future, the authors conclude that it should be very interesting to couple pool scrubbing codes
with other codes which could supply data on the different species at every time step. Broadly
speaking, there is a need for further research in the domain of validation and on the role of iodine
aqueous chemistry in pool scrubbing scenarios.
Comments on pool scrubbing phenomena
The BWRs are generally equipped with a pressure-suppression containment system which acts as a
heat sink in case of a LOCA. This mitigation system provides retention capabilities for fission
products in a gas/steam mixture. Consequently, it is important to know the retention capability
particularly in the case of iodine. The two presentations show the differences between the codes and
explain the different problems due to the lack of chemical modelisation and validation.
The different codes which were presented must be used with extreme caution because they are
validated at low pressure. In the case of a hypothetical accident, it is possible to find a water plug
crossed by a gas flow with iodine under higher pressure (for example, rupture of a PWR steam
generator tube with water in the secondary circuit). For these situations there is no usable code. In
consequence, it is necessary to answer the following questions: what is the effect of iodine retention,
and more generally, fission products in water volumes at higher pressure?; is it a reduction of final
source-term or a temporary reduction which will disappear with water evaporation?. If the response is
a temporary reduction, then it is not useful to develop codes for the study of fission product retention
from a safety point of view.
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FISSION PRODUCT TELLURIUM CHEMISTRY FROM
FUEL TO CONTAINMENT
J. McFarlane1

Abstract
Chemical equilibrium calculations were performed on the speciation of tellurium in-core
and inside the primary heat transport system (PHTS) under loss-of-coolant accident
conditions. Data from recent Knudsen-cell experiments on the volatilization of CszTe
were incorporated into the calculation.
These data were used to recalculate
thermodynamic quantities for CsiTe(g), including AfG°(298 K) = -118 ± 9 kJ-mol'1. The
description of the condensed high-temperature cesium-tellurium phase was expanded to
include CsaTesCc) in addition to CszTe(c). These modifications were incorporated into
the database used in the equilibrium calculations; the net effect was to stabilize the
condensed cesium-tellurium phase and reduce the vapour pressure of Cs%Te(g) between
1200 and 1600 K. The impact of tellurium speciation in containment, after release from
the PHTS, is discussed along with the possible effect of tellurium on iodine chemistry.

1 Atomic Energy of Canada Limited, Whiteshell Laboratories, Pinawa, MB, Canada,
ROE 1L0
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1. INTRODUCTION
1.1 Review of Tellurium Chemistry in the PHTS
In reactor safety analysis, particular attention is paid to radiobiologically hazardous
volatile fission products, such as iodine, that may escape the reactor coolant system in the
event of a large loss-of-coolant accident. The chemical speciation of these fission
products and their precursors will affect their transport and also the procedures effective
in mitigating the transport of activity from the fuel into containment or beyond. The
chemistry of fission product tellurium will affect iodine speciation, volatility, and release
as a consequence of a severe reactor accident. For instance, 132I, ti/2 - 2.28 h, is derived
from the beta decay of 132Te, ti/2 - 78 h. The overall ratio of fission yield of iodine to
tellurium is about 0.5, and 132Te is about 2.5% of the total yield of tellurium, giving a
ratio of 131I/132Te of 2.7.
Under normal operating conditions, in-core tellurium in CANDU® fuel may show
differences both in speciation and location from that expected in light-water reactor
(LWR) fuel. Because of the relatively high centreline temperatures of CANDU fuel,
about 8% of the tellurium will have migrated to the fuel-cladding gap and grain
boundaries during irradiation [1]. This can be compared with less than 1% of volatile
fission products expected to segregate from LWR fuel during operation. Once outside the
UO2 lattice, tellurium will be able to combine with fission product cesium, present in
excess, to form cesium telluride, C$2Te. At slightly elevated oxygen potentials, where
cesium can form ternary compounds such as uranates and molybdates, tellurium may be
able to form a telluride with palladium [2] or react with the cladding. If reaction with
Zircaloy occurs, then intermetallic zirconium-tellurium compounds can form, comprising
a number of different stoichiometries, including: Zri.xTe (0 < x < 0.5), ZrTe2, ZrTeg,
ZrTes, ZrgTe, and Z^Tes [3], as predicted by thermodynamic calculations discussed later.
In CANDU fuel the cladding is normally coated with a graphite lubricant that minimizes
pellet or fission product-clad interaction.
Under accident conditions and with significant oxidation of the Zircaloy cladding, the
minor alloying element tin will come out of solid solution. Fission-product tellurium can
combine with tin to form tin telluride. At temperatures above 1400 K, any segregated
tellurium phase will be volatile, whether SnTe, elemental tellurium or Cs2Te. However,
the chemistry of the vapour phase will be highly dependent on the speciation. For
instance, tin telluride is much less soluble in water than CsiTe and much more stable in
the presence of steam. The transport of tellurium, whether as a gas or an aerosol, will
also be greatly affected by its chemical speciation. Fission-product release from the
reactor coolant system will depend on the sequence and timing of events occurring in a
severe accident, and on reaction kinetics as well as thermodynamics. Cesium telluride,
being highly water soluble, is expected to transport as an aqueous aerosol in containment.
CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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In certain accident scenarios, tin telluride and elemental tellurium may deposit in the
reactor coolant system, mitigating release.

1.2 Thermodynamic Calculations
Tellurium is thought to exist mainly as Cs2Te in the fuel/cladding gap; however
information is lacking on gaseous and condensed phase cesium-tellurium species.
Because of this, conservative assumptions must be made about the thermodynamic
parameters and stability of these species for safety analysis. The relative stability of gas
phase cesium telluride, tin telluride and elemental tellurium, Te2, were calculated using a
Gibbs free energy minimization routine [4]. However, earlier Knudsen cell experiments
[5] indicated the volatilization of Cs2Te was incongruent, and further identification of
gaseous and condensed-phase components was necessary for accident analysis, including
the measurement of their thermodynamic parameters. In addition, in the earlier analysis
[4] the structure of gas phase Cs2Te was derived from that of Cs20, using a bond angle of
120°. Since then, vibrational spectroscopy performed elsewhere has shown that Cs2Te
has a bond angle close to 90° [6]. Hence the release fractions of stable volatile tellurium
species in a severe accident were recalculated, using recently obtained Knudsen cell data
on the incongruent volatilization of Cs2Te [7], an experiment briefly reviewed in this
paper.
Results of our chemical equilibrium calculations indicated that the volatility of tellurium,
as Cs2Te(g), is lower than previously estimated [4]. However, in a severe accident
scenario, most of the cesium telluride will leave the PHTS in the form of an aqueous
aerosol, whereupon it will condense into the containment sump along with fuel
fragments, other fission products and cooling water. The importance of aqueous
tellurium chemistry, along with the decay of 132Te, has been discussed in the context of its
possible effect on the iodine source-term.

2. KNUDSEN CELL STUDY OF CESIUM TELLURIDE
VOLATILITY
Because of unresolved questions regarding the speciation of the vapour phase in
equilibrium with high-temperature cesium telluride [5], the behaviour of Cs2Te was
investigated in a Knudsen cell mass-spectrometric apparatus [7]. Cesium telluride
(99.9%, Cerac) was contained in a tantalum Knudsen cell, which was inductively heated
to 1450 K. The ion signal intensities were measured over a descending temperature ramp
for volatile species effusing from the cell, giving second-law entropies and enthalpies of
vaporization and vapour pressures. Electron-impact appearance potentials suggested that
the components of the gas phase included atomic cesium, CsTe, CsTe2, Cs2Te, Cs2Te2,
Cs2Te3, and elemental tellurium; atomic cesium dominated from 762 K and tellurium
appeared at higher temperatures, above 990 K. Vapour pressures were calculated for all
the volatile species by ratioing the ion signal intensities with those derived by calibration
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with silver, incorporating corrections for ionization cross section, isotopic abundance and
instrumental bias. Vapour pressures are presented for individual species in Table 1, and
computed sums used for further analysis in Table 2. The detection limit of the
experiment was about 10"3 Pa.
Table 1. Vapour Pressures above Cesium Telluride
Pressure (Pa)
CsTe
Temp(K)
Cs
Cs2Te
Te2
6.46 x 10'3
736
1.35 x 10"4
762
6.17
x 10"3
801
1.81 x 10'2
844
1.25 x 10*1
900
3.44x10'
934
1.45 x 10° 1.65 x 10"2
990
5.59 x 10° 1.21 x 10' 1.04 x 10' 1.22 x
1055
1.15 x 101 6.30 x 10' 2.86 x 10' 2.92 x
1101
2.41
x 101 2.27 x 10° 1.11 x 10u 9.28 x
1167
4.37 x 10' 4.02 x 1C° 2.22 x 10° 1.60 x
1210

10*'
10*'
10*'
10°

Table 2. Total Vapour Pressure above Cesium Telluride in
Vapour Pressure Cs(g) Zp(cesium-tellurium
Temperature
(K)
(Pa)
species) (Pa)
6.46 x 10"3
736
1.35x10"
762
6.17 x 10‘3
801
1.81 x 10"2
844
1.25 x 10*1
900
3.44 x 10*'
934
1.45x10°
990
5.59 x 10°
2.26 x 10*'
1055
1.15
xlO1
1.43 x 10°
1101
2.41 x 10'
5.02 x 10°
1167
4.37
x
101
3.82 x 10°
1210

C$2Te2

CsTe2

4.32 x 10"'
1.49 x 10°

4.18 x 10 1
1.49 x 10°

the Knudsen Cell
Ep(tellurium species)
(Pa)

1.65 x
1.21 x
6.30 x
2.27 x
4.02 x

10*2
10"'
10"'
10°
10°

Second-law thermodynamic parameters were computed from the slopes and the intercepts
of the plots of In (pressure) as a function of T1 for CsgTe and other vapour phase species.
Data were averaged for atomic cesium (i.e., for Cs+ and Cs++ ions), for tellurium (i.e., for
Te+ and Te2+ ions) and for all other cesium-tellurium species (i.e., CsTe+, CszTe\
CsTe2+, and Cs2Te2+ ions) and are presented in Table 3. The uncertainties calculated for
AtH°(T) and ApS°(T) were derived from the standard deviation on the average of the data
sets. The uncertainty in the atomic cesium parameters is comparable with the others,
even though the signal-noise ratio was greater for Cs+ than for any other ion, because
fewer data sets were included in the average.
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Table 3. Second-Law Enthalpies and Entropies
ArH°(T) kJ-mol'1
ArS°(T)J.K-1.mol"1
Gaseous Species
cesium-tellurium
elemental tellurium
atomic cesium

199 ±15
206 ± 21
175 ±12

80 ± 18
78 ±18
69 ±23

Temperature Range
(K)
1055 - 1210
990 -1210
762- 1210

3. DERIVATION OF THERMODYNAMIC DATA FOR CESIUMTELLURIUM SPECIES
The Knudsen cell results indicated an incongruent volatilization process for Cs2Te and a
variety of stable gas-phase cesium-tellurium species. Hence to model the volatilization,
thermodynamic data had to be determined for a tellurium-rich cesium-tellurium
condensed phase, and gas phase data for Cs2Te had to be reconsidered. Although the
condensed phase was not examined directly in this study, Cs2Te3 was chosen as a
probable candidate, mainly because it has been observed elsewhere [8]. This study did
not include the derivation of thermodynamic parameters for the polytelluride. Such data
have been published only for the monotelluride [9]. Likewise, the gas phase cesiumtellurium species have not been characterized, except for Cs2Te(g). Because atomic
cesium was the most important gas phase component as the cesium-tellurium system was
heated, and the vapour phase components other than Cs(g) and Cs2Te(g) could not be
described in thermodynamic terms, the incongruent volatilization of cesium telluride was
represented as occuring by the following two processes.
Cs2Te(c) - Cs2Te(g).
3Cs2Te(c) = Cs2Te3(c) + 4Cs(g).

(1)
(2)

The Cs2Te(g) subsequently establishes an equilibrium with other cesium-tellurium
compounds: CsTe(g), Cs2Te2(g) and CsTe2(g).
The release of elemental tellurium occurs at higher temperatures as the condensed phase
becomes more tellurium-rich, likely corresponding to the decomposition of Cs2Te3(c).
However, process (2), being dominant, was used to compute thermodynamic parameters
for Cs2Te3(c), rather than data from the small signals for Te+ and Te2+. Thermodynamic
data for elemental tellurium are included in the database used in the chemical equilibrium
calculations.
A third-law analysis was performed on the vapour pressure results derived from the
Knudsen cell experiment. Details are presented in the attached appendix. From the
measured ArH°(298), the Gibbs free energy of formation, AfG°(298), of Cs2Te was
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computed, -118 ± 9 kJ-mol"1. This parameter is important in modelling the equilibrium
phase relationships of the system.
To generate thermodynamic data for CsiTeaCc) it was assumed that the atomic cesium
observed in the Knudsen cell apparatus arose from (2), and that the ArH°(T) of this
process was temperature independent. This step was necessary because neither the free
energy function nor the thermodynamic parameters at 298 K have been published for this
species.
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Figure 1: Free energy function of Cs2Tc3(s) as a function of temperature. The data points are derived, as
discussed in the text. The linear extrapolation was used to determine the value of the function at 298 K, and
for temperatures lower than 1200 K. The polynomial fit was used for the function above 1200 K.

The free energy function of Cs2Teg(c) was plotted as a function of temperature, Figure 1.
The data were extrapolated to 298 K to derive <J>°(298), 222 J-K ^mol'1, and AfG°(298),
-611 ±44 kJ-mol"1. A linear fit of the data was used in the chemical equilibrium
computation at temperatures below 1050 K, a polynomial fit for temperatures between
1050 and 1250 K, and a constant value above 1250 K. More detail is presented in the
appendix.
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With the newly derived thermodynamic parameters for CsiTe(g) and CszTegCs), chemical
equilibrium calculations were performed for cesium-tellurium-iodine-fuel-Zircaloy
systems. These calculations encompassed a variety of conditions, including the
determination of tellurium speciation in the fuel-clad gap under normal operation, and
predicting the consequences of reaction with H2/H2O, air or steam. The role of Zircaloy
oxidation in tellurium chemistry was also examined.

4. Calculations of Tellurium Volatility in the Primary Heat Transport
Circuit under Accident Conditions
Equilibrium compositions were computed using the “CHMWRK” code, developed by
Garisto at AECL [4]. This program uses a modified Villars-Cruise algorithm to minimize
the chemical potentials of the species present in the system. Recent changes have allowed
us to include phases with fractional stoichiometries and to account for energy
minimization during mixing, or solvation. The latter, for instance, has been used to
incorporate UO2+X into a model of irradiated fuel, represented by a solid solution of U4O9
/UO2 or U3O7/UO2 [10]. Computations are performed on a closed system, in the current
work corresponding to constant pressure, although constant volume calculations are also
possible. Input parameters, including the amounts of each element or compound used in
the calculations, are noted in the captions of the figures showing the results of the
analyses.
The data derived for C$2Te(g) and Cs2Tes(c) were used in the “CHMWRK” code along
with parameters for pressure and temperature representing the Knudsen cell experiment.
Computed vapour pressures of atomic cesium and Cs2Te corresponded to those observed
(Figure 2).
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Figure 2: Vapour pressures calculated for atomic cesium and the cesium-tellurium species above cesiumtelluride under conditions similar to those of the Knudsen cell experiment The symbols (circles and
squares) represent measured data points and the lines, the calculated data.

Thermodynamic calculations were performed to give tellurium speciation under a variety
of conditions: temperature, pressure, presence of cesium, tin, Zircaloy and fuel. The
CANLUB coating used on the inside of Zircaloy-4 pressure tubes in CANDU reactors
was not included in these calculations, because the coating is not expected to alter
significantly fission-product release in a reactor accident. Hence results are applicable to
both CANDU and LWR reactors.
Calculations were initially performed on systems that did not include fuel or structural
materials, to determine which species were stable in simple chemical systems: telluriumcesium (Figures 3 and 4), tellurium-cesium-tin (Figure 5), and tellurium-cesium-tinzirconium (Figure 6). The results of calculations performed on a system of tellurium
heated in a steam/Ha/air mixture were reported earlier [4] and are not affected by our
recent changes to the thermodynamic database. These will be discussed only in
comparison with our newly performed analysis.
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Figure 3: Plot of the vapour pressure of tellurium-containing molecules, and the ratio of elemental tellurium
to CszTe as a function of temperature. The total pressure of the system is 1.2 MPa, and consists of a 2
mole:3 mole ratio of steam/inert gas. Cesium and tellurium are the only other elements included in the
calculation, 0.08 and 0.02 mole respectively. The circles refer to vapour pressure data (left-hand ordinate),
the squares to the ratio of elemental tellurium species to cesium telluride (right-hand ordinate).

Once cesium was introduced into the system, differences were observed between the
current and previous analysis. The stability of cesium and tellurium compounds were
calculated, ignoring the effect of fuel or Zircaloy (Figure 3). Results of the “CHMWRK”
calculation showed that CszTesfc) was the dominant tellurium species up to 1400 K, with
Cs2Te(g) being the main vapour phase constituent. Above that temperature, the vapour
pressure of the tellurium species rose rapidly, mainly with contributions from Tez(g).
(The relative amount of elemental tellurium and CszTe in the gas phase is indicated by the
dashed line above.) In the earlier study the volatility of tellurium was much higher at
intermediate temperatures because of the higher vapour pressure of Cs^Te used in the
calculation. The reduction of tellurium volatility at intermediate temperatures is a
common feature of the more recent calculations, over a wide variety of conditions.

572

1.00

-

—©.

•5 -3.00

I- -4.00

w -6.00

e

» -7.00

1400

1601

Temperature (K)

Figure 4: Plot of vapour pressure of tellurium-containing molecules, and the ratio of elemental tellurium to
Cs;Te as a function of temperature. Calculations were done for initial amounts of 0.02 and 0.002 mole
tellurium added to the system, filled and open symbols respectively, both at 1.2 MPa overall pressure under
1 mole % and 1 mole H20. The circles refer to the pressure of tellurium species (left-hand ordinate). The
squares refer to the ratio of elemental tellurium to Cs^Te (right-hand ordinate).

Results for a Ha/steam system (Figure 4), were similar to those for a steam-only system
(Figure 3). One notable difference was the significant contribution of HaTe to the total
vapour pressure above 1600 K in the Ha/steam system. Results for 0.02 mole and 0.002
mole tellurium were qualitatively similar, demonstrating, at high temperatures, that the
factor limiting the amount of volatile tellurium was the amount available to the system
(i.e., all of the tellurium was vapourized above 1600 K).
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Figure 5: Plot of vapour pressure of tellurium-containing molecules as a function of temperature.
Calculations were done for a system at 1.2 MPa, equimolar H2/H20, 0.02 mole tellurium, Cs/Te - 4, excess
tin, and no Zircaloy or fuel in the system. Diamonds refer to volatile SnTe, circles to Cs2Te(g) and squares,
to elemental tellurium (Te(g) and Te2(g)).

When tin was introduced into the calculation (Figure 5) it was found to dominate at high
temperatures, above 1400 K. This prevalence occured at even lower temperatures when
lower amounts of cesium (0.002 mole) were used in the calculation (not shown on the
figure). The vapour pressure of elemental tellurium did not increase above those of the
tellurides under these conditions. The results of these calculations are quite similar to
previous ones [4], except that the condensed phase tellurium included CszTesfc) as well
as Cs2Te(c). This corroborates the earlier result that tin telluride is more stable than
cesium telluride in the presence of steam.
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Figure 6: Plot of the vapour pressure of tellurium species as a function of temperature. Calculations were
done for conditions similar to those expected in the fuel/clad gap without any CANLUB: 2.5 MPa inert gas,
excess Zircaloy, and 0.001 mole tellurium. Calculations were performed with 0.003 mole and 0.002 mole
cesium, filled and open symbols respectively.

