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SUMMARY

The Hanford Waste Vitrification Plant (HWVP) is being designed for the
Department of Energy to immobilize pretreated radioactive high-level waste
(HLW) as glass for geological disposal. In the HWVP formic acid will be
added to the pretreated HLW prior to vitrification. The formic acid is added
to adjust the feed rheology and to pfovide a reductant which maintains.the
feed in the melter within an acceptable redox range. This study was con-
ducted to evaluate the effect of nitrate and carbonate concentrations in the
pretreated neutralized current acid waste (NCAW) feed on the amount of formic
acid required to obtain an acceptable glass redox state in the melter. The
glass redox state was measured by the Fe“'z/Fe+3 ratio in the vitrified
product.

Thirteen runs were conducted, providing 19 data points. The physical
properties and chemical composition of preformated and formated test simu-
lants were characterizéd. The redox state of the vitrified product was
evaluated as a function of formic acid addition for different combinations of
nitrate and carbonate content in the feed.. Data from this study and
Farnsworth (1987) were compiled to evaluate the relationship between formic
acid addition requirements, nitrate concentration, and glass redox adjust-
ment. Results from this study suggest that the formic acid reqhirements are
more accurately prescribed by the sicichiomsiry of redox reactions rather
than neutralization reactions. The primary redox participants in this study
were nitrate, ferric ion, and formic acid. An acceptable glass redox was
observed when HCOOH/NO3 = 3 and Fe/NO3 <4. In the presence of high iron
(Fe/NO3 > 4) the formic acid requirements for acceptable glass redox were
less, HCOOH/NO3 = 1.5 to 2.5. It is speculated that the variation in the
formic acid requirements can be correlated to differences in the ratio of
nitrate redox reaction products, NO, NOp, NoO and NH3. Wiemers (1987)
reported the presence of COp, NOy, N20, and Hp in offgas released during
formating. Ammonia was qualitatively detected during the study reported
herein. The relationship of other active redox species such as nitrite and
organics to formic acid requirements for glass redox remains to be
established. .
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The threshold requirement, HCOOH/NO3 = 3, was independent of the simu-
lant carbonate content. The carbonate.content ranged from 6 to 39 g
carbonate/g WO (8 to 54 g carbonate/L). Thus, formic acid adjustments for
glass redox are not required. However, evaluation of Timited mass balance
data suggests that the step in which nitrate reduction occurs (formating or
vitrification) may be dependent on the pH (i.e., carbonate content) of the
feed. Lower nitrate consumption during ‘ormat1ng was observed in high
" carbonate (more alkaline) simulants.

The physical properties of the feed were similar to those observed for
PSCM-23 (Goles 1983). No apparent trends related to nitrate or carbonate
concentration were observed for the physical properties measured during this
study. ' :

The control of glass redox behavior couples two chemical systems:
1) formating during which formic acid is added to the feed and 2) vitri-
fication, the product from which the Fet2/Fet3 ratio is measured. A pre-
liminary mass balance flowsheet was derived which begins to tie together the
chemistry of these two systems.
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1.0 INTRODUCTION

The Hanford Waste Vitrification Plant (HWVP) is being designed for the
Department of Energy to immobilize pretreated radioactive high-level waéte
.(HLW) as glass for geological disposal. Formic acid will be added to the
pretreated HLW in the HWVP prior to vitrification. The formic acid is added
to adjust the feed rheology and to provide a reductant which maintains the
glass redox state in the melter within an acceptable redox range. A suffi-
cient quantity of reducing agent is needed to assure that the glass will not
foam by reboil in the melting process, thereby decreasing process rates.
Excess reducing agent will result in the reduction of metal oxides to their
metallic state. The reduced metals can form a conductive sludge at the bot-
tom of the ceramic melter; shorting the melter electrodes; leading to pre-
mature failure of the me]ter:

Experimental work was conducted to determine the relationship between
the nitrate and carbonate concentration in a test simulant and the amount of
formic acid necessary to provide an acceptable glass redox state. The glass
redox state is measured by the Fe‘*‘z/Fé+3 in the vitrified sample. A
Fe'*‘z/Fe+3 range of 0.005 to 0.3 has been found to provide acceptable glass
bshavior for melter operation. The test simulant prepared in this study was
based on a reference pretreated NCAW composition with the exception of not
containing nitrite or organics. The adjustmenis in Tormic acid addition
reguired for nitrite and organics remain to be defined.

This study addresses Technology Plan (Sexton 1988) issue 2.2.1 Redox
Control and was originally authorized in the fiscal year (FY) 1989 Letter of
Instruction to Pacific Northwest Laboratory (PNL) under WBS 1VJ0010300.
Additional experimental work was performed per the FY 1290 Letter of Instruc-
tion under WBS 1.2.2.03.03. This report satisTies the requirements for
deTliverable 1.2.2.03.03A, "Issue report on glass redox behavior as a function
of feed components."

This report describes the test approach, apparatus; and measurements;
and discusses the results in terms of formating chemistry and plant appli-
cation. Conclusions and recommendations are listed first.
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2.0 CONCLUSIONS AND RECOMMENDATIONS

The following conc]ﬁsions are made from the re;u1ts and analyses of this

study.

An acceptable glass redox was observed when HCOOH/NO3 = 3 and
Fe/NO3 <4. In the presence of high iron (Fe/NO3 > 4) (Farnsworth.
1987) the formic acid requirements for an acceptable glass redox
were less, HCOOH/NO3 = 1.5 to 2.5.

The presence of ammonia in formated simulant indicates a higher -
degree of nitrate reduction than previously reported in Wiemers
1987. Reduction of nitrate to ammonia would require more formic
acid stoichiometrically, than reduction of nitrate to gaseous
nitric oxides. The amount of NH3 produced was not quantified in
this study.

The threshold requirement, HCOOH/NO3 = 3 was independent of the
carbonate concentration. Thus, no formic acid adjustments for
glass redox are required to accommodate the presence of carbonate
in the range of 6 to 39 g carbonate/g WO (8 to 54 g carbonate/L).

High levels of carbonate resulted in more alkaline endpoints for
equivalent formic acid additions. The minimum pH in high carbonate
samples was 5. At an equivalent formic acid addition to low
carbonate slurries the minimum pH was 3. Based on limited mass
balance data, the amount of nitrate reduction during the formating
step increased with an increase in acidity (low carbonate simu-
lants). However, as noted above, the threshold requirement for
HCOOH/NO3 was independent of carbonate loading.

Evaluation of solubility behavior suggests that 25-50% of the
chromium, manganese, and molybdenum are reduced during formating.

The physical properties of the simulant were similar to those ,

reported for PSCM-23 (Goles and Nakaoka. 1989). No apparent trends

related to nitrate or carbonate concentration were observed for the
physical properties measured.

The following recommendations are made based on the results of this

study:

Hanford high-level wastes to be treated in the HWVP will contain
nitrite and organics. The effects of these components on the
current correlation for redox adjust chemical requirements needs to
be ;nvestigated. Off gas analysis should be included in these
studies. .
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Current plans are to add a maximum of 30 ml 90 wi% formic acid;
additional reductant would be supplied by sugar. These redox adjustment
components were used successfully during PSCM-23 (Goles and Nakoaka,
1990) after lab-scale testing to establish requirements. Assessment of
the supplemental reductant requirements should be firmly established now
via lab-scale studies to minimize lag time during actual processing.

Glass redox in the melter is significantly affected by the melter.
environment, cold cap chemistry, and glass/cold cap dynamics.
Correlation of glass redox models from Taboratory studies with
large scale feed processing and melter operation is required to
ensure the validity of correlations for HWVP feed makeup.

The amount of ammonia released during formating should be quanti-
fied. The impact of ammonia release during formating on the off
gas ventilation system needs to be considered. The potential for
formation of ammonia nitrate on filters may propose some safety
concerns. The dissolution of ammonia in the scrubber may alter the
_scrubbers trapping efficiency.

The generation rate of Hy and any drganics needs to be further
defined in order to assess if the explosion 1imit can be approached
during formating. The release of Hp during formating has been
discussed. CO was not detected above 0.1 mole% (detection limit
for mass spectroscopy analysis) in the off gas collected during
formating (Wiemers 1987).

Nitrate reduction may occur in the SRAT and/or in the melter. The
dependence of melter throughput on where the nitrate reduction
occurs requires evaluation.

The potential for magnetic particles to impact subsequent process
steps should be considered. :
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3.0 QBJECTIVE

The objective of this study was to provide a predictive model by which
the amount of formic acid required to obtain an acceptable glass redox state
may be determined based on the nitrate and carbonate composition of the feed.
The redox state of the vitrified product was evaluated as a function of three
key variables: concentrations of carbonate and nitrate in the feed and the
amount of formic acid added. '
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4.0 TEST APPROACH

Ten runs were conducted to complete a parametric test in which the
Fet2/Fe*3 of vitrified samples was measured for various combinations of
nitrate and carbonate simulant content and amounts of formic acid added.
Results from this initial test indicated that redox reactions rather than
neutralization reactions should provide the primary basis for specifying
formic acid requirements for glass redox adjustments. Subsequently, three
additional runs were completed in which the amount of formic acid added was
based on the initial nitrate concentration. Nitrate was the major oxidant in
the test simulants. '

This section describes the selection criteria for the test parameters;
the test matrix; the feed preparation and formating procedures; and the
analyses. '

4.1 BASIS FOR TEST PARAMETERS

Sources of nitrate and carbonate in the actual waste and bounding case
concentration levels as estimated by Westinghouse Hanford Company (WHC) are
based upon core sample analyses and flowsheet evaluation. These data are
reported in the Hanford Waste Vitrification Plant Technical Data Package
(Wright 1988). A summary of the selection criteria is given for the bounding
cases used in this study.

