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ABSTRACT

The topics of this report include: 1) corrected data and new data
on cesium sorption by bulk graphite (H-451) with a discussion of anomalies
and a comparison of the data; 2) a review of the exponential (Freundlich)
isotherm theory and a derivation of the modified-exponential isotherm; 3) a
report on a study by the pseudo-isopiestic method of cesium by H-451 graphite
powder (size range 44 to 74 um)} of the type used in the Knudsen cell mass
spectrometer method; 4) a comparison of the results on particulate graphite
{powder) obtained by the Knudsen cell method and also a comparison of cesium
sorption results obtained with the bulk graphite; 5) development of a theory
for the kinetics of sorption of a system (cesium and graphite) which shows an
exponential (Freundlich) type of sorption; 6) comparison of theoretical with
observed kinetics for sorption of cesium by graphite (H-451) powder and a comparison
of bulk graphite vs. particulate graphite sorption kinetics* 7) report of a study
of the effects of barium on cesium sorption by H-451 graphite at lOOOOC; and 8) a
thermodynamic treatment of mixed sorption and its application to mixed barium-
cesium and strontium-cesium sorption by graphite.
The most important conclusions of this report are:
1. The kinetics of absorption and desorption of cesium by bulk
nuclear-grade graphite and even by the graphite in particuylate
form (size range 44 to 74 um) is such that, in general, several
days are required to reach a near equilibrium state. Accordingly,
the pseudo-isopiestic method, although time consuming, appears to
be the best method to assure the obtainment of equilibrium data in
the cesium vapor pressure range of about 10 Pa down to lO_ Pa.
2. The kinetics data of the pseudo-isopiestic experiment with graphite

powder was found to be very well represented mathematically by



ii

a kinetics equation which is based on the site (trap) activation
energy, €, being approximately equal to the site interaction
(sorption) energy, x. In accordance with theory for modified-
exponential sorption, the sites are taken to be non-uniformly
distributed having a number which decreases exponentially with
interaction energy, x, which has a finite upper limit XL'
The kinetics data of the pseudo-isopiestic experiments with solid
graphite do not fit the kinetics equation quite as well as does the
data obtained with a powdered graphite sample. The fit, however,
is reasonably good and at short times, the data appears to reflect
rapid evaporation of cesium from external graphite surfaces while
at very long times the kinetiecs are believed to be controlled by a

slow diffusion of atoms to residual sites within the bulk of the

graphite.

In binary sorption studies, where data were obtained of the

effects of barium or strontium in graphite (H-451) on the equilibrium
vapor pressure of cesium, a thermodynamic treatment was found the
most useful. The vapor pressure is given by an eq;ation which
contains the activity coefficient, Yl, defined as the ratio of

true cesium vapor pressure to the ideal vapor pressure. The loga-
rithm of the activity coefficient is functionally expressed by a

polynomial in terms of x,, the mole fraction of the second com-

2’

ponent (strontium or barium).
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1. INTRODUCTION

This is the final report of a series (1,2,3) on the sorption of
graphite at high temperatures (800 to 1100°C). The experimental studies
in this period concentrated on near isotropic H-451 nuclear grade graphite
of the Great Lakes Carbon Co. as the material of interest, The topics of
the report include: 1) corrected data and new data on cesium sorption by
bulk graphite (H-451) with a discussion of anomalies and a comparison of
the data; 2) a review of the exponential (Freundlich) isotherm theory and
a derivation of the modified-exponential isotherm; 3) a report on a study
by the pseudo-isopiestic method of cesium by H-451 graphite powder (size
range 44 to 74 um) of the type used in the Knudsen cell mass spectrometer
method; 4) a comparison of the results on particulate graphite (powder)
obtained by the Knudsen cell method and also a comparison of cesium sorp-
tion results obtained with the bulk graphite; 5) development of a theory
for the kinetics of sorption of a system (cesium and graphite) which shows
an exponential (Freundlich) type of sorption; 6) comparison of theoretical
with observed kinetics for sorption of cesium by graphite (H-451) powder
and a comparison of bulk graphite vs particulate graphite sorption
kinetics; 7) report of a study of the effects of barium on cesium sorption
by H-451 graphite at 10000C; 8) a thermodynamic treatment of mixed sorption
and its application to mixed barium-cesium and strontium-cesium sorption
by graphite.

1.1 Review of the Pseudo-isopiestic Method

The technique used in this study for the measurements of the cesium
vapor pressure over the sample was the pseudo-isopiestic method. A sche-
matic drawing of the apparatus is shown in Figure 1.1. 1In this method,

cesium vapor from a pure cesium source held at one temperature saturates
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the graphite sample held at another temperature, and in due time, the
sample closely approaches equilibrium with the vapor. 1In this research,
the graphite sample unimpregnated or impregnated with barium tagged by Ba-133
or with strontium tagged by Sr-85 was maintained at a constant temperature
of 1000°C throughout the experiment and was allowed to interact with cesium
vapor tagged by Cs-137. Therefore, the content of the isotopes present
in the graphite sample could be determined in situ by a scintillation detector
system placed beneath the furnace containing the graphite sample. The
pseudo-isopiestic method generally gives vapor pressure-sorbate concentration
data which have a high degree of accuracy and which unlike the high-tempera-
ture Knudsen cell mass spectrometer method are almost certain to be close to
equilibrium.

Since there is a temperature difference between the cesium source
and the graphite sample, a pressure difference in general exists between

the two. The pseudo-isopiestic method does not attempt to equate press-—

used to find the sample vapor pressure of cesium which is described in
Appendix III. Liang's expression for this given in Equation (AIII-1),
has been tried by some workers who reported 2-3%Z accuracy for atmospheric
gases with a temperature difference of no more than 300°C.

The cesium vapor pressure over the sample varied from 10_4 Pa to
10 Pa as the temperature of the cesium source varied over the range from
25°¢C to ZOOOC. The maximum cesium vapor pressure that could be attained
was limited by the temperature of the glass-metal seal of the sorption
apparatus indicated in Figure 1.2 (this figure also shows the distilla-
tion attachment for source preparation). It was important that the

cesium source be maintained as the coldest region of the apparatus so as

l ures at the sample and the source. Liang (7) suggested a correction is
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to ensure a monotonic increase in the temperature distribution along the
mid-section of the sorption apparatus towards the graphite sample. The
sample temperature was held constant at 1000°C, a high temperature value
that seems to be convenient for purposes of comparison with other work
involving different grades of nuclear graphite and different experimental
techniques.

1.2 Kinetic Behavior - Time to Reach Equilibrium

The kinetic behavior of cesium sorption on H-451 graphite is dis-
played graphically in Figure 1.3, This information was collected during
the course of Experiment 36 and indicates the time required for attainment
of an equilibrium condition prior to obtaining the cesium concentration
for the listed sorption isotherm points. The time taken to achieve equi-
librium varied from 6 to 20 days, the longer times being required for

lower cesium vapor pressures or after large changes in vapor pressure.
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2. CESIUM-GRAPHITE (H-451) ISOTHERMS

Since the last report two additional cesium-graphite (H-451) isotherm
experiments (Expts 30 and 36) have been done on solid graphite samples.
Also the data of previous experiments (Expts 5, 7, 9 and 15) have been
corrected and made as accurate as possible. This is reported below.

2.1 Analysis of the Corrected Data of Experiments 5, 7 and 9

The corrected results of Experiments 5, 7 and 9 given in Table 2.1,
2.2 and 2.3, respectively, have been analyzed using a non-linear least-
squares fit method. The equilibrium, desorption isotherms are expressed
by Equation 2.1 which corresponds to the exponential or Freundlich iso-

therm in a logarithmic form,

3 T 3
1nP=A+B<—1-$—)+LD+E(—1—fF’-—) In C 2.1)

where P is in pascals, C is in mmol Cs/kg graphite, and T is in degrees
kelvin.

The estimated values of the sorption coefficients A, B, D and E were
obtained by a non-linear least squares fit of the equilibrium data points
selected from three separate experiments (Expertiments 5, 7 and 9) over
the sample temperature range of 1076 K to 1367 K = 10 K and the cesium
vapor pressure range of 1 x 10-4 to 10 Pa. These estimated values and
the statistical results of the least squares fit are tabulated in Table
2,4, The high correlation among the coefficients as shown on the correla-
tion matrix indicates the excellent degree to which all of the desorption

1 Pa) the sorption data,

data, and at the higher vapor pressures (= 10
fit the Freundlich isotherm model (Equation 2.1) well. All of the ob-

served equilibrium points from these three experiments, along with the

fitted expression, are displayed on Figures 2.1 (linear plot) and 2.2



(log~-log plot). The closed (solid) symbols indicate the points obtained
during desorption from a greater concentration. The dotted line on Fig-
ure 2.1 on the 1271 K isotherm indicates the hysteresis observed between
sorption and desorption. The calculated desorption isotherms and their
respective 95% confidence bands are shown on Figure 2.3.

The equilibrium isotherms obtained at each experimental mean temp-—
erature are displayed in Figures 2.4 through 2.7. The solid line on each
indicates the fitted Freundlich relation (Equation 2.1) using the coeffi-
cient estimates of Table 2.4. The number, beside each experimental
point, is the cardinal number of the sequence of points which were ob-
tained in a given experiment. The equilibrium data points given in
Tables 2.1, 2.2 and 2.3 are also tabulated in the sequence obtained. In-
cluded in the tabulations are the rates of change in the cesium concen-
trations observed during the 24-hour period (approximately) immediately
prior to and including the times at which the equilibrium point counting

rates were obtained and also the times (t ) observed for the cesium con-

009
centration on the sample to change by 90% after each change in vapor

pressure or sample temperature., That is,
C(ty g) = 0.9 (C, - ceq)/cO (2.2)

where CO and Ceq are the sample tube background corrected cesium concen-
trations (mmol Cs/kg graphite) obtained immediately prior to the change
in temperature (or vapor pressure) and upon reaching the new equilibrium
concentration, respectively. The "Final sample concentration' noted in
the tables were determined on a separate Nal detection system of low

background.