Figure 6 displays the volatility of tellurium in the presence of cesium and Zircaloy, found
to be mainly CszTe(g). The objective of this calculation was to check if tellurium can
react with Zircaloy to produce ZrgTe^s), under conditions of pressure and temperature
that could occur in an accident situation before failure of the cladding and ingress of
steam.
In agreement with earlier calculations [4], ZrsTea is formed at higher
temperatures; however, the recent results show that it forms for a Cs/Te ratio of 3 as well
as 2. However, because a significant inventory of tellurium is in the condensed phase
(mainly CszTe(c) below 1400 K and the intermetallic compound above 1400 K) across
the temperature range, the volatility of tellurium is reduced by over a factor of four in
comparison with the Zircaloy-free case, Figure 7.
These calculations were performed assuming that tin forms a solid solution with
zirconium, as outlined by Garisto [4]. Earlier computational efforts treating the alloy as a
stoichiometric compound (i.e., Zr#Sn) yielded substantial SnTe volatility, a physical
improbability because tin will not be available for reaction with tellurium until the
Zircaloy is oxidized. The cladding will remain as an alloy under inert atmosphere
conditions; as would be expected in the fuel-cladding gap.
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CANLUB, a graphite coating on the inside of the Zircaloy cladding, is unique to CANDU
reactors and presents a physical barrier to fission product reaction with the Zircaloy.
Hence under normal operating conditions, with the CANLUB layer intact, tellurium is
expected to have little opportunity to react with Zircaloy. At high temperatures, or at high
bumups, >400 MW d kg IT1, the CANLUB is degraded and interaction will occur, as in
the scenario modelled in Figure 6. Under oxidizing accident conditions, the CANLUB
will be converted to CO2 and released. In this case, it is not expected to affect fission
product speciation in the PHTS significantly.

Temperature (K)

Figure 7: Plot of vapour pressure of tellurium species as a function of temperature. Calculations were done
with fuel/clad gap parameters: 2.5 MPa inert gas, Cs/Te - 3, 0.001 mol tellurium, UO2/U4O9 solid solution.

In the calculation presented above (Figure 7), fuel was included as a solid solution of
UO2/U4O9 [10]. However, it was found that the presence of the fuel, UO2.004, made little
difference to the tellurium speciation or volatility, because the slight oxidation of the fuel
was insufficient to convert all the cesium to cesium uranate, although some Cs^UO^s)
was formed. Hence the tellurium was predominantly Cs2Teg(c) up to 1600 K, whereupon
Cs2Te(g) became more important.
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Figure 8: Plot of the vapour pressure of tellurium-containing species as a function of temperature, under
oxidizing conditions (air/steam) at 0.1 MPa. No Zircaloy or fuel were included in these calculations.
Circles show results when tin was included in the calculation; diamonds show results without tin.

If an accident occurs such that air comes into contact with the fuel, such as in the case
when fuel is ejected from the channel, oxidizing reactions are probable (Figure 8).
Oxidizing conditions dramatically change the speciation of gas phase tellurium, because
cesium telluride decomposes in contact with steam. Condensed phase tellurium is present
primarily as CszTeOaW and Cs2TeC>3(s) up to 1200 K. Above that temperature TeO(g),
Te02(g), Te(g), Te2(g), Te202(g), and TeO(OH)2(g) are important species, their relative
stabilities little affected by cesium.
When tin is introduced into the calculation, the tellurium-oxygen compounds no longer
dominate, and condensed phase Cs2Te(c) and Cs2Te3(c) are observed up to 1200 K.
However, at temperatures at which tellurium has a significant vapour pressure, the gas
phase consists mainly of SnTe(g). Below 1400 K, most of the tin is condensed as Sn(c)
or Sn02(c), the ratio of the element to the oxide varying from 2.8 at 600 K to 8.5 at
1200 K. Above this temperature, the pressures of SnTe(g) and SnO(g) become
significant, although Sn(c) is still the major tin species. Above 1600 K, the vapour
pressure of SnO surpasses that of SnTe.
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To introduce tin into the calculation and maintain a high oxygen potential, it was
necessary to eliminate zirconium species from the database, because of the propensity of
the zirconium to form ZrOz. An alternative route to the result was also attempted,
assuming a very rapid oxidation of Zircaloy, liberating tin for reaction with tellurium.
(Tin oxide is not stable in the presence of zirconium metal.) The results depicted below
(Figure 9) were generated using fully oxidized ZrO; as input. Vapour pressure results for
both methods were very similar, as can be seen by comparing the data represented as solid
circles in both Figures 8 and 9. In the gas phase, the amount of SnTe(g) is at least 17
times that of Cs2Te(g) across the range of temperature, as shown by the ratio (dashed line)
in Figure 9. However, the condensed phase tellurium present up to 1200 K is in the form
of CsaTegfc).

I

2.

I
Temperature (K)

Figure 9: Plot of the vapour pressure of tellurium-containing species, and ratio of CszTe/SnTe as functions
of temperature. Calculations were done for 0.002 mole tellurium in the presence of 1:1 air/steam (0.008
mole) at 0.1 MPa. Zircaloy was assumed to be fully oxidized at the start of the calculation. Circles refer to
vapour pressure information (left-hand ordinate), and the dotted line, to the ratio of Cs2Te/SnTe (right-hand
ordinate).
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Temperature (K)

Figure 10: Plots of the vapour pressure of tellurium-containing species as a function of temperature.
Calculations were done for an oxidizing atmosphere (air/steam) at an overall pressure of 0.1 MPa, 1:1 and
1:0.1 air/steam respectively. Calculations for both 0.08 and 0.008 mole H20 were performed (the solid line
and points respectively), showing very little difference in the resulting vapour pressure of tellurium species.
The filled circles show where the vapour is close to 100% Cs2Te. The open circle indicates where
elemental tellurium (13%) contributes a significant amount to the gas phase speciation.

Figure 10 depicts the same analysis as Figure 9, but the Zircaloy is assumed not to have
been oxidized in the accident sequence. Because the Zircaloy consumes all the oxygen
introduced in the calculation, the resulting oxygen potential of the system is very low, and
computed tellurium volatilities are similar to those arising in an inert atmosphere in the
fuel/cladding gap, Figure 6. At high temperatures, above 1600 K, the volatility of
elemental tellurium becomes significant, surpassing that of C$2Te at 1800 K, in the case
of 0.08 mole HaO.
Overall, the results of the analysis have been presented in two tables. Table 4 focuses on
each tellurium species and gives the accident conditions under which the volatility of this
species dominates tellurium transport. Table 5 presents similar information, but turns it
around to give the major tellurium vapour species under various accident conditions. The
information in the tables can be used to assign the speciation of the tellurium that will be
released from the PHTS. Overall, this work has shown that tellurium volatility is reduced
at temperatures below 1600 K, arising from the stability of C^Tegfc), and this should
result in a lower source term for tellurium at intermediate temperatures.
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Table 4. Gas Phase Tellurium Species Important in Accident Scenarios
Species
Te, Te2, H2Te

TeO, Te2C>2
Cs2Te

SnTe

Temperature/Atmospheric Conditions where Important
- Elemental tellurium is important when there is no tin or cesium
present in the system, in both steam and Wsteam atmospheres.
- These species dominate at temperatures greater than 1400 K in
steam and H2/steam even when cesium is present. %Te is also
present at high temperatures.
- These species are important under oxidizing conditions
(e.g., steam/air) if tin is not available for reaction.
- Cs2Te is important at temperatures below 1400 - 1600 K in steam
or H2/steam. At higher temperatures it decomposes.
- Cs2Te dominates over SnTe at high temperatures only under an
inert atmosphere (such as might be found in the fuel cladding gap
under normal operating conditions). This was also observed when
the calculation was performed including fuel.
- Cs2Te is not stable under oxidizing conditions (e.g., steam/air).
- If tin is present then SnTe will prevail over Cs2Te under H2/steam
and air/steam, although the extent to which it dominates depends
on the amount of cesium present (in H2/steam).
- As long as the Zircaloy is not oxidized, the solvated tin is thought
to have a very low activity and should not react with the tellurium
[111.

Table 5. Accident Conditions and Resulting Tellurium Speciation in the Gas Phase
Accident
Conditions
Pre-accident
Intact fuel/clad gap
H2/steam
steam
Air/steam

Relative Stability of Tellurium Species
Cs2Te
Tin dissolved in Zircaloy
Zircaloy unoxidized
Tin available
Tin dissolved in Zircaloy
Zircaloy unoxidized
Tin available

- below 1400 K C$2Te > Te, Te2
- above 1400 K Te, Te2, H2Te
- SnTe > Cs2Te = Te, Te2
- TeO, Te202
- SnTe

In cases where cesium-tellurium species are less important than elemental tellurium or
SnTe, the calculations presented in this report do not differ from those of Garisto [4].
However, the effect of the new thermodynamic data has been to stabilize the condensed
cesium-tellurium phases and to reduce the partial pressure of Cs2Te(g). This has reduced
the volatility of tellurium below 1600 K.
Below 1300 K, most of the segregated in-core tellurium will be condensed, as CszTe(c) or
CsaTesCc), and escape from the fuel will be possible by dissolution in coolant that has
penetrated the fuel/clad gap via a breach in the cladding or by aerosol transport. Above
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1600 K, all tellurium species (i.e., SnTe, Tea or Te, and CsaTe) are volatile, and the
predominance of one over the other will depend on their relative stability in the
atmospheric conditions of the accident. At intermediate temperatures, 1400 to 1600 K,
usually more than one tellurium species is present at equilibrium. Release will not only
depend on the relative stability of the condensed phase and the vapour, but also on the
timing of events in the accident sequence, and the kinetics of heterogeneous reactions
with clad components and aerosols, an area of concern not addressed in this study.

5. TELLURIUM IN CONTAINMENT
Little discussion of tellurium speciation in reactor containment has been presented in the
literature; however, the system is in many ways analogous to aqueous tellurium speciation
in geological deposits. Hence models of tellurium chemistry in containment can use
information already compiled for groundwater systems: a tabulation of equilibrium
constants of aqueous tellurium reactions [12] and a review of the thermodynamics of
hydrothermal tellurium speciation [13] covering temperatures between 298 and 623 K.
Of specific interest to reactor safety is the reactivity of alkali tellurides, which, along with
alkaline-earth tellurides, decompose rapidly in air to give elemental tellurium, especially
in the presence of water vapour [14]. In aqueous solution, alkali tellurides are strong
reductants. Alkali tellurides evolve HzTe in acidic solution. Hydrogen telluride,
HzTe(aq), is stable below pH - 2.7, a condition that is unlikely to occur in the
containment sump. Telluride compounds are very corrosive, and the characteristics of
these corrosive properties have been studied extensively, with a variety of alloys and
structural materials, including Zircaloy [15] and stainless steel [16]. The interaction with
metals may help to trap telluride species released into containment [17].
Tellurium species that could condense on containment walls and piping include elemental
tellurium and its oxidized form TeOz. Anhydrous tellurium dioxide is slightly water
soluble at neutral pH, reaching a minimum of 2.1 x 10"10 mol(Te02)-dm"3 at pH = 5.5, but
the solubility increases at low and high pH, i.e., 6.6 x 10"6 mol(TeOz) dm'3 at pH - 10. If
hydrated as TeOz H^O, the tellurium dioxide becomes significantly soluble in water
between 5.4 < pH < 7.8, giving concentrations of HTeOs2" beween 7.8 x 10"5 and
1.6 x 102 mol(TeOz H2O) dm"3 [18]. However, TeC>2 H2O is less thermodynamically
stable than anyhydrous TeC>2, and the more stable TeOs 3H2O forms only under highly
oxidizing conditions, such as in the presence of HNO3 or H2O2.
Tellurium compounds that do not plate out or react with primary heat transport
components and other structural materials, will likely be washed into the containment
sump as part of a fission-product aerosol. Speciation of tellurium in aqueous solution is
strongly dependent on pH and oxygen potential [13]. If introduced into the sump as a
soluble telluride, tellurium forms HTe under reducing conditions, in acidic and weakly
basic solution [19]. At high pH, HTe" can deprotonate to form Te2", which can oxidize to
Te22". However, elemental tellurium does not dissolve in, or react with, water except at
high pH or in the presence of strong oxidizing agents [18]. Under these conditions
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tellurium will dissolve to form tellurite ions, TeOg2". A reaction between CsOH and TeO?
will also give CsaTeOg. Tellurites, teUurium(TV), will form tellurates, tellurium(VI), by
reaction with an oxidizing agent such as H2O2. Telluric acid, as highly soluble
tellurium(VI), is itself a powerful oxidizing agent and, depending on relative
concentrations in the containment sump, could couple with the oxidation of iodide to
form iodine (3,4).
HeTeOe + 2 H+ + 2 e - TeQ2 + 4 H20, E°= 1.02 V.
2 T -12 + 2 e", E° - -0.5355V.

(3)
(4)

Oxidation of tellurites to form tellurates could be facilitated by interactions with water
radiolysis products in containment; however, not much is known about the effect of
radiation on tellurium chemistry. In-core fuel-clad gap concentrations of I, I2, Te and Te2
have been observed to increase for dose rates of 21.6 W-g'1 and 50 W-g'1 [20]. Water
radiolysis would also yield reactive intermediates that may react with solvated fissionproduct compounds in aerosols. It is expected that the oxygen potential in containment
will exceed that in the reactor coolant system.
In containment, organic tellurides can be formed by reactions between tellurium and
radiolytically-produced organic radicals. Both tellurium and cesium telluride can react
with CH3I to produce (CHg^Te^ and (CHg^Te respectively. In general, organic
tellurides are less stable than those of sulphur and selenium; however, because the alkyl
tellurides have low boiling points (e.g., 365 K for (CHs^Te), they may dominate
tellurium transport in containment [17]. In solution, organo-tellurium(II) and (IV)
complexes can form. Some of these will subsequently form organo-iodine complexes
upon decay of 132Te to 132I. The action of SnTe(g) and other tellurides on organic
compounds, specifically paints and pigments, is an area that deserves further attention,
especially because organic speciation could determine transport and reactivity of
tellurium in containment.

6. CONCLUSIONS
In summary, we repeated thermodynamic calculations, incorporating updated information
for C$2Te(g) and new data for Cs2Tes(s). The results showed that tellurium will likely
enter containment as C$2Te in an aqueous aerosol, at fuel temperatures below 1600 K, or
as a gas phase Te2 or SnTe species above 1600 K. The volatile inorganic species have
high melting points, e.g., 674 K for elemental tellurium [21], are not water soluble, and
thus will collect on the walls and surfaces of the containment building. Elemental
tellurium is labile and will react with metals and painted surfaces, especially in the
presence of condensed steam, to produce metal tellurides and organic derivatives. Tin
telluride may be less reactive, depending on the relative thermodynamic stabilities of the
metal tellurides that could form in the locus of deposition.
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If tellurium is going to have significant impact on iodine release, it will likely arise from
interactions in the aqueous environment of the sump, rather than in release from the
reactor coolant system. The water chemistry of tellurium will be strongly dependent on
pH and radiolysis. These are areas that deserve further attention in an integrated test
facility supported by bench-scale experiments, to examine how the combination of
chemical and radiological factors will affect tellurium and iodine volatility.
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9. APPENDIX
Derivation of Thermodynamic Data for CszTe(g) and Cs2Te3(c)
As discussed in Section 3, the incongruent volatilization of cesium telluride was
represented as occuring by the following two processes.
Cs2Te(c) = Cs2Te(g).

(1 A)

3Cs2Te(c) - Cs2Te3(c) + 4Cs(g).

(2A)

Thermodynamic data were derived for Cs2Te(g) using the heat of vaporization determined
using the third-law method. Estimates for thermodynamic parameters of Cs2Te3(c) were
based on the the measured vapour pressures of atomic cesium in the Knudsen cell.
Cs2Te
A third-law analysis requires knowledge of the Gibbs energy function defined as
(3A)

Free-energy function data for Cs2Te were obtained for the condensed phase [9] and for
the vapour phase [6], and used to calculate Ar<Z> for (1A) as a function of temperature,
Table 1 A. Entries in the third column of Table 2 were used to compute -RTlnK and the
resulting Ar/f°(298) were averaged, a value used to derive AfG°(298) of Cs2Te,
-118 ±9 kJ-mol'1.

Table 1A. Third-Law Calculation for Cs2 re
-RTlnK (J-mol"1)
ArO (J-K^-mol1)
Temperature (K)
160.1
114000
1055
158.8
102000
1101
157.4
96100
1167
156.1
102000
1210
Average Ar/f°(298) - 283 ± 6 kJ-mol"1
Ar5°(298) - 0°(298)Cs2Te(g) - Oc(298)Cs2Te(s) = 350 -185 ± 0.2 ArG°(298) - ArH°(298) - 298(Ar5°(298)) - 234 ± 6 kJ-mol'1

ArH°(298) (J-mol"1)
283000
277000
280000
291000
165 ± 0.4 J-K^-mol"1

AfG°(298)Cs2Te(g) = ArG°(298) - A<G°(298)Cs2Te(s) = 234 - 352 ± 3 =-118 ± 9 kJ-mol"1
Cs2Te3(c)
To generate thermodynamic data for Cs2Te3(c) it was assumed that the atomic cesium
observed in the Knudsen-cell apparatus arose from Reaction (2A). In addition, the
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enthalpy of reaction was assumed to change very little with temperature, or
Ar//°(T)=Ar//°(298), and was taken to be 752 ± 12 kJ-mol"1 Cs2Te3(c), from the data for
Cs+. Therefore the heat of formation of Cs2Te3(c),
Af//°(298)Cs2Te3(c) = ArH°(298) + 3AfH°(298) Cs2Te(s) - 4Af//°(298)Cs(g)
= -640 ± 22 kJ-mol"1.

(4A)

Using the reaction scheme (2A), values for the free energy of formation of Cs2Te3(c) were
computed from (5A) and are listed in Table 2A.
AfG°(T)Cs2Te3(c) - 3AfG°(T)Cs2Te(c) - 4RTlnpcs.

(5A)

The free energies of formation, along with Ar//°(298) = 752 kJ-mol"1, and data for
0(T)Cs2Te(c) and <E>(T)Cs(g), gave the free energy function of Cs2Te3(c) as a function of
temperature (6A). Results are listed in Table 2A.
<D(T) Cs2Te3(c) = T,Ar//°(298) +RlnK - 3<D(T) Cs2Te(c) - 40(T) Cs(g)
Table 2A. Free- inergy Function
Temperature
AfG°(T)
(K)
Cs2Te3(c)
J-mol"1
736
-328000
762
-327000
801
-323000
844
-320000
900
-315000
934
-312000
990
-304000
1055
-292000
1101
-283000
1167
-269000
-259000
1210

For Cs2Te3
0(T) Cs2Te(c)
J-K^mol1
210
212
214
217
221
223
227
231
234
239
241

(6A)

@(T) Cs(g)
J-K’-mol'1

0(T)Cs2Te3(c)
J-K^-mol"1

182
182
183
184
185
185
186
187
188
188
189

375
247
296
292
307
316
326
332
330
267
330

The free-energy function of Cs2Te3(c), column 5 of Table 2A was plotted as a function of
temperature, Figure 1. The data were extrapolated to 298 K to derive <t>°(298),
222 ± 100 J-K ^mol"1, and AfG°(298), -611 ± 44 kJ-mol"1. Fits of the data were used in
the CHMWRK computation (7A,8A,9A).
0(7) = 180 + 0.1427 J K '-mol'1,298 < T <= 1050 K.

(7A)

0(7) = -45+ 0.6207-2.5lxl0"4 72 J-K^mol"1,1050 <T < 1250 K.

(8A)

0(7) = 338 J-K'1-mol1, T > 1250 K.

(9A)
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Multi-Compartment Iodine Calculations with FIPLOC/IMPAIR

F. Ewig1, S. Schwarz12, G. Weber2, H.J. Allelein1
Abstract:
The multi-compartment containment code FIPLOC for the simulation of severe accidents in
LWR plants was extended by the integration of the iodine model IMPAIR-3. The iodine model
which originally was only drafted for chains of compartments was changed for arbitrary com
partment configurations and tightly coupled to the thermal hydraulic part.
A main progress with the coupled version FIPLOC-3.0 is the sophisticated modelling of the
aerosol iodine behaviour. In a PWR accident the mass of iodine is mainly released in form of
Csl aerosol from the primary circuit. In IMP AIR-3 the aerosol behaviour of the species Csl,
Agl and I03" is modelled in a very simplified way causing large uncertainties in the calculated
distributions. The behaviour of these three aerosol species is treated by the aerosol model
MAEROS/MGA. Agglomeration, particle growth by condensation and all deposition processes
are calculated. The solubility effect for the hygroscopic species Csl and I03* are compre
hended. Furthermore the impact of the iodine decay heat on the thermal hydraulic behaviour is
considered.
In order to test the code developement a preliminary FIPLOC-3.0 calculation was done simu
lating a German PWR containment for the core melt scenario ND* according to the German
risk study phase B. In the calculation a contact of the core melt with the sump water was as
sumed and the containment vent line was opened after 70 hours.
The results show that the different iodine species are distributed inhomogeniously within the
containment. The Csl-aerosol concentrations differ by two orders of magnitude and the
^-concentration even by three orders of magnitude. Most of the iodine is assumed to be re
leased as Csl aerosol out of the primary circuit. Since it lastly deposits its contribution to the
release into the environment is minor. Csl is however dissolved in the sump, where mainly the
gaseous I2 is created which can react in the containment atmosphere to I03". Then the main re
lease of iodine into the environment takes place by filtered venting in form of the species I03".
Some of the modelled features still need further improvement.
This work is sponsored by the German Federal Ministry for Education, Science, Research and
Technology (BMBF), within the project RS 979.