Nitrate - The primary source of nritrate in the NCAW is the nitric acid
used in the PUREX Plant during the dissolution and processing of the fuel.
In the B-Plant the waste will be washed to remove nitrate to meet HWVP accep-
tance criteria. Target bounding case concentration levels estimated by WHC
and used in this study were 3 to 36 g-NO3/100-g waste oxides. The nominal
concentration of nitrate was 9 g NO3/100 g waste oxides. The high and
nominal concentrations were obtained from the Technical Data Package (Wright .
1988). The target minimum nitrate concentration is based on the nitrate
remaining after washing of the precipitated hydroxides during simulant
preparat1on (Wiemers 1987).

Carbonate - NCAW is current]y stored in double shell tanks (DST) After
pretreatment in B-Plant, the waste will be stored in DST prior to routing to
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the HWVP. During storage in the double shé]] tanks, air 1ift circulators are
used to prevent the accumulation of excessive heat from radiolytic decay by '
suspending solids and removing heat by forced convection. Equilibration of
the HWVP feed with carbon dioxide from the air is the primary source of
carbonate in the feed. The target range used in this study was 3 to

30 g/100 g waste oxides. The Tow end of this range represents dissolved CO2
from the surrounding laboratory air. The target nominal CO3 concentration
Tevel was 17 g/100 g oxides. The nominal and maximum levels of CO3 were
obtained from a memo to 0. L. Kruger from R. A. Watrous dated March 1, 1989.
concerning Engineer{ng Change Notices 400073 and 400074.

Formic Acid - For the parametric test minimum (first 10 runs) selection
of the formic acid addition, 16 m1 90 wt% formic acid/L feed, assumed a
Fe2+/Fe3* ratio of 0.10 would be achieved (see Figure 7, Farnsworth 1987).
The nominal level. was 22 ml 90 wt% formic acid/L as used for the similar
simulant feed composition during PSCM-23 (Goles and Nakaoka 1989).(a) The .
maximum Tevel of formic acid addition was defined as the amount of formic
acid required to reach a pH of 7 (essentially neutralize the added bicar-
bonate) with a high carbonate, low nitrate feed. This amount was 31 ml
90 wt% formic acid/L.

For the 3 runs which followed the parametric test, the amount of formic
acid added was based on the initial nitrate concentration. The ratio,
HCOOH/NO3, ranged from 1.5 to 10 to bound the initial predicted threshold,
HCOOH/NO3 = 3, for obtaining an acceptable glass redox stzte.

4.2 TEST MATRICES

This study consisted of thirteen runs. The first ten runs were defined
by a parametric design. Based on results from the parametric test and

(a) Differences in simulant composition are: ~2X more La in PSCM-23; Nd in
PSCM-23 = ~3/4 of current study; Zn included in PSCM-23 not in current
study; noble metals included in current study not in PSCM-23 (refer to
Table 4.1 (Goles and Nakaoka 1989) with Table 4.2 of this report).

4.2
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analyses of Farnsworth 1987 data, three additional runs were performed to

provide supplemental data.

is given in TabTe 4.1.

the reference sodium composition.

A summary of parameters used in each of the runs

The experimental matrix for the parametric test as described in Test
Plan HWVP-89-IVJ00100300A was revised as NaNO3 and NaHCO3 levels specified by
the design would have resulted in sodium concentrations above the range of

Per the Test Plan the maximum amount of

formic acid added during the parametric test was defined as that required to
neutralize the high level carbonate/Tow level nitrate simulant (Test 6).
Neutralization was defined as the point at which the slurry pH became <7.

TABLE 4.1. Range for Test Paramete§s

Slurry Composition

Nitrate(3) Carbonate(b) Formic Acid
Run g/%ogg g/100g Added

No. g/L moles/L WO\C g/L moles/L W0 ml/L moles/L

1 28 0.45 20 21 0.35 15 22 0.47

2 40 0.72 32 21 0.35 15 31 0.67

3 8 0.13 6 3 0.05 2 16 0.34

4 43 0.67 31 21 0.35 15 16 0.35

5 8 0.13 6 38 0.63 27 15 0.32

6 8 0.13 6 38 0.63 27 - 32 0.09

7 54 0.87 39 3 0.05 2 31 0.67

8 & 0.13 6 3 0.05 2 31 0:66

° 33 0.85 38 3 0.05 2 16 0.35

10 20 0.33 14 21 0.35% 15 22 0.48

11 22 0.35 18 38 0.63 27 23 0.50

32 0.34

53 1.15

12 26 0.42 21 3 0.05 2 54 1.17

90 1.95

. 151 3.27

13 8 0.13 6 38 0.63 27 24 0.53

38 0.82

55 1.19

(a) Nitrate values reported from analytical data.

High and nominal carbonate values are based on target composition.
Low carbonate value based on analytical data may be in error by 50%.
Runs 1-10 simulants were 140 g waste oxide (W0)/L prior to formatting.
Runs 11-13 simulants were adjusted to 125 gWO/L prior to formatting.

4.3




However, ‘the application of this formic acid loading, 31 to 32 ml 90 wi%
HCOOH/L feed, resulted in only two of the ten runs (Run 6 and Run 8) with
ferrous ion above the detection level (ferrous/ferric > 0.005). Insufficient
data were available for statistical analysis.

Subsequently, three follow-up experiments were completed (Runs 11-13).
These runs differed from the previous parametric study in two ways:

1. The formating procedure and apparatus were modified to accommodate
removal of simulant during the addition of formic acid. Three formated
samples for each tests were obtained. This provided a continuum (as
defined by three points) for the glass redox values as a function of
formic acid addition amount at a given initial carbonate and nitrate
feed concentration.

2. The amount of formic added was based on the initial target nitrate
molarity rather than the neutralization reactions.

4.3 TEST SIMULANT PREPARATION

A 20 L batch of test simulant was prepared via precipitation of hydr-
oxide salts from dissolved nitrate salts. " Four majqr’constituents (Ni, Fe,
A1, and Zr) were precipitated separately. The remaining minor constituents
were co-precipitated or added as insoluble salts. The precipitated hydroxide
salts were washed and filtered to remove excess sodium and nitrate. The -
sodium and nitrate concentration prior to adjustment was 5 and 8 g/L, respec-
tively. The precipitated hydroxide salts were blended and aged for a minimum
of 2 weeks prior to commencement of testing.

Individual 1.5 L aliquots were removed from the stock batch and spiked
with sodium bicarbonate and/or sodium nitrate as prescribed by the test
matrix. When required, additional sodium was added as sodium hydroxide to
satisfy sodium target values. The simulant target composition is shown in
Table 4.2.

4.4 FORMATING AND VITRIFICATION PROCEDURE

P R L e e

After adqutment of the carbonate and nitrate concentrations, the
simulant was heated to 95 + 3°C and maintained at this temperature for
10 minutes. Formic acid (90 wt%) was added to the simulant at a rate of
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TABLE 4.2. Simulant Target Composition(2)

Basic Target . : Target Simulant -
Oxide Wt% g Wo/L(b)  Element g Flement/L(C) g Element/L{(d)
A1,03 9.35 11.69 Al 7.42 7.43
Ba 0.42 0.52 - Ba 0.56 0.52
Bo03 0.10 0.12 B 0.05 0.05
Cal 0.31 0.39 Ca 0.33 0.52
Cdo - 3.12 3.90 Cd 3.64 2.98
Ce0 0.62 0.78 Ce 0.76 - 0.56
Cr263 0.52 0.65 Cr 0.53 0.56
Cs»0 0.62 0.78 Cs 0.88 (e)
Cu 0.62 0.78 Cu 0.74 0.48
F 1.25 1.56 F 1.88 (e)
Fep03 29.09 36.36 Fe 30.52 28.92
Las03 3.01 3.76 La 3.85 1.60
Mgs 0.38 0.48 Mg "0.34- 0.42
MnO, 0.62 0.78 Mn 0.59 0.92
MoO 1.25 1.56 Mo 1.25 1.20
Nap 18.70 23.38 Na 20.81 5.37
Nd>03 3.74 4.68 Nd 4.81 3.75
Ni 2.39 2.99 Ni 2.82 2.69
P20 0.91 1.14 P 0.30 0.29
Pr5811 0.43 0.54 Pr 0.53 0.31
SO 0.68 0.85 S03 1.02 0.98
Si0p 4.16 5.20 Si 2.92 2.52 -
Smy03 0.21 0.26 Sm 0.27 (e)
Sr 0.42 0.52 Sr 0.53 0.34
Y»03 0.21 0.26 Y 0.25 0.27
Zr0s 15.59 19.49 Ir 17.31 17.15
Ru0» 0.66 0.82 Ru 0.75 0.78
PdO 0.21 0.26 Pd 0.27 0.39
Rbo0 0.21 0.26 Rb 0.29 (e)
Rho03 0.21 0.26 Rh 0.26 0.26
Total 100.01 125.02 Total 106.48
(a) The wt% values vary slightly from values given in Wright (1988) due
to substitution/deletion of selected oxides and renormalization of
composition.
(b) Per Test Plan HWVP-89-1VJ0010300A, based on 125 gWO/L.
(c) Per Test Plan HNVP-89-1VJ0010300A, based on 150 gWO/L.
(d) Sodium Tevel adjusted by addition of NaNO3, NaHCO3, and/or NaOH.
(e) Fluoride data was not reproducible. P, Pr, Pd, and Rh measurements were

not analyzed by approved impact level II procedures, and are listed for
information only. Cs and Rb not measured.
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. 1 ml/min. At the completion of formic acid addition, the formated simulant
was refluxed at 95 + 3°C for 2 hrs. The reflux period was provided to allow
for completion of reactions with formic acid. The simulant was continuously
agitated with a propeller type blade. The feed pH and temperature were
monitored throughout the heating, formating, and reflux steps. These steps
simulated those currently planned for HWVP operation.

Runs 11-13 simulant samples were collected during formic acid addition
by removing the pH electrode and siphoning the simulant into a tared vessel.
The receiving vessel was weighed, the sample volume marked, and the vessel
placed into a heating mantle to reflux the sample for two hours at 95 % 3°C.