The most complete experimental isotherm is that which was obtained at



TABLE W1: EXPERIMENT 5: Cesium Sorption on H-451 Graphite at 1273 K.

Sample iSource E Cesium vapor [Cesium . (a) Rat? gt . ITime to 90% Time at Time at
Temperature | Temperature | pressure at concentration equilibrium |change in vapor pressure! sample
(+ 10 K) (2 K) | sample (Pa) (mmol Cs/kg (10‘7 mmol concentration| (hours) temperature
| graphite) kg-s) _j(hours) ¢ (hours)
1273(¢) 298 ' 3.65 (-4) ) 0.068 < 1.2 9.8 71.5 72
1272(6) 308 . 9.49 (-4) 0.418 < 1.2 14.9(C) 98.2 194
1273(e) ! 365 | 7.34 (-2) 2.758 11.3 178.5(C) 236.7 434
1273(e) j 383 2.00 (-1) 4.914 6.5 148.5 236.4 675
1273 398 " 4.09 (-1) 6.164 9.2 . 130.0 163.4 841
1273 423 1.24 7.718 9.2 " 137.209 192.5 1057
1273 448 3.72 9.276 < 1.2 67.1¢) 189.5 1249
1273 473 1.03 (1) 10.680 < 1.2 13.1(c) 92.7 1345
1273 398 4.09 (-1) 6.197 5.2 30.8 117.9 1465
1273 311 1.25 (-3) 2.446 | 7.0 143.5 240.8 1708 |
‘ |
295(®) 295 1.30 (-4) 6.367 33,29 204.8 228.7 229 E
‘ |
Sample tube background 1.011 ! i
Final sample concentration 6.287 ; E
; J

H-451 sample weight = 3.713 g before experiment

(a)In situ equilibrium concentrations corrected for sample tube background.

(b)Read as 3.65 x 10 ~.

(c)May not be characteristic of equilibrium approach due to abnormal temperature or detection system fluctuations
early in the approach. However, conditions were stable at the equilibrium point.

(d)Cesium source not oxidized.

(e)Not included in the least squares fit to Equation 2.1.



TABLE 2.2: EXPERIMENT 7: Cesium Sorption on H-451 Graphite at 126 and 1177K.

! Sample !Source Cesium vapor |Cesium Rate at Time to 90% Tine at Tire at
Temperature Temperature| pressure at concentration equilibrium |change in vapor pressure|l sanple
(+ 10 K) (2 K) sample (Pa) (mmol Cs/k (1077 mmol/ |concentration (hours) temperature

graphite) \2 kg-s) (Hours)
1268(6) 273 2.42 (-5)(b) 0.084 < 1.2 (c) 97.3 97
1273(e) ! 335 9.30 (-3 1.134 4.1 142.0 209.3 313
1273(6) : 313 1.50 (-3) 0.823 1.4 91.1 142.8 t 460
1273(6) ! 295 2.70 (-4) 0.682 1.5 90.9 121.5 ; 585
1273(e) 273 2.43 (~5) 0.523 < 1.2 280.8 336.8 ' 934
1268(e) | 335 9.42 (-3) 1.320 3.3 116.3 164.9 1104
1268(3) ! 273 2.42 (-5) 0.733 1.7 101.4 180.4 1305
1268(e) § 298+5 3.64 (-4) 0.706 < 1.2 (e) 124.4 1490
1268 % 464 7.24 10.968 < 1.2 42,08 195.9 1710
1258 § 424 1.31 7.798 3.4 24.6 94.0 1808
1266 | 403 5.21 (-1) 6.571 6.6 41.2 76.5 1905

| 1265 { 374 1.25 (~1) 4.758 5.0 102.5 188.3 2113

i 1264 : 357 4.44 (-2) 3.718 1.7 201.8 286.8 2408

! 1265 i 464 7.38 11.143 < 2.0 48.3(c) 160.4 2595

1179 : 438 2.42 11.864 < 2.0 (c) 92.8 92
1181 § 423.5 1.28 10.733 < 2.0 28.1 117.3 214
1178 } 403.5 5.29 (-1) 9.558 3.4 45.3 78.2 306
1173 i 373.5 1.18 (-1) 7.663 5.4 103.3 137.5 49
1173 ! 357 4.30 (-2) 6.383 3.3 165.8 218.0 696
1275 423 1.28 7.586 < 1.2 5.3 102.3 102
295(®) 273 | 1.04 (-5) 23.425 1.2 1.5 52.3 52
| Sample tube background T 0.455
| Final sample concentration 23.644
H-451 Sample weight: before experiment = 3.7204 g
after experiment = 3.7668 g

(2) In situ equilibrium concentrations coriected for sample tube background contribution.
(b) Read as 2.42 x 1072,
(c) Not obtainable or may not be characterictic of equilibrium apprcach due to abnormal temperature or detection

system fluctuations early in the run. However, conditions were stable at the equilibrium point.
(d) Cesium source not oxidized; cold spot developed at the metal-to-Pyrex sezl region during cooldown.

(e) Not incluced in the lesst squares fit to Equation 2.1.
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TABLE 2.3: EXPERIMENT 9: Cesium Sorption on H-451 Graphite at 1076, 1173, 1271 and 1367 K.

Sample Source Cesiunm vapor |[Cesium : Rate at Time to 90% Time at Time at
Temperature | Temperature |pressure at concentration equilibrium {change in vapor pressure|} sample
(* 10 K) (2 K) sample (Pa) (mmol-Cs/k%a) (10“7 mmol/ |concentration]| (hours) temperature
graphite) kg-s) (hours) (hours)
297(3) 295 1.31 (—4)(b) 0.028 3.9 (c) 117.2 117
1673 437 2.32 14,034 29.5 180.0 294.0 294
1077 423 1.25 13.036 < 1.2 38.6 78.3 390
1076 403 5.12 (1) 11.362 <1.2 86.3 190.3 598
1073 373.5 1.15 (~1) 9.174 4.5 182.0 287.0 893
1078 353.5 3.28 (~2) §.171 4.1 128.9 162.1 1080
1077 438 2.42 15.810 21.2 136.7 214.8 1301
1173 438 2.42 11.487 4.0 10.6 79.8 30
1173 463 5.17 (1) 8.794 5.0 60.6 +139.1 223
1175 353 3.30 (-2) 5.850 5.5 132.9 219.6 470
1173 438 2.42 11.576 5.7 69.3 170.0 682
1173 463 6.95 14.886 12.8 42.8 99.5 . 803
1367 463 6.95 8.063 - 3.9 1.8 64.4 64
1367 423 1.26 5.707 <1.2 8.9 61.6 141
1366 403.5 5.37 (-1) 4.620 8.1 19.3 56.2 212
1366 373.5 1.24 (-1) 3.033 3.0 47.9 116.7 331
1368 353 3.47 (-2) 1.975 3.0 92.3 167.6 500
1368 310.5 1.24 (-3) 0.858 4.2 155.4 214.8 719
1076(e) 308 8.74 (=4) 1.314 < 1.2 300.8 423.3 423
1271 447.5 3.65 9.544 6.5 33.0 173.0 173
1271 403.5 5.27 (~1) 6.648 33.2 47.8 139.7 315
1271 373.5 1.22 (-1) 4.789 5.9 87.8 167.5 484
1271 423 1.24 7.787 7.3 42.9 119.4 606
2942 294 1.30 (~4) 8.667 (@ (@ 20.2 (@)
Sample tube background 0.521
Final sample concentration 9.723

H-451 sample weight = 3.7044 g before experiment

(a) In situ equilibriun concentrations corrected for sample tube background concentration.
{(b) Read as 1.31 x 10 .

(c) Not observed.

(d) Cesium source oxidized.

(e) Not-included in the least squares fit to Equation 2.1.
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1271 + 10 K (Figure 2.6). This is composed of data from three separate
experiments and indicates the high degree of reproducibility at the higher
vapor pressures among the samples studied. The desorption branch at this
sample temperature, and also at the other sample temperatures, is described
well by the Freundlich relation as demonstrated by the linearity in the
figures. Above approximately 0.3 Pa the sequence of sorbing or desorbing
the cesium and the cesium sorption history of the sample is largely im-
material, and the cesium sorption is reversible. As indicated in the
tabulated data, the graphite sample of Experiment 5 (Table 2.1) was sub-
jected to a monetonically increasing, then decreasing, cesium vapor
pressure. The sample of Experiment 7 (Table 2.2) was initially subjected
to cesium vapor at various pressures below 10_2 Pa with no significant
effect on the subsequent equilibrium behavior at the higher vapor press-
ures (above 1x10—1 Pa) and upon desorption from the higher wvapor pressures.
Similarly, the equilibrium sorption behavior of Experiment 9 (Table 2.3)

is in complete agreement after previous sorption and desorption at sample
temperatures of 1076, 1175 and 1367 K. Additionally, no clear tendency
towards either cesium saturation or multi-layer cesium sorption is apparent
within the range of the maximum vapor pressures attainable (< 10.3 Pa)
during these experiments.