1) GRS-Koln, Schwertnergasse 1,50667 KOln
2) GRS-Garching, Forschungsgelande, 85748 Garching
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1

FIPLOC-3.0

1.1

Code features

The multi-compartment containment code FIPLOC for the simulation of severe accidents in
LWR plants was extended by the integration of the iodine model IMPAIR-3
[GUNTAY 1992].
The code FIPLOC (Fission Product Localisation) has been developed by the Gesellschaft fur
Anlagen- und Reaktorsicherheit (GRS) mbH, germany, with the support of the Bundesministerium fur Bildung, Wissenschaft, Forschung und Technologie (BMBF) [WEBER 1996].
FIPLOC is a computer code for the integrated analysis of thermal hydraulics, aerosol
behaviour including pool scrubbing and iodine behaviour in a multi-compartment containment
geometry. The main purpose of FIPLOC is to calculate the distribution and retention of
airborne fission products in a LWR containment and to predict the radioactive source term to
the environment. FIPLOC makes use of the lumped parameter technique. Tight couplings are
accomplished between the thermal hydraulic model (extended RALOC Mod 2.1 code [JAHN
1986, JAHN 1988]), the aerosol models (MAEROS, MGA [GELBART 1982, GELBART
1990], MONAM and SPARC) and the iodine model (IMPAIR-3) in order to simulate the in
teraction processes. Effects of fission product decay heat on thermal hydraulics are
comprehended.
The containment or building considered is divided into compartments (or nodes) which are
connected by flow paths. In each compartment are calculated:
atmospheric pressure, temperature, humidity etc.
concentration of steam and up to three noncondensible gases
decay heat of fission products
heat exchange with the structures
The atmospheric flow is calculated based on the pressure differences and atmospheric densities
in the compartments. Condensate drainage is calculated by a drain model. In the structures heat
storage and conduction are simulated.
In FIPLOC the aerosol behaviour is treated by the aerosol model MAEROS. Eight different
chemical components can be simulated each using up to 20 size classes. The condensation of
steam on hygroscopic and insoluble particles is computed using the "moving grid" method. The
aerosol part uses the same nodalisation as the thermal-hydraulic part. The aerosol is trans
ported with the atmospheric flow. In each compartment the following aerosol behaviour is
calculated:
agglomeration of particles
steam condensation on soluble and non soluble aerosol particles
aerosol deposition on the floors, walls and ceilings by sedimentation, diffusiophoresis,
diffusion and thermophoresis.
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1.2

Integration of IMPAIR in FIPLOC

The code IMPAIR-3 was written to analyse the iodine behaviour in multi-LWR compartments
and is an extended and improved version of IMPAIR-2/M. The code incorporates the same
chemical models as the revised single-compartment program IMPAIR-2.2 but using the iodine
transport modelling obtained from the first multi-compartment version IMPAIR-2/M
[GUNTAY 1992].
In a PWR accident the dominant mass of iodine is released in form of iodid aerosol from the
primary circuit. In IMPAIR-3 the aerosol behaviour of the species Csl, Agl and I03" is
modelled in a very simplified way causing large uncertainties in the calculated distributions.
Only the sedimentation of aerosol is modelled in IMPAIR-3 according to the equation:

dci

i
= -k5Ci

(1)

C;: concentration of aerosol species i [mol/1]
t: time [sec]
kj: sedimentation rate [1/sec]
where k5 is assumed to be constant in time. But in fact this rate depends on the deposition ve
locity of the particles and the surface/volume ratio of the compartment. Besides sedimentation
diffusiophoretic deposition of the aerosol particles on walls is possible.
A main progress with the coupled version FIPLOC/IMPAIR is the sophisticated modelling of
the aerosol iodine behaviour. The behaviour of the three aerosol species is treated by the aero
sol model MAEROS/MGA. Agglomeration, particle growth by condensation and all deposition
processes are calculated. The solubility effect for the hygroscopic species Csl and I03" is in
cluded. Furthermore the impact of the iodine decay heat on the thermal-hydraulic behaviour is
considered. The aerosol iodine behaviour in the coupled version FIPLOC/IMPAIR is modelled
as follows [EWIG 1995]:
Droplet carry-over:
The evaporation rate of the sump is calculated in the thermohydraulic module. The droplet
carry-over is calculated in the IMPAIR module for each compartment with a sump accord
ing to this evaporation rate.
Droplet deposition:
The droplet precipitation rate is time independent but specific for each compartment. The
sedimentation velocity is calculated from the diameter of the droplets. This value is timeindependent and the same for all compartments. The droplet precipitation rate also de
pends on the surface area and the volume and is therefore specific for each compartment.
The renodalisation is considered.
Csl aerosol precipitation:
Csl is an aerosol component in the MAEROS module. The hygroscopic effect can be op
tionally simulated. The airborne mass and the aerosol mass on the surfaces are calculated
in this part of FIPLOC for each compartment and each time step. In the IMPAIR part the
aerosol precipitation is calculated from these values.
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Agl aerosol precipitation:
The airborne mass of Agl and the aerosol mass of Agl on the surfaces is calculated in the
MAEROS module for each compartment and each time step, like the calculation of the Csl
aerosol precipitation. But Agl is considered as a not hygroscopic aerosol component in the
MAEROS module.
I03" aerosol precipitation:
The precipitation rate is calculated in the MAEROS module. The hygroscopic effect can be
optionally simulated. This rate is specific for each compartment and is calculated for each
time step. In the IMPAIR part the I03" aerosol precipitation is calculated from this rate.
In FIPLOC the nodalisation of the iodine problem can be defined differently from the thermal
hydraulic nodalisation by combining thermal-hydraulic control volumes. Thus the spatial reso
lution of the iodine calculation can be chosen nearly independently of other parts of the calcu
lation and computing time can be saved.
In the iodine calculation, the sumps are more important than in the thermal hydraulic calcula
tion, because an important amount of the whole iodine is in solution in the water of the sumps.
On the other hand, the spatial resolution of the thermohydraulic calculation for the gas volumes
is not necessary for the iodine calculation. In IMPAIR a sump and the gas volume above must
be modelled as a single compartment, because the iodine equilibrium between gas and water
phase is very important. For this reason the thermal-hydraulic - aerosol nodalisation has to be
modified for the iodine calculation.
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2

Analysis of the core melt scenario ND*

In the frame of code developement a FIPLOC 3.0 calculation was done simulating a German
PWR containment for the core melt scenario ND* according to the German risk study phase B
[GRS 1990].
The following assumptions are made:
- the doors in the concrete cylinder around the inner rooms (see Fig. 1) stay closed
-14 hours after the start of the transient the core melt gets in contact with the sump
- at 70 hours, when the containment pressure has reached 6 bar filtered venting is started
The aim of this calculation was to test the coupling of FIPLOC and IMPAIR. The results are
still preliminary and cannot be used for safety or risk statements.

2.1

Containment nodalisation

Figure 1 shows the containment and its subdivision into FIPLOC nodes. The thermal-hydraulic
- aerosol nodes are indicated by the numbers without parenthesis, the iodine nodes by the num
bers in parenthesis. Figure 2 shows the FIPLOC nodalisation inclusive the flow paths.
The spherical steel shell has the potential of effectivly retaining the fission products in case of
an accident. Within the steel shell three main regions exist:
the inner rooms which are surrounded by a concrete cylinder and contain the primary cir
cuit (nodes 2, 3, 4, 5, 6 and 7 and 11,12 and 13)
the rooms between the concrete cylinder and the steel shell (nodes 8 to 10)
the dome (node 1)
The inner rooms are:
node 2: room above the reactor
node 3: reactor cavern
nodes 4 to 7: steam generator rooms
node 11: stair cases
nodes 12 and 13: sumps
The annular rooms (nodes 14, 15,16 and 17) are between the steel shell and the outer concrete
shell.
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It has been assumed that the steel shell has a small leak of 1.0 E-5 m2. This is simulated by the
flow paths 21 and 22 leading into the annular rooms. The atmosphere of the annular rooms is
kept below environment pressure and the flow passes a filter (node 19) before it is released to
the environment (node 18).
In case the pressure inside the steel shell (= containment pressure) reaches 6 bar a vent line
(flow path 29) is opened releasing containment atmosphere through a filter into the
environment.
While in the thermal-hydraulic - aerosol nodalisation atmosphere and sump are separated
nodes, they are combined in the IMPAIR nodalisation. The numbers in parenthesis in Figures 1
and 2 indicate the compartments for the iodine nodalisation. Nodes 5, 7 and 13 are combined
to (101).
The environment node 18 and the filter 19 are combined to the environmental zone in the io
dine nodalisation. Tab. 1. shows a comparison between the thermal hydraulic and the iodine
nodalisation.

2.2

Assumptions and time history of the scenario ND*

Assumptions leading to the core melt
The core heat removal by the steam generators is lost since:
- the main feed water supply to the steam generators is lost
- and the four redundant auxilary feed water systems cannot be activated
Therefore the coolant of the primary circuit evaporates. In order to decrease the primary pres
sure two pressurizer relieve valves are opened after 1 h.
In addition the four redundant high pressure and the four redundant low pressure injections
fail. So the evaporating primary coolant cannot be replaced and the inventory of primary circuit
decreases until the core is uncovered.
This situation lasts longer than 6 h.
Time history of the scenario
First steam, gas and aerosol are released from the primary circuit via the pressuriser relieve
tank into the upper steam generator compartment node 4.
•

Oh: The rupture disks of the pressuriser relieve tank break. Steam is released into the con
tainment. (Remarque the time shown is FIPLOC time, time = 0 is 0.35 h after loss of main
feed.)

•

4.8 h: The top of the core is uncovered, the hydrogene release starts
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•

5 to 5.7 h: Core destruction, aerosol and iodine are released.

•

6 h: End of the release out of the primary circuit

•

6.5 h: The core melt falls into the reactor cavern. The core melt concrete interaction be
gins. Steam, H2, CO, C02 aerosol and heat are released into the cavern (node 3)

•

14 h: The concrete wall forming the inner biological shield around the reactor, which has
up to now separated the melt and the sump, breaks. The core melt sump interaction starts.

•

70 h: The containment pressure has reached 6 bar. The vent line is opened.

•

85 h: The containment pressure has fallen to 4.3 bar. End of the calculation.

2.3

Aerosol and iodine input

Three aerosol components are distinguished. The first component is iodine in the chemical
form Csl. It is released during the core meltdown from the primary circuit into the upper steam
generator compartment where the relief tank is located. The second aerosol component con
tains the bulk mass of core melt aerosol and is released also during the core meltdown from the
primary circuit. The third component is released later by the core melt concrete interaction in
the reactor cavern and contains no iodine.
Since the decay heat, carried by the gas and the aerosol, prevents fog formation (except for
short periods of time and locally limited), the steam condensation on the aerosol and also the
hygroscopic effect are not simulated in this calculation.
The release of aerosol and iodine takes place in the steam generator compartment where the
pressuriser relieve tank is located (node 4, respectively node (204)). Tab. 2. shows the source
term for gaseous and aerosol iodine. It has been assumed that not only one chemical form of
Iodine is released from the primary circuit, but 99% are released in the form of Csl and 1% as
I2-
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3

Results

3.1

Overview about thermal-hydraulic and aerosol results

An overview about thermal-hydraulic and aerosol results is given. Mainly the features related
to the iodine behaviour are adressed.

3.1.1

Containment pressure

The release of steam and noncondensable gases results in an increase of the containment pres
sure (Fig. 3.). A maximun of 4 bar is reached at the end of the release out of the primary circuit
(6 h). Short time afterwards with the begin of the core melt concret interaction the pressure in
creases again reaching a maximun at t=70 h. Then the pressure decreases again, since the gas
release becomes smaller than the steam condensation on the structures.
With the begin of the core melt sump interaction at 14 h much steam is produced increasing the
pressure. At 70 h 6 bar is reached and the vent line is opend. The pressure decreases and has
reached at 85 h 4.3 bar. Here the calculation is stopped. In case it would have been continued
the pressure would have soon decreased more rapidly, since all sump water would be evapo
rated (see below).

3.1.2

Sump water mass and temperature

Most of the steam released out of the primary circuit condenses on the containment structures
and heats them up by its condensation energy. Most of the condensate drains into the sump,
some stays in the other compartments.
The sump water mass (Fig. 4.) increases until 14 h, the start of the core melt sump interaction.
In the next 56 h 100 000 kg of water are converted into steam, increasing the containment
pressure.
With the opening of the vent line the sump water mass decreases faster. The reason is that the
atmospheric saturation temperature decreases with the decreasing pressure. Therefore much
less steam condenses on the structures and much less condensate drains back into the sump.
Until the start of the core melt sump interaction (14 h) the sump water temperature is below
80°C and colder than the temperature of the atmosphere above. Then it increases rapidly to the
saturation temperature.

3.1.3

Atmospheric flow and resulting atmospheric mixing and stratification

The atmospheric flow determines the atmospheric mixing and stratification. This results in lo
cal differences of the:
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composition of steam and noncondensable gases
aerosol concentrations
iodine species
Compartments between the concrete cylinder and the steel shell
Since the doors in the concrete cylinder around the inner rooms (nodes 8, 9 and 10) are as
sumed to be closed, steam and non condensible gases can enter them only from their top.
Therefore their atmosphere becomes stratified, that means the steam concentration in node 8
increases while air accumulates in nodes 9 and 10. A convection loop which mixes the atmos
phere cannot develope. The atmosphere flow is determined by pressure balancing: for example
by compression of the atmosphere due to pressure increase and by replacement of condensing
steam.
Dome and inner rooms
The release of lighter gases into a heavier atmosphere induces a convection loop, which mixes
the atmosphere at and above the release locaction. The atmosphere below however stays
stratified.
Fig: 5. shows the convection loops at different periods in time:
Until 6 h, during the release out of the primary circuit into the upper steam generator room
node 4, a convection loop generally mixes the atmosphere of the upper steam generator
rooms and the dome, while the atmosphere in the lower steam generator rooms stays
stratified.
Between 6.1 and 6.6 h the convection loop has stopped.
After 6.6 h (0.1 h after the begin of the core melt concrete interation) a convection loop
mixes the atmosphere of the lower, the upper steam generator rooms and the dome.
The convection loop between the dome and the steam generator rooms becomes weaker
between 35 and 75 h, resulting in small differences between the gas compositions of these
regions. At 75 h (5 h after the opening of the vent line) it becomes stronger again.
Atmospheric flows after the opening of the vent line
The flow rate through the vent line starts with 4 kg/s at 6 bar and decreases to 3 kg/s at 4.3
bar. Meanwhile the steam production by the core melt - sump interaction counts for 1.7 kg/s.
That means the main net flow goes from the sump through the steam generator rooms and the
dome to the upper compartment between concrete cylinder and steel shell (node 8) into the
vent line. It is superimposed by the convection mixing the atmosphere of the steam generator
rooms and the dome.

c
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The atmosphere of the lower compartments between concrete cylinder and the steel shell
(node 9 and 10) stays stratified with a different gas composition than the rest of the contain
ment. Its mass is reduced due to the decreasing pressure.

3.1.4

Aerosol

Aerosol released out of the primary circuit
The Csl and the bulk mass of the core melt aerosol behave identically, except that their masses
differ by a factor of 20. Although they carry most of the fission products, their contribution to
radiological release into the environment is minor, since their concentrations in the containment
atmosphere have decreased by five orders of magnitude, when the vent line is opened (see 3.2).
Aerosol released bv the core melt - concrete interaction
The aerosol created by the core melt-concrete interaction has a different behaviour than the
core melt aerosol:
- It is released later and at a different location and therefore distributed differently in the con
tainment than the core melt aerosol
- The core melt concrete interaction releases continuously a small amount of aerosol, therefore
its concentration "stabilises" somewhat below 1.0 E-4 kg/m3.

3.2

Iodine Results

The FIPLOC results show that the different iodine species are distributed inhomogeniously
within the containment. The Csl-aerosol concentrations differ by two orders of magnitude and
the ^-concentration even by three orders of magnitude. Of radiological importance is the Io
dine content in the compartments in-between the concrete wall around the inner containment
compartment and the steel shell of the containment (nodes 8, 9, 10). Here is the inlet of the
vent line (see Fig. 2) and, since pipes penetrate the shell, the leak positions are assumed to be
here, too.

3.2.1 Csl aerosol
Dome and inner rooms
The Csl aerosol is released from 5 to 5.7 hours into the upper steam generator room (node 4).
The convection loops shown in Figure 5 distribute it homogeneously to the steam generator
rooms and the dome (see Csl concentrations in Fig. 6). From 35 h on however the concentra
tion in the dome is higher than those in the steam generator rooms, because the convection
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loop between these regions has become weaker. After 75 h, when the convection is strong
again, the concentrations become homogeneous.

Dome and rooms between the concrete cylinder and the steel shell
Since the Csl is released in a period of rising pressure it is pressed into the rooms between the
concrete cylinder and the steel shell (nodes 8, 9, 10) (see 3.1.3). The atmosphere is stratified
there, therefore the local aerosol concentrations and depletions are different to the rest of the
containment. (Fig. 7).
The concentrations in node 8 (= 206) and 9 (= 207) determine the Csl release into the envi
ronment by the leakage. While the concentration in node 8 depletes similar as in the dome, the
concentration of node 9 is higher after 10 h.
At 70 h, when the venting starts, the Csl has depleted so fare, that its contribution to the re
lease into the environment is minor compared to the iodine species created in the sumps.

3.2.1

Iodine species created in the sump

Fig. 8. shows the concentration of I2 in the gas space. The highest concentration of 1% is present
in the gasphase of the sump compartment, because this species is produced in the waterphase
from other iodine species. The increase of the concentration at the beginning is due to the io
dine source (99% Csl, 1% I2) in the steamgenerator compartment. The I2 in the gasphase is
produced according the reactions:
Csl (g)

—>

I (w)

—>

I2 (w)

----->

I2 (g)

(2)

The decrease of the concentration is due to the ozone reaction, which leads to iodate in the
gasphase. This steep decrease of the I2 concentration in the gasphase is due to the formation of
iodate and the fast deposition of the iodate aerosol according the reactions:

h (§) —> I03 (g) —>

I03 (DEP)

(3)

At the time t = 70 h a second increase of the I2 takes place, because the venting of the contain
ment causes a decrease of the sumpwater volume. For this reason the equilibrium between io
dine in the water and in the gas is shifted to the direction of the gasphase. Fig. 9. shows the
concentration of iodate in the gasphase. This species is formed by the ozone reaction from I2.
The concentrations of the iodine species in the sump are shown in Fig. 10. The pH in the wa
terphase is assumed to be 5.5. The dominant species in the sump at this pH is T. Other species
of importance in the sump are I03", HOI and I2. The concentration of organic iodide is very
low and of no importance for the amount of iodine in the gas space.
The release to the environment takes place in two different ways:
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1. Before venting there is a small leakage through the steel shell into the annular rooms. A
fan system holds the atmosphere of the annular rooms below environment pressure and re
leases it via a filter into the environment.
2. The venting takes place via a filter too. Tab. 3. shows the efficiency of the filter for the
different species.
Fig. 11. shows the integrated iodine release to the environment for two timepoints. The time t =
69.4 h is just before the venting. The time t = 81.4 h is at the end of the calculation. The total
mass of iodine released to the environment at t = 81.4 h is dominated by the species I03". The
amount of the other species is more than two orders of magnitude below this value. At the
time before the venting the situation is different. The amount of the released aerosol species
Csl and I03" is almost the same. This is because the release of Csl is not very important during
the venting period. The main deposition of Csl takes place at the beginning of the calculation.
Because there is no source for Csl in the gasphase beside of the source from the primary cir
cuit, the concentration of this species in the gas space is very low at the end of the calculation.
For this reason there is no great difference in the release of Csl between t = 81.4 h and t =
69.4 h.