A 500 * 50 g total oxide (T0)/L simulant was prepared by the addition of
frit (weight ratio of waste oxide to frit oxide being 125/375). An aliquot
of the formated simulant + frit was vitrified by stepwise additions of an
aliquot of the mixture to a crucible. The crucible and its contents were
heated to 1000°C-in a myffle furnace between additions. The Fe*Z/Fe*3 ratio
was determined spectrophotometrically.

4.5 ANALYTICAL TESTS

The test simulant composition was characterized using ion chromatography
(IC) for sulfate and nitrate; specific ion electrode for fluoride ion; and
inductively coupled plasma spectroscopy (ICP) .for the metallic elements. The
§1udge and supernate fractions of the slurry were anziyzed indapendentﬁy to
determine the total inorganic and organic carbon in Runs 1-1C and by ICP and
IC for Runs 12 and 13. :

The following physical and rheological properties of Runs 1-10 simulants
were measured: yield stress,. apparent viscosity as a function of shear rate,
wt% total oxides, wt% total solids, gTO/L feed, pH, density, and settling
rate.

Similar analyses were performed for Runs 11-13, with the exception that
the rheological properties, settling rate, and carbon concentration were not
determined.
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' 5.0 EQUIPMENT DESCRIPTION

)

The formating apparatus consisted' of a 2 L glass kettle placed in a
temperature controlled heating mantle. The kettle 1id was modified to
accept a simulant thermocouple, formic acid addition tube, pH electrode and
automatic temperature compensator, an agitator shaft, and condenser. The
formic acid was introduced into the kettle below the simulant surface through
a teflon tube using a peristaltic pump to control the addition rate. Both
simulant temperature and pH were monitored during the process. A schematic

of the simulant formating apparatus is shown in Figure 5.1.
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FIGURE 5.1. Schematic of the Formating Apparatus
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6.0 HIGHLIGHTS

Observations recorded in addition to measurements specified in the Test
Plan are discussed. These include the detection of ammonia and magnetic
particles in the formated simulant and the apparent dilatant behavior of a
melter feed simulant.

The presence of ammonia was qualitatively detected in Runs 1-11 and 13
formated simulant. A1l of these runs had an alkaline post reflux pH; the
ammonia therefore being presence primarily as the easily detectable NH3
species. Run 12, Sample 3 was the only sample with a post reflux pH < 7. If
ammoriia was present it would be as the ammonium ion, NH4+ ion, and not
detected by odor. When base (NaOH) was added to make Run 12, sampie 3
alkaline, NH3 was detected also. This observation suggested an alternative
route for the nitrate reduction step.

During Run 12, when the adjustment of Tow oxide content by evaporation-
in sample 2 was carried out by use of a heating plate and stir bar instead of
in a furnace, magnetic particles in the formated feed were observed clinging
to the stir bar. Magnetic particles were subsequently identified by use of a
hand held magnet, in sample 1, and all vitrified samples. The feed (prior to
formic acid addition) and Sample 3 (151 ml 90 wt% formic acid/L) did not con-
tain a detectable amount of magnetic particles. The crystalline composition
0f the magnetic particies from the formated simulant (prior fo vitrification)
was determined by X-ray diffraction to be a combination of the Tollowing
phases: (NiFe)FeoOg, NiFepOs, Fep03, FeO(OH), and Feg04. The existence of
these particles will require further consideration should the presence of a
magnetic field be identified in subsequent process steps.

The maximum amount of formic acid added in this study was 151 ml 90 wi%
formic acid/L. The rheological behavior of the melter feed prepared by the
addition of frit to this formated sample was not quantified. However, the
material appeared to be dilatant. The surface of the material was shiny and
moist-1ike in a static condition. When stirred, the surface became dull, and
the resistance to flow increased greatly. This behavior was not observed at
a loading of 90 ml 90 wt% formic acid/L. Using the formic acid requirement
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criteria 'of HCOOH/NO3 = 3, the maximum amount of formic acid required for
maximum nitrate loadings would approach the formic acid loading in which the
dilatant behavior was observed. The addition of sugar as a reductant to
reduce the amount of formic acid required may resolve this potential problem.
However, the rheology of the feed with formic acid and sugar should be
measured. ’
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The simulant composition and physical data are presented and compared
with previous studies. Neutralization and redox chemistry are related to the
* observed solubility behavior and glass redox state. A preliminary mass bal-
ance for redox reactions which take place during formating and vitrification
is described.

7.1 SIMULANT COMPOSTITION

’ Table 7.1 lists the actual and target compositions of the simulants for
Runs 1-10. The four major components on a weight percent basis, Fe, Na, Al,
and Zr, are within 10% of the target concentrations. Deviations in minor
constituent composition are similar to those reported for past simulants
(Wiemers 1987). Differential losses may be due to the extraction of more
soluble species during washing and nonrepresentative sampling of minor,
insoluble salts such as lanthanum fluoride. The carbon analytical data was
suspect due to contamination of the instrument detector. In runs where
carbonate additions were made target compositional values were assumed for
evaluation of tests results. ‘

The compositions of the formated simulants for Runs 1-10 are Tisted in

Table 7.2. Compesitional data for Run 11 is Tisted in Table 7.3. As

xpected no significant differences in the individual component concentration °
exists between the initial simulant and formated simulant except for nitrate.
The decrease in nitrate concentration with addition of formic acid can be
explained by the reduction of the nitrate to gaseous products, NOy, N30, and
ammonia. SRL (Zamecnik) has reported a recycle of the nitrate in their pilot
scale operations via the following disproportionation and decomposition
reactions in the condenser: '

NO + 1/2 Op = NOp

2 NOZ + Ho0 - HNO3 + HNO2
3 HNO» — HNO3 + 2 NO + H20
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Element
Al
Ba
B
Ca
Cd
Ce
Cr
Cu
Fe
La
Mg
Mn
Mo
Na
Nd
Ni
P
S04
Si
Sr
Y
Ir
NO3

TABLE 7.3. Run 11 Compositional Dafa, g/1{2)

(a) Fluoride data was not reproducibie.
Rh not measured.

c03, Cs, P,

- Preformate 23 m]-Fofmic 32 m1 Formic 53 ml Formic
Target Feed acid/L acid/L acid/L
L 7.42 6.41 7.30 5.97 6.56
0.56 0.48 0.54 0.44 0.08
0.05 0.07 .0.08 0.06 0.48
0.33 0.50 - 0.55 0.46 0.50
. 3.64 2.76 3.10 2.54 2.73
0.76 0.74 0.81 - 0.64 0.71
0.53 - 0.50 0.58 0.47 0.53
0.74 0.43 0.47 0.39 . 0.43
30.52 27.26 30.91 .25.31 27.5
3.85 1.35 0.94 0.93 - 1.50
0.34 0.43 0.48 0.40 0.43
0.59 0.84 0.94 0.77 0.84
1.25 1.12 1.29 1.06 1.14
20.81  22.17 25.54 21.06 22.5
4.81 3.69 4,13 3.40 3.68
2.82 2.49 2.67 2.23 2.43
0.30 0.37 0.40 0.31 0.51
1.02 1.21 1.34 0.87 1.05
2.92 0.46 0.58 0.43 0.63
0.53 0.32 0.36 0.2¢ 0.32
0.25 0.23 0.26 0.21 0.23
17.31 15.04 17.14 14.00 15.4
22 15 13 5.5

Pr, Sm, Pd, Rb, and

It is not certain whether this scenario would occur during laboratory scale

formating.

Similar trends in composition were observed for Runs 12 and 13.
sitional data for Runs 12 and 13 are discussed further in Section 7.4.
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7.2 PHYSICAL CHARACTERISTICS

The physical characterization of the test_simulant includes pH, rheol-
ogy, density, wt% oxide, wt% solids, and settling rate. The physical pro-
perties observed are compared with those reported for previous simulants.
Other than for pH, no significant trends in the physical properties related
to carbonate or nitrate loadings were observed.

7.2.1 pH DBata

The endpoint pH after equivalent formic acid addition was more alkaline
with higher carbonate content. This is attributed to the high buffering
capacity of the carbonate system. During the addition of formic acid, the pH
decreased to a minimum of 5-6 in the presence of added carbonate. A minimum
pH of 3-4 was observed for low carbonate and the maximum amount of formic
acid added. During reflux the pH increased. The pH after reflux for Run 12
in which an excessive amount of formic acid was added, 151 ml/L increased
only slightly to 4.2. For all other runs the pH increased to approxihate]y'
7-9 after reflux. Acceptable reproducibility between runs for the pH
behavior was demonstrated by replicate Runs 1 and 10 (refer to Figure 7.1).

Two runs in the parametric test, numbers 6 and 8, resulied in an
acceptable redox value (Fet2/Fet3 = 0.08). Runs 6 and 8 had low nitrate
Joadings, the maximum amount of formic acid added, and high and low con-
cantrations of carbonate, respectively. The pH variation {i.e., carbonate
conient) for these two runs (difference of 2 pH uniis) did not effect the
glass redox value.

7.2.2 Rheoloay

Rheograms were obtained for Runs 1-10 preformate and formated (prior to
frit addition) simulant. Tables 7.4, 7.5, and 7.6 list the flow index, n,
the consistency factor, K, yield stress (Tauy), and the apparent viscosity at
selected shear rates for initial and formated simulants. Figure 7.2 shows
fitted curves of the apparent viscosity as a function of shear rate. The
apparent viscosities for Runs 1-10 were averaged at each shear rate for each
curve. Rheological measurements for Runs 11-13 were not taken.
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FIGURE 7.1. pH Change During Formic Acid Addition for Runs 1 and 10

The initial simulant exhibited a s1ight hysteresis (time dependency).
Therefore, the apparent viscosity(a) for these samples was calculated for
both the up and dowh curves. The apparent viscosity for the initial simulant

(a) The apparent viscosity was calculated based on the following
relationship: .

apparent viscesity = tau/shear rate, Pa-sec-l

where Tau = Tauy + K (shear rate)n, Pa
Tau.y = yield stress, Pa
h = flow index, dimensionless
K = consistency factor, Pa-sec

A plot of the Tog of shear stress versus log of shear rate defines the
values of n and K; n being the slope of the 1ine and K being the
y-intercept. A n value <1 indicates pseudoplastic behavior. For
Newtonian fluids n = 1. Shear stress and shear rate are taken from the
rheograms.
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FIGURE_7.2. Comparison of Apparent Viscosity as a Function of Shear Rate
for Initial and Formated -Simulants

ranged from 20 to 7 centipoise (cP) in the shear rate range of 183 to 488
secl. The yield stress ranged from 0.435 to 2.17 Pa. The apparent
viscosity decreased after formic acid addition, ranging from 13.6 to 5.4 cP
in the shear rate range of 183 to 468 sec”l. The maximum yield stress was
Tower for formaied simulant, the range being from 0.435 to 0.966 Pa.
Rheological properties were fairly consistent over the range of formic acid
added (16-31 ml/L) and nitrate and carbonate contents. The initial and
formated simﬁ]ants’ apparent viscosity and yield stress were lower by a
factor of 2-3 compared with PSCM-23 data (Goles and Nakaoka 1989).