2.2 Hysteresis and Other Anomalies - Experiments 5, 7 and 9

At the low cesium vapor pressures (< 0.2 Pa), a definite hysteresis
(irreversibility) is evident between desorption and sorption (Figure 2.6).
While the desorption branch is essentially linear on the log-log plot
throughout the vapor pressure range studied, the sorption branch is
highly non-linear and is dependent upon the amount of cesium previously

sorbed on the graphite sample. This is illustrated by the sorption sequence



)
1 g
W

| a:
p)

0

0

L

l &
0.

ac

o

I <
>

1 -
2

o)

J

I 5
Figure 2.4.

CESIUM CONCENTRATION (mmol/kg)

Cesium Sorption by H-451 Graphite at 1076 + 10 K
-Experiment 9

|
10 !
MEAN SAMPLE TEMPERATURE
1076 *+ 10 K
EXPERIMENT 9
(o]
10 CLOSED SYMBOL = DESORPTION —
]
0 |
|
]
- !
0% | _
{
li
!
!
I
{
|
!
|
-3 !
10 ER | —
- |
}_
—
-4
'O L J 1 1. [ lll l
- 0 1
10 10 10 10




VAPOR  PRESSURE (Pa)

CESIUM

Figure 2.5. Cesium Sorption by H-451 Graphite at 1175 + 10 K.

--— Experiment 7, 9

IOI ! 12
MEAN SAMPLE TEMPERATURE
175 + 10 K
O = EXP 7
0 O = EXP 9
10" —
CLOSED SYMBOL = DESORPTION
17
ot
10 |
10
]
]
!
G2l ! B
!
!
{
i
]
!
]
!
1
!
‘0-37 ! _
o T [
- (o] |
10" To) 0 10
CESIUM CONCENTRATION  (mmoi/kg)




ll 18
l i I T
!
0 - —
l MEAN SAMPLE TEMPERATURE
1271 +10 K
O =EXP §
0:ExXP 7
IOO u O = EXP 9 _
l CLOSED SYMBOL = DESORPTION
g -
II ~i0 -
Ll
@
S
7]
1%
| 4
Q
a
-2 2 /lg
l mlo s'a)
3 ;
g / ,/
> ’y
l !
/ !
% /o3
3 s, 8
& -3 AR
O IO — 2/0 / | 7
e 7 ! /
_ - / |
- {
II o~ /8y
-7 I ey
- / ! !
/ i /
i S
-4 / i
e I nd
10 o / | !
C 4 | !
lI r / !
’ [
L p !
L / f I}
' ‘mn!
. = /
-5
10 el | |
-2 -1 0 i 2
10 10 i0 Te) 10
l CESIUM  CONCENTRATION  (mmol/kg)

Figure 2.6. Cesium Sorption by H-451 Graphite at 1271 + 10 K.
~-~Experiments 5, 7, 9


file:///9-22

CESIUM CONCENTRATION

{mmol/kg)

|o' 13 !
MEAN SAMPLE TEMPERATURE
1367 + 10 K
EXPERIMENT 9
CLOSED SYMBOL = DESORPTION 4
o e
107 p—
]
a
W -l
!0 — —]
>
D
%)
w
o
a
o
O
%
= 2
=
2
2}
w
O
-3
10 | — -]
N /
- !
. I
i
8 /
| !
-4
lo i 1 1 Ll i Lll L
- 0 ]
10 10 10 10