Remarque
This is a preliminary calculation, since important features effecting the iodine behaviour are not
simulated in the first step:
1. The Csl is assumed to deposit and stay in a dry condition in all containment compartments
except the sump. Those compartments however contain a lot of water in form of films on the
walls and puddles on the floors. Therefore the Csl would dissolve already there and iodine in
gas form would be created. The same is true for the I03" aerosol
2. The dissolved iodine would be transported by the condensate drainage into the sump. There
fore most of it would accumulate there. Since the sump evaporates completely by the combina
tion of core melt - sump contact and venting, maybe all this iodine would be released back into
the containment atmosphere. 1. and 2. would result in much higher iodine release into the envi
ronment.
3. The production of I03 aerosol in the gas space is due to the ozone reaction. This model is
based on experimental data obtained from a dry atmosphere. Since this is an important I2 reac
tion in IMPAIR, the model validity should be verified for wet conditions.
4. The formation of Agl in the sump is not considered in this calculation. Since this reaction
would be a further sink for iodine, future calculations should be performed with the silver reac
tion in the water phase.
5. The entrainment of droplets is also not considered in the calculation. This process could be
of importance during the venting period in case of a boiling sump, depending on the venting
procedure, because the iodine concentration in the gas phase is increased by this reaction.
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Conclusions
The integration of IMPAIR in FIPLOC offers a new quality of multi-compartment iodine
calculations in containments. The accuracy of the iodine source term evaluation is
significantly increased.
FIPLOC/IMPAIR calculations show large iodine concentration differences in the gas
space.
The iodine released as Csl aerosol out of the primary circuit deposites rather lastly and its
contribution to the release into the environment is minor.
Csl however is dissolved in the sumps, where mainly the gaseous I2 is created which can
react in containment atmosphere to 10/. Therefore the main release of iodine into the envi
ronment takes place by filtered venting in form of the species 10/.
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Tab. 1. FIPLOC/IMPAIR Input Parameter
FIPLOC

IMPAIR

number of compartments:

19

16

number of compartments simulating environment:

2

1

number of flow connections:

37

34

number of compartments with sump:

1

1

number of compartments with aerosol source:

2

1

Tab. 2. Iodine Source Term in FIPLOC Compartment No. 4
total amount of iodine:

15 kg

fraction of J":

99%

fraction of J2:

1 %

Tab. 3. Filter efficiency
*2

F = 0.990

1

F = 0.999

io3

F = 0.999

CH3I

F = 0.900
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IODINE BEHAVIOUR IN SEVERE ACCIDENTS
L.M.C. Dutton1, E. Grindon1, B.J. Handy1, L. Sutherland1,
W.G. Burns12, S. Dickinson3, H E. Sims2, C. Hueber4 and
D. Jacquemain4
Abstract
A description is given of analyses which identify which aspects of the modelling and data are
most important in evaluating the release of radioactive iodine to the environment following a
potential severe accident at a PWR and which identify the major uncertainties which affect that
release.
Three iodine codes are used namely INSPECT, IODE and IMPAIR, and their predictions are
compared with those of the PSA code MAAP INSPECT is a mechanistic code which models
iodine behaviour in the aqueous aerosol, spray water and sump water, and the partitioning of
volatile species between the aqueous phases and containment gas space. Organic iodine is not
modelled. IODE and IMPAIR are semi-empirical codes which do not model iodine behaviour
in the aqueous aerosol, but model organic iodine.
The fauh sequences addressed are based on analyses for the Sizewell B' design and have been
identified as among the most important in terms of risk to members of the public. Two types
of sequence have been analysed:
(a)

those in which a major release of fission products from the primary circuit to
the containment occur, eg a large LOCA.

(b)

those where the release by-passes the containment, eg a leak into the auxiliary
building.

In the analysis of the LOCA sequences where the pH of the sump is controlled to be a value
of 8 or greater, all three codes predict that the oxidation of iodine to produce gas phase species
does not make a significant contribution to the source term due to leakage from the reactor
building and that the latter is dominated by iodide in the aerosol. In the case where the pH of
the sump is not controlled, it is found that the proportion of gas phase iodine increases
significantly, although the cumulative leakage predicted by all three codes is not significantly
different from that predicted by MAAP. The radiolytic production of nitric acid could be a
major factor in determining the pH, and if the pH were reduced, the codes predict an increase
in gas phase iodine species leaked from the containment, but the extent to which this occurs
varies considerably for each code.
In the containment by-pass sequence, the discharge from the primary circuit is discharged into
a pool of water in the RHRS pump room in the Auxiliary Building. The codes calculated the
1)
2)
3)
4)

NNC Ltd., Knutsford, England, WA16 8QZ
AEA Technology pic., Harwell, England
AEA Technology pic., Winfrith, Dorchester, England
IPSN/CEA, Cadarache, Saint Paul Lez Durance, France
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radiolytic production of I2 and show that the fraction of I2 available for release depends on the
competition between mass transfer to the gas phase and the formation of silver iodide. All
codes show an inverse relationship between silver particle size and retention of iodine as silver
iodide.
Recommendations for further work are presented.
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1.

INTRODUCTION

In most of the accidents that may occur at nuclear reactors, the short term radiological
consequences are expected to be dominated by the isotopes of iodine. This is true for both
design basis accidents [1 and 2] and those where core cooling is lost and a severe accident
occurs in which the core melts [3], The purpose of the present paper is to describe the
analyses that were carried out as part of the Source Term Project of the CEC Fourth
Framework Programme, to identify which aspects of the modelling and data are most
important in evaluating the release of radioactive iodine to the environment following a
potential severe accident at a PWR, and to identify the major uncertainties which affect that
release.
In the major PSA codes that model complete severe accident sequences such as MAAP [4] and
MELCOR [5], the chemistry of iodine is not modelled explicitly. Iodine is modelled as being
released from the fuel as Csl and is assumed to stay in this form throughout the accident. As
a result, its behaviour in the atmosphere of the containment is modelled as if it behaves as an
aerosol. In contrast, the three main European codes which specifically model the behaviour
of iodine, INSPECT [6 and 7], IODE [8 and 9] and IMPAIR [10 and 11], consider many
chemical processes that occur in the course of the accident including the production of gaseous
iodine [12] and it is important to know if neglecting these chemical processes significantly
underestimates the release to the environment.
The most important severe accident sequences for a PWR in terms of the risk to members of
the public have been identified in [3], These are broadly of two types, namely those in which
the major release of fission products from the primary circuit is into the primary containment
and those where the release bypasses the primary containment.
Modem accident management measures ensure that the most likely sequence of the first type
is one in which the primary circuit is depressurised before it fails. This is typified by the
failure of the hot leg primary pipework resulting in a Large Loss of Coolant Accident
(LOCA). The bypass sequence is typified by a leak in one of the auxiliary systems outside the
primary containment. The present analysis is based on the design for Sizewell ' B', which has
a large dry primary containment with a specified maximum leak rate of 0.1% of the airborne
volume per day at the design basis pressure of 0.996 MPa. The bypass fault is taken to be a
through thickness crack in the Residual Heat Removal System (RHRS). This system is located
within the primary containment in the Framatome design, but the general features of iodine
behaviour in the accident sequence are generic.

2.

THE LARGE LOCA SEQUENCES

2.

pH Control

The behaviour of iodine following a large LOCA will depend on the extent that the pH of the
primary containment sump is controlled. In most designs, this is done in one of two ways.
In the Sizewell B' design, tri-sodium phosphate is placed near the floors of the primary
containment and the reactor cavity such that it will dissolve in the blowdown coolant and
ensure that the pH reaches at least 8 within the first hour following the accident. In designs
such as the reactors designed by Framatome, sodium hydroxide is added to the spray water to
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provide a pH of 8.7, which results in a pH of the sump water of 8.5. The latter is referred
to as the high pH LOCA sequence and was modelled by all three iodine codes.
However, if pH control is effected by the spray system and it fails irrevocably, the sump pH
is uncontrolled and is calculated to be 5.9 if the potential effect of nitric acid is neglected.
Radiolysis of moist air will lead to the formation of nitric acid with a yield of about 1 molecule
of HN03 per lOOeV. This would reduce the pH of both the blowdown and the sump water if
the latter were uncontrolled, unless other reactions negated this effect. For this reason, two
low pH cases were considered namely, a sump pH of 5.9 and 4.5. The latter is the order of
sump pH that could result from the formation of nitric acid and is the lower limit for which
there is experimental validation of the models in IODE and IMPAIR.
INSPECT is the only code that models reactions in the blowdown aerosol. This is taken to
have an initial pH of 6.9 except in the case where nitric acid formation is considered to reduce
the sump pH to 4.5. In this case, the pH of the aerosol is also taken to be 4.5.

2.2 The Key Events; MAAP Analysis
The key events of both the high and low pH sequences as predicted by MAAP are shown in
Table 1.

Table 1. LOCA Sequences - Timing of the Key Events (MAAP Analysis)
Event

Low pH LOCA,
Time

High pH LOCA,
Time

Primary circuit break occurs

Os

(Oh)

Os

(Oh)

Reactor trip

Os

(Oh)

Os

(Oh)

Core uncovery

20s

(0.006h)

20s

(0.006h)

Onset of core melt

1088s

(0.30h)

2261s

(0.63h)

Core support plate failure

1598s

(0.44h)

3735s

(1.04h)

Reactor pressure vessel failure

1658s

(0.46h)

3816s

(1.06h)

Activation of 1 uncooled spray train
and 1 fan cooler

3600s

(l.Oh)

Not applicable

Switchover to recirculation

11547

(3.21h)

Not applicable

Manual recovery of fire
suppression sprays

Not applicable

28800s (8.Oh)

For historical reasons that do not affect the iodine chemistry, the time at which the core melts
is different in the two cases. In the high pH sequence, the accumulators are assumed to fail
to discharge into the primary circuit whereas, in the low pH sequence, all four accumulators
discharge 'normally'. In the high pH sequence, the spray system is assumed to fail, but is
recovered one hour after the fault occurred. In the lower pH, case, spray recovery is not
successful and neutral Townswater is fed into the containment via the fire suppression system
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eight hours after the accident. It is assumed that recirculation cannot be initiated. In both
cases, introducing water into the primary containment prevents the molten core interacting with
the concrete basemat.

3. THE RESULTS FOR THE LOCA SEQUENCES
3.1 The Release to the Primary Containment
The fractional releases of the core inventory to the primary containment at the time of vessel
failure as predicted by MAAP are:

Table 2. Fractional Releases to the Primary Containment

Initial
Core
Mass
(kg)
Iodine
Silver
Total Material
(exlcuding U02
and Zircaloy)

14
2,200
5,200

Fractional Release
High pH LOCA

Low pH LOCA

0.14
0.05
0.06

0.90
0.19
0.10

Based on calculations using the VICTORIA code [13], the dominant iodine species released
to the primary containment atmosphere is expected to be Csl vapour which will condense on
entering the primary containment, although it is thought that, in the PHEBUS FPT-0 test, a
small but significant fraction of the iodine may have entered the containment vessel in gaseous
form. Because of its hygroscopic nature, Csl will either dissolve in airborne water droplets
or, in the steam rich atmosphere, it will form nuclei for condensation droplets and form Cs+
and I . Thus, the majority of the iodine is modelled as being initially in the form of T in the
aqueous phase of the primary containment atmosphere.
The resulting radiolysis and mass transfer of gaseous forms of iodine between the aqueous
aerosol, the spray droplets and the gaseous phase is modelled by INSPECT with the aerosol
being deposited into the sump at the rate predicted by MAAP. For the IODE and IMPAIR
analyses, the rate of aerosol deposition is taken to be the arrival rate of iodine in the sump
water. The airborne aerosol mass as predicted by MAAP is shown in Fig 1.
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Fig 1. High pH LOCA: Airborne Mass in the Containment Atmosphere
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3.2 Other Modelling Considerations
The modelling concepts and underlying databases of the mechanistic INSPECT and empirical
I ODE and IMPAIR codes are discussed in detail in [12]. For the current analysis, the
associated data were reviewed and revised on the basis of a literature review and the empirical
inorganic iodine radiolysis correlations and reactions between molecular iodine and silver were
considered.
a)

Interfacial Mass Transfer for a Boiling Sump
An important aspect of the present analysis is the fact that the sump water is boiling from
the time the vessel fails and there are no experimental data for the mass transfer between
the sump water and the gaseous phase for a boiling sump.
An upper bound value is obtained by assuming equilibrium between I2 in the steam and
I2 in the sump, which is currently considered to be the best estimate approach. An
effective rate constant for pool boiling is given by:

where:

kevap =

steam,
Vliq.pc

steam

is the sump boiling rate (dm3, s'1),
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Viiq

is the sump volume (dm3) and

pc

is the I2 volume partition coefficient.

The overall rate constant is, therefore:
ktotai =

-L

(steam + Vmt.Alg),

Vliq ( PC
where:

Vmt
Alg

)

is the mass transfer rate (dm.s'1) and
is the liquid/gas interfacial area (dm2).

Under the conditions considered in this report and using this method, the overall rate
constant will be dominated by this sump boiling effect. In INSPECT, the boiling of the
sump is expected to result in the above behaviour for the volatile reactants, I2, HOI, H2
and 02.
As a sensitivity study, for the high pH LOCA sequence, IODE has been run using both
the equilibrium model and the alternative of assuming a high value of 10"3 m.s"1 for the
interfacial mass transfer coefficient.
In modelling the reverse partitioning in INSPECT, two approaches were adopted. In the
first, the rate constant for a reaction of the type:
^2(g)

*

^2(aq)

is set at the value which makes the ratio [Iz^MIz^] equal to the appropriate partition
coefficient for the aqueous temperature if no other reaction were occurring. The notional
mechanism for this is that, as each unit of steam condenses to liquid, it carries into
aqueous solution the molecules of the volatiles I2, HOI, H2 and 02 that were present in
the steam before condensation, and this solution is quickly transferred to the sump. This
is termed the equilibrium case.
In the second approach, termed the non-equilibrium case, the reverse partitioning rate
constant is that which would apply to a non-boiling sump with a forward (gas to liquid)
mass transfer coefficient of about 3x10* m.s"1. The actual behaviour is expected to lie
between these extremes.
b)

Removal by Steam Condensation
Under condensing conditions, some iodine species will be returned to the sump as steam
condenses on cooler surfaces. In INSPECT, this is addressed by the equilibrium model
above. In IODE, condensing conditions trigger the removal of gas phase iodine, I2, CH3I
and I03 , from the containment atmosphere and transfer it to the sump at a rate which is
proportional to the condensation rate. This assumes the total transfer of volatile species
from surfaces to the sump.
A similar mechanism is considered in IMPAIR which models "wash-off" by a mechanism
which removes deposited iodine species from the water film on the vertical surfaces and
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transfers them to the sump with empirical rate constants of lOV1 for organic painted
surfaces and 6 x 10"3 s"1 for steel and concrete surfaces.

3.3 The High pH LOCA Sequence
With the sump pH rapidly reaching a value greater than 8, all three iodine codes predict that
very little oxidation of iodine occurs and that the sump acts as an effective sink.
Only the INSPECT code models radiolysis in the aerosol. This is predicted to cause the pH
of the blowdown aerosol to increase due to reactions such as:
20H + 21 - I2 + 20H\
which inhibits mass transfer to the gaseous phase. Nevertheless, the aerosol is predicted to be
the greatest source of gas phase iodine.
The predicted cumulative leakages of iodine from the primary containment for the best
estimate cases and the more important sensitivity studies are shown in Table 3.

Table 3 High pH LOCA Sequence - Comparison of Predicted Leakages
from the Primary Containment
Code

Case

Comment

MAAP
a)
Aerosol

Iodine Leakage
Mass (g)

Fraction

0.08

3 x 10 s

0.12

4 x 10"5

INSPECT
a) Aerosol
INS-1

Equilibrium model for sump/gas mass
transfer

0.002

9 x 10"7

INS-2

Non-equilibrium model

0.01

4 x 10"6

b) Gas phase

IOD-1

Equilibrium model with condensation

2.4 x 10"4

10"’

b) Gas phase

IOD-2

Interfacial mass transfer 10"3 ms"1; with
condensation

6.0 x 10"5

2.0 x 10"8

b) Gas phase

IOD-3

Interfacial mass transfer 103 ms"1; no
condensation

7.0 x 104

2.0 x 10"7

0.12

4 x 103
4 x 10"8

b) Gas phase

IODE

IMPAIR
a) Aerosol
b) Gas phase

IMP-1

With wash-out model

1.2 x 104

c) Gas phase

IMP-2

No wash-out model

1.4 x 10"

5 x 10"8
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The iodine leakage fraction is expressed as a fraction of the 3kg of iodine released from the
primary circuit. The airborne removal rate as predicted by MAAP is approximated in the
INSPECT and IMPAIR analysis, but is seen to be of the same order. Only the gaseous phase
species are modelled by IODE and thus this code should be used in conjunction with an aerosol
code to predict the total cumulative release.
Both the INSPECT and IODE results show that the non-equilibrium interfacial mass transfer
model increases the amount of gaseous phase iodine by about a factor of five. However, as
shown in Table 3 and Fig 2, even the conservative non-equilibrium model predicts that the
gaseous phase release is only 10% of that due to the aerosol.

Fig 2. High pH LOCA Sequence: Predicted Leakages from the Primary Containment

1.0E-01

Mass (g)

1.0E-02
1.0E-03
1.0E-04
1.0E-05
1.0E-06
1.0E-07

♦AerosofcMAAP
* INS-1 :equi6brium race!
6-INS-2: non-epuaibrium model
■ IOD-1: equilbnum model with condensation
X iOD-2: equilbnum model no condensation
VI0D-3: non-equilibrium model, no condensation
8 IMP-1 with wash off

The IODE results IOD-1 and -2 suggest that the effect of condensation could be to reduce the
iodine release by an order of magnitude, but the wash-out effect modelled in IMPAIR only
reduces the release by 15%.
For the high pH LOCA sequence, the reaction of I2 with silver to form insoluble Agl is not
a significant mechanism for reducing the release to the environment, due to the low levels of
I2 in the water phase.
Since the most conservative modelling of the gaseous iodine production results in the gaseous
release being only 10% of that due to the aerosol, it is concluded that, on the basis of the best
available models of iodine behaviour, the high pH sequence is adequately modelled by an
aerosol code.
The present analyses assume that all the iodine released from the primary circuit is in the form
of the soluble aerosol Csl. The results of the PHEBUS FPT-0 test indicate that a small but
significant proportion of the release may not be Csl, but may be in the form of a gaseous
species. If the mass transfer to the aqueous phase is rapid, the above conclusion will not be
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affected but there is the possibility that the current modelling is oversimplistic and the gaseous
contribution is underestimated.
A second uncertainty in analysing this sequence is the pH of the aerosol which could be
reduced if significant quantities of nitric acid were formed in the primary containment
atmosphere. This effect could only be modelled using INSPECT. The extent to which this
will change the pH of the aerosol will also depend on chemical reactions with other nonaqueous constituents of the aerosol and gases. Thus, an essential aspect of realistically
modelling the behaviour of iodine in the primary containment is for the future PHEBUS tests
to provide an understanding of the physical and chemical forms of the aerosol released from
the primary circuit as well as the chemical form of the iodine.

3.4 The Low pH LOCA Sequences
In the first low pH case, the sump pH is uncontrolled and is estimated to be 5.9 until it is
diluted by introducing neutral Towns water into the primary containment after 8 hours. The
predicted leakage of iodine is shown in Table 4.

Table 4. Low pH LOCA Sequences - Comparison of Predicted
__________ Leakages from the Primary Containment__________
Code

Case

Comment

A) pH = 5.9
MAAP
a) Aerosol
INSPECT
a) Aerosol
b)
Gas phase

Iodine Leakage
Mass (g)

Fraction

1.0

8 x 10*
3 x 10*
3 x 10*
3 x 10"

INS-3
INS-4

Equilibrium model
Non-equilibrium model

0.04
0.4
4.0

IODE
b)
Gas phase

IOD-4

With condensation model

0.5

10*

IMPAIR
a) Aerosol
b)
Gas phase

IMP-3

With wash-out model

0.49
0.49

4 x 10*
3 x 10*

1.0

8 x 10*

B) pH = 4.5
MAAP
a) Aerosol
INSPECT
a) Aerosol
b)
Gas phase

INS-5
INS-6

Equilibrium model
Non-equilibrium model

0.04
4.0
7.0

3 x 10*
3 x 10"
6x10"

IODE
b)
Gas phase

IOD-5

With condensation model

0.54

4 x 10*

IMPAIR
a) Aerosol
b)
Gas phase

IMP-4

With wash-out model

0.49
0.58

4 x 10*
5 x 10*
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In this case, the iodine leakage is expressed in terms of the 12.4kg of iodine released from the
primary circuit. These base case results are also illustrated in Fig 3.