7.2.3 Densit&. 9% Total Solids. % Total Oxide. and Total Oxide/L

Table 7.7 1ists the density, wt% solids, wt% TO and g WO/L for each test
simulant. The stock feed batch was prepared per column 5, Table C.1 of the
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Test Plan which prescribes a target value of 150 gWO/L.(a) The designed tar-
get value was 125 gWO/L. Because this was not discovered until after initial
runs were completed, Runs 1-10 were conducted with a simulant averaging

140 WO/L to maintain consistency for the perceived statistical analyses. The
simulant oxide content was adjusted to 125 gW0/L after formating, prior to
addition of frit. For Runs 11-13, the simulant was adjusted to 125 gWO/L
prior to formating. No trends related to formic acid addition or carbonate
and nitrate addition were observed in these measured values.

7.3 CHEMISTRY OF THE HWVP FORMATING STEP

Addition of formic acid to HWVP feed results in two types of reactions:
"neutralization and redox. The feed chemistry as it relates to thgse two
types of reactions is described prior to further discussion of results.

7.3.1 Redox Reactions

Formic acid is a fairly strong reducing agent. A generalized redox
reaction with formic acid is

HCOOH + 2 M¥3 = COp + 2 H* + 2 M2,

The redox chemistry of the simulant prepared for this study includes the
reduction of NO3~, Fet3, Crt6, Mo*6, and Mn*4 by formic acid. Identification
of these components as active participants in redox reactions is based on |
theoretical considerations (thermodynamic favorability of the redox reaction)
and experimental data (detection of reduced species). Other potentially
active redox species in HWVP feed include nitrite and organics.

Observations pertinent to this discussion are 1) ammonia [both as
NHa*(aq) and NH3(g)] was detected jn formated simulants; 2) NO>(g) was not
visually observed; 3) the solubility of the chromium and molybdenum species
decreased significantly after formating, and 4) the solubility of manganese

(é) Prior to frit addition the measured TO/L is referred to as waste oxide
(W0)/L. After frit additijon, the WO plus glass forming oxides in the
frit are referred to as TO/L. :
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species Tncreased sigpificantIy after formating. Changes in solubility that
may be attributed to changes in the redox state of Cri6, Mo*6, and Mnt4 as a
function of formic acid addition are discussed in Section 7.4. )

For the feed simulant used in this study, Fet3 and NO3~ are of primary
interest because their concentration in the simulant is greater than ten
times that of the other potential redox participants. The reaction between
formic acid and nitric acid has been studied by Healy, Longstaff, and
Bradley. These systems involved high nitrate and acid content relative to
the simulant used for this study. However, general trends are thought to be
relevant and are therefore summarized below.

Healy observed that at mitric acid concentrations (1-4 M), nitric oxide
(NO) rather than nitrogen dioxide (NOz) was the major product. The gas
composition for the reaction was 36% NO, 4% NO», and 60% COp. For the HWVP
simulant the concentration of nitrate would be considered low. The nitrate
concentration in the test simulants ranged from 0.13 to 0.87 M. The reaction
between nitric acid and formic acid for low acid concentrations may be
defined as

4 HNO3 + 6 HCOOH - 4 NO + 6 COp + 8 Hz0.

Nitric oxide (NO) is oxidized in the presence of oxygen to nitrogen
dioxide. However, the rate of this reaction is strongly concentration
dependent, becoming in the order of minutes at low concentrations. There-
fore, the Tack of NO2 detection during formating does not necessarily
indicate the absence of NO.

It has been suggested that the rate determining step for the reaction
between HNO3 and HCOOH involves nitrous acid as an intermediate. Longstaff
and Singer reported that at Tow acidity the reaction rate was first order
with respect to nitrous acid (HNOz) and formic acid. The rate-determining
step was postulated to be a bimolecular reaction between formic acid and
nitrous acid in <2.5 M nitric acid. Healy suggested that the mechanism may
jnvolve the free radical, the formate ion (HCO»"), via the reaction
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0-NO 0

/ : /
HCOOH .+ HNOz => | HC + HgO => HC  + NO + Hp0
\\0 \\0

The reactions between nitrate and formic acid addressed in the current
study are 1isted below. Two gaseous products of nitrate reduction are
considered: nitric oxide and ammonia. These reactions are based on the
predicted formation of NO as supported by the studies summarized above and
the detection of ammonia during the current study. The free energy of
reaction is given for the formation of two types of gaseous products in both-
basic and acidic medias. Free energies of formation used to calculate the
free energy of reaction are given in Table 7.8.

g0
Media Balance Redox Equation kcal/mole
Praduct - NO ’
acid 6 HCOOH (aq) + 4 HNO3 --> 6 CO2 + 4 NO + 8 Hp0(1) -53
base 6 HCOO™ (ag) + 4 NO3~ + 2Hp0 --> 6 COp + 4 NO + 10 OH" -58
Product - NH3/NHg*
acid 4 ycooH (ag) + HNOg + H¥ --> 4 COp + NHz*(aq) + 3 Hp0(1)  -50
base 4 yeoo- (ag) + NO3™ + 2HpO --> 4 COp + NHz(aq) + 5 OH -60

A11 four of these reactions are thermodynamically favorable as indicated by
their negative free energies. Based on the equivalency of the free energy
values, no one media or.product appears to be favored. (Note that this does
not address the activation energy of the two competing reactions). The
significant difference 1ies in the stoichiometry. To produce ammonia, the
mole ratio of formic acid to nitrate is 4, compared with 1.5 required for
production of NO. As is discussed in Section 7.5, the threshold for obtain-
ing a detectable conversion of ferric ion to ferrous ion is between these two
stoichiometric'values, HCOOH/NO3 = 3. Extracted from this observation is the
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TABLE 7.8. Free Energy of Formation

- Free Energy

Formation,
Substance kcal/mole HCOOH
HCOOH(aq) --85.1
HCOg™ -80
€0y -94.26
HNO3 -26.5
NO3~ -26.5
NO +20.7
NH3 -6.37
NHgt -19
Ho0 -56.56
OH" -37.6
H* . : 0

hypothesis that the extent of nitrate reduction can be correlated to the off
gas composition. And that in turn, the extent of nitrate reduction can be
related to the formic acid requirements.

7.3.2 Hydrolysis Chemistry

It is recommended in this study that the formic acid requirements be
correlated to redox reactions rather than neutralization reactions. There-
fore, the neutraiization chemistry discussed in this section is limited to
the solubilization of feed components, as a basis for explaining the observed
distribution of elements between supernate and solid phases. Measured dis-
tributions are discussed in Section 7.4.

Based on the ‘solubility equilibria constants and solubilities measured
in the 1aboratory, the cations of the HWVP feed are present primarily as
insoluble hydroxide salts prior to formating with the following exceptions:
1) sodium, which exists as a so]ub]e species, 2) lanthanum and neodydeum,
which were added as insoluble fluorides, 3) barium, which was added as an
insoluble sulfate and 4) manganese, which is believed to exist as the
insoluble oxide, MnOy, as it was added. Although copper and magnesium were
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added as "sulfates during the simulant preparation, their respective hydr-
oxides are much less soluble and would be expected to form under alkaline
conditions.

The relative solubility of the hydroxide salts is reflected by their
respective solubility constants. Table 7.9 1ists the hydroxide solubility

TABLE 7.9. Solubility Constants for HWVP Feed Components

Solubility
Constants
Hydroxide (25°C) Reference
IZr(OH)g . 1.3E-56 Baes
1.1E-54 Elinson
Fe(OH)3 4E-38 Latimer
A1(0H)3 1.9E-33 Latimer
3.16E-34 Baes
Cr(OH)3 6.7E-31 Latimer
- 1E-31 Baes
Pd(OH)3 E-24 Latimer
La(OH)3 E-20 Latimer
2.0E-22 Baes
Nd(OH)3 E-20 Latimer
4.0E-24 Baes
Ce(OH)3 E-20 Latimer
7.9E-23 Baes
Pr(CH)3 E-20 Latimer
3.2E-23 Baes
Sm(OH) 3 E-20 Latimer
3.2E-26 Baes
Cu(OH)2 5.6E-20 Latimer
4.4E-20 Baes
Y{(OH) 3.2E-25 Baes
Fe(OH?g 1.6E-15 Latimer
7.08E-16 Baes
Mn(OH)2 7.1E-15 Latimer
1.6E-13 . Baes .
Cd(OH)2 1.2E-14 Latimer
Ni(OH)2 1.6E-14 Latimer
6.3E-18 Baes
Mg(OH)2 5.5E-12 Latimer
6.9E-12 Baes
Ca(OH)2 7.9E-6 Latimer
Sr(OH)2 - 8H20 3.2E-4 Latimer
Ba(OH)p < 8H20 . 5E-3 Latimer
NaOH ) . >1 Estimated
RbOH >1 Estimated
CsOH >1 Estimated




constants for a majority of the feed constituents. These constants may be
used for relative comparison; however, these constants are dependent on the
temperature, ionic strength, and species concentration. Kinetics also
affects the dissolution process.