19

Figure 2.7. Cesium Sorption by H-451 Graphite at 1367 + 10 K.

~~~Experiment 9



TABLE 2.4: Cesium Desorption Isotherm Coefficients for H-451 Graphite —
Experiments 5, 7 and 9

Non-weighted, non-linear least squares fit of

C

3 3
10 10
exp{[lnP - A-3B TJ/[D+ET:I}
where: P = cesium vapor pressure (pascals)
C = cesium equilibrium concentration (mmol Cs/kg graphite)

T = graphite sample temperature (K)

Coefficient Estimated value * c(a)
A 36.774 * 4,467
B -59,722 + 5,658
D - 6.921 + 1.848
E 15.282 + 2,373
Mean square error (MSE) of fit:(b) 0.1836

Number of data points fitted: 39

Asymptotic correlation matrix:

A | B D E

1.000 {-0.997 | -0.984 | -0.990
-0.997 1,000 | 0.973 {-0.986
-0.984  0.973 1.000 {-0.996

i
!

H g wW

0.990 1-0.986 | -0.996 | 1.000

(a) o = standard (root-mean-square) deviation

1 m a” £ 2 , , .
(b) MSE = (n_k_l)igl(yi—yi) ,» where n is the number of data points fitted (=39),
k is the number of independent variables in the above relation (=23),

y is the observed concentration, and § is the calculated concentration.
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of Experiments 5, 7 and 9 at 1271 K (Figure 2.6) and by the single equili-
brium point, Point 19, of the 1076 K isotherm (Figure 2.4). This latter
point was obtained upon sorption at 1076 K in Experiment 9 after sequen-
tial desorption at 1367 K and confirms the presence of hysteresis at this
lower sample temperature. Even though the first equilibrium point of Ex-
periment 5 (Figure 2.6)~-a desorption point—-exhibits a rather low con-
centration (0.068 mmol Cs/kg graphite) for the given vapor pressure, the
cesium that accumulated on this sample during the experimental preparation
stages had an appreciably higher concentration (about 0.2 mmol Cs/kg
graphite) which desorbed relatively rapidly, in a matter of a few hours,
upon increasing the sample temperature to its experimental value of 1273 K.
On the other hand, the first equilibrium point of Experiment 7 occurred
after an insignificant change in concentration upon establishing the ex-
perimental conditions (sample at 1268 K and source at 273 K). Anomalous
behavior of this nature at the start of each experiment (including those
with the strontium-impregnated graphite samples) was not uncommon, and the
amount of cesium deposited within the sample end of the sorption tube
during the experimental preparation stages was variable. Although this
initial pre-experimental concentration of cesium was either loosely bound
to the graphite and/or to the protective sleeve or was low enough to be
considered insignificant, a sample completely free of cesium could not be
obtained at the start of each experiment, and the true sorption behavior
at very low vapor pressures could not be resolved. Low vapor pressure
conditions (<1x10-4 Pa) were not established at the other sample tempera-
tures to further investigate low pressure hysteresis because of the dif-
ficulties involved in controlling low source temperatures and the length

of time required to attain near-—-equilibrium concentrations.
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The 1175 K isotherm of Figure 2.5 is composed of data from two experi-
ments: Experiment 7 obtained after successive stages of sorption and de-
sorption at 1269 K and Experiment 9 obtained after successive desorption
followed by a final desorption point at 1175 K (Point 10). The repro-
ducibility and linearity are good within the range of vapor pressures
attained. However, a tendency towards an increasing cesium concentration
which deviates considerably from the exponential, Freundlich relation at
the higher vapor pressures (> 7 Pa) is apparent (see Figure 2.1). At the
maximum vapor pressure of Experiment 9 (Point 12 at 1173 K), the cesium

sorption rate at the equilibrium point was significant (12.8}:10_7

mmol/
kg - s, Table 2.3). A similar tendency towards possible multi-layer
sorption or interstitial compound formation as opposed to a sub—monolayer
type surface sorption is also suggested on the 1076 K isotherm at a
slightly lower pressure of 2,4 Pa (Point 7 of Figure 2.4, also see Fig-
ure 2,1). The cesium sorption rate at this point was also significantly
larger than normal (21.2 mmol/kg - s). Both of these points were obtained
while the sample was still sorbing at a rate of 29.5 mmol Cs/kg - s,
indicating that satisfactory equilibrium had not yet been attained

after more than 290 hours of exposure to cesium vapor at the indicated
pressure. Similar deviations from the 1271 and 1367 K exponential
isotherms were not observed. Vapor pressures above 5 Pa (corresponding
to a cesium source temperature of 2z 455 k) were difficult to achieve due
to the formation of cold spots in the intermediate region of the sorption
apparatus and the temperature limitations placed upon the Pyrex-to-metal
seal area of the apparatus. Consequently, it was not possible to invest-
igate the sorption behavior in the higher vapor pressure region above
about 5 Pa, where one might find deviations (points below the exponential

isotherm) due to multilayer sorption or interstitial compound formation (5).
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The 1367 K desorption isotherm data of Figure 2.7, obtained in Experi-
ment 9 after obtaining the 1076 and 1175 K isotherm data, exhibits slightly
more curvature than that at the other sample temperatures relative to the
calculated isotherm. A least squares fit of the equilibrium data obtained
at 1076 K, 1175 K and 1217 K, neglecting the 1367 K data, produced coeffi-
cient estimates of Equation 2.1 that were in good agreement with the coef-
ficient estimates of Table 2.4, indicating a good agreement with the
Freundlich family of isotherms. The Freundlich relation using the values
of Table 2.4 is represented by the straight line on Figure 2.7 which fits
1367 K data quite well.

2.3 Experiments 15, 30 and 36

Two additional experiments, Experiments 15 and 30, were conducted in
an attempt to verify 1367 K behavior. However, in Experiment 15 the sample
geometry, and in Experiment 30 the procedures used in preparing the sample
prior to the distillation of the cesium metal source, were different from
those used in Experiments 5, 7 and 9. The cylindrical graphite sample of
Experiment 15 was radially finned as described previously (1) and rinsed
lightly with acetone to remove loose graphite powder remaining after the
machining process. The solid cylindrical sample of Experiment 30 was pre-
pared to check for any changes in the cesium sorption behavior that may
possibly have resulted from the impregnation of the sample with 0.6 cm3 of
an acetone (60%) - water (40%) solution and the related vacuum outgassing
and King furnace annealing procedures used in the strontium-impregnated
graphite studies discussed in Section 5.

The results of Experiment 15 and 30 studies of cesium sorption at
1369 * 10 K are displayed on Figure 2.8 and tabulated in Tables 2.5 and

2.6. The heavy straight line on Figure 2.8 represents Equation 2.1 at
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1369 K using the coefficient values of Table 2.4. The cesium desorption
behavior of these experiments exhibits a lower slope, a substantial dis-
placement towards a lower concentration (less sorption) and a greater
non-linearity in comparison to the 1367 K desorption isotherm of Experi-
ment 9 Figure 2.7). However, the low pressure hysteresis apparent in
Experiment 15 below about 6}‘:10_2 Pa is in qualitative agreement with that
of the 1076 and 1271 K isotherms of Figures 2.4 and 2.6, respectively.
The sample of Experiment 30 (Figure 2.8) at 1369 K, exhibits hysteresis
below about 2x10_2 Pa occurring after desorption (Point 6) from the
previous isotherm, followed by sorption (Points 7, 8, etc.) and final
desorption (Points 16 and 17). In this case, the sorption leg is at a
higher concentration than the desorption leg indicating the degree of
difficulty in releasing the sorbed cesium at the lower vapor pressures
even at the higher sample temperature.

An additional deviation from Freundlich sorption behavior, observed
in both experiments, occurs at the higher vapor pressures above 2 Pa. The
two points obtained appear to be approaching a constant concentration
(saturation) of about 6 mmol Cs/kg graphite as the vapor pressure is
increased. This is in contrast to the tendency of the sorbed cesium
concentration to increase (i.e. fall below the Freundlich isotherm line)
towards possible multi-layer sorption or interstitial compound formation
as observed previously on the 1076 and 1175 K isotherms.

Experiment 36 was carried out as a reference study in the series of
studies on the effect of barium impregnation on the sorption of cesium
by H-451 graphite. Experiment 36 was run with no barium impregnation but
with other features of the experiment the same as those of Experiments 31,

32, 33 and 35 all of which were done with barium impregnated samples. Thus
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TABLE 2.5: EXPERIMENT 15: Cesium Sorption on H-451 Graphite (Finned Sample) at 1366 K

Run Sarple Cesium vapor Cesium ) (2) Rat? ?t Time to'90% Time at Time at
Sequence {Temperature| pressure at concentration equilibriun} charge in vapor pres- sample
Numder (+ 10 K) sarple (Pa) (mmol Cs/kg (10-7 mmol concentration] sure (rours) temperature
graphite) kg-s) (hours) (hours)

RO1 1367 304 6.77 (~4)(b) 0.05% < 1.2 41.7 42
RO2 1368 332.5 7.93 (-3) 0.384 2.8 71.4 117
P03 1365 358 4.82 (-2) 1.357 3.6 183.8 303
RO4 1365 373 1.21 (-1) 2.166 3.1 154.9 475
RO5 1365 403.5 5.37 (-1) 3.704 2.5 ,170.4 663
RD6 1365 423 1.26 4,526 3.7 31.0 768
RO7 1365 447.5 3.66 5.596 3.0 10C.6 884
RO8 1365 423.5 1.27 4.459 < 1.2 61.8 948
R0O9 1367 403.5 5.31 (-1) 3.624 < 1.2 108.7 1079
R10 1368 373 1.21 (-1 2.218 8.7 131.7 1212
R11 13656 353.5 3.64 (-2) 1.411 < 1.2 230.3 1455
R12 1364 332.5 7.82 (-3) 0.840 3.2 317.4 1776
R13 1273 332.5 7.66 (-3) 1.254 < 1.2 308.2 308

1272 424 1.1 6.035°%) (@ 193.1 525
EOR 296 | 275.5 1,37 (=4) 5.168 (e) 14.9 (e)

Sample tube background 0.353

| Final sample concentratio% 4,912
H-451 sample weight: Before experiment = 3.118 g After experiment - 3.120 g

(a) In situ equilibrium concentrations corrected for sample tube background contribution.
(b) Tead as 6.77 x 1074,

(c) Not obtained due to temperature fluctuation early in the approach to equiiibrium.

(d) Final equilibrium not attained due to furnace failure.

(e) Cesium source oxidized as discussed in Section 4.2.3.
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TABLE 2. 6. EXPERINENT 30:

Cesfum Sorption on H-451 Craphite

(Impregnation Blank) at 1273 K and 1373 X

Run Sarple Source Cesiunm Cesium Rate at Time to Time at Time at
Sequence| Temperature| Terperatur Vapor Concentration(a) | Equilibrium 0% Vapor Sample
Number (+ 10 X) (+ 2 X) Pressure nmmol Cs (10_/ nmml) Change in Pressure Temperature
- at Sample{ kg graphice kg-s Concentration (hours) (hours)
(Pa) N {hours)
RO1 1274 386.5 8.08(-4)(b] 0.404 < 1.2 (¢) 87.6 88
no2 1275 332.5 7.55(-3) 0.766 3.5 114.2 140.9 232
P03 1272 371.5 1.07(-1} 2.885 2.8 238.6 358.6 592
RO4 1272 419 1.04 5.914 < 1.2 253.0 475.3 1070
105 1273 455 5.00 8.057 < 2.0 193.2(c) 263.2 1337
n06 1373 306 8.24(-4) 0.703 . 2.4 179.8(c) 450.8 451
RO7 1372 327 5.13(-3) 0.721 < 1.2 18.3 138.4 591
R8 1372 336.5 1.06(-2) 0.736 £ 2.0 16.7 73.1 665
RUY 1374 351.5 3.12(-2) 0.946 1.2 83.5 106.1 715
k10 1373 362 6.34(-2) 1.228 1.9 65.1 125.6 902
R1l 1374 39C.5 3.00(-1) 2.431 2.2 110.7 189.8 1094
R12 1371 421 1.09 3.784 « 1.2 40.7 194.2 1290
K13 1374 455.5 5.12 5.695 < 1.2 2.2 95.4 1386
R4 1372 419 1.06 3.855 < 1.2 21.1 116.9 1504
R15 1374 371 1.08(-1) 1.608 < 1.2 71.7 190.7 1695
16 1374 335.5 1.07{(-2) 0.588 2.7 150.8 244.0 1943
R17 1373 3Co 8.02(-4) 0.390 1.9 187.7 204.8 2148
EOR 297 297 1.60(-4) 0.299 (d) (d) 14.0 (&)
Sample Tube Background . 0.272
Sarple Return in Situ 0.316
Final Sample Concentration 0.299

li-451 Sample Weight = 3.718 gBcfore Experiment

(a) In situ equilibrium concentration corrected for sample (d) End of run in situ (sample and tube)-cesium
tube background coptribution source oxidized
(b) Reoad as 8.08 x 1¢°° (e) Sanmple returned to in situ arrangement inside a

(c) Not characteristic of the equilibrium approach clean sample tube

L2
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the graphite sample was a solid cylinder of standard size, 7.938 mm

(5/16") dia. by 4.445 mm (1-3/4") length, and was treated with an acetone-

water solution as described below in the discussion of cesium-barium

mixed sorption, Experiments 31, 32, 33 and 35 (Section 5.1). The results

of Experiment 36 are given in Table 2.7 and shown in Figure 2.9. (w. Expt. 15,30)

2.4 Comparison of Data of Experiments 15, 30 and 36 at 1273 K

The additional equilibrium points of Experiments 15 and 30 obtained
at 1273 K similarly exhibit a lower sorbed cesium concentration relative
to the previously obtained 1271 K isotherm. In regards to the reason for
this, it is unlikely that the acetone solution would have such a dramatic
effect since the samples were outgassed for at least 12 hours at 1391 K
prior to exposing them to the cesium vapors. The only other plausible
explanation is that the graphite samples were inadvertently cut from the
region of the sample block corresponding to the mid-length edge of the
parent log rather than the mid-length center. Consequently, it is con-
sidered likely that these results reflect the inhomogeneity of the graphite
properties. The results of Experiments 15 and 30 at 1273 K appear to agree
more closely with the results of Experiment 36 and are reviewed next. The
equilibrium sorption and desorption points obtained at 1273 + 10 K in
Experiment 15, 30 and 36 are shown in Figure 2.9. All three experiments
are seen to contribute to the sorption portion of the isotherm curve which
are found to display a hysteresis behavior relative to the desorption curve.
The desorption points were entirely contributed by Experiment 36. As shown
on Figure 2.8 Experiments 15 and 30 were run in the desorption mode at
1367 % 10 K.

Experiments 15, 30 and 36 appear to provide a consistent set of

isotherms which at 1367 and 1273 K have, at a given Cs vapor pressure, a



TABLE 2,7

EXPERIMENT 36: Cesium Soprtion on H-451 Craphite (Ympregnation Blank)

at 1272 K.

Run Sample Source Cesium Cesium Rate at Time to Time at Time at
Sequency Temperaturel Temnetraturd Vapor Concentration(a)| Equilibrium SCZL Jepor Sample
¢ Nonber (+ 10 K) (+ 2 K Pressure |[° miol Cs -7 Change in Prescure Terperature

- - g P 10 " mmel . . N
i AL Sample kg graphite (—W) Concentration (tours) (hours)
(Pa) © (hours)

51 1273 258 3.65(-4){b) 0.565 1.9 (c) 115.1 115

R32 1273 328 5.31(-3) 0.737 1.6 73 94.8 210

03 1273 336 1.01(-2) 0.890 1.3 92 124.7 335

24 1273 350 2.81(-2) 1.422 1.2 318 430.6 765

RGS 1272 361 5.68(-2) 1.815 < 1.2 132 211.3 977

RYL:) 1274 370.5 1.01(-1) 2.377 1.5 142 218.6 1194

07 1273 350 2.84(-1) 3.621 3.6 248 359.9 1555

138 1273 405.5 5.75(-1) 4.559 < 1.2 246 337.0 1892

ROG 1272 418.5 1.03 5.316 < 1.2 73 166.2 2058

R10 1272 442,5 2.94 6.757 < 1.2 58 193.2 2251

kLl 1272 452 4,40 7.385 < 1.2 43 123.2 2371

R12 1272 419 1.06 5.521 <1.2 39 236.7 2611

R13 1272 370.5 1.02(-1) 3.171 < 1.2 192 504.4 3116

R14 1272 337 1.05(-2) 2.009 <1.2 256 £85.2 3601 .

R15 1273 298.5 3.86(~4) 1.302 <1.2 251 484.0 4085

EOR 383 298 2.00(-4) 1.314 (d) (d) 3.7 (d)

Sanple Tube Background 0.024

Sample Returned in situfe) 1.279

H-451 Sample Weight: Before Experiment = 3.747 g
(a) In situ equilibrium concentration corrected for (d) End of run in situ (sample and tube)-cesium
sanple tube buackground contribution. source oxidized.
(b) Read as 3.65 x 107 (e) Sample returned to in situ arrangement inside
(¢) Not characteristic of the cquilibriua approach. a clean sample tube.

6¢
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Figure 2.9. Cesium Sorption on H~451 Graphite at 1273 K by the

Pseudoisopiestic Method -- Experiments 15, 30, 36.

(Experiment 36 data points are given with run numbers).
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lower equilibrium concentrations than do the isotherms of Experiments 5,

7 and 9. 1In Figure 2.9 we compare the desorption isotherm of the latter

set of experiments with the desorption isotherm of Experiment 36 which has
equilibrium concentrations equal to about three-fourths those of Experiment
5, 7 and 9. As mentioned above, we are inclined to attribute this difference
to an inhomogeneity of the different sets of graphite samples.

2.5 The Exponential or Freundlich Isotherm—Derivation of the Modified-

Exponential Isotherm

The Freundlich isotherm for single component sorption is given by,
P=k,C (2.3)

where kF and u are coefficients that, in general, are a function of temp-
erature and which is given in a particular logarithmic form by Equation
2.1. This sorption isotherm was independently treated theoretically by
Zeldowich (8), Cremer and Flugge (9), and was also treated by Halsey and
Taylor (10), The treatments assumed monolayer adsorption
on a composite surface, where neighboring sites do not affect each other.
Furthermore, it was assumed the probability, 6(x) , for sites characterized
by sorbate-sorbent interaction energy x, to be occupied by the sorbate

species is given by the Langmuir equation,

£() P

a(x) = T+ ()P

(2.4)

with £(x) = a coefficient which is a function of energy y and
temperature.

The treatments also assumed the number distribution of the sites to de-

crease exponentially with interaction energy, ¥, and the range of x to

extend to infinity. The infinite limit for y was unrealistic but its use
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facilitated analytical integration which gave an exponential isotherm as
a result.

Gluekauf (11) extended the treatment to binary systems of sorbates
on non-uniform surfaces where adsorption energies ranged from O to =, but
he also investigated how the theoretical isotherm is affected if the
energies realistically range from O to a finite upper limit Xy, He
found for X >> RT the isotherm was of the exponential (Freundlich) type
over fairly large range of surface coverages (sorbate concentrations)
but at sufficiently low coverages the isotherm was of the "Langmuir"
(i.e. linear or Henrian) type.

We believe that due to the complex nature of graphite and the very
strong interaction of cesium with graphite* that the sorption of cesium
by graphite involves sites on relatively inaccessible interval regions
(i.e. intergranular or intercrystalline areas) as well as sites on pore
surfaces which comprise the surface area determined by nitrogen or
krypton adsorption (i.e. the BET surface area). Notwithstanding the fact
that a simple monolayer, surface adsorption is not the entire mechanism,
the variety of sorption sites for cesium (Cs) and similar highly electro-
positive metals (i.e. Rb, Sr, Ba) may have a number distribution which
decreases approximately exponentially with site interaction energy, ¥,

and certainly would have an upper limit, X, The distribution function

*We note that Holian (l2) has theoretically calculated the interaction
energy for cesium atoms with an ideal graphite surface to be about 500
kJ/mol and with an ideal graphite with six or more carbon atoms missing
to form a hole in the surface, to be a little more than 800 kJ/mol. In
a study of the desorption of cesium from matrix A-3 (natural) graphite
by the temperature programmed desorption (TPD) technique, Hoinkis and -13
Stritzke (13) found that cesium at very low surface concentration (10
monolayers) had a desorption energy spectrum between 1.7 to 4.3 eV which
peaked at 3.9 eV or 376 kJ/mol. Internally absorbed cesium atoms would be
expected to have still higher imnteraction energies with graphite. Also,
this experimental number is noted to be in good agreement with Holian's
theoretical estimates considering the various approximations which had to
be made.
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then is,
exp( ~ x/%y) 2.5
n(x) = = - 2.5
Xy L1 - exp( Xy Y]
where
Xy = the characteristic (mean) energy of sorption.
The fraction of available sites occupied is,
=L
GT_ C (2'6)
m

where
C = the sorbate concentration (mmol cesium/kg graphite)
Cm==the sorbate concentration when all available sites are
occupied (excluding multilayer sorption or lamellar
compound formation)

f(x) in Equation 2. 4 is given by,

£(x) = exp|[ - S /R + H_/RT + (1 - rT) X/RT]’(Pa_l) (2.7)
where
ASo = entropy of vaporization when
x = 0 (joule/mol K)

AHO = heat of vaporization when x = 0 (joule/mol)

r = term for change of entropy with ¥ (K—l)

R = gas constant (joule/mol K)

T = absolute temperature (K)

Let us define the reference state of pressure as,

P = exp[AS_/R - AH_/RT], (Pa) (2.8)
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Then substituting Eq. 2.7 into Eq. 2.6 and the result into Eq. 2.3, we
obtain,

(P/PQ) exp (1 - rT) x/RT
900 = T (e/p ) exp (1 - rD/ET

(2.9)

The fraction of available sites (Eq. 2.6) may then be calculated using