Fig 3. Low pH Sequences - Comparison of Predicated Leakages
from the Primary Containment - Best Estimate Cases
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It can be seen that for all three iodine codes, a significant fraction of the total cumulative
leakage is in the form of gaseous species. In the case of the INSPECT prediction using the
equilibrium model, the gaseous release is an order of magnitude greater than that due to the
aerosol and, if the non-equilibrium model is used, the gaseous release is increased by a further
order of magnitude. Nevertheless, in the base case analyses, there is no significant increase
in the total cumulative leakage predicted by INSPECT and IMPAIR compared to the
predictions of the aerosol code MAAP. Also, the additional gaseous leakage predicted by
IODE would not significantly increase the overall source term. However, the INSPECT
results are sensitive to the reverse partitioning model used and, as seen in Table 3, IODE is
also sensitive to the use of a condensation model. The effect of not modelling these return
processes, in both INSPECT and IODE, is estimated to increase the cumulative gaseous release
of iodine by about an order of magnitude. Thus, if low pH LOCA sequences are potentially
significant contributors to risk, there is a requirement to validate these models.
Table 4 also shows that if the pH were to fall to 4.5 as a result of nitric acid formation, there
is no significant increase in the total cumulative leakage predicted by IODE and IMPAIR
compared to the predictions of the aerosol code MAAP; although the gaseous leakage predicted
by IODE does increase by a factor of 3 compared to the base case. INSPECT, however,
predicts that the leakage of gaseous iodine species increases by a factor of 10, compared to the
base case using the equilibrium reverse partitioning model, and this dominates the total
cumulative leakage. Thus, if low pH LOCA sequences are potentially significant contributors
to risk, there is a requirement to model the effect of nitric acid formation and the competing
processes on the pH of the water volumes within the reactor building. There is also a
requirement to validate the iodine models and their pH dependency at these low pH values.

4. THE CONTAINMENT BY-PASS SEQUENCE
In this accident, a through thickness crack is taken to occur in the pipework of the Residual
Heat Removal System in one of the pump rooms within the auxiliary building which results
in a leak of 60kgs"1. It is postulated that the leak cannot be isolated so that the emergency
cooling system fails when the water inventory is depleted and is largely released to the
auxiliary building pump room. The timing of the key events as predicted by MAAP is given
in Table 5.
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Table 5 Auxiliary Building Leak: Timing of Key Events

Event

Time (hours)

Reactor shutdown
Pipe break
Operator switches on high head safety injection
Water storage tank empties
Residual Heat Removal system flow stops
Top of core uncovers
Accumulator injection starts
Onset of core melt
Reactor pressure vessel failure
Onset of CCI in lower compartment
Termination of CCI in lower compartment
Steam generators dry out in intact loops
Steam generators in faulty loop dries out

-4.0
0.0
1.0
6.1
9.3
13.5
13.5
16.2
18.8
19.0
19.3
54.7
66.8

By the time the core started to melt at 16.2h, the break is covered by 1.6m of water with a
volume of 152m3. As the major release of fission products into the pump room occurs, the
water starts to boil and, by 95h, the water cover has fallen to 0.7m, but the break remains
covered throughout the sequence.

5. THE RESULTS FOR THE CONTAINMENT BY-PASS SEQUENCE
5.1 The Release to the Auxiliary Building
As in the case of the large LOCA, MAAP models the behaviour of iodine as if it remains as
Csl throughout the fault sequence. On this basis, the calculated fractional releases to and from
the auxiliary building are as given in Table 6.

Table 6. Fractional Releases to and from the Auxiliary Building

Iodine
Silver
Total Material
(including U02
and Zircaloy

Released to the
Environment

Initial Core
Mass
(kg)

Fractional
Release to
the Auxiliary
Building

Retained in
the Water
Pool

Retained in
the Rest of
the Auxiliary
Building

14
2,200
5,200

0.60
0.10
0.08

0.43
0.10
0.08

0.08

0.09

-

-

5.2 Iodine Release from the Water Pool
The amount of iodine retention or release from the water pool as calculated by each of the
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Iodine codes is determined by aqueous phase processes; namely:
a)
b)
c)
d)
e)

the rate of production of volatile species (I2, CH3I),
the rates of reaction of the volatile species to produce non-volatile forms (eg. Agl
formation, I2 adsorption onto painted surfaces),
the rate of transfer of the volatile species to the gaseous phase,
the rate of transfer of the volatile species back to the aqueous phase and
the leak rate.

The results show that, at the end of the sequence, 99% of the iodine either remains in the sump
as Agl and dissolved I or escapes from the RHRS pump room. Since the rate at which gas
leaves the pump room is high, it is reasonable to assume that any iodine transferred to the gas
phase will leak from the RHRS pump room.
It is difficult to directly compare the production rates of volatile species for the three codes
because of the differences in the modelling approaches and in the volatile species modelled.
However, in the INSPECT and IMPAIR calculations, the amounts of I remaining in the
solution at the end of the calculations are very small, which indicates that the iodide radiolysis
is sufficiently fast that retention of iodine as T in solution is negligible. In the IODE base
case, about 15% of the total iodine remains as I at the end of the calculation, which is due to
a lower effective radiolysis rate.
Assuming that the production of I2 is not rate-limiting, which is the case for the INSPECT and
IMPAIR codes, the extent to which I2 is released from the aqueous phase will depend on the
relative rates of the reactions:
I2(aq) - I2(g)
and
I2(aq) + 2Ag - 2Agl.
These reactions can be compared by expressing the rate constants in the same form:

d02l —k[I2]
dt
The treatment of the Agl formation reaction is very similar in all three codes, and the
corresponding value of the forward rate constant kAg is about 1.5 x 10"3 for a 5//m particle size.
The best estimate rate constant for the phase transfer, lq, is that appropriate to the boiling pool
where, for the INSPECT calculations, the pool is taken to be in equilibrium with the steam.
The sensitivity of the release to Iq is shown in Table 7 and Fig 4 for 5pi diameter silver
particles.
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Table 7 The Fraction of Iodine Released from the Water Pool
Code

k/s-')

Fraction of I
Released

Fraction as Agl

INSPECT

5 x IQ':
5 x 10-4
4 x 10*

0.65
0.20
0.002

0.34
0.79
0.99

IODE

2 x 10 3
5x10"
10"6

0.24
0.12
< 0.001

0.60
0.72
0.84

IMPAIR

10"3
4 x 10"
4 x 10"

0.41
0.34
0.02

0.59
0.66
0.98
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Fig 4. Comparison of the Auxiliary Building Leak Results
5 Micron Diameter Silver Particles

INSPECT

IODE

IMPAIR

1 Micron Diameter Silver Particles

INSPECT

|ODE

IMPAIR

It will be seen that there is a general agreement between the results of the three codes although
smaller release fractions are predicted by IODE due to the lower rate of I2 production
compared with a higher rate of mass transfer from the gas into the aqueous phase.
Fig 4 also shows the extent to which the predicted retention is increased if the diameter of the
silver particles is decreased to 1// and the surface area of the silver is correspondingly
increased.
It should be noted that modelling the effect of silver on iodine volatility purely on the basis of
a heterogeneous reaction to form Agl is conservative. Experiments have shown that silver has
a direct effect on the radiolytic oxidation of iodine, which slows down the production of I2.
Furthermore, if a significant concentration of nitric acid were to be formed in the pool, some
of the silver could be dissolved which would greatly increase the rate of Agl production.
There are, therefore, sound chemical reasons for believing that the retention factors calculated
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in this study are conservative.

6. CONCLUSIONS
If the pH of the sump water is maintained at a value of 8 or greater, all the current models of
iodine behaviour predict that the aerosol form is the one which will dominate the release of
iodine to the environment following severe accidents in which the major release of fission
products is into the primary containment. The major uncertainties associated with this
conclusion are:
a)

the deduction from the PHEBUS-FPTO measurements that a significant proportion of the
release to the primary containment is in the form of volatile species and

b)

the effect of nitric acid formation on the pH of the aqueous aerosol.

It is expected that future PHEBUS tests will clarify the first point but there is a need to
establish the importance of nitric acid formation.
The most important source of gaseous iodine formation is radiolysis in the aqueous aerosol.
If the pH is not controlled and falls to 5.9, the gaseous forms make a significant contribution
to the release of iodine from the containment, but do not increase the total significantly.
However, if the pH falls to 4.5, the gaseous forms significantly enhance the release. If cases
where pH control is not achieved were significant, validation of the models would be required
for reverse partitioning and the return flow of iodine to the boiling sump (either by
condensation or "wash-out") and the pH dependency of iodine behaviour at these low pH
values.
In the case of releases in the auxiliary building, the current models for iodine behaviour predict
that a significant retention factor for iodine can only be claimed if the following assumptions
are verified:
a)

the majority of the iodine that is released from the pipe break dissolves in the water pool.
This depends on the nature of the aerosol, i.e. whether the iodine is in the form of soluble
Csl, volatile iodine species or a relatively insoluble species, such as Agl.

b)

the diameter of the silver particles is lfxm or less. Results of VICTORIA calculations
predict the mass median diameter of the material leaving the core to be 0. 1/mi to 0.2/zm.

If these assumptions are verified, retention factors of iodine of between 2 and 20 are predicted.
However, if the iodine codes are developed further, potentially larger retention factors may
be justified. The effects that would have to be addressed are:
a)

the effect of the presence of silver on slowing down the radiolytic oxidation of iodine and

b)

the formation of nitric acid and its effect on the formation of Agl (nitric acid will react
with silver to form Ag+ which in turn can react with I in solution to form the insoluble
Agl).
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These conclusions apply to all severe accident bypass faults where the release of fission
products is into the water phase. Therefore, they also apply to steam generator tube rupture
faults.
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EFFECT OF HYPOIODOUS ACID VOLATILITY ON THE IODINE
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Abstract
A FORTRAN code ACT WATCH has been developed to establish an improved understanding of
essential radionuclide behaviour mechanisms, especially related to iodine chemistry, in reactor
accidents. The accident scenarios calculated in this paper are based on the Loss of Coolant Accident
at the Loviisa Nuclear Power Plant. The effect of different airborne iodine species, especially HIO,
on the iodine source term has been studied.
The main cause of the high HIO release in the system modelled is the increase of I2 hydrolysis rate
along with the temperature increase, which accelerates HIO production. Due to the high radiation
level near the reactor core, I2 is produced from r very rapidly. High temperature in the reactor
coolant causes I2 to be transformed into HIO and through the boiling of the coolant volatile I2 and
HIO are transferred efficiently into the gas phase. High filtration efficiency for particulate iodine
causes I- release to be much lower than those of I2 and HIO.
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1. INTRODUCTION
In reactor accidents iodine in the reactor core may be released into the reactor containment. In
some accident scenarios release of iodine can cause significant radiation doses. Therefore io
dine behaviour in the containment must be known well enough to make reasonable predictions
on the doses resulting from the iodine release, as well as to do decisions of severe accident
management measures or emergency preparedness actions.
Since in many accident scenarios the main release path is through the gas phase of the reactor
containment, it is important to understand the formation of different iodine species and their
transfer between gas and aqueous phases, as well as the conditions affecting these phenomena.
The airborne iodine species that are considered here are iodine (I2) and hypoiodous acid
(HIO), which are volatile, and iodide (T) as aerosol. Originally in the reactor core almost all
of the iodine is of the form of cesium iodide (Csl), which dissolves into Cs+ and r in water
solutions. This species may react with reaction products from radiolysis of water producing I2.
HIO is an interesting species, since the hydrolysis of I2 in water produces HIO. Also the filter
retention factor of HIO may differ from that of I2. It seems that if HIO is transferred from the
water phase to the gas phase and remains stable as indicated in some references, the main io
dine species of the release from the plant can be HIO.

2. CALCULATION PROGRAMME DESCRIPTION
ACT WATCH (A Program for Activity Release Calculations Including Water Chemistry and
Spray Droplets) was developed at IVO International Ltd to introduce an improved understand
ing of essential radionuclide behaviour mechanisms, especially related to iodine chemistry, in
reactor accidents. Some traditional methods for estimating iodine releases may be too coarse
to justify any specific statement on iodine doses. With ACT WATCH it is possible to estimate
both the total behaviour of iodine and the relative significance of various chemical forms, as
well as of factors influencing these, such as pH-value.

2.1

Compartment Structure

ACT WATCH of divides the whole system into smaller compartments which are treated sepa
rately. Each compartment can contain a gas volume, a water volume and a spray system, in
which ten groups of droplet sizes are allowed. One such compartment is presented in Fig. 1.
At present ACT WATCH can handle up to nine of these compartments.
Gas flows between different compartments (2a) and gas circulation through filters do not af
fect the compartment volumes, but volume changes are caused by water flows assuming the
total volume of a compartment to remain unchanged. Spray droplets in the gas are not carried
along the flowing gas and they affect volumes only by falling into the water volume (3d).
Water flows include flows between compartments (la), circulation through filters (lb) and
flow from the emergency coolant system. Also water injection to the spray system from other
compartments (3a), from the same compartment (3b), from the emergency coolant system and

637

the spray droplets falling to the water volume (3d) are treated as water flows. The flows be
tween different compartments can be filtered, as well.
Figure 1.

Flow Scheme for a Single Compartment

In addition to flows chemical compounds can be transferred between water and gas volumes
(4a) and between gas and spray droplets (4b). Melting of ice in an ice-condenser (5) transfers
the compounds trapped in the ice-condenser to water volume together with the flowing water.
Water and gas flows can also be directed out of the system examined. In this case they are
treated as releases. At maximum there can be three releases in ACT WATCH, and both gas
and water flows can be directed to the same release.

2.2 Chemical Environment
The chemical environment to be considered is presented in Fig. 2. Chemical reactions are as
sumed to take place in water phases, including the spray droplets. Only the volatile com
pounds (A) can be transferred from water to gas. Not only the volatile compounds, but also
aerosol particles (initially released into the gas phase) can be transferred from gas to water.
There can be up to 15 different compounds and 50 reactions in ACT WATCH defined by
user. The reaction rate of a specified reaction is assumed to be proportional to the concentra
tions of the compounds participating in the reaction. The reaction constant in one direction of
a reaction is fixed, but in the reverse direction it is temperature dependent. This causes the
equilibrium of the reactions to be dependent of the temperature of the solution.
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Figure 2.

Chemical Environment Considered
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Boric acid (H3B03), hydrazine (N2H4) and potassium hydroxide (KOH) can be added to con
trol the pH-value of the solution. N2H4 is assumed to be thermally decomposed into ammonia
(NH3).Calculating the pH-value these compounds are assumed to be in the equilibrium con
centrations with their decomposition products. The ice condenser ice contains sodium tetrabo
rate (or borax, Na2B4O710 H20), which must be taken into account as a proper combination
of H3B03 and KOH.
ACT WATCH has a possibility to define radiation induced chemical decomposition reactions,
where one compound decomposes into several other compounds. Reaction rate in this kind of
reaction depends on the concentration of the compound decomposing and the radiation dose
rate in the water solution.

2.3 Mass Transfer
Mass transfer of volatile compounds between water solution and gas is induced by the parti
tion phenomenon. The mass transfer coefficient from water to gas is constant, but the partition
coefficient is a function of temperature and can be defined separately for each compound ex
amined.
The spray system can include at maximum ten groups of droplets with different droplet diame
ters. Compared with water pools spray droplets are very efficient in transferring volatile com
pounds to or from gas, because of their large surface area to volume ratio.
Spray droplets also wash aerosol particles from gas. Impaction, interception and diffusion are
taken into account, when the particle collection efficiency is calculated for the droplets.
Aerosol particles are considered to have a constant particle size distribution. They can be re
leased to gas volumes directly from fuel. In addition to being collected by the spray droplets
they are transferred to water volumes or on the compartment floors by gravitational settling.
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2.4 Activities
Different radionuclides are carried by the compounds containing the same element, to which
the nuclide belongs. However, the activities are calculated at the same time as the chemical
effects. This is because the different sources of the nuclide, e.g. precursors, affect the activities
in such way that the activity calculations cannot be treated separately.

3.

IODINE CHEMISTRY

One of the main reactions describing the iodine behaviour in the water solute is iodine (I2) hy
drolysis into hypoiodous acid (HIO) and iodide (I-):
i2

I2 and

+ h2o <-> mo + r+h+

.

(i)

may associate and produce tri-iodide (I3~):

I2 +1

13

.

(2)

HIO dissociates in water to form hypoiodite (10 ):
HIO

10" + H+

.

(3)

The reaction equilibrium of (1) shifts tothe right and of (2) to the left withincreasing tem
perature. The equilibrium constant of (3) is not affectedso muchby temperature changes.
Also reactions between HIO molecules may produce iodous acid (HI02) and iodate (I03“)
through following reactions [Edelson and Noyes 1979; Clough and Starkie 1985; Gorbovitskayaetal. 1993].
2fflO <-» mo2 +r +H+

(4)

,

ffl02 + mo <-> I03“ + r + 2 H+

2ffl02 <-> I03' + m0 + H+

.

and

(5)
(6)

Often the net reaction of (4) and (5) or (4) and (6) is considered [e.g. Furrer et al. 1989;
Kupferschmidt et al. 1992], but in this study the reactions are treated as separate, because of
the interest in HIO behaviour.
Also HIO reduction through a reaction with I0~ is taken into account [Gorbovitskaya et al.
1993:
fflO+ 10" -» HIO,+1"

(7)
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Iodide oxidation by radiolysis is considered as [Furrer at al. 1989]:
21 + hv —> I2

,

(8)

where hv is the absorbed energy into water from radiation. Furrer et al. [1989] consider also
the backward reaction of (8), but since it is very slow compared to (1), it is not taken into ac
count in this study. In this model the reaction rate (r) of (8) is fixed to fit the rate given by
Furrer et al. [1989] (r oc [H+]0 25) at pH-level 7.
Reaction (8) is very rapid compared to oxidation by dissolved oxygen [Bell et al. 1982; Furrer
at al. 1989]:
21~ + 0.5 O, + 2 H+ —> I2 + H20

,

(9)

which therefore has only a minor importance. Nevertheless, reaction (9) is considered in the
model.
Volatile iodine species may transfer between aqueous and gas phases by partitioning through
the boundary layer of the phases. The volatile compounds taken into account in this study are
I2 and HIO. Partition coefficients for these species as a function of temperature are fitted to the
data given by Furrer et al. [1985]. These partitioning characteristics for HIO are referred here
as High HIO Volatility, which is the base case to be studied.
Also two other HIO volatilities are considered. In one of these cases HIO is less volatile than
in High HIO Volatility at high temperatures [Lin 1992], and therefore it is referred as Low
HIO Volatility. In another case the HIO is assumed to be non-volatile and the case is called
as HIO Non-Volatile.

4. ACCIDENT DESCRIPTION
The Loviisa Nuclear Power Plant (NPP) is a WER-440 type model 213 PWR with an ice
condenser containment. A schematic drawing of the Loviisa contaiment is shown in Fig. 3.
The accident scenarios calculated are based on the Loss of Coolant Accident (LOCA), which
is used as a Design Basis Accident (DBA) at the Loviisa NPP. In these scenarios the release
from the reactor pressure vessel (RPV) goes through primary circuit into the steam generator
room. The steam generator room is here denoted as lower compartment (LC) of the contain
ment. When steam is purged into the lower compartment it penetrates through ice condensers
(IC) into the upper compartment (UC), which is the main volume of the containment. The ice
melted by the condensing steam drains into the LC.
Due to the pressurization of the containment there is leakage from the UC into the outer annu
lus (OA), which leaks further into the environment. This leakage is here denoted as Roof Re
lease, although the release may take place at a much lower height level than from the roof of
the station.
Both the LC and OA are ventilated, and the gas flows through filters into the stack. However,
the ventilation from the LC is assumed to be stopped at 5 s. Until this point of time there is no
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release from the reactor core, and therefore the ventilation of the LC has no effect on the rele
ases from the station.
Figure 3.

Scheme of the Flow System Considered

Stack release
Water flow

Roof release

Emergency core coolant (ECC) is pumped both into the RPV and into the spray system of the
UC. After the emergency coolant has run out from the ECC tanks the core coolant is pumped
from the LC sumps. The water on the UC floor from the fallen spray droplets is drained into
the LC sumps.
The volumes and cross sectional areas of the compartments are given in Table 1. The cross
section of the core region effects nothing, so it is arbitrary.
Table 1.