During titration of the feed with formic acid, dissolution of the
hydroxides occurs when the hydroxide concentration becomes Tower than-that
required to satisfy the equilibrium constant. With the exception of Zr, Fe,
and possiﬁ]y Cr and Al, all of the hydroxides are predicted to be neutralized
by formic acid as the pH decreases to approximately 4. The extent to which
these neutralization reaction§ occurred in the test simulant was measured by
determining the concentration of the cation in the supernate as a function of
formic acid addition and pH. These results are discussed further in Sec-
tion 7.4. The proposed neutralization reactions are:(a)

CsOH -+ HCOOH - CsCOOH + Ho0

RbOH + HCOOH - RbCOOH + Ho0 -

NaOH + HCOOH - NaCOOH + Hp0

Sr(OH)» + 2 HCOOH - Sr(COOH)z + 2 Hp0
NapCO3 + 2 HCOOH -+ 2 Na(COOH) + HpCO3
Ca(OH)o + 2 HCOOH -+ Ca(COOH)2 + 2 Ha0
Mg(OH)p + 2 HCOOH - Mg(COOH)7 + 2 Hz0
Ni(OH)2 + 2 HCOOH - Ni(COOH)2 + 2 Ha0
Cd(OH)p + 2 HCOOH — Cd(COOH)2 + 2 Hz0
Y(OH)3 + 3 HCOOH -+ Y(COOH)3 + 3 H20
Cu(OH)p + 2 HCOOH — Cu(COOH)z + 2 Hz0
Sm(OH)3 + 3 HCOOH -+ Sm(COOH)3 + 3 H20
Pr(OH)3 + 3 HCOOH - Pr(COOH)3 + 3 Hp0
Ce(OH)3 + 3 HCOOH — Ce(COOH)3 + 3 Hz0

(a) Notation, M(COOH)R, refers to either aqueous or insoluble salt-
(b) Carbonic acid decomposes -into its anhydride and water in an acidic
environment or with the addition of heat via the reaction
HpCO3 - Hp0 + CO2(g).
€O, is only very slightly soluble in water and is released from
solution.
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Pd(OH)3 + 3 HCOOH - Pd(COOH)3 + 3 Hp0
AT(OH)3 + 3HCOOH - AT(COOH)3 + 3HZ0 [dissolution at pH < 5]

Cr(OH)3 + 3 HCOOH -~ Cr(COOH)3 + 3 Hz0 [excessive (151 ml/L) formic
acid addition, only]

Fe(OH)3 + 3HCOOH - Fe(COOH)3 + 3H0 [excessive (151 ml/L) formic
acid addition, only].

Similar reactions are given by Farnsworth (1987). Farnsworth did not include
calcium, palladium, and cadmium. Farnsworth did include manganese, Tan-
thanum, and neodyneum. Neodyneum and lanthanum are not included as these
cations are believed to exist as the highly insoluble fluorides which they
were added. Manganese was added as insoluble MnOg and would precipitate as
Mn(OH), only after reduction, Mn** - Mn*2. Based on experimental data
reported in Section 7.4, chromium and ferric hydroxide solubilize only after
excessive amounts of formic acid (151 ml/L) are added.

The neutralization reactions presented above represent a simplistic view
of the actual hydrolysis chemistry of the feed. In reality the hydrolysis
products exists both as aqueous species (hydrated oxides) and as solids
(hydroxide salts). Equilibria between these species may be expressed by the
following equations.(a) |

Aqueous Cation, M*Z, to a Soluble Hydrated Oxide

[Mx(OH)y (XZ-Y)+][Ht]Y
+Z o (xz-y)+ + - y
XMTZ + yHp0 <---> Mx(OH)y + yH Kxy ——

Hydroxide Salt, M(OH),, to a Soluble Hydrated Oxide

[Mx (OH) y (X2-¥)+]

xM(OH); (s) + H¥ <---> MX(OH)y(XZ'Y)+ + Ho0 "Kexy = —
: Xz-y

' (a) As a first approximatioﬁ the formation constant, K, is assumed to be
equal to the formation quotient, Q. This implies that the activity
coefficients for the reacting species are equal to one.
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Solubilization of a hydroxide salt can also be représented as:
xM(OH)7 (S) <---> My(OH)y(X2Y)+ + (xz-y)OH-
Kbxy = [My(OH)y(x2-¥)+][0H-](x2-Y)
Kbsxy is related to Kgyy bx the dissociation product of water, Ky:
Ky = [H¥1[OH"]

XZ=-Yy

. Kbsxy = KexyKw

Formation constants (Kyy) for hydrated oxides are Tisted in Table 7.10.
Solubility constants (Kbsxy) for hydroxide are Tisted in Table 7.11.

7.4 SOLUBILITY MEASUREMENTS

For Runs 12 and 13, in addition to the total simulant composition, the
fraction of soluble species was determined by compositional analysis of the
supernate. Table 7.12 lists the composition of the simulant and soluble

-fractions for these tests.

The significant changes in solubility as a function of formic acid addi-
tion are described below and summarized in Table 7.13. These results are
compared with those reported by Goles and Nakaoka (1989) for the PSCM-23 run.
Differences in solubility behavior for Run 12, Run 13 and PSCM-23 are
explained by differences in the pH after reflux (post reflux). A potential
reaction scenario for chromium behavior during the formating step is also
given.

7.4.1 Ions that Increase in Solubility After Formating

The increase in solubility of aluminum, calcium, strontium, magnesium,
and cadmium is attributed to neutralization of their respective hydroxide
salts by formic acid. This was observed during Run 12 and the PSCM-23 run.
For Run 13 the carbonate 10a&ing was approximately 13 times greater than in
Run 12. During Run 13 formic acid was consumed by neutralization of the .
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TABLE 7.10. Formation Constants for Hydrated Oxides in HWVP Feed(2)

Hydrated Oxide Log Kxy Hydrated Oxide Log Kxy

AloHy* “4.97  MgOH" -11.44
ALcond,* -9.3  Mg(ony, -39.71
AL(OH)3(aq) -15.0  MroW* -10.59
ALCOH),” -25.0  Hn(OH), (-22)
Al (OH),* 7.7 Mn(OH)z" (35)
Alz(oH),*? -13.94  Mn(OH),2 -48.3
Alg(OH),0R)5,"T  3.7  Mnycoityg? -33.9
AL, (OH)g"® 6.0 HMoO,” 3.89
caon® -10.08  HoMoO, 7.50
Cd(OH), -20.35 Moo, 57.74
Cd(OH)5™ <333 HoOyg(0H)™> 62.14
cdoH), 2 . 4735 MoOy(OH), " €5.68
Cdy(0H)*3 -9.39  Mog0xqlOH)3™ 68.21
cd,omy,* -32.85  Moye0sg 65.68
cron*2 -4.0  Niow* -9.86
- creomyt 9.7 Hi(OH), -19
Cr(CH)z -18 Ni(OH)3™ -30
CreoH),” 214 NiCoH),2 <-4h
Crp(OM) (0" -5.1  NijoH*3 -10.7
Cra(OH),* 8.2 Nigom*4. -27.7
cuok* <-8 zrong* . 0.3
CutoH), (<=17.3)  2r(om,*2 1.7
CuCoH)3” (<-27.8)  zr(oms" €-5.1
CuCOH ), 2 -39.6  2r(oH), (q) -9.7
Cuy(OH),*2 -10.36  Zr(OH)5" -16.0 .
Feoh* 9.5 zry(om,*8 0.61
Fe(OH), -20.6  2rz(OW)s*T 3.7
Fe(OH)3™ -31 2r,(OH)g'S -2.19
Fe(OH), -20.6  Fe*? -31
Fe(on)2* -5.67
Fe(Ot)3 <12
Fe(OH),” -21.6
Fep(OH),* -2.95
Feg(OH),*> -6.3 ‘

(a) Values extracted from Baes, 1986.

carbonate and not available for neutralization of the hydroxide salts.
Therefore, the solubility changes which result from neutralization of the
hydroxides are negligible for Run 13. The potential impact of end point pH
during formating is discussed further in Section 7.6.
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TABLE 7.11. Solubility Constants for Hydroxide Salts in HWVP Feed(2)

y

Hydroxide Salt - Log Ksxy
a-AT1(0H)3 8.5
Ce(0H)3 19.9
B-Cd(OH)2 13.65
Cr(OH)3 _ 12
Cu(OH), C 8.64 -
Cu0 7.62
Fe(OH)2 12.85
a-Fe0(OH) 0.5
La(OH)3 20.3
Mb(OH) 2 ' 16.84
Mn(OH)2 15.2
MoO3 : -12.06
Ni(OH)2 10.8
Nd(OH)3 ' 18.6
Pr(OH)3 19.5
Sm(OH)3 16.5
Y(OH)3 17.5
Zr07 ' -1.9

(a) Values extracted from Baes 1986.

Manganese solubility increased during the addition of formic acid in Run
12 and PSCM-23. The increase in solubility may be attributed to the reduc-
tion of the insoluble MnO; (species as added to simulant) to Mn*2 by formic
acid. In an acid environment (Run 12 and PSCM-23) this species would be
soluble. In an alkaline environment (Run 13), Mn(OH)» would be precipitated.
Significantly less manganese was soluble in Run 13 formated simulant.

The dissolution of Fe(OH)3 (~20%) was observed at relatively high post
reflux acidity, after an excessive amount of formic acid.addition (151 mi/L)
in Run 12.- The pH after formic acid addition was 3.09; after refiux the pH
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TABLE 7.13. Comparison of Solubility Behavior for Run 12, Run 13 and

PSCM-23
% Soluble Pri&r to and After Formating/Reflux Step

Element Run_12 (pH 4.2)\8 Run_13 (pH 9.0) PSCM-23 (pH 4.2)
‘Neutralization ' ~

Al <1% to 10% <1% throughout <1% to 9%

Ca <1% to 31% <1% throughout <1% to 95%

cd <1% to 23% ' <1% throughout not measured

Mg <1% to 26% <1% to 5.5% <5% to 100%

Sr <1% to 21% ’ <1% throughout <5% to 59%
Redox

Mn <1% to 16% <1% throughout <1% to 70%

Cr 6% to <4% to 16% 26% to <1% 20% to 10%

Mo . 16% to 0.5% 50% to 6% 30% to 45%

(a) pH of feed after formic acid addition and 2-h reflux.

was 4.23. In all other cases for Runs 12 and 13 the_pést reflux pH was ~9
and >99% of Fet3 was present as a solid.