the postulated distribution of sites and the assumption of independent

Langmuir isotherm behavior of sites of a given y, thus

c Xy
6y =E;=J° n(0 6 (0 dx (2.10)

We change variables such that,

Vo= X Xy
_ (2.11)
vy = X Xy
and let
u = (1 -1T) XM/RT

and substituting Eq. 2.5 and Eq. 2.9 into Eq. 2.10we obtain theoretic.l

expression which we term the modified-exponential isotherm,

c(P) = ¢ (P/PO) ,rvL exp(u - 1) v
(o]

nT- el - vp) T+ (B/P_) exp(uv) (2.12)

This isotherm equation has no evident closed analytical form but it may be
easily evaluated by a modern computer. It has the property at low C and

very low P (P<P_ exp(-uv))of being linear, thus P = k. C (2.13)

with
P (u-1) [1 - exp( - v )]
=2 L (2.14)
Cm{exp[1u~1)%;]—1}
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In this region the modified-exponential isotherm (Eq. 2.12) may be said
to be Henrian (i.e. follows Henry's Law); however, Gluekauf (l1) terms
this the Langmuir region.

At higher pressure but with P appreciably less than PO the theore-
tical isotherm becomes an exponential isotherm of the Freundlich type,
thus P=k; C" (2.15)

where

K = sin (w/u) Po
F (r/u) (Cm)u

(2.16)

Since Equation 2.16 corresponds to Equation 2.1 we can utilize the empiri-
cal Freundlich coefficients A, B, D and E along with preselected or

estimated values of C_and C_ ( which is related to vy see below)

Ink, = A+ B (103/1) (2.17)
u=D+E (10°/1) (2.18)
Xy = 10 R E (2.19)

r = 10_3(D/E)
InP_=1nk,+u [1n c + ln-égﬁ%%7aj] (2.20)

The upper limit of Equation 2.11 is given by

B N P G720 M . i
YL T o=l ) VYT sin(r/w) ¢ —exp(-v)| + 1 (2.21)

v, must be obtained by iteration but as first approximation it may be
estimated by the equation exp(-vI) = CL/Cin (2.22)
Plots of modified-exponential isotherm in the case of Experiment 41

are shown and discussed in the next section.



3. COMPARISON OF THE CESIUM SORPTION AND DESORPTION BEHAVIOR

OF BULK VERSUS PARTICULATE GRAPHITE

A review of the differences in the sorptivity and kinetics inherent
in the use of bulk graphite in the pseudo-isopiestic method versus the
use of particulate (ground) graphite in the Knudsen cell method of deter-
mining the sorption of volatile metals, led us to undertake a comparison
of the cesium sorption and desorption behavior of these two kinds of
graphite samples as described below:

3.1 Discussion of the Knudsen Cell and Pseudo-Isopiestic Methods

The principal method used for obtaining data on the sorption of
cesium, at relatively low concentrations (10 mmol Cs/kg C), besides the
pseudo-isopiestic method--which has been used exclusively in this re-
search--is the Knudsen cell method. Most of the basic data obtained at
General Atomic for ultimate use in computer codes for design calculations
of the release of cesium from HTGR fuel elements into the primary coolant
circuit, has been by the Knudsen method. The results of such work carried
out extensively at San Diego (G.A. Co.), California and at Harwell {A.E.R.E.)
United Kingdom (lla), have recently been reviewed and summarized by
Myers and Bell (6) and compared to the results of other methods. Besides
the pseudo-isopiestic method these include the relative sorptivity method
used at General Atomic (6) and the cascade method used in France (6).

Despite the extensive use and convenience of the Knudsen cell method
for cesium-graphite sorption studies,the authors of this paper are con-
cerned that the time periods of this method are too short to obtain true
equilibrium data. This is believed to be likely even though in the Knudsen
cell method ground graphite (size range 44 to 74 um) is used so that the

attainment of equilibrium between cesium will be accelerated.
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Knudsen cell runs involving several equilibrium points taken over an eight
hour period. Additional points may be taken in following days.

Experiment has shown the sorption of cesium by the powdered graphite
to be greater than that of the same graphite in the bulk form (i.e. of
particle size range 1.65 -~ 3.33 mm (6) or greater. A correction factor
of 2.2 was determined at General Atomic by the relative sorptivity method
(6). This is used to reduce the concentration data for given cesium vapor
pressures obtained in sorption studies of the powdered graphite to corres-
ponding concentration data expected for bulk graphite,

It is to be noted that in Knudsen cell method, as evolved at General
Atomic, "a sample of powdered graphite (44 - 74 um) is impregnated with
cesium normally by evaporating a mixture of the graphite and cesium nitrate
to dryness. The impregnated sample is loaded into a tantalum Knudsen cell
which is placed in a mass spectrometer and brought to the temperature of
the experiment. As the temperature rises, the cesium nitrate is converted
to sorbed cesium metal with the evolution of NO and CO. During the experi-
ment the effusion of the cesium vapor, which is taken as a negligible per-
turbation to the equilibrium of cesium between in the vapor and solid
phases, is monitored with a mass spectrometer as a function of time and
temperature, The total quantity and the vapor pressure of the cesium in
the cell are determined with the aid of, 1) the time profile of this ef-
fusing mass, and 2) knowledge of the initial and final quantities of the
sorbate" (6). In carrying out the Knudsen cell-mass~spectrometric exper-
iment cesium ion current measurements are made at several cell temperatures
at the highest concentration of the sample in the Knudsen cell. Next, the
concentration of cesium in the sample is lowered allowing effusion to
occur at a high rate for some time, then vapor pressures (via Cs+ current

measurement) are taken at several sample temperatures in succession with
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little change. TFollowing this the cesium concentration in the sample is
again lowered by allowing effusion to continue from the cell before more
ion current data points are taken--again at several cell temperatures.

We see from this technique that the data is taken solely in a de-
sorption mode. Furthermore, the initial concentration was not obtained
by a long-term exposure to cesium vapor but by a fairly rapid chemical
reaction of cesium nitrate (CSNO3) with the graphite of the sample fol-
lowed by a relatively short-term exposure of the reduced cesium with the
graphite powder sample.

In view of this, two questions arise: (1) Is the cesium initially
in true equilibrium with the graphite? and, (2) Does the cesium approach
equilibrium with the graphite as the desorption proceeds? Another ques-
tion arises specifically in the case of H~451 graphite powder versus
H-451 bulk graphite: Does the factor of 2.2 determined using H-327
graphite at 1200° C as the equilibrium concentration distribution ratio
apply to H-451 graphite,in particular, at lower temperatures (i.e. 1000° ©)?
In addition, the question arises: How does the kinetics of sorption by
bulk graphite compare with that of the powder?

3.2 A Pseudo-Isopiestic Study of Cesium Sorption by Particulate Graphite

(H-451)—Experimental Runs by Kevin M, Vaughan

After discussion it was agreed by interested researchers of General
Atomic Company and North Carolina State University that it would be highly
desirable to do a pseudo-isopiestic study of particulate graphite (H-451)
of the same kind used in Knudsen cell studies at General Atomic. Accord-
ingly, B. F. Myers and W. E. Bell of General Atomic, arranged for the
provision of H-451 powder (size range 44 to 74 pm) to be placed in a moly-

bdenum container and run in our pseudo-isopiestic sorption apparatus (the
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apparatus was similar to those used in previous work (1, 2) and as describ-
ed by Haire and Zumwalt (5), in a manner similar to runs on bulk H-451
graphite samples ).

Molybdenum containers (cans) were fabricated so that the inside walls
had the approximate size and shape to simulate a bulk graphite sample. The
actual dimensions of the molybdenum can were 12,77 mm outer diamter, 50.8
mm long with approximately 0.51 mm wall thickness. One end of the can had
nine approximately 0.5 mm diameter holes with a total surface area of about
two square millimeters. The cans were loaded with a weighed quantity (about
4 grams) of the graphite powder, and placed in the sorption apparatus at the
position that would have been occupied by a bulk graphite sample (dimension
7.94 mm diameter, 44.5 mm length). Preparation of the 137Cs - tagged cesium
source and standards, the tantalum liner in the Inconel section of the
apparatus, evacuation and out-gassing were all carried out in the same
manner as in the case of an experiment on a bulk graphite sample.

To get the experiment with the molybdenum can - graphite powder sample
to work, a technique had to be developed so that great care could be taken
to reduce the initial pressure in the sorption apparatus quite slowly. This
made it possible to avoid sucking powder particles out of the can into the
sorption apparatus and into the adjoining wvacuum system.

Experiment 40 was carried out as a successful preliminary run but had
to be terminated (due to a leak-failure of the glass-to-copper seal of the
apparatus) before a complete set of sorption and desorption points were
obtained.

The next experiment (Experiment 41) was carried out quite successfully,
sorption and desorption equilibrium points were obtaiped along with sorption

and desorption kinetics data for the periods in between equilibrium points.
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The data obtained in Experiment 41 is given in Table 3.1 and the
equilibrium points numbered in the order they were obtained are given

in the log — log plot of PC vs CC of Figure 3.1, Figure 3.1 also gives
s s

the straight-line, least-squares fit of Experiment 41 desorption points

to Equation 2.1 with corresponding constants of
Ink, = A + B(10°/T) = -9.682,  u =D + E(10°/T) = 4.036

where T - 1273 + 10 K. Also the theoretical equilibrium, modified-
exponential isotherms (Eq. 1.11) are plotted (two cases). They employ the
empirical values of A, B, D, E from teh straight-line fit and the values

of CL = 1.0 and CL = 2.0 mmol/kg with c = 30 mmol/kg in both cases. Table
3.1 not only gives the equilibrium data but also gives the rate of sorption
(or desorption) and also the time to reach a 90% change of concentration,
the time at a given cesium vapor pressure and the time the sample was held