Volumes and Cross Sections of the Compartments

Compartment
Core region
Total volume (nT)
15.6
Water volume (mJ)
15.6
1
Cross section (nr)

Boil, vol
14.2
1
106

LC
6 396
230
966

UC
46 881

20 692

0
1 320

0
150

OA
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The gas flow rate from the LC to UC raises to 2000 m3/s in 5 seconds and after that decreases
rather quickly to reach 5 m3/s at 150 s. From the UC to the OA the flow rate is around 1 dm3/s
throughout the calculation, which corresponds to a relative leakage of 0.2 % per day. The ou
ter annulus leaks into the environment at a rate about 1 m3/s until 1000 seconds and at a rate
about 0.2 m3/s between about 5000 and 6000 seconds. The ventilation flow rate from the OA
to the stack is 0.69 m3/s throughout the calculation.
Water injection into the RPV is 33 dm3/s during 20 to 70 seconds and 137 dm3/s after that.
Flow rate into the spray system is 200 dm3/s starting at 60 s. This flow rate corresponds to one
operable spray water pump. Until 2460 s the injection of water comes from the ECC tanks,
and after that from the sump water in the LC. The spray water fallen on the UC floor starts to
drain into the LC at 950 s.
The temperatures in the core region and in the boiling volume are assumed to be 105 °C.
Temperature in the LC is 90 °C and in the OA 30 °C. The the initial temperature of the UC is
45 °C, but after switching to the sump water recirculation the spray water temperature increa
ses, and therefore the temperature raises to 60 °C.
At shutdown there is around 45 moles of iodine and 1.321018 Bq of 131I in the reactor core.
2.2 % of these is assumed to be in the fuel gaps, and this amount is released from the fuel du
ring the accident. The fuel reaches its maximum temperature at 5 s, and 10 % of the gap in
ventory of iodine is bursted as L-aerosols into the LC gas phase. The rest of the gap inventory
leaks into the core region water between 300 and 3600 seconds as F. The core temperature
analyses for the LOCA show, that the fuel cladding temperature does not exceed the claddig
rupture limit, so the gap release as expressed above is completely hypothetical.
The radiation level in the core region water is very high, ranging from 700 Gy/s at shutdown
to 15 Gy/s at 30 d. This dose rate corresponds to around 10 % of the decay heat to be absorbed
as radiation into the core region water. The core region is the only compartment, in which the
radiation is taken into account.
Boiling is assumed to occur until 1000 s, and at that time the coolant flows from the core regi
on through ‘Boiling volume’. In this compartment the gas to water volume ratio is 13.2 and
the cross sectional area, that means also the interfacial area of the liquid and gas phases, is ve
ry large. These characteristics with the temperature of 105 °C cause 60 % of the I2 in the
aqueous phase to transfer into the gas phase.
The iodine release from fuel and I2 distribution as formulated above are adapted from the CEC
recommendations for LOCA calculations [1992].
The size of the aerosol particles in the gas phases is assumed to be 1 pm. This size has been
chosen, because particles of this size have relatively low settling velocity and they are not
collected very efficiently by the spray droplets. The spray system produces six droplet groups
with diameters ranging from 1 to 5 mm. The volume fractions of the droplet groups are consi
dered fixed at the outlet of the spray nozzles. These spray droplet characteristics are based on
the measurements made with the nozzles used in the Loviisa NPP.
In the ice condensers there is originally 870,000 kg ice. The ice is assumed to be totally mel
ted at 4000 s, which causes the second leakage period from the OA due to the pressure raise in
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the containment. In reality the ice would be totally melted only after several hours. The col
lection efficiency for aerosol particles in the IC is assumed to be a linear function of the ice
mass, and it diminishes from its initial value of 50 % to zero.
With the stack releases filtration efficiencies of 99.9 %, 90 % and 90 % are used for I~, I2 and
HIO, respectively. The values are same for I2 and HIO to make it easier to compare the relea
ses of these two species.

5. RESULTS OF THE CALCULATIONS
The results for iodine species in the LOCA scenario presented in previous section with High
HIO Volatility are shown in Figs. 4. ..10.
ECC is pumped into the RPV without pH-additives NH3 and KOH. This can be seen from the
relatively low pH-value of the core region water in the early stages of the calculation (Fig. 4).
Although the water flow from the core region ends up into the LC (Fig. 5), the pH-value of the
LC water is not very low. The melting ice from ICC contains large amounts of pH-additives
(borax), which is the main reason for the higher pH-value. Also the lower temperature of the
LC water compared to the core region water increases the pH-value a little. The assumption of
pH-level 7 seems to overestimate the I~ oxidation by radiation in (8) after the recirculation of
the sump water by a factor of about 2. Before the recirculation the radiolytic oxidation is un
derestimated by a factor of less than 4 at maximum.
Figure 4.

Concentrations in the Aqueous Phase of the Core Region
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At 5 s there is a jump in the F-concentration in the LC gas phase (Fig. 6), and after that mainly
the flow from the LC to the UC carries F away. Due to the aerosol particle collection efficien
cy of ice the melted ice draining down into the LC causes a rise in the concentration of the
aqueous phase in the LC (Fig. 5). Part of the aerosol particles are, however, carried along the
flow into the UC (Fig. 7).
Since radiolytic oxidation of F is assumed to take place only in the core region, F is the only
iodine species in the aqueous phase in the LC water until iodine is introduced into the core
region water at 300 s.
Figure 5.

Concentrations in the Aqueous Phase of the Lower Compartment

IE-10

IE-15
Time (s)

At 300 s the second iodine release from the core starts, and the concentrations of iodine spe
cies in the core region water start to rise (Fig. 4). Boiling transfers the volatile I2 and HIO ra
pidly into the gas phase of the LC (Fig. 6).
The pH-value in the core region water is rather low, while the ECC is being pumped into the
core without KOH and N2H4 (Fig. 4). When the coolant flow from the LC sump into the core
region starts, the pH-value in the core raises very quickly. This also affects strongly the con
centrations of the iodine species.
The end of boiling at 1000 s is seen from the I2 and HIO concentrations in the LC gas phase
(Fig. 6). Till this point these concentrations have been increasing, but without the feeding
from boiling they start to decrease. The HIO concentration, however, raises rather quickly
again, which is due to the new equilibrium in the reactor core after switching to the sump wa
ter injection. Before this the pH is low and the I2 and HIO concentration in the core are quite
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similar (Fig. 4), but after the raise in the pH-value the I2 concentration drops very rapidly. Af
ter a few hours HIO is the main iodine species in the LC gas phase.
During the boiling the I2 concentration in the LC gas phase has raised far over the partition
equilibrium (Fig. 6). Only after about 3 hours the concentration has reached such level that
volatilization of I2 from the LC aqueous phase exceeds the outflow from the LC gas phase.
This increase in I2 concentration can be seen later also from the UC and OA concentrations
(Figs. 7 & 8).
Figure 6.

Concentrations in the Gas Phase of the Lower Compartment
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Looking at the concentrations in the UC gas phase (Fig. 7), it is interesting to see that the
spray droplets cannot wash out I~ from the gas phase very efficiently. Actually, the L concen
tration is increasing slightly even the spray system is operating beginning at 60 s. Only after
the I- flow from the LC gas phase into the UC has dropped into relatively low level, the spray
starts to reduce the concentration in the UC gas phase.
Also an interesting phenomenon is the effect of the spray droplets on the concentrations of
volatile iodine species after the spray is switched to take its water from the LC sump (Fig. 7).
The effect on HIO is clearer than on I2, and there is a rapid increase of HIO concentration.
The concentrations in the OA remain quite low compared to the UC concentrations. This is
due to the low leakage of the containment into the OA and quite effective ventilation of the
OA.
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Figure 7.

Concentrations in the Gas Phase of the Upper Compartment
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Figure 8.

Concentrations in the Gas Phase of the Outer Annulus
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Figure 9.

Cumulative Release of Iodine Species from the Stack

Figure 10.

Cumulative Release of Iodine Species from the Roof

S

IE-9

= IE-11

1

Time (s)

648

Considering the stack releases of different iodine species HIO becomes dominant after about
10 hours (Fig. 9). In the longer term HIO forms almost all of the iodine source term from the
stack. F is only a minor part of the cumulative release, but this is partially due to the high fil
tration efficiency for this species.
For the roof releases (Fig. 10) the distribution between iodine species looks very different
from those for stack releases. Because there is no filtration and the leakage stops before the
volatile species are dominating in the gas phase of the UC, cumulative I2 and HIO releases
from the roof remain very low compared to the I- release.
The activities of !31I in different phases of compartments (Figs. 11 & 12) show also the total
iodine distribution in the system.
The major part of the 131I activity is in the LC water after the release from the core has stop
ped. From Fig. 11 the effect of spray can be seen by comparing the activity levels on the UC
floor before the spray system started its operation at 60 s, and after that in the UC water. The
spray droplets are far more efficient to reduce activity from UC gas phase than gravitational
settling of the aerosol particles. However, spray system starts to transfer activity at a much
higher rate after the spray water is taken from the LC sump.
Figure 11.

131I Activity in the Aqueous Phases and on the Floors
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Figure 12.

131I Activity in the Gas Phases
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Figure 13.

Cumulative Activity Release of 131I from the Station (High HIO Volatility)
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Fig. 13 shows the cumulative activity releases of 131I from both the stack and the roof in the
case High HIO Volatility. The total stack release is about 500 times the roof release.
The comparison of Low HIO Volatility case to High HIO Volatility case shows only small
changes in the concentrations in the aqueous phases. The I2 concentrations raise a little, which
affects also the gas phase concentrations of I2. The total HIO release from the stack is only
about 15 % of the release in the High HIO Volatility case. Also the roof release of HIO has
dropped significantly.
The total effect of lower HIO volatility can be seen from the 131I release (Fig. 14). As HIO is
the dominating species of the stack release, the total 131I release is less than 20 % of that in
High HIO Volatility case. The roof release is is formed almost exclusively by I~, thus, it is not
affected by the volatility of HIO.
Figure 14.

Cumulative Activity Release of 131I from the Station (Low HIO Volatility)
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The assumption of HIO being non-volatile has also very little effect on the concentrations in
the aqueous phases. I2 concentrations are about 10...20 % higher than in the case High HIO
Volatility. This is also the effect on the I2 concentrations in the gas phases.
The activity releases of 131I for HIO Non-Volatile case are shown in Fig. 15. Compared to the
results of the High HIO Volatility case the stack release starts to deviate around two hours. At
1 day, 7 days and 30 days the cumulative stack release remains around 30 %, 7 % and 5 %,
respectively. The roof release is practically the same than in previous cases, since F is the
dominant species for this release.
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Figure 15.

Cumulative Activity Release of 131I from the Station (HIO Non-Volatile)
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6. CONCLUSIONS
The main cause of the high HIO release in the system modelled is the increase of I2 hydrolysis
rate along with the temperature increase, which accelerates HIO production. Due to the high
radiation level near the reactor core, I2 is produced from I- very rapidly. High temperature in
the reactor coolant causes I2 to be transformed into HIO and through the boiling of the coolant
volatile I2 and HIO are transferred efficiently into the gas phase.
In the chemical model considered the radiolytic oxidation of I- into I2 is assumed to be a linear
function of dose rate. This assumption is made from experiments, which have been carried out
at a rather low radiation level compared to the dose rate into the core region water. Therefore
the radiolytic oxidation in this study may not be very reliable. The radiolysis of water and its
affect on the iodide oxidation should be modelled in a more accurate way to improve under
standing of the radiolytic oxidation of F. Furthermore, Furrer et al. [1989] have brought out
that the reaction constant for the radiolytic oxidation (8) is overestimated in the absence of
silver (Ag), and Loviisa NPP has no Ag in the reactor core.
Some references imply that HIO would not be significant species, due to its high partition co
efficient [CEC 1992]. However, HIO partition coefficient decreases as temperature increases,
and what is more important, the ratio of HIO and I2 partition coefficients increases along with
increasing temperature. Also, the hydrolysis of I2 (1) becomes more efficient with high tem
peratures. Therefore, the relative significance of HIO seems to grow with increasing tempera
ture.

652

Even if the HIO were not a stable species in the gas phase, it might have an effect on the io
dine source term by transferring iodine into the gas phase, where HIO could be transformed
into some more stable airborne iodine species.
The relative significance of volatile iodine species is probably not as high for conditions
ocurring in severe accidents than for e.g. LOCA scenarios considered here. During severe accidets the reactor core temperature is very high, and large amounts of fission products are re
leased as aerosols from the core. Therefore the airborne fraction of the fission products is
quite large compared to the LOCA scenarios.
In addition to the transfer parameters of different iodine species, there are also other factors
affecting the release. The overall thermal hydraulic behaviour of the system may differ a lot
from the scenario represented here. For example, different temperature and boiling assump
tions may produce a result that shows other kind of iodine behaviour.
It must also be noted that the chemical model considered is quite simple, and only some of the
various species and reactions are taken into account. The model needs to be improved, and
one of main future work with ACT WATCH is to validate the code for the use it has been
created for.
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Pool Scrubbing Models for Iodine Components
Karsten Fischer1
Abstract
Pool scrubbing is an important mechanism to retain radioactive fission products from being
carried into the containment atmosphere or into the secondary piping system. A number of
models and computer codes has been developed to predict the retention of aerosols and fission
product vapours that are released from the core and injected into water pools of BWR and PWR
type reactors during severe accidents. Important codes in this field are BUSCA, SPARC and
SUPRA. The present paper summarizes the models for pool scrubbing of gaseous Iodine
components in these codes, discusses the experimental validation, and gives an assessment of the
state of knowledge reached and the open questions which persist.
The retention of gaseous Iodine components is modelled by the various codes in a very heteroge
neous manner. Differences show up in the chemical species considered, the treatment of mass
transfer boundary layers on the gaseous and liquid sides, the gas-liquid interface geometry,
calculation of equilibrium concentrations and numerical procedures.
Especially important is the determination of the pool water pH value. This value is affected by
basic aerosols deposited in the water, e.g. Cesium and Rubidium compounds. A consistent model
requires a mass balance of these compounds in the pool, thus effectively coupling the pool
scrubbing phenomena of aerosols and gaseous Iodine species. Since the water pool conditions are
also affected by drainage flow of condensate water from different regions in the containment, and
desorption of dissolved gases on the pool surface is determined by the gas concentrations above
the pool, some basic limitations of specialized pool scrubbing codes are given. The paper draws
conclusions about the necessity of coupling between containment thermal-hydraulics and pool
scrubbing models, and proposes ways of further simulation model development in order to
improve source term predictions.

') Battelle Ingenieurtechnik GmbH, D-65760 Eschbom, Germany
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1. INTRODUCTION
In water reactor severe accident analysis, several scenarios are under consideration where a
steam/gas flow is injected into a water pool, and radioactive fission products are washed out
partly from the gas mixture by interacting with the water. The efficiency of this pool scrubbing
process determines the contamination of the space above the pool surface, which could be part
of the primary system loop, the containment building, or even the environment (for certain
containment bypass scenarios); the classical case is pool scrubbing in a BWR pressure suppres
sion chamber. Computer codes have been developed to estimate the pool decontamination
factors, and they have been validated on the basis of experiments. Important codes in this field
are BUSCA [RAMSDALE 1995], SPARC [OWCZARSKI1991] and SUPRA [WASSEL 1991].
These codes put their main emphasis on models for aerosol interactions; pool scrubbing of
gaseous Iodine appears to be treated only as a by-product.

2. GASEOUS IODINE SCRUBBING MODELS
2.1 Pool scrubbing hydrodynamics
Three different hydrodynamic zones can be distinguished when a steam/gas mixture is injected
into a water pool:
- The injection zone.
This zone is characterized by the formation of large primary bubbles at the injection orifices;
alternatively, under high injection velocities a submerged jet is formed. During bubble formation
or jet expansion, heat and mass transfer between the injected gas and the water occurs. After
some time the primary bubble detaches from the orifice and loses its velocity of motion relative
to the water.
- The bubble rise zone.
After dissipation of the injection momentum, the gas rises to the pool surface in a bubble column
or swarm. Large unstable primary bubbles decay into smaller ones. Heat and mass transfer lead
to a thermodynamic equilibrium between gas and water. Bubbles are subject to a slight expansion
due to the hydrostatic pressure decrease while the bubbles are rising. A recirculation flow of the
pool water is introduced, which enhances the effective bubble rising velocity.
- The pool surface zone.
At the pool surface, the bubbles break up and release their gas to the space above the pool. Due
to the breakup process, water droplets are generated and carried into the atmosphere. This
entrainment of contaminated water droplets may reduce the effective retention capacity of the
pool.
The interactions of the gaseous Iodine species (which are part of the injected gas/steam mixture)
with the pool water are embedded in these hydrodynamic processes. Furthermore, interactions
of these species with the aerosols exist. In general, Iodine will be present as a tracer in a gas
which is predominantly insoluble, like Hydrogen or Nitrogen. The steam concentration is
governed by the pool saturation conditions.
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2.2 Iodine models in BUSCA
In BUSCA, the Iodine gas species I2 and HI are considered; however, pool scrubbing is only
modelled for I2, and HI is treated as a non-soluble gas.
No special models are used for the injection zone.
In the bubble rise zone, removal of I2 is calculated for a bubble of spherical cap shape, where
diffusion coefficients DG and DL are determined for the gas and liquid sides of the upper curved
surface, while for the flat base only the liquid side mass transfer is taken into account. A semianalytical solution for the diffusion equations gives the decontamination factor for a bubble
during the time interval St as follows [CLOUGH 1984]:
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where rc is the curvature radius of the upper bubble surface, and <p the bubble semi-angle. The
Henry number He is proportional to the inverse of the partition coefficient; it is correlated as a
function of the water temperature. For spherical bubbles, the calculation reduces to

DFr = exp (6t/xD)

(6)

The following simplifications are involved in this treatment:
1. Diffusion boundary layer changes due to steam condensation or evaporation are neglected.
2. The diffusion coefficients are not correlated with the gas component concentrations.
3. The pool bulk concentration of dissolved I2 is neglected.
4. The partition coefficient is a function of temperature only.
5. Surface renewal by the water circulation flow is neglected.
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This means that the pool is treated as an I2 sink with unlimited capacity, and neither chemical
effects (pH) nor resuspension are taken into account.
The pool surface zone is not modelled.

2.3 Iodine models in SPARC
In SPARC, the Iodine gas species I2 and CH3I are taken into account.
The code has a model to estimate the deposition of I2 on hygroscopic aerosols in the primary
system before the injection into the pool. The primary system is modelled like a plug-flow
reactor. Given the total volume Vp of the primary system (Vp = 198 m3 for the Peach Bottom
reactor), and the volumetric flow rate
of the released steam/gas mixture, the residence time
of gases and particles in the primary system is
ties — Vp/Vi,,.

(7)

Steam deposition on the hygroscopic aerosols is estimated by calculating the equilibrium droplet
diameter from the atmospheric relative humidity, assuming that Cs and Rb components in the
solid aerosol mass are hygroscopic like Na. After having determined the size of the wet aerosol
droplets, diffusion of molecular Iodine to the droplets is calculated by the absorption coefficient
= n, n D rs t^

8

( )

In this relation, D is the diffusivity of I2 in a steam-hydrogen atmosphere, n; the number concen
tration of particle size class i, and r, the particle radius. The decontamination factor DFn
for I2 in the primary system is
DFe= l/£e-ai

(9)

The weakness of this model is the fact that the droplets act as an infinite sink for I2. Furthermore,
even for particles without hygroscopic mass fraction or adsorbed water the same correlations are
used to calculate I2 removal.
In the injection zone, it is assumed that instantaneous thermal equilibrium is reached by steam
condensation. The removal of I2 due to this condensation is assumed proportional to the volume
reduction of the injected flow. In contrast to this assumption, the aerosol decontamination factors
are taken a factor 3 higher, which should account roughly for additional removal by
diffusiophoresis. Removal of CH3I is calculated assuming concentration equilibrium between gas
and liquid phases, using a temperature dependent Hemy number.
In the bubble rise zone, removal processes are calculated for I2 and CH3I by using gas and liquid
side diffusion coefficients. Diffusive mass transport velocities uD are calculated as

(10)
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where D is the diffusivity of I2 or CH3I in the gas or liquid phase, and tx is the time of surface
exposition. The interfacial concentration c, is calculated from the continuity of the diffusive mass
flow as
Cj = ( CL

uDL + cG uD G ) / ( He uDL + uD G )

(11)

where uDL and uDG are the diffusive transport velocities at the liquid and gas side, respectively;
cL and cG are the associated bulk molar concentrations, and He is the Henry number. The
diffusion boundary layer changes due to steam condensation or evaporation are taken into
account by corrections to the transport velocities. Also, the bubble surface renewal by water
recirculation is taken into account by numerical integration over the bubble surface which has an
oblate ellipsoidic shape. A mass balance of dissolved gases in the pool is calculated.
In order to estimate the partition coefficient or Henry number for I2 at the bubble interface, the
following fast chemical reactions in the water are considered:

iz,gas

^2,aq

(12)

V

(13)

^2,aq + H20

H+ + r + HIO

(14)

^2.aq + H20

h2oi+

(15)

h2o

H+ + OH

^.aq + 1

<->

+r

(16)

For each of these reactions, temperature dependent equilibrium constants are evaluated from the
literature [EGGLETON 1967]. The presence of additional T and OH" ions from dissolved aerosol
material (Csl, CsOH, RbOH) is taken into account, using the pool mass balances of deposited
aerosol components. Thus, the effects of temperature and pool pH are considered via the Henry
number for I2. In the case of CH3I, a simplified treatment using a temperature dependent partition
coefficient correlation is done.
In the pool surface zone, equilibrium conditions between the dissolved I2 and the I2 concentration
of the gas leaving the pool are assumed, taking into account the Henry number He to determine
the concentration ratio at the pool/gas interface:
cG = cL / He

(17)

where cG and cL are the molar I2 concentrations in the gas and liquid phase, respectively. This
formulation allows to simulate I2 resuspension from the pool if the I2 concentration in the injected
gas is lower than the equilibrium concentration in the water.