7.4.2 Tons that Decrease in Solubility After Formating

During Run 13 the solubility of molybdenum steadily decreased from 50%
to 6% and the solubility of chromium decreased from 26% te below detection
1imit (<4%). This same behavior was reported for samples collected during
the PSCM-23 run (Goles and Nakoaka 1989) and is believed to be associated
with changes in redox states.

During Run 12, the solubility of molybdenum also decreased from 17% to
1%. For this same test, the concentration of chromium in the supernate phase
decreased from 7% to <4% down to a pH 3.6. As the formic acid loading
increased from 90 ml/L to 151 ml/L the pH decreased to 3.1 and chromium ion
solubility increased. This increase in solubility is most 1ikely due to the
solubilization of the Cr(OH)3 hydroxide in the presence of excess acid. A
reaction scenario for chromium is described below.
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7.4.3 Pﬁogosed Reaction Scenario for Chromium

The following reactions describe the proposed scenario for chromium ion

behavior during the feed preparation steps:

2 Crt3 '+ 3 NOg™ + 3 Hp0 » 2 Crt0 + 3 NOp~ + 6 OH- (1)
2 Cr*6 + 3 HCOOH - 2 Cr*3 + 3 €O, + 6 HF (2)
Crt3 + 3 OH" - Cr(OH)3 (solid) _ T3
Cr(OH)3 + 3 H* - Cr*3 + 3 Hy0 (excess formic acid). (4)

Evaluation of the data which support this scenario are presented below.

These data are derived from Run 13 samples of initial simulant and

formated simulant with 24 ml 90 wt% formic acid/L (0.53 moles formic acid/L).

Initial Simulant - Twenty-six percent of the chromium is soluble as the

Crtb species.

0.0024 moles out of a total 0.0092 moles chromium (26%) was soluble
in the simulant.

The initial pH of this simulant was. 7.8, being buffered by a high
bicarbonate Toading. The initial pH of simulants without carbonate
ranged from 9-19. In an alkaline environment, the remaining
chromium as Cr*> would precipitate as the hydroxide.

Chromium (+6) was the predominant, soiuble chromigm species in the
alkaline supernate. Colormetric analysis for Cr*° concentration
agreed within 2% of the ICP analysis for chromium in the supernate.

Chromium was added to the simulant in the +3 valence state.
Oxidation of chromium (+3) to Cr (+6) may have resulted from the
presence of nitrate (Equation 1); a thermodynamically favorable
reaction.

Formated Simulant - Crt6 is reduced by formic acid and precipitates as

Cr(OH)3.

After addition of 24 ml 90 wt% formic acid/L simulant (0.53 moles
formic acid/L), the concentration of chromium in the supernate
decreased to below the ICP detection 1imit for chromium

(0.00038 moles/L). This may be attributed to the reduction gf Cr+6
to Cr+3 (Equation 2) and subsequent precipitation of the Cr*3 as a

‘hydroxide (Kep = 6.7 E-31) (Equation 3).
sp .
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o The moles of Cr*® reduced is but a small fraction of the total
amount of formic acid added. Consideriag that three moles of
formic acid react with two moles of Cr*® to produce Cr*3, the
fraction of formic acid consumed is 0.002 * 1.5/0.53 = 0.57%.

o In the presence of excess acid (151 ml 90 wt% formic acid/L, the
hydroxide would dissolve (Equation 4) (Run 12).

7.5 [FORMIC ACID REQUIREMENTS

The formic acid requirements are discussed in terms of dependency on
carbonate, nitrate, and initial Fet3 feed content.

Carbonate decomposes to COp as the feed is acidified with formic acid
and as the feed is heated to 1000 °C for vitrification. The % decomposition
as a function of process step is not known. This decomposition reaction is

HoCO3 ----> H0 + COs.

Unlike formic acid, the carbon in carbonate and CO» is in its maximum
oxidation state, +4. Therefore, neither the C03'2 nor the COy would be
expected to act as reducing agents during formic acid addition or in the
vitrification step. The endpoint pH after formating high carbonate simulants
was less acidic. The relationship between acidity and the process step at
which redox occurs is discussed further in Section 7.6.

A glass Fe"'Z/Fe+3 ratio of 0.08 was measured for both Runs 6 (high
carbonate) and 8 (low carbonate) at equivalent formic acid and nitrate
Toadings. This finding suggested that redox participants such as nitrate,
should provide the primary criteria for formic acid adjustments. After
evaluation of subsequent runs, a threshold for obtaining an acceptable glass
Fe*z/Fe+3 ratio was defined independent of carbonate concentrations in the
range of 8 to 59 g/L. ’

The nitrate ion content in the feed is a significant factor in the
determination of the formic acid requirement for glass redox adjustments.
The significance of the HCOOH/HNO3 ratio is attributed to the consumption of
formic acid through the reduction of the nitrate jon to produce ammonia
and/or nitrogen oxide/nitrogen dioxide/nitrous oxide and carbon dioxide.
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This reaction may take place during the formating and/or the melting step(s).
Ammonia was observed during the current studies and reported as an off gas
component from the melter for the PSCM-23 run (Goles and Nakaoka 1989).
Release of NOy, N20, and COp during formating has been measured previously
(Wiemers 1987). '

In Figure 7.3 the glass Fe"'z/Fe+3 ratio is plotted as a function of
HCOOH/NO3 for Runs 1-13. A detectable glass redox is measured after the mole
ratio, HCOOH/NO3, is greater than 3.

Addition of the 32 data points collected by Farnsworth (1987) suggests
two relationships: 1) glass redox is dependent on Fet3 initial/NO3 and
2) for reference feed, Fe*3/NO < 4, a minimum requirement for redox adjust-
ments is HCOOH/NO3 = 3. Detectable Fe‘*‘z/Fe+3 (20.005) ratios were measured
for all samples with HCOOH/NO3 >3. Farnsworth’s data is plotted with data
from this study in Figure 7.4. The collated data is listed in Table 7.14.
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FIGURE 7.3. Dependence of Glass Redox on HCOOH/NO3

7.26




o - Minimum Threshold for Reference Feed, HCOOH/NO3 = 3

g o
0—
™.
$ Maximum Fe+2/Fe+3 = 0.3
L 8 o] .
L .
)
U
4 o
| o _— Samples with Fe+3 initial/NO3 >4.5
21 |#alg
— Minimum Fe+2/Fe+3 = 0.005
jois offfciol A
=3 p—r———— T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
HCOOH/NO3

FIGURE 7.4. Threshold for HCOOH/NO3 and FetZ2/Fet3 Relationship

In the presence of high iron (Fe/NO3 > 4) the formic acid requirements
for acceptable glass redox were less, HCOOH/NO3 = 1.5 to 2.5. It is specu-
lated that the variation in the formic acid requirements may be attributed to
differences in the ratio of nitrate redox reaction products, NO, NOz, N»0 and
NH3.

The scatter of data observed after the threshold may be atiributed to
differences between laboratory formating procedures, vitrification condi-
tions, and secondary reactions which become more significant once the
HCOOH/NO3 threshold is met. For example, Farnsworth’s simulants also
contained varying amounts of the organic, oxalic acid.

Based on the observed threshold for the reference feed, HCOOH/NO3 = 3,
the formic acid requirements for the target low, nominal, and high nitrate
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' TABLE 7.14. HCOOH/NO3 Threshold Support Data

. ml HCOOH/ . Fet2s
Sample L HCOOH, M NOg, M Fe™3) M FA/NO:  Fe/Mox  Fe'S Fe*2 u

Farnsworth 1987

NCAW-84 14 0.30 0.14 0.4 2.17 6.72 0.020 0.018
HCAW-84 4 0.52 0.1 0.%9% 3.72 6.72 0.043 0.039
NCAW-84 48 1.04 0.14 0.94 744 6.72 0.272 0.201
NCAW-86 12 0.26 0.17 0.55 1.51 3.16 0.008 - 0.004
HCAW-86 26 0.56 0.17 0.55 3.26 3.16 0.235 0.104
NCAW-86 36 0.78 0.17 0.55 4.52 3.16 0.312 0.130
Hi Fe 10 0.22 0.11 1.15 2.05 10.88 0.020 0.023
Hi Fe 24 0.52 0.11 1.15 4.9 10.88 0.074 0.079
Hi Fe 173 0.95 0.1 1.15 9.01 10.88 0.136 0.138
Hi Fe 80 1.7 0.11 1.15 16.38 10.88 6.235 0.219
Lo Fe 24 0.52 0.23 0.22 2.24 0.96 0.003 0.001
Lo Fe 36 0.78 0.23 0.22 3.35 0.9 0.141 0.028
Lo Fe AA 0.95 0.23 0.22 4.10 0.96 0.121 0.024
Lo Fe 80 1.7 ° 0.23 0.22 7.45 0.96 0.319 0.054
Bi Al 12 0.26 0.16 0.86 1.65 5.42 0.009 0.008
Hi Al 24 0.52 0.16 0.86 3.30 5.42 0.071 0.057
Hi Al 32 0.69 0.16 0.86 4.39 5.42 0.064 0.052
Hi Al 40 0.87 0.16 0.86 5.49 5.42 0.067 0.054
Hi Al .80 1.7 0.16 0.86 10.99 5.42 0.252 0.172
Lo Al ‘10 0.22 0.10 1.05 2.15 10.44 0.035 0.036
Lo Al 20 0.43 0.10 1.05 4.30 10.44 0.083 0.081
Lo Al 44 0.95 0.10 1.05 9.45 10.44 0.281 0.231
Hi Na 12 0.2% 0.19 0.85 1.38 4.51 0.002 0.002
Hi Na 30 0.65 0.19 0.85 3.44 4.51 0.152 0.113
Hi Na 51 1.1 0.19 0.85 5.88 4.51 0.334 0.214
Hi Na 80 1.7 0.19 0.85 9.19 4.51 0.406 0.246
Lo Na 12 0.26 0.11 1.01 2.39 9.28 0.008 0.008
Lo Na 24 0.52 0.11 1.01 4,78 9.28 0.044 0.043
Lo Na 48 1.04 0.11 1.01 9.56 9.28 0.141 0.125
Hi 2r 8 0.17 0.09 0.58 2.00 6.63 0.025 0.014
Hi Zr 20 0.43 0.09 0.58 4.99 6.63 0.119 0.061
Hi Zr 32 0.69 0.09 © 0.58 7.98 6.63 0.335 0.145
Data from Current Study