at a given temperature. It is to be noted that at 'equilibrium' the magni-
tude of the sorption or desorption rate is about 10_7 mmol Cs per kg graphite
per second. Thus, there is still a small rate of sorption or desorption at
'equilibrium' and, strictly speaking, equilibrium is never quite reached.
On the other hand, the sample (graphite powder in a molybdenum can) was

exposed to a given cesium vapor pressure, P for the order of 100 to 400

Cs’
hours at each temperature (longer times being used at lower PCS). Thus,
much more time was allowed for the attainment of equilibrium than in the
typical Knudsen cell experiment where several points are taken in a few
hours.

The size of the openings into the molybdenum can (total area about

2 mmz) limits the flow of Cs vapor to the graphite powder and thus requires

a finite time to attain near equilibrium, i.e. to be within 1% saturation.
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EXPERIMENT 41:

TABLE 3.1

CESIUM SORPTION ON H-451 GRAPHITE POWDER
(44 TO 77 um SIZE) AT 1272 K.

Cesium
Cesium Concen—( ) Rate at Time to
Vapor tration Equili- 907% Change} Time at Estimated| Time at
Run Sample Source Pressure (mmol brium in concen-| Vapor Ef fusion Sample
Sequence Temp. Temp. at Sample | Cs kg (10-7mmol | tration Pressure | Time Temp.
Number (+ 10 KO)! (+ 2 K.) (Pa) graphite) | kg-s) (hours) (hours) (hours) (hours)
RO1 1273 301.5 5.19(<)™|  0.52 <1.2 (c) 404. 4 91.5 404
RO2 1273 335.5 9.46(-3) 3.01 4.1 131 223.8 30.1 628
RO3 1272 364.5 7.06(-2) 5.86 5.9 73 185.1 5.33 813
RO4 1272 384.0 2.13(-1) 7.80 <1.2 39 312.7 1.79 2126
RO5 1272 410.0 7.12(-1) 10.49 <l.2 16 219.7 0.778 1346
RO6 1272 430.5 1.75 12.30 <1l.2 6 67.9 0.287 1414
RO7 1272 413.0 8.13(-1) 10.54 <-1.2 (d) 184.4 0.444 1598
RO8 1272 371.5 1.07(-1) 6.58 <-1,2 27 172.3 2,76 1770
RO9 1272 337.0 1.08(-2) 3.51 -1.2 69 243,1 15,16 2013
R10 1273 297.0 3.31(-4) 0.92 -2.5 227 457.6 136.4 2471
Sample Tube Background 0.29

H-451 Sample Weight:

(a) In situ equilibrium concentration corrected for sample tube background contribution
(b) Read as 5.19x10™4

before experiment = 4,049g

(c) Not characteristic of the equilibrium approach
(d) Not observed due to temporary malfunction of counting system

1%
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Once the cesium-graphite powder isotherm is known and assuming the graphite
in the cell (can) is always very close to equilibrium with graphite powder,
the Knudsen equation for flow through a thin small orifice can be applied
to estimate the time required for 997 saturation (upon sorption) or 101%
saturation (upon desorption) as limited by flow of cesium vapor through
the holes of the can. These estimated effusion times are given in the
next to last column of Table 3.1.

It may be seen in Table 3.1 that the estimated effusion time is al-
ways several times less than the time the sample was at a given vapor
pressure and at higher vapor pressures (PCS>10_2 Pa) many times less.

Thus, the rate of sorption or desorption of cesium by the graphite powder
is determined by the interaction of cesium atoms with the graphite itself.
The kinetics data is given and a theoretical model for the kinetics based
on activated sorption or desorption of cesium atoms on graphite sorption
sites is presented in Section 4. A comparison of Knudsen cell and pseudo-
isopiestic equilibrium sorption data follows.

3.3 Comparison of Results Obtained with Graphite Powder

Myers and Bell report in their review of cesium transport data (6) that

the Knudsen cell mass spectrometer method was used at General Atomic to
obtain most of the cesium sorption data on H-451 graphite. The equilibrium
concentration data obtained using graphite powder (44 - 74 um) was divided
by the factor 2.2 to correct for the lower sorptivity of solid graphite.
They treated sorption isotherms as consisting of two segments, with the
Freundlich isotherm serving as an adequate description in the higher sor-
bate concentration range and with the Henrian (linear or Langmuir) isotherm
being appropriate for the lower sorbate concentration range. At inter-

mediate sorbate concentrations the combination of these two isotherms is
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used. The Freundlich isotherm is as given above by Equation 2.1, The

Henrian isotherm is given by
InP = (A+B/T) + (D-1+E/T) lnCt+lnC (3.1

where Ct (mmol/kg) is the transition concentration which corresponds to
the C at which P is equal for two isotherms (Equation 2.1 and 3.1). It
is approximately equal to CL of Section 2.5.

For comparison, the Freundlich-Henrian isotherm for solid H-451
graphite given by Myers and Bell is multiplied by the factor 2.2 and
shown in Figure 3.1. This is believed to represent a best fit to the
General Atomic,Knudsen cell experimental (before correction) data. Com-
paring the Freundlich portion of the General Atomic data with the
Freundlich empirical straight-line, least-squares fit of Experiment 41
data (points numbered 6 thru 9 were fit) shows fair agreement, with the

latter having equilibrium cesium concentrations about a factor of 1.3 to

1.8 higher. Assuming the graphite powders to be substantially equivalent,

the higher wvalues of the pseudo-isopiestic powder data of Experiment 41
relative to the General Atomic, Knudsen cell data is attributed to the
circumstance that the pseudo-isopiestic method permits a closer approach
to equilibrium and thus, shows higher equilibrium sorption concentration
for a given cesium vapor pressure.

The data and curves of Figure 3.1 show the theoretical modified-
exponential isotherm (Eq. 2.11) with CL =1.0 mmol/kg to fit Experimental
data points* best. The theoretical isotherm with CL = 2,0 mmol/kg has

Freundlich-to-Henrian break (or transition) closer to that of the General

*The data points (Fig. 3.1) are numbered on the order taken. Open circles

indicate points taken in the absorption mode, and closed circles indicate
desorption points.
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Atomic, Knudsen cell data (Ct = 1.8 mmol/kg). However, the modified-
exponential isotherm would appear to approach the Henrian (linear)
portion of the curve at low cesium concentrations at equilibrium vapor
pressures which are about an order of magnitude lower than does the
General Atomic isotherm.

3.4 Comparison of Bulk Graphite vs Particulate Graphite Equilibrium

Cesium Sorption

We compare bulk graphite vs particulate graphite (size range 44 -

77 um) equilibrium cesium sorption in Figure 3.2. The actual cesium
concentration of the particulate graphite has been divided by a factor
2,2 as recommended by General Atomic (6). The curves do not show actual
data points but represent best fits of experimental data.

In Figure 3.2 with T = 1273 + 10 K the curve to the left represents
the best General Atomic data for H-451 graphite which is presented as
having Freundlich region and a Henrian region. The next curve to the
right is the curve of Experiment 41 (pseudo-isopiestic, H-451 powder).
Crossing over this curve is the curve representing the pseudo-isopiestic,
bulk graphite sorption data of Experiment 36 discussed above (Section 2.4)
and finally, the curve farthest right (having the highest C at a given P)
is the curve representing the data of Experiments 5, 7 and 9 discussed
above (Sections 2.1 and 2.2). We see that the bulk graphite isotherm
curves have about the same slope (value of u) which is somewhat greater
than the slope (u) of the powder graphite isotherm. The Experiment 41
isotherm, corrected for the greater sorptivity of powdered graphite
(using the factor 2,2) agrees fairly well with the isotherm of Experi-

ment 36 (3), although their slopes are significantly different (which would

appear to indicate the correction factor is not constant). As discussed

45



Figure 3.2.

[
I0 F
0
0" |~ —
- KNUDSEN CELL
B (GENERAL ATOMIC)
° N
a.
W
a 10 - PSEUDO-ISOPIESTIC ]
N - =
E - EXP 4] (+2.2)
a = EXP 36
B EXP 5,7,9
g 5
O
<
> 10—2: ]
-
z -
S B
3 s
u) u
O
-3
iI0 —
-4
|0 L || xlll] i 1||l||1[ 1l | S I N
- 0 I 2
10 o) 10 10

CESIUM CONCENTRATION (mmol/kg)

Cesium-Graphite (H-451) Solid, Sorption Isotherms-
Comparison of Knudsen Cell and Pseudo-Isopiestic
Results

46



47

above, the General Atomic isotherm is believed to be to the left because
of non-attainment of equilibrium in the Knudsen cell., A difference in
graphite samples as discussed in Section 2.4 may account for the isotherm
curve representing Experiment 5, 7 and 9 being significantly to the right,
showing the highest sorptivity.

It is to be noted Faircloth and Pummery of Harwell A.E.R.E.(U.K.)(lla)
have obtained cesium sorption data for a Gilsonite graphite (BAR-675).
The data were obtained by a Knudsen cell-total collection method using
bulk samples (7 mm diameter and 2 mm thick). The Harwell data is in fair
agreement with the General Atomic, Knudsen cell, H-451 graphite isotherm
(6). This data may, however, not represent true equilibrium for kinetics

reasons,as apparently is the case for other Knudsen cell data.




4, KINETICS OF CESIUM-GRAPHITE SORPTION AND DESORPTION

The theory and result of the kinetics of cesium-graphite sorption and
desorption are given in this Section.

4,1 Kinetic Theory of an Exponential (Freundlich) Sorption System

As mentioned abovey the two most used means of determining cesium
vapor pressure, P, vs cesium concentration, C, are 1) Knudsen cell method
(6) and, 2) pseudo-isopiestic (or isopiestic) method (5,6). The first
method uses graphite powder, to help obtain cesium-graphite equilibriuvm
within the Knudsen cell, while the latter method uses bulk samples. How-
ever, we carried out some studies using graphite powder samples with the
pseudo-isopiestic method wherein long periods were taken to reach a state
close to equilibrium. This resulted in the kinetics data which is model-
led here and gave isotherm results for direct comparison with those
obtained by the Knudsen cell method at General Atomic.

Our sorption kinetics model assumes the principal process is one of
activated sorption by sites (traps) whose activation energy, e, for a given
site is proportional to the energy of sorption of the site, x. These trap-
ping sites in accordance with the derivation of the Freundlich isotherm by
Halsey and Taylor (10), are assumed to be non-~uniformly distributed and to
have a number which decreases exponentially with interaction (sorption)
energy, X. Accordingly, we assume £ = fy where f = a constant for the
system. The model also assumes first order kinetics and that the annealing