2.4 Iodine models in SUPRA
Iodine gas species in SUPRA are I2, Csl, and CH3I.
The code does not simulate deposition of gaseous Iodine components in the injection zone.

660

In the bubble rise zone, models similar to BUSCA and SPARC are applied. Diffusive mass
transfer coefficients are calculated for the gas and liquid sides of the interface, taking into account
the boundary layer changes due to steam condensation or evaporation. Surface renewal by water
circulation is not modelled. The bubble shape is approximated as an oblate ellipsoid. The Henry
numbers describing the concentration jump at the bubble surface are correlated as follows:
For I2, He is determined from a tabular interpolation with respect to the concentration of dis
solved I2 at the interface. Then, the influences of temperature and pool pH are accounted for by
appropriate correlation factors. The pH used has to be specified in the code input.
For CH3I, He is determined from a temperature-dependent correlation.
For Csl, He is set to a small constant value, which leads to a gas side controlled deposition rate.
Heat and mass transfer at the pool surface are influenced by the thermal hydraulic conditions of
the pool and the gas space above the pool. In SUPRA, evaporation of steam as well as desorp
tion of tracer gases are calculated using Nusselt number correlations for natural convection at
horizontal surfaces [EDWARDS 1979]:
NuM = 0.12(GrSc)*

(18)

where Gr is the Grashof number

Gr = ^- g L3/vg

(19)

Pg

and Lis a characteristic length of the pool surface; Ap is the density difference between the bulk
gas and the gas at the pool surface, driving the natural convection flow in the gas space; g is the
gravitational acceleration, pG the gas density, and vG the gas viscosity. On the liquid side, mass
transfer coefficients are approximated by [DAVIES 1979]

Kl = DlwPl

(20)

where DL is the diffusivity of the dissolved tracer gas, given in m2/s; pL in kg/m3, and
in
kg/nfs. The mass transfer coefficients are corrected for steam condensation, and Henry number
correlations are supplied for the species concentration ratio at the pool surface. The species
concentrations in the gas space above the pool are specified in the code input data.
In SUPRA, mass balances for the substances dissolved in the pool are calculated. However, this
information is not used to determine the pool pH value.

3. MODEL VALIDATIONS
The BUSCA models for Iodine scrubbing were validated by post-calculations of two I2 tests by
Diffey et al. [DIFFEY 1965]; this work was reported in [LOPEZ-JIMENEZ 1995].
SPARC validation on the Diffey tests for I2 and CH3I is mentioned in the SPARC-90 manual
[OWCZARSKI 1991]. The same data set was post-calculated in [LOPEZ-JIMENEZ 1995].
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Also SUPRA was validated in comparison with the Diffey data on CH3I.
More recent experimental data, partly taken in larger scaled facilities, are existing [LOPEZJIMENEZ 1995], but no published code validations based on such data were found. Obviously,
the present validation covers only a small fraction of the relevant parameter ranges.

4. DISCUSSION
Table 1 gives an overview of the species and zones considered in the codes.
Table 1. S pedes and Zones Considered in the Codes
Species

BUSCA

I2
Bubble rise zone

ch3i

SUPRA

Primary system
Injection zone
Bubble rise zone
Pool surface zone

Bubble rise zone
Pool surface zone

Injection zone
Bubble rise zone

Bubble rise zone
Pool surface zone
Bubble rise zone
Pool surface zone

Cslg^

HI

SPARC

Non-soluble

It is evident that the only common feature for all codes is the treatment of I2 in the bubble rise
zone. Other species or zones are considered less important and treated differently. The models
for the bubble rise zone are similar in all codes: diffusive transport on the liquid and gas sides,
coupled by a Henry number at the interface. It is worth mentioning that the models for the pool
surface zone differ between SPARC and SUPRA. While SPARC simulates concentration
equilibrium between released gas and water, SUPRA simulates equilibrium between the atmo
sphere above the pool and the water, where the atmospheric concentration has to be specified.
While SPARC has the possibility to model resuspension of dissolved I2, SUPRA can calculate gas
absorption by the pool surface.
Differences show up in the following submodels:
- model for diffusive mass transfer in the gas or liquid side boundary layer,
- calculation of species diffusivities,
- consideration of steam condensation-induced corrections to species diffusion,
- shape of bubbles,
- consideration of bubble surface water renewal,
- calculation of Henry numbers.
The Henry number is of central importance for the I2 deposition. Table 2 shows the different
formulations.
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Table 2. Henry Number Correlations Used in the Codes
BUSCA

SPARC

SUPRA

Function of
temperature

Temperature-dependent equilibria of:
^2,gas
^2,aq
kaq + 1"
I3'
I2aq + H20 +■*
H+ +1" + HIO
i2,aq + H2o <H2or + r
H20
<-►
H+ + OH'
OH" calculated from dissolved basic
components

F(c) • F(t) • F(pH)
F(c) Function of I2 concentration
F(t) Function of temperature
F(pH) Function of pH
pH specified in input

In comparison to more elaborate models for Iodine behaviour in a LWR containment, like
IMPAIR [GUNTAY 1992], the simulation of Iodine component interactions appears to be
strongly simplified even in SPARC. While IMPAIR simulates dynamic rate reactions, the pool
scrubbing codes assume chemical equilibrium. IMPAIR considers the following reactions in the
pool:
<-*

^2,aq

(12)

*2,aq + H20

H+ +1" + HIO

(14)

3 HOI

I03 + 2 I’ + 3 H+

(21)

H+ + OH

(16)

^2,aq + H20

(22)

2 Agl

(23)

^2,gas

H20

<—►

21+ Vi 02 + 2 H+

-y

^jq + 2 Ag

Equations 12, 14 and 16 are the same in SPARC and IMPAIR. The reactions involving I3" and
H2OI+ are used in SPARC only, while the reactions with I03", 02 and Ag are used in IMPAIR
only. IMPAIR takes into account many other rections, like gas space interactions, radiolysis, and
deposition on walls, which should be important for the pool scrubbing processes also. Unlike
SPARC, IMPAIR does not simulate the dependency of pH on the dissolved Cs and Rb mass,
instead the pH is a specified input value.
It is generally accepted that the pool pH is of great importance for the Iodine distribution. This
entity is influenced by the concentrations of boric acid and basic aerosol components (Cs, Rb) as
well as water radiolysis. The concentrations are related to the thermal-hydraulics and transport
processes in the containment or primary system, which govern the distribution of steam, water,
condensate flows, suspended and deposited aerosols. The radiolysis is determined by the radia
tion levels of the fission product distribution. A tight feedback between I2 partitioning, I2generated radiation and pH is expected.
Obviously the operation of specialized, limited-purpose codes like BUSCA, SPARC, SUPRA or
IMPAIR is not satisfactory because important parameters have to be specified as user input. A
consistent model should take care of all important interactions. Such a model would preferably
be based on a thermal-hydraulic system code, which can simulate all transport processes and
associated mass balances. This code would then form a suitable framework for special models
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like pool scrubbing, giving all necessary boundary conditions and parameters that would other
wise require user input when running a self-standing specialized code. A first step in this direction
was done with the development of FTPLOC 3.0 [WEBER 1996], where a thermal-hydraulic
containment code was coupled with an aerosol module, a pool scrubbing code (SPARC) and an
Iodine behaviour code (IMPAIR). This code combines and extends the capabilities of its consti
tuting code elements, and it opens up the possibility of more advanced, mechanistic and consis
tent predictions for severe accident transients. Some of the submodels, like the primary system
I2 interaction in SPARC, or the pool surface-atmosphere interaction in SUPRA, are more
consistently handled in such a system code framework. However, there is still a number of
questions to be resolved. As shown above, the validation of the Iodine pool scrubbing models is
based on a single series of experiments (Diffey), and the validated parameter range is small.
Further work appears necessary in the following fields:
- Extension of Iodine scrubbing models to cover all relevant chemical species and reactions,
- Extension to include scrubbing in the injection zone,
- Extension to include resuspension in the pool surface zone,
- Consideration of chemical kinetics where necessaiy,
- Integration with IMPAIR-Iike pool models for deposition on submerged surfaces,
- Addition of decay heat release model,
- Extension of the code validation using more recent available data.
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REMOVAL OF VOLATILE IODINE FROM GAS BUBBLES
RISING IN WATER POOLS: REVIEW AND ASSESSMENT OF
POOL SCRUBBING CODES
J. Polo1, L.E. Herranz1, V. Peyres1, M. Escudero1

ABSTRACT
During a hypothetical nuclear reactor accident with core damage the fission products released
from the degrading fuel bundles often pass through aqueous beds before entering the
containment, mitigating in part the source term. Several computer codes have been developed
for predicting the fission product and aerosols removal in pool scrubbing scenarios. In addition
to particle removal, these codes simulate the retention of some volatile iodine compounds.
Nonetheless, experimental data on the matter are rather scarce and further validation remains to
be done. In this work a review of volatile iodine removal models included in SPARC and
BUSCA codes is presented. Besides, the results and discussions of a validation of both codes
against the available experimental data are summarized.
SPARC and BUSCA codes modell the diffusion of iodine towards the bubble interface by using
the film penetration theory, which assumes a double layer gas-liquid at the interface. However
there are some differences between the two models, mainly related to the boundary conditions
in the aqueous volume for the diffusion of molecular iodine. In SPARC, a set of fast reactions
in the liquid phase control both the molecular iodine concentration in the pool and the partition
coefficient of iodine at the interface. Thus, the aqueous chemistry plays an important role in the
boundary conditions for the diffusion proccess. On the contrary, the BUSCA model has no
chemical considerations at all, and assumes a null iodine concentration in the water bulk.
Several sensitivity studies have been made in order to weigh the effect of these differences. The
variables examined in these studies were the pool temperature and the incoming iodine
concentration in the pool. Additionaly, sensitivity studies focused on the steam mass fraction of
the injected gas were performed to study the effect of the different approach of both models for
the condensation proccess. The results showed a different sensitivity of SPARC and BUSCA to
the incoming concentration. In SPARC, at low iodine concentrations in the pool (10"6 M) and
depending on the pH conditions the hydrolysis considerably reduces the concentration of iodine
in aqueous phase and also leads to an increase of the total partition coefficient at the interface,
predicting as a consequence a high decontamination factor. In the case of high incoming
concentrations (10"4 M), however, the amount of iodine remaining in equilibrium is substantial,
leading to a greater accumulation of iodine in the gaseous side of the interface and to a lower
decontamination factor. On the contrary, BUSCA predictions do not show any sensitivity to the
incoming concentration, due to the absence of chemical interactions in the water volume.

1) CIEMAT, Nuclear Technology Institute, Avda. Complutense 22, 28040 Madrid, Spain
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In the literature survey the Diffey et al. experimental programme seemed to be the most suitable
to test the computer models. The SPARC results kept the experimental trend for both the smallscale and large-scale experiments. BUSCA, however, limited to the cases for the large-scale
facility, was not able to predict it. However, given the uncertainties associated with the wide
range of iodine concentrations in the pool, the results are only qualitatively useful for code
validation.
Finally, the model review and the sensitivity analysis performed have underlined some
limitations in the SPARC and BUSCA models. Regarding the role of the aqueous iodine
chemistry, it is worth to mention the absence of any radiolytic reaction in the SPARC model, as
well as a quite simple pH determination in the scenario. These shortcomings suggest the coupling
of pool scrubbing codes with others of a chemical nature which will supply information on the
inventory of the species every time step, thus allowing most realistic boundary conditions for the
scenario. By the other way, the assumption of a null iodine concentration in the aqueous phase
in the BUSCA model has two implications: the absence of chemical reactions and the restriction
of the diffusion proccess to one direction. These limitations and differences in the models point
out the need of further research in order to a more accurate validation of the models and to
determine the role of the iodine aqueous chemistry in pool scrubbing scenarios.
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1. INTRODUCTION
The potential radiological impact of iodine makes it one of the most important fission products
in nuclear severe accident research. The interest in the study of iodine behaviour during
hypothetical accident conditions grew after the Three Mile Island (TMI) accident. As a
consequence, an effort in modelling the iodine behaviour both in the primary circuit and in the
containment building has been made during the last 20 years. Likewise other scenarios, the pool
scrubbing needed of an accurate modelling of the iodine removal in water pools.
The absorption of fission products and aerosols carried out by gas bubbles rising in a water
volume has been widely studied as a key factor for mitigating the source term. This process,
denoted as pool scrubbing, may often occur in several risk dominant accident sequences in both
PWR and BWR [1], Several computer codes has been developed for predicting the removal of
fission products and aerosols in pool scrubbing scenarios. In this regard SPARC [2] and BUSCA
[3] codes are two of the most common pool scrubbing tools. Both codes, currently under
validation and development, predict the retention of aerosols and volatile iodine compounds in
a water pool by means of the decontamination factor (DF). The latter, is defined as the ratio of
the mass entering to the mass exiting the pool. The DF is conditioned by both the geometric and
the theimohydraulic conditions of the aqueous and injection system as well as the
physicochemical characteristics of the fission product released.
Regarding the volatile iodine compounds behaviour in pool scrubbing scenarios, there are two
global uncertainty areas to be considered. On the one hand, there are still uncertainties as regard
the chemistry of the primary circuit and the condensation processes [4,5], which would affect to
the physicochemical form of the iodine entering the water volume. The experimental measures
performed during the first test of the Phebus-FP (FPT-0) series indicated that most of the fission
products reached the containment as aerosols [6], Nevertheless, it is thought that a few
percentage of the iodine would enter the containment in vapour phase [7], Moreover, the
revaporization phenomena in the primary circuit would imply a delayed source term of fission
product vapours [8], On the other hand, once the volatile iodine compound have entered the
water pool, the incoming concentration of iodine in the pool may change by the effect of several
chemical reactions. Consequently, the aqueous and radiolytical chemistry of iodine and its
associated uncertainties would play an important role regarding the boundary conditions for the
iodine removal processes in the pool.
An analysis of the volatile iodine removal models in SPARC and BUSCA codes has been made
to assess their modelling capability for such scenarios. In order to do so, a revision of the
experimental programmes on volatile iodine retention has been performed as well as sensitivity
studies and calculations against the experimental database. Despite the experimental data
available are scarce, the data from DifFey et al. [9] seemed to be the most suitable to test the
computer codes. Finally, a set of limitations in both models are presented.
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2. SUMMARY OF THE EXPERIMENTAL DATA
The different experimental programmes on the retention of iodine vapours have shown that the
decontamination factor depends on geometric and physicochemical parameters, on the species
of iodine injected and on the presence of certain impurities and chemical additives in the pool.
In Table 1 the main characteristics of the experimental programmes reviewed are summarized.
Table 1. Summary of the experimental programmes on iodine retention in water pools
Organization

Author

Ref.

Gas Injected

Injector

Submergence
and
Temperature
(°C)

PSI
(POSEIDON)

S. Guntay

10

N2 Rate not available

Vertical
d: 0.5-9 mm

1-4 m
T:21,40,60

UKAEA

J.J. Hillary

11

Steam (kg/s): 0.3-992
Air (kg/s): 0-3.311

Vertical
d: 10 cm

61, 30.5 cm
T: 10

UKAEA

H R. Diffey

9

% Air/Steam: 0.01-0.1

Vertical
d: 3, 50 mm

6, 50 mm
T: 28, 50

ORNL

L.E. Standford
C.C. Webster

12 13

% Air: 0,2
Steam (kg/s): 0.0250.075

Vertical
d: 1.72 cm

1.22 m
T: 10-38

Air-Steam

Vertical

1-4 ft
T: 32.2-66.6

ORNL (GE)

D P. Siegwarth 14 15
M. Siegier
16

As shown mainly by the POSEIDON and ORNL (General Electric) experiments, the most
relevant geometric parameters are submergence and the diameter of the injector. Submergence
increases the residence time of the gas in the pool, and consequently the DF. Injection via small
orifices contributes to the formation of smaller bubbles, thus increasing the transfer surface area
and DF.
Especially outstanding among the physicochemical parameters are the steam fraction in the inlet
gas, the temperature of the pool and the mass of iodine injected, variables which are studied in
several of the experimental programmes shown in Table 1. The presence of sufficient steam in
the inlet gas for the thermohydraulic conditions in the pool to promote condensation contributes
to remove part of the iodine present inside the gas, as was concluded in the UKAEA (Hillary)
and UKAEA (Diffey) experiments. For its part, temperature has a complex influence, since it
affects diffusion, the partition coefficient, the chemical reactivity of iodine in the pool and under
favourable conditions, may promote evaporation inside the bubble. Therefore, the overall effect
of temperature on DF depends on the balance of all these processes. Finally, the chemical
reactivity of iodine in the aqueous phase, which depends to a large extent on the mass of iodine
present, may under certain conditions affect the retention of iodine in the pool. In this regard, the
UKAEA (Diffey) experiments concluded that the concentration of molecular iodine in the water
had an important influence on the DF. At low concentrations (<10-6 M), an important fraction of
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the iodine suffered reactions with the water giving low volatility compounds and contributing
to increase the partition coefficient, and consequently DF. The role played by chemical additives
has not been widely explored. Nevertheless, mention might be made of the UKAEA (Diffey) and
ORNL experiments, which found that certain chemical additives in the pool might enhances
chemical reactions tending to decrease the volatility of the system, thus increasing the DF.
Among the experimental programmes shown in Table 1, a distinction may be made as regards
the ORNL experiments, which examined the transport of iodine dissolved in the pool by the
subsequent bubbling of a gaseous mixture. In all the tests it was found that the mass released to
the atmosphere was less than 1.8% of the mass injected.
Furthermore, the volatility of the iodine species injected has a considerable influence on DF, as
was shown by the UKAEA (Diffey) and ORNL (General Electric) programmes. CH3I is a highly
volatile compound and has a very low partition coefficient in the temperature range of 25-150
°C, as a result of which its retention by aqueous system is of low efficiency.

3. MODELS DESCRIPTION
The models for the retention of volatile compounds included in SPARC and BUSCA are based
on the theory of film penetration for the diffusion process [17]. Nevertheless, there exists some
differences between both models regarding mainly the boundary conditions in the aqueous phase
and the geometric shape of the bubble. Moreover, while BUSCA model is limited to molecular
iodine (I2), SPARC considers two species in the model: molecular iodine and methyl iodide
(CH3I).