Run 1 22 0.47 0.46 " 0.50 1.02 1.09 <0.005 0.001
Run 2 31 0.67 0.74 0.50 0.90 0.68 <0.005 0.001
Run 3 16 0.34 0.13 0.50 2.62 3.85 <0.005 0.001
Run 4 16 - 0.35 0.69 0.50 0.50 0.73 <0.005 0.001
Run 5 15 0.32 0.13 0.50 2.47 3.85 <0.005 0.001
Run 6 32 0.69 0.13 0.50 5.29 3.85 0.082 0.038
Run 7 31 0.67 0.88 0.50 0.76 0.57 <0.005 0.001
Run 8 3 0.66 0.13 0.50 5.11 3.85 0.087 0.040
Run 9 16 0.35 0.87 0.50 0.40 0.58 <0.005 0.001
Run 10 22 0.48 0.33 0.50 1.44 1.52 <0.005 0.001
Run 11 23 © 0.50 0.34 0.50 1.49 1.49 <0.005 0.002
Run 11 32 0.69 0.34 0.50 2.07 1.49 <0.005 0.002
Run 11 53 1.15 0.34 0.50 3.43 1.49 0.248 0.098
Run 12 54 1.17 0.42 0.51 2.78 1.21 0.007 0.004
Run 12 %0 1.95 0.42 0.51 4,63 1.21 0.330 0.127
Run 12 151 3.28 0.42 0.51 7.76+ 1.21 1.580 0.314
Run 13 24 0.53 0.12 0.48 4.58 4.16 0.077 0.034
Run 13 38 0.82 0.12 0.48 7.14 4.16 0.240 0.093
Run 13 55 1.19 0.12 0.48 10.34 4.16 1.340 0.275
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Toadings ‘are listed in Table 7.15. For feed with the estimated maximum
nitrate loading, approximately five iimes the nominal amount of formic acid
would be required. To minimize the volume of formic acid required for redox
adjustments, sugar may be added as an additional source of reduced carbon.
Current design is based on a maximum of 30 ml 90 wt% formic acid per liter of
feed.

It is estimated that a significant amount (~50%) of nitrate may be
converted to nitrite via radiolysis reactions. The HCOOH/NO2~ requirement is
expected to be Tess because NOp~ is in a lower oxidation state than NO3~.
Differences in kinetics and reaction mechanisms could result in differences
in gas composition and release rates. Characterization and formating of
actual DST waste currently being conducted at PNL will provide an estimate of
the waste nitrite and nitrate content. Glass redox adjustments will also be
evaluated. Hoﬁéver, supplemental data collected from cold simulants contain-
ing nitrite and off gas compositional data is required to support this single
data point.

7.6 MASS BALANCE

Development of a predictive model for glass redox (Fet2/Fe*3) as a
function of the amount of formic acid added and feed composition necessitates
the spanning of two different chemistry systems: 1) formating during which

TABLE 7.15. Formic Acid Requirements Based on Reference Nitrate Loadings(a)

.Formic Acid
Nitrate Concentration Requirements. ml (90 wt%)/L
Level g NO3/100 g WO moles NO3/L HCOQH/NO3 = 3 HCOOH/NO3 = 4

Low 3 0.07 9 12
Nominal 9 0.20 27 37
High 36 0.78 108 143

(a) Current plans for HWVP are to add a maximum of 30 ml HCOOH/L. Addi-
- tional reductant requirements will be met by adding sugar.
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the formic acid is added and 2) vitrification, the product from which the
Fe*Z/Fe+3 is measured. The presence of oxidized (e.g., COp) and reduced
(e.g., NOp, NH3) species in the off gas suggests that redox reactions take
place in both systems.

To establish a relationship between the products of both systems, a
preliminary mass balance spreadsheet was developed for Runs 12 and 13 (refer
to Table 7.16). Corresponding flowsheets are shown in Figures 7.5 and 7.6.
The analytical data available for this flowsheet development are the initial
concentration of nitrate and ferric ion in the simulant; the amount of formic
acid added; the concentration of nitrate after formic acid addition and
reflux (i.e., prior to vitrification); and the Fe*2/Fet3 ratio in the vitri-
fied sample. Off gases shown for the formating step in Figures 7.6 and 7.7
(Hp, COp, NoO and NOy) were reported by Wiemers (1987). NH3 was observed in
formated simulants prepared in the current study. Goles and Nakaoka (1989)
reported Hp, COp, CO, SOy, NOy, and NH3 in the off gas of the melter.

The amount of reduced carbon (formate or formic acid) leaving the
formating step was estimated based on the amount of nitrate reduced (assuming -
NH3 to be the end product):(a)

Reduced Carbon ("HCOOH") to melter = HCOOH added - [4 * nitrate reacted].

Both of these runs satisfied the requirements, HCOOH/NO3 >3 and
Fe/NO3 < 4, prescribed for obtaining a Fet2/Fe*3 »0.005. Comparison of the
run data indicates that the -amount of nitrate reduced during the formating
step is greater for low carbenate, high nitrate sample. For example, at
approximately equivalent HCOOH/NO3(~4.6), the moles of nitrate consumed per
mole of formic acid added during formating was 0.20 for Sample 2, Run 12
compared with 0.0075 for Sample 1, Run 13. This effect may be due 1) a
concentration effect on the reaction equilibrium imposed by the higher
nitrate concentration (0.42 M for Run 12 versus 0.115 M for Run 13) and/or

(a) Assuming the nitrate reduction product as NHg maximizes the estimate of
carbon utilization in the formating step. The amount of ammonia pro-
duced was not quantified in this study.
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TABLE 7.16. Mass Balance Spreadsheet
Run_12 (Low Carbonate lLoading)  Preformate Sample 1 Sample 2 Sample 3

NO3 initial, M 0.42

NO3 remaining, M(2) 0.155 0.036  0.151
Total NO3 consumed, M(2,D) 0.265 0.384  0.269
HCOOH added, M 1.17 1.95 3.27
HCOOH remaining, %(a’c) 0.11 0.41 2719
HCOOH consumed, M(2,b) _ ' 1.06 1.54 1.08
Fet3 init}a], M 0.51

Glass Fete, M 0.004 0.13 0.31
HCOOH/N0§ , 2.8 4.6 7.8
Glass Fe¥2/Fe*3 - 0.007 0.33 1.58
Percent Efficiency for Nitrate Reduction in Formating Step

NO3 consumed/HCOOH added 23 20 8.2
Percent Efficiency for Fei§ Reduction .

Fe*2 produced/HCOOH added 0.3 6.7 9
Run_13 (high carbonate loading)

NO3 initial, M 0.115 -

NO% remaining, M(2) 0.111 0.057 0.002
Total NO3 consumed, M(2,b) 0.004 0.058 - 0.113
HCOOH added, M 0.53 0.82 1.19
HCOOH remaining, %(a,c) 0.51 0.59 0.74
HCOOH consumed, M(a,b) 0.02 0.23 0.45
Fet3 1nit£a1, M 0.48

Glass FetZ, M 0.034 0.093 0.28
HCOOH/NO3 4.7 7.1 10.3
Glass Fe¥2/Fe*3 0.077 0.24 1.34
Percent Efficiency for Nitrate Reduction in Formating Step

NO3 consumed/HCOOH added 0.75 7.1 9.5
Percent Efficiency for Fet3 Reduction ‘

Fe*2 produced/HCOOH added 6.4 11.3 24

(a) Refers to formating step, only.
(b) Calculated by difference.
(c) Estimation based on nitrate consumption. Assumes NH3 product.
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Formating——— Ditrification

NH3, N20, NO&,

JISNO3 ()
.11 HCOOH

Sample 1 H2 & CO2
1.17 HCOOH ——l
0.42 N03
0.51 Fe+3
" HCOOH/NO3 = 2.9

Sample 2 .

0.004 Fe+2

Fe+2/Fe+3 = 0.007

NH3, N20, NOH,

H2 & €02 0.036 NO3

0.41 HCOOH
1.95 HCOOH __1
0.42 NO3 0.15 Fe+2
0.51 Fe+3
HCOOH/NO3 = 4.6 Fe+2/Fe+3 = 0.33
NH3, N20, N0,
sample 3 " H2 & C02 0.151 NO3

2.19 HCOOH

3.27 HCOOH _—l

" 10.42 NO3
0.51 Fe+3 |

HCOOH/NO3 = 7.8

{a) Amounts enpressed in moles/L.

0.31 Fe+2

Fe+2/Fe+3 = 1,58

v —

S

.

NH3, NO%x,
H2 & C0/C02

NH3, NO#,
H2 & Co/c02

l |.____>NH3, NO#,
H2 & C0/C02

(b) Estimation based on nitrate consumption. Assumes NH3 as end product which minimizes

carbon to melter.

FIGURE 7.5. Preliminary Mass Balance Flowsheet for Run 12
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Formating———— Ditrification

Sample 1 NH3, N20, NOx,
: H2 & €02 0.111 NO3
0.51 HCOOH
0.53 HCOOH * '
. I ] l — NH3, NO&n,
H2 & C0/C02
0.115 N3 0.034 Fe+2
0.48 Fe+3
. HCOOH/NO3 = 4.7 Fe+2/Fe+3 = 0.077
sample. 2 NH3, N20, NOH, _
, H2 & C02 0.057 NO3
0.59 HCOOH
0.82 HCOOH
I NH3, NOx,
l H2 & €0/C02
' " l0.115 NO3 . '
0.48 Fe+3 0.093 Fe+2
HCOOH/NO3 = 7.1 Fe+2/Fe+3 = 0.24
Ssample 3 NH3, N20, NOx,
H2 & C02 0.002N03
0.74 HCOOH
1.19 HCOOH
' l l r_.;NH$, NO%,
. H2 & C0/C02
: 18.115 ND3
0.48 Fe+3 | 0.28 Fe+2

HCOOH/NO3 = 10.3 ° Fe+2/Fe+3 = 1.34

{a) Amounts eupressed in moles/L.

{b) Estimation based on nitrate consumption. Assumes NH3 as end product which minimizes carbo
to melter. -

FIGURE 7.6. Preliminary Mass Balance Flowsheet for Run 13
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FIGURE 7.7. Nitrate Reduction Efficiency During Formating

2) the higher acidity of the low carbonate run (minimum pH for Run 12: 364;
Run 13: 5-7). As discussed in Section 7.3.1 and Wiemers (1987) the redox
potentials for reactions of interest are pH dependent.- Figure 7.7 illus-
trates graphically the dependence of nitrate reduction during formating on
carbonate concentration. It is specu1ated that to satisfy the threshold for
Fet3 reduction >0.5% (HCOOH/NO3 = 3), the remaining nitrate is consumed
during vitrification.

At equivalent HCOOH/NO3, the amount of Fet2 present in the vitrified
sample per mole of formic acid added during formating (% efficiency for Fet3
reduction), is independent of the carbonate and nitrate content. For exam-
ple, at approximately equivalent HCOOH/NO3, the % efficiency for Fet3 reduc-
tion is 6.7 for Sample 2, Run 12 and 6.4 for Sample 1, Run 13. Also, for
Sample 3, Run 12, the % efficiency for Fet3 reduction is 9 which is reason-
ably close 11.3 for Sample 2, Run 13. Run 12 had low carbonate loading,
while Run 13 has high carbonate loading. Figure 7.8 illustrates graphically
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HWVP 1990, Runs 1-13
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FIGURE 7.8. Relationship Between Ferrous Ion, Nitrate, and Formic Acid

the threshold value, HCOOH/NO3 = 3 discussed previously and the fairly linear
relationship between the moles of Fet2 produced per mole of formic acid added
as a function of HCOOH/NO3. Data from Runs 1-13 is included in Figure 7.8.

The following scenario describing the relationship between the formic
_acid, nitrate, ferric ion, and carbonate is based on the above observations.
The reduction of nitrate and ferric ion by formic acid are two competing
reactions. At the loadings specified for the reference feed composition
(Fe+3/N03 <4), the relationship, HCOOH)N03 = 3, must be satisfied before an
equilibrium is reached yielding 20.5% of the ferric ion reduced to ferrous
jon in the vitrified sample. The extent to which nitrate is reduced during
formating (rather than during vitrification) depends on the pH; which is
dependent on the carbonate content. The % nitrate reduction during formating
ranged from 4 to 98%. Because the threshold for HCOOH/NO3" is independent of
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the carbdnate concentration, it is assumed that the same amount of nitrate is
reduced independent of which step, vitrification or formating, the reduction
reaction takes place. The implications of this suggestion for HWVP design
relate to the 'most favorable step for release of the product gases.
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) 8.0 HWVP APPLICATION

It has been demonstrated that nitrate content of pretreated NCAW does
affect the glass redox adjustment requirements. In a nitrite- and organic-
free feed simulant, where Fe+3/N03 <4, three moles of formic acid are
required per mole of nitrate to obtain an acceptable reduction of Fe+3"
(20.5%). The effect of additional active redox participants on formic acid
requirements. remains to be established.

Secondary effects related to feed composition and laboratory vitri-
fication conditions 1ikely affect glass redox as implied by the data scatter
in Figure 7.4. Quantitative relationships are not fully defined without
further considering the SRAT and melter metals chemistry.

The formic acid requirement for glass redox adjustment was independent
of carbonate feed content. However, carbonate may affect the HWVP operations
from another perspective. Preliminary data (two data sets) suggests that by
buffering the pH in the alkaline range, high carbonate loading results in
less reduction of nitrate (i.e., less gas release) occurs during formating.
With Tow carbonate loading and the resultant lower feed acidity, a larger.
amount of nitrate is reduced during formating. The impact of preferential
release of gases may affect feed preparation steps and criteria.

Design considerations related to several qualitative observations
recorded during this study are listed below. These observations are dis-
cussed in detail in Section 6.0.

e Ammonia was an end product of nitrate reduction by formic acid. The'
release rate of noxious (NH3, NOy, SOy, and CO) and explosive (Hp,
CO and NH3 as NH4NO3) gases from the SRAT and melter need to be
:urthgr défined to assess environmental emissions and potential

azards.

e The effect of magnetic solids in the formated feed on subsequent
processing steps requires further consideration.

e An apparent dilatant melter feed resulted fromzfeeg3formated to the
Tevel required for obtaining an acceptable Fe'“/Fe'~ value in high
nitrate feed. Addition.of sugar for supplemental reductant capac-
ity would minimize the formic acid requirements. However, the
rheology of feed to which sugar is added to minimize formic acid
requirements should be considered.
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9.0 QUALITY ASSURANCE .

Work authorized by this test plan was conducted in accordance with
Impact Level II requirements as identified in Quality Assurance Plan No.
WTC-006, latest revision for the HWVP. Test Plan, HWVP-89-1VJO010300A was
developed to support testing activities. A1l laboratory data, general
observations, and details of the activities performed per this test plan were
recorded in.Tlaboratory record books BNS #50597 and 53567.

ICP and Fe*z/Fe+3 analyses was completed in accordance with guidance
provided in SOW number M43108A. TIC and TC analyses was to be completed in
accordance with guidance provided in SOW number M43108B and IC analyses per
SOW number M43108C and M43108A. '

9.1




10.0 REFERENCES

-

Baes, C. F. and R. F. Mesmer. 1986. The Hydrolysis of Cations. Robert E.
Krieger Publishing Company.

Bradley, R. F. and C. B. Goodlett. 1972. "Denitration of Nitric Acid
So]u%ions by Formic Acid," DP-1299, Savannah River Laboratory, Aiken, South
Carolina. -

Bray, L. A. 1963. Denitration of Purex Wastes With Sugar, Report No.
HW-76973, General Electric Company, Hanford Atomic Products Operation,

Richland, Washington.

Burger, L. L. December 1989. Pacific Northwest Laboratories, Private
communication. i

Cotton, F., Albert and Geoffrey Wilkenson. 1966. Advanced Inorganic
Chemistry. A Comprehensive Test, Interscience Publishers.

Elinson, S. V. and K. I. Petrov. 1965. Analytical Chemistry of Zirconium
and Hafnium. Halsted Press. :

Farnsworth, R. K. 1987. The Effect of Feed Composition_and Formic Acid
Addition on Glass Redox State, Letter Report to Wéstinghouse Hanford Company,
No. HWVP-87-V110203A, Prepared by Pacific Northwest Laboratory, Richland,
Washington.

Farnsworth, R. K., C. M. Ruecker, J. M. Perez, H. T: Blair, G. T. Thornton,
B. A. Pulsipher, and D. McCarthy. 1986. Hanford Waste Vitrification Plant

Feed Process Variability Testing for Fiscal Year 1986, Letter Report to
Westinghouse Hanford Company, ‘No. RHO-RE-CR-16P/HWVP-V1123C, Prepared by

Pacific Northwest Laboratory, Richland, Washington.

Gibson, H. W. 1969. "The Chemistry of Formic Acid and Its Simple
Derivatives," Chem Rev. 89, 673.

Goles, R. W. and R. K. Nakaoka. January 1989. Hanford Waste Vitrification
Program Pilot-Scale Ceramic Melter Test 23, Technical Report to Westinghouse
Hanford Company, HWVP-89-1VJ0010100B, Prepared by Pacific Northwest
Laboratory, Richland, Washington. ‘

Healy, T. V. September 1958. "The Reaction of Nitric Acid with Formaldehyde
and with Formic Acid and Its Appiication to the Removal of Nitric Acid from

Mixtures,” J. Appl. Chem. 8.

Latimer, W. M. and J. H. Hildebrand. 1951. Reference Book of Inorganic
Chemistry, third edition, The MacMillan Company.

10.1




AL"

Longstaff, J. V. L. and K. Singer. 1954. "The Kinetics of Oxidation of
Nitrous Acid and Nitric Acid. Part II. Oxidation of Formic Acid in Aqueous
Nitric Acid," J. Chem. Soc., p 2610.

Mahler, H. R. and E. H. Cordes. 1966. Biological Chemistry, Harper and Row.

Thorne, P. L. L. and E. R. Roberts. 1948. Fritz Ephraim, Inorganic
Chemistry," Interscience Publishers, Inc.

Thornton, G. T. 1987. Evaluation aﬁd Comparison of HWVP and Comparison of

HWVP-Reference Féed Composition and Updated Neutralized Current Acid Waste
Composition Simulants. HWVP-87-V110203C, Pacific Northwest Laboratory,

Richland, Washington.

Wiemers, K. D., C. A. Andersoﬁ, and M. E. Peterson. 1987. Evaluation of

Process Off Gases Released During the Formating of an HWVP Feed Simulant,
Letter Report to Westinghouse Hanford Company, No. HWVP-87-V110203G, Prepared

by Pacific Northwest Laboratory, Richland, Washington.

Wright, G. D. 1988. Hanford Waste Vitrification Plant Technical Data
Package, SD-HWV-DP-001, Rev. 4, Westinghouse Hanford Company, Richland,
Washington. ) :

Zamecnik, J. 1989. IDMS Testing Update Presentation. "Defense Waste
Processing Technology Savannah River Laboratory." November 15, 1989.

10.2