3.1 SPARC
SPARC code assumes that the retention of iodine occurs in two different regions: at the outlet
of the injector and in the bubble rise zone.
In the injection region the gas injected is assumed to instantaneously reach the equilibrium with
the thermodynamic conditions of the pool; under enough steam at the inlet this may lead to
condensation and therefore, to the retention of part of the iodine released. The DF due to the
effect of early condensation is defined for each compound as the fractional loss in gas volume
caused by condensation at the temperature and pressure of the pool at vent depth, and is limited
by the species solubility at the interface leading to a different expressions for each compound,

DF

xne*9

Xnc
(1)

DF.CHJ
-

1 - 18 i?CHjI

*9

x
RTp

where x„c and xnceq, are the noncondensible molar fractions at the inlet and in equilibrium with
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the pool, respectively; H, is the partition coefficient at the interface; p , T and p, are the pool
pressure, temperature and the gas density, respectively. Quantitative analysis of (1) shows that
early condensation DF for CH3I is very close to the unit. The effect of early condensation on the
retention of this compound is limited to a large degree by its high volatility, and hardly
contributes to the retention of CH3I.
In the bubble rise region it is assumed that only the fraction of gas associated with the bubble
contributes to the DF,

DF. =

i=I2 , CHJ
fa

h

(2)

+

DF‘

wherefG and fB are the fraction of gas in the globule and the bubble, respectively, and DFB‘ is the
decontamination factor of the bubble,
(3)

DF* = e

being t the residence time, dB the bubble diameter, and (fo the volumetric diffusion flow of each
compound,
= r,G,a,

(4)

i=i2,ch2i

where V; is the net diffusion velocity, 0 ; a factor accounting for vaporization and S B the bubble
surface area. The overall diffusion rate is estimated on the basis of the theory of film penetration,
assuming a double layer (gas-liquid) at the interface and applying a correction factor to diffusion
rate in the gas phase to account for the fact that the concentration at the interface is not zero.
V =

i = I ,CHI

*

(5)

V]g

where Vgl is the diffusion velocity of compound i across the gas in the bubble estimated from the
expression of the penetration theory and the numerator represents the difference between the
concentration of the compound i inside the bubble and at the gaseous side of the gas-liquid
interface, the latter is estimated on the assumption of mass conservation,

mt

[/] g

v\?v!+ to/;

CHJ

(6)

Htv; + v;

being Hj the partition coefficient at the interface, [ij cq the equilibrium concentration in the
aqueous bulk and V/ the diffusion velocity of compound i in the liquid.
The factor 0t which accounts for vaporization, may have an important influence on the DF and
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is related to the quotient of evaporation velocity versus overall diffusion velocity. Its value is
situated between 0 (if the rate of evaporation is five times that of diffusion) and 1 (when there
is no evaporation). If both rates (evaporation and diffusion) were strictly the same, the diffusion
flow would be only 20% of that which would exist under the same conditions in the absence of
evaporation.
As regards I2, SPARC considers that its concentration inside the water volume is that
corresponding to chemical equilibrium. In this respect the Eggleton model has been implemented

[18],

4(g)

-

4(4

4(0 + r - 4"
4(0 + H20 ~ H* + I~ + HOI
4(0 +

h2o

~

H2or

+

(7)

r

H20 ** H* + OH -

By using the equilibrium constants for the above five reactions and the Eggleton model, the
partition coefficient is quantitatively defined by,
TOT

TOT

H,

=

caj;

‘9
(4),

- k.

[41/

*?
VJi

(8)

being k, the equilibrium constant of the first reaction in (7).
There is, however, no chemical model for CH3I in the aqueous phase and the partition coefficient
is obtained in a simpler way using solubility and vapor pressure data [19],
Hrff. = ----------- -----------}0(-1388.89/r * 6.461)

CH*

(9)

3.2 BUSCA
BUSCA code only includes I2 in its model, and the DF is given directly, depending on the
bubble shape, by:

DF

27t1/2(f/r)3/2

Spherical Cap

X
DF = eSpherical Bubble

(10)
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where:

7t1/2(3r5/4(7i + (—),/2)
s

t

ea/V'Vt*)
P

1

COS0

+ —cos30
(ID

/[<$>) = (— + —COS$)1/2(I

3

- COS0)

3

,
3
sin2a>D,1/2r1/2
A =--------------------------22p r(He + A1/z

with t being the residence time, $ the bubble semiangle and He the Henry constant. The
equilibrium partition coefficient (i.e., the inverse of the Henry constant) is estimated by
interpolation with temperature, according the Max Furrer data [20].
While in SPARC thermodynamic equilibrium is asssumed to exist between the gas and the
pool, in BUSCA code the process of condensation is estimated throughout the total rise period.
Furthermore, BUSCA considers that the process of diffussion contains two different
contributions: diffusion via the curved surface of the cap and diffusion across the flat surface
of the base of the bubble. According this, (10) is the result of solving two coupled diffusion
equations, one for the flat surface and the other (convection diffusion equation) for the curved
surface. One of the most important keys in the BUSCA model is the boundary condition in the
aqueous phase for these two differential equations, which consist of assuming that the iodine
concentration in the liquid volume is everytime zero.

4. SENSITIVITY ANALYSIS
The initial conditions for sensitivity analysis correspond to the scenario of the LACE-Espana
experimental programme [21] (Table 2).
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Table 2. Initial Conditions for Iodine Retention Sensitivity Analysis
Inlet gas temperature: 150 °C
Inlet gas pressure: 2.25 atm
Pool temperature: 25, 100 °C
Pool surface pressure: 1.973 atm
Pool volume: 3.53 m3
Volumetric inlet flow: 400 cc/s
Submergence: 200 cm
Inlet diameter: 1 cm
Injection time: 1 hour
Iodine rate: 9.8 10'7 mol/s, 9.8 10'5 mol/s
Airflow: 0.752 g/s (no steam), 0.226 g/s (air/steam)
Steam flow: 0.327 g/s

Table 3. SPARC and BUSCA Predictions for the Sensitivity Analysis
Case

Gas Injected

SI
S2
S3
S4
S5
S6
S7
S8

Air
Air
Air
Air
Air/Steam
Air/Steam
Air/Steam
Air/Steam

S9
S10
Sll
S12

Air
Air
Air/Steam
Air/Steam

Species

T(°C)

Concentration
(M)

SPARC
DF

BUSCA
DF

I2

100
100
25
25
100
100
25
25

lO"4
lo-6
10"4
10"6
10-4
10"6
IQ-4
IQ-6

32.8
56796
550.9
3800
117.6
194150
1275.7
8803

3371
3369
12970
12880
10540
10720
37600
39630

100
25
100
25

IQ-6
1045
10"6
lO-6

1.4
4
1.6
6.2

—

CHI

In the Table 3 the decontamination factors predicted by SPARC and BUSCA are shown for the
sensitivity analysis scenario. The SPARC results can be summarized as follows:
Given the temperature and the final concentration of molecular iodine in the pool, the DF
increases when there is enough steam present in the inlet gas to favour the condensation
process.
At high final concentration of I2 (lCr4 M), the DF decreases with increasing temperature,
while at low concentrations (10"6 M), the behaviour is the reverse (i.e. the DF increases with
increasing temperature).
Given the proportion of air in the inlet gas and temperature, the DF increases at low final
concentration of T.
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In al the cases regarding CH3I the DF is particularly small and decreases with increasing
temperature.
The presence of steam in the inlet gas hardly affects the DF in those cases concerning CH3I.
The main observations resulting from BUSCA predictions are:
The DF increases by a factor of approximately 3 in the cases of air/steam injection, with
respect to the injection of air alone.
The final concentration of I2 has practically no influence on the predictions.
The DF decreases with increasing pool temperature.
Regarding the gas composition at the inlet, the SPARC predictions can be explained by the
assumption of thermodynamic equilibrium with the pool modelled in SPARC code. The initial
condensation has a series of implications in the DF. On the one hand, it removes part of the
molecular iodine present in the gas. On the other hand, the bubble diameter decreases as a result
of steam condensation, thus increasing the surface to volume ratio, and with it the DF. On the
contrary, in the cases of CH3I, the early condensation hardly affects the DF, and little variations
in the predictions are expected when the gas composition is changed and should be attributed
only to the effect of condensation on the bubble size.
The incoming concentration of I2 in the pool may play an important role on the SPARC
predictions. The chemical reactions formulated in the aqueous phase may alter the boundary
conditions for the diffusion. Among these reactions, attention may be brought to hydrolysis,
which, under certain conditions of pH, concentration and temperature, is capable of transforming
a large part of the I2 into non-volatile species. In the case of low concentration, hydrolysis
considerable reduces the iodine concentration in the aqueous phase and also leads to an increase
in the partition coefficient at the interface. This leads to a large reduction of the concentration
on the gaseous side of the interface, which turn leads to a higer DF. With increasing pool
temperature, the efficiency of the hydrolysis increases and its effect becomes more important.
Nevertheless, the hydrolysis effect is quite dependent on the incoming concentration and at
higher concentrations the result is the reverse, that is, with incresing temperature the less
efficiency of hydrolysis cannot counteract the reduction of the partition coefficient by the
temperature. Finally, as regards CH3I, SPARC does not model any chemical reaction and its
partition coefficient is very low (reflecting its high volatility) causing very low predictions of
theDF.
The BUSCA code estimates steam condensation throughout the entire rise stage, the effect of
which leads to an increse in the DF. In addition, the simplicity of the boundary conditions
imposed (i.e. the iodine concentration vanishes in the bulk of the aqueous phase) leads to
predictions not depending on concentration. Finally, the increase in temperature leads to a
reduction of the partition coefficient regulating mass transport across the interface, and
consequently to a reduction in the DF.
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5. MODEL ASSESSMENT
The UKAEA (Diffey) experimental programme has been used by different authors to evaluate
models. The experimental data from the small-scale facility have served for the partial
assessment of the iodine retention model in SPARC code [22], although the results do not
explicitly figure in the reference documentation. Likewise, in evaluation of the SUPRA model,
the small-scale facility experimental data for CH3I were used [23]. In these experiments, I2 and
CH3I retention tests were performed using two experimental facilities. In view of the
differences in temperature, and certain geometric parameters, between the test carried out in
each facility, a calculation matrix has been developed including the experiments for both
installations, in order to increase to the extent possible the range of conditions to be evaluated.
This calculation matrix required two asumptions: in the large-scale facility measures were
taken in a time interval of 20-60 minutes, since injection time was not available, this was
assumed to last 60 minutes. The data on mass of iodine injected were obtained indirectly on
the basis of the range of final concentrations in the pool; in view of the amplitude of this
range, the bounding values were included in the matrix. Table 4 shows the calculation matrix
for evaluation of the models.
Table 4. Calculation Matrix for Iodine Retention Model Assessment
SMALL-SCALE FACILITY
Injection time 30 minutes
Species
% air/steam
Final concentration
of iodine in the
pool (M)

CH3I

I2
1

10

Low
4.0 10"*- 1.6 10"6

1

High
2.5 10^ - 1.6 IQ-"

10

5.0 IQ'*

4 0

iQ-6

LARGE-SCALE FACILITY
Injection time 60 minutes
Species
% air/steam
Final concentration
of iodine in the
pool (M)

k
1

Low
4.0 10 * - 1.6 10"*

10

High
2.5 10^ - 1.6 W

Table 5 shows the DF predicted by SPARC and BUSCA compared with the experimental
results for each of the cases in the calculation matrix. The experimental data shown in Table
5 represent experimental measures of the DF for a given concentration of iodine in the pool,
this being a somewhat intermediate value in the range of concentrations analyzed. The absence
of data on the exact value of iodine concentration corresponding to each measurement led to
the preparation of two cases for each point in the experiment, corresponding to the two
bounding values of the given iodine concentration.
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Table 5. SPARC and BUSCA Results vs the Experimental Data from UKAEA (Diffey)
Case

Species

%
air/steam

h

1

[IJ (M)

T (°C)

375.6

4.0 10*
I2

10

53.3
39.0
351.7

2.5 10"6

k

1

277.0
36.5

2.5 10"6
I2

10

28
1.6 1(M

ch3i

1

1.07
1.07
1.067

5.0 lO"9
ch3i

10

1.067

4.0 10*
I2

10
2.5 10"*

I2

3691.8

729.6

35.6

731.0

18.2

731.1

2.7

786.9

908/l695n

50
1.6 1(M

L-2

1.59

28
4.0 10^

L-l

3.72

28
4.0 10"6

S-6

29
28.8

5.0 10-9
S-5

390

28
1.6 10-4

SA

232

28
1.6 lO"6

S-3

10

50
1.6 lO"4

DFa,

2120

28
1.6 KM

S-2

BUSCAt
DF

516.4

4.0 10-*
S-l

SPARC
DF

11

f The results of the BUSCA code are limited to the cases for the Large-Scale facility, since there
exists a lower limit of 0.25 m for submergence in the code.
n The two values represent two intermediate experimental points in the concentration range, probably
measured at different iodine concentrations in the pool.
The decontamination factor of I2 estimated by SPARC shows the same trend as the
experimental data from the small-scale and the large-scale facilities. That is, a decrease in
about an order of magnitude with increasing proportion of air in the inlet gas, and increasing
in the case of low concentrations. As regards CH3I, the decontamination factor predicted is
practically independent of the concentration, and it is very close to the unity.
Concerning to the large-scale facility, SPARC also shows a good agreement with the
experimental tendency (i.e. DF is greater in the cases of low iodine concentration). On the
contrary, BUSCA predicts a practically constant DF with the concentration, but shows good
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agreement in the case of low concentration.
Despite the uncertainties associated with the wide range of iodine concentrations in the pool,
both predictions can be qualitatively compared and rationalized. In SPARC, the chemical
reactions formulated in the aqueous phase affect both the iodine concentration in the pool and
the partition coefficient at the interface, as a result of which its predictions are highly sensitive
to the incoming concentration (i.e. to the mass of iodine injected). BUSCA, on the other hand,
assumes the concentration of iodine in the pool to be zero and does not consider any chemistry
in the auqeous phase; in consequence, it predicts a high DF regardless of the mass injected.

6. LIMITATIONS OF THE MODELS
The assumptions and hypotheses on which the volatile iodine retention models are based in
SPARC and BUSCA codes are responsible for the accuracy of the estimates performed.
However, this is even more important as regards the effect of their capacity to simulate expected
accident situations. Certain limitations of the SPARC and BUSCA models are presented below,
and they are related to the application to other scenarios different from those analyzed in the
previous sections.
In several dominant risk sequences, such as SGTR in pressurized water reactors or ATWS and
SBO in boiling water reactors, a gas flow would pass through the pool after retention of a
fraction of the more volatile fission products (i.e., iodine, cesium, telerium) has occurred. The
resulting gamma radiation field allows a part of the iodine present to oxidize to molecular
iodine, as well as to induce changes in pH. Futhermore, the ingress of a multitude of
compounds of varying origin implies large uncertainties as regards pH of the pool, this being
a determining factor for the inventory of molecular iodine in the aqueous phase. The
importance of this scenario is related to its potential for increasing the source term. Gas
bubbling in a contaminated pool increases the surface area for liquid to gas transport and
therefore, might lead to a reduction in the efficiency of the aqueous bed as a final sink.
BUSCA code does not comtemplate this situation. Implementation of the I2 diffusion model
from the bubble assumes that the iodine vanishes when is transferred to the bulk of the aqueous
phase. This boundary condition prevents the modelling of the “reverse diffusion” phenomenon
(i.e., transport of iodine from the liquid to the bubble inside). SPARC code, on the other hand,
is not limited to single-direction gas-liquid diffusion, allowing thus I2 to accumulate inside the
bubble at expense of the transfer occurring in the liquid. However, SPARC ignores two
important facts: the effect of radiation on the total dissolved mass and the presence of other
factors other than the chemical transformation of I2 or the presence of CsOH and RbOH as pH
conditioning factors. Consequently, and in spite of its having a wider scope than BUSCA, it
is to be expected that its predictions in the modellization of certain scenarios would be
inaccurate and not necessarily conservative.
It is important to underline the fact that the two limitations indicated above regarding radiolytic
chemistry and pH extend beyond the scenario described. Thus, even in the case of the mass
of iodine entering in the aqueous bed doing this in th form of iodide, the radiation would be
capable of generating molecular iodine susceptible to being transferred to the gas phase.
This revolatilization takes place both in the presence and the absence of late bubbling through
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the pool [24]. In addition, the pH influences both the radiolitic reactions and the thermal
reactions [25] (i.e., I2 hydrolysis). That is to say that it is an essential condition for an
acceptable approach to be achieved with respect to the boundary conditions governing the
retention of iodine species in aqueous volumes.
Due to its not including any chemical model, the BUSCA code is equally affected by these
limitations. To these should be added the fact that species other than I2, for example organic
iodides, are not considered.
The critical analysis performed underlines the importance of the following: simulation vapour
diffusion as a reversible process and achievement of suitable modelling of the chemistry of the
sink. As regards the reactivity of the iodine in the aqueous phase, two alternatives are
established: providing the pool retention codes with a complete model capable of evaluating
variables such as pH, or coupling of these tools with others of a chemical nature which will
supply information on the inventory of the species at each moment in time. In the opinion of
the authors, the last of these options is the best since, as well as avoiding the complications
involved in implementing an overall model of the chemistry of iodine in the current tools, it
would allow consideration to be given to the most realistic boundary conditions for species
such as organic iodides [26].
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7. CONCLUSIONS
The accurate modelling of the retention of volatile iodine in water pools and of the iodine
chemistry effects in these scenarios may be important in the source term quantification. The main
conclusions of this work are the following:
- The different experimental programmes concerning the retention of volatile iodine compounds
in water pools have shown the influence of certain geometric and physicochemical parameters.
The role played by hydrolysis reaction regarding the decontamination factor has shown that
the aqueous concentration of iodine and the pH may be influencing parameters, and that the
aqueous chemistry of iodine may be an important boundary condition in the pool scrubbing
processes for volatile iodine.
- Both SPARC and BUSCA model the retention of volatile iodine compounds on the basis of
the penetration theory of diffusion. Despite the similarity in the two models, there exist some
differences mainly focused on the boundary conditions in the aqueous phase and in the species
involved in the models. Thus, in SPARC both molecular iodine and methyl iodide are
considered as well as an approach to the aqueous chemistry of iodine is included. BUSCA
only deals with molecular iodine and does not have any chemical model.
- The sensitivity analysis performed for the both models has shown that the different sensitivity
of SPARC and BUSCA codes is due to the differences regarding the chemistry between both
models.
- Despite the uncertainties associated with the Diffey experimental data the results of SPARC
and BUSCA have been qualitatively compared and rationalized. The SPARC results showed
a good agreement with the experimental trend. On the contrary, the BUSCA predictions were
not influenced by the iodine concentration in the pool. In consequence, the aqueous chemistry
model included in SPARC makes it more suitable to the modelling of the pool scrubbing
phenomena for volatile iodine.
- The accurate modelling of the retention of volatile iodine compounds should be acomplished
with an accurate prediction of the pH and with the inclusion of the gamma radiation field
effects, since the importance of these parameters in the chemistry of iodine under accident
conditions. This fact suggests that the volatile iodine retention models might be coupled with
chemical models capable of predicting the inventory of iodine species at each moment in time.
This would lead to the establishment of more realistic boundary conditions in the process of
iodine diffusion.
The conclusions presented above may be related with some scenarios where the uncertainties in
the models reinforced the need of a further research. One of this consist of the injection of a
mixture of steam and noncondensible gas when the pool has an important concentration of
molecular iodine produced mainly by chemical transformations during the stages after the
injection. In such scenario, the initial iodide captured by the pool may have changed to volatile
compounds by effect of gamma radiation and the subsequent bubbling may promote the
transport of molecular iodine to the atmosphere.
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IODINE RESEARCH ISSUES
RELEVANT FOR REACTOR
SAFETY

CH9700228

C. LECOMTE
Institut de Protection et de
Surete Nucleaire

MAIN OBJECTIVES OF
ACCIDENT STUDIES

- Adequation of technical systems (spray, pH control,
filters, measurement devices,...)

■ Crisis management
- Diagnosis/prognosis
- Counter-measures (population and environment)
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■ Accident prevention
■ Accident management
■ Consequences mitigation

IMPORTANT RELEASE
PARAMETERS
DO
■ Iodine Released quantity
- special importance for short-term counter-measures

■ Kinetics of release
■ Physical and chemical forms
- retention devices efficiency
- environmental transport
- biological effects
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- delay for action

OPEN UNCERTAINTIES
■ ■■DO
■ Chemical reactions
- Radiolysis

- Organic iodine production
» airborne or immersed paints

■ Mass transfers
- Transport by evaporation and condensation
- Convection patterns in the containment
- Adsorption/desorption on paints
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» efficiency of pH control ?
» interaction with silver - inhibition effect ?

OPEN UNCERTAINTIES (2)
■ Mass transfers (cont.)
- Scrubbing effects
- Delayed releases

- Paints : adsorption/desorption vs. organic iodine
production
- Spray : chemical/mechanical/phoretic effects
- Sump reactions
- Potential effect of combustion phenomena
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■ Coupling between chemical reactions and mass
transfers

IMPORTANT ISSUES FOR
SAFETY
□o

■ Possibility to limit gazeous iodine formation
- to quantify the reduction of radiolysis by basic pH in
the presence of real materials
- to analyze iodine silver interaction
» necessity of iodine forms characterization at the break

- to quantify the retention by paints
» desorption from paints in the presence of radiation ?

- to study reentrainment from filters

■ Validation : analysis of scale effects on mass
transfers

690

■ Stability of potential trapping effects

CONSEQUENCES FOR
RESEARCH
■ ■■DO
TENTATIVE QUESTIONS FOR DISCUSSION
■ What are the necessary tools for experiments
analysis and reactor applications ?
- degree of chemical reactions description ?
- meshing or zone description ?
- coupling with a thermal hydraulic code ?

■ Are complementary experiments necessary ?
- scale ?
- chemical representativity ?

■ Are there important neglected phenomena ?
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