function @{e, t) = exp[—ASt exp(—e/RT)] for sorption or desorption may be
approximated by a step function which goes from 0 to 1 at €, = RT 1n (Ast),
where AS = characteristic frequency of the system and t = time of anneal-

ing (14,15).
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With the assumption that the activation energy for sorption and de-
sorption are about equal, when the cesium vapor pressure is changed
stepwise from Pl to P2 at t = 0, the concentration of cesium as a func-

tion of time is given by the sorption kinetics equation,

VL exp[(u—l)vq

C(t) = m P [l—exp(—v )1 ! o)
o 1+-—— exp (uvy

expl'(u—l)\’-l
v, 1+ ——-exp(uv) .
o
with the lower limit of the integral defined as,
_ 1 -xT
Vo= la(Ajt + 1) (4.2)
and v = XL/Xm (4.3)

where X, = the upper limit of sorption site interaction energy,
X, = the mean energy characteristic of the sorption site

distribution,

(@}
]

the estimated concentration if all sorption sites are
occupied.

C(P2) = the equilibrium concentration at cesium partial pressure P2.
Theoretically, per the modified-exponential isotherm derived in

Section 2.5,

- exp [u-Dv]
C(Pz) CmP I‘l exp(_\) )Tj dv (2.11)

1+~F— exp (uv)
o

We will now derive the kinetics equation (eq..4.1). It is assumed
that x = 0 is the lower bound of the interaction energy. The total abh-

sorption energy for an atom in sorption traps is equal to: the



interaction energy (x) + energy needed to remove the cesium atom from the

average surface (¢S), thus the surface energy of atoms relative to atoms in the
dilute vapor state is,
(4.4)
E=-(x+90)

It is to be noted that for cesium sorption on an idealized graphite
surface, Holian (12) estimated ﬂs to be about equal to 60 kK or about
500 J/mol. For a six atom hole, the energy of sorption is estimated to be
102 kK or about 850 J/kg. In our theory, ¥ is considered to be the inter-
action energy for "activated" sorption by trapping sites involving greater
energies than QS. The energy of activation for transfer of atoms from
holes to traps is taken to be fy as indicated in Figure 4.1 and for de-
sorption from traps it is X. A possible physical explanation for the
potential energy diagram (Figure 4.1) is given in Figure 4.2 where the
cesium atoms on free surfaces connected to holes are in equilibrium with
each other. Here the cesium atoms initially in the vapor phase condense
on free surfaces and migrate into holes. Therefore, the cesium
atoms in the vapor phase are in equilibrium not only with atoms on free
surfaces but also with atoms in the holes. The absorption process involv-
ing the transfer of cesium atoms from the holes to the traps will be a time
dependent function with an energy of activation of absorption of fy.
Similarly, cesium desorbing from the traps to surface holes will have the
energy of activation of desorption of Xx. The equilibrium density distri-

bution function of sites (traps) of energy x is (as given in Sectiomn 2.5),

exP(“X/XM)

(2.4)
Xy [ 1-exp (—foxM)'J

n(x) =

with X;, = upper limit of x (maximum)

and Xy = mean value of x (characteristic of the density distribution),
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Vand (14) introduced the concept of a group of processes distributed
in activation energy in order to explain the kinetics of certain reactions
occurring in heating evaporated metal deposits. Whereas Primak (15) studied
the kinetic behavior of systems in which processes occurred which were dist-
ributed over a range of activation energies. In view of these investigations,
the Vand-Primak (14,15) formulation of the kinetics of activated (annealing)
processes is applied to treat the kinetics of absorption-
desorption processes to a system showing exponential or Freundlich isotherm
behavior. In this case, the order of reaction is assumed to be 1. It is
also assumed that no interaction exists between the sorbed cesium atoms.
First, consider the desorption case under isothermal annealing, where the
cesium atoms are in traps of various energies x. They possess sorption

energy relative to the vapor phase of

E = —(¢s + %), (4.4)
and they are released to the free graphite surface of energy,

E=-0 (4.5)
but also some atoms reside in surface holes of energy,

E = -0 + £x) (4-6)

Thus, the cesium atoms are either on the free surface or are in surface
holes and they are in equilibrium with atoms in the vapor phase of
pressure P. The Freundlich or modified-exponential sorbers are assumed
to have an absorption activation energy, ¢, which is proportional to the
interaction energy x and equal to fy. The fractional coverage of trapping

sites of energy x is given by Eq. 2.9 and applies to



the case where final equilibrium pressure has not been attained,

(2/P ) exp[(l - rT) x/RT]

_ (2.9)
8(x,P) = 1 + (P/Po) exp[(l - rT) X/RT]

with the variables being defined as in Section 2.5.

When cesium partial pressure is changed from P. to P_, from the atomic

1 2°
point of view the process of the interaction of cesium atoms with graphite
can be considered as a combined, dynamic desorption-absorption process
where atoms are desorbed from activated sites at P1 and absorbed onto sites

at P,. 1In the derivation of the kinetics when P, > P, we have a 'net
desorption" process, and when P, < P, we have a "net absorption" process.

Now applying the Vand-Primak kinetic treatment which was originally de-

veloped for a desorption process,
q = qley) (4.8)

where q is the property or property change propotional to the number of

processes (i.e., desorption which can occur at the activation energy ed).

The first order reaction for the desorption process is
dqy _
() = Xq
= A_ [exp(-¢ /RT)]q (4.9)
where A = characteristic frequency.

8

Then if q = q;, at t = 0

q q, exp(- Kt)

q, exp[—Aét'exp(-ed/RT)] (4.10)

= q].@ 1(€d’ t)

where 0 (¢, t) is the characteristic isothermal annealing function, thus

defining
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o(e, t) = exP[—ASt exp (-e/RT) ] (4.11)
For a desorption process, Equation 4.1l becomes
el(ed, t) = exp[—ASt exp(—ed/RT)] (4.12)

This is known as the annealing function. Using the Vand-Primak treatment

for an absorption process, the rate equation is,

dq
dt

Kq, - Kq

2

Kq, - As[exp(—eé/RT)]q (4.13)

2

where € is the activation energy of absorption. If q =0 at t =0

and
q=4q,ast~>e, then
q = q,[1 - exp(Xt)]
-yl - o (e s O] (4.14)
where @1(53, t) = exp[;ASt exp(-ea/RT)] (4.15)

which is the "annealing function" for absorption.

As discussed by Primak (15) and Vand (14) in the case of annealing,
if there is a distribution of activation energies, q corresponds to the
distribution function and its measured value of the quantity (or property)
is,

(o]

Q(t) =joqo(e)o1 (e, t)de (4.16)

where q, (e) 1is the initial value as a function of e. Having obtained

the relationships for absorption and desorption equations separately,
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these equations can be treated to find a net effect of sorption, i.e.
the desorption-absorption process, with the final outcome being desorption

when pressure P, changes to P2 with P, > P,. This quantity is derived as

1 1 2

Q(t) ='f: q,8(e 5 t)de +‘f: q2[1 -0, (e, t)]de (4.17)

Treating for the modified-exponential (Freundlich-Henrian) sorber,

a = et XD 81, PC, (4.18)
xyll = exp(= x; /%]

~ exp (- x/xM)
q2 - _ e(X, Pz)cm (4-19)
xyll = exp(= x; /%] ‘

where 6(yx, P) is defined by Equation 2.9. Here the quantity 6(t) is the

concentration of cesium sorbed C(t), and with the assumption that the activa-

tion energies for sorption and desorption are about equal, then

e, = fX (4.20)

and e = fX (4.21)

Substituting quantities from the above and Section 2.5 into Equation

(4.17), the concentration is given by

Pl/ 23 exp((u—l)v)exp[}ASt exp(—fuv/(l—rT))]
c(e) = ¢ - dv
P [l—exp(—v )J P
o L 1
1+ i—exp(uv)
o
PZ YL ex ((u-1)v) P2
* Cm 1 ~0 ___R§~______ dv - Cm
Po[l_exl)(—\)L)-J 1+ i—exp(uv) Po[l-eXp(-VL)]
o

(equation continued to next page)



%
'.SoL exp(l()u—l)v) exp[-A_t exp(~fuv/(1-rT))]dv (4.22)
1+ §gexp(uv)
(o}

Equation (4.22) applies to a net desorption process, however for a
net absorption process where the pressure changes for P1 to P2 with
Pl < PZ’ the equation remains exactly the same. It is to be noted that

the second term in Equation (4.22) is the theoretical modified-exponential

equation for equilibrium concentration C(P) at P

2’
P v
c(,) = C_ 2 S L exp [(u- Dv]y (4.23)
(]
Po[l—exp(—vL)] - P, ()
5 exp(uv
o

If we substitute into Equation (4.23) the equilibrium concentration, i.e.

C(Pz) and the annealing function then, then the equation can be simplified to,
P v
C(t) = Cm 1 501: exp[(u - 1)\)] @(E:d’ t)d\)
P fl—exp(—v )] P 1
o L 1
1 t3 exp (uv)
o
P v -
2 L -
+C(,) - C explwDv] o0 , £)dv  (4.24)
2 m 170 T a
P [l-exp(-v.)] P
o L 2
1+ ' exp (uv)
o

where the annealing function varying from 0 to 1 with ¢ and el(E,t) is given by

Equation (4.11). It is found that at

t =0, ofe, t) =1

t ==, g(e, t) = 0.
thus, at

t =0, C(t) = C(Pl)

t = o, C(t) = C(P2)




-ﬁ-------

The annealing function is described in Figure 4.3. If the distribution
of activation energies is large compared to RT, Vand ( 14) and Primak

( 15) have shown that the annealing function Qﬁe, t) may be approximated
by a step function with the step at e, = RT ln(ASt) as indicated in

Figure 4.4, This approximation simplifies Equation (4.16) to
Q(t) =j€o q de (4.25)

The sorption kinetics equation becomes

P v - -
ct) = Cm 1 .ij expL(u-l)vJ dv
Po[i—exp(—vL)] t P
1 +-Erexp(uv)
o
P2 YL ex [(u—l)v]
+C(Py) - C_ 5 P dv (4.26)
Po[l—exp(—vL)] t P
1+ E—exp(uv)
o

with the lower limit of the integral defined as

1 -rT
e T TR A (4.27)
It can be shown that as t -+ o, Ve > Vi, 8O that the integrals - 0,
at the end of the sorption run, thus C(x) = C(Pz). Appropriate AS values
are found by trial. In initial trial calculations, the AS
frequency was indicated to be lO_5 sec_1 or greater,

In order that this treatment give the proper answer at t = 0, the

lower limit is modified by putting vy = v,

where

1 - T 1 1 - rT
Yot Tram A+ ) - S e 1] (4.28)
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This gives a value v = 0 at t = 0 which is to be expected for the equili-
¢

brium condition - prior to the pressure change from P, to P,. The approximate

but useful sorption kinetics equation is then

P V :
clt) = ¢ 1 .JVL exp[(u—l)vJ dv

m - P
Po!-l-eXp(_\)L):l ° 1+ §lexp(uv)

o

P V
+ C(P.) - C 2 L _explCu-Dv] 4 4.1)
2 mp [l—ex (=-v )] Yo P2
o P L 1+ §—exp(uv)

o

where C(Pz) is given in Equation (4.23). Computer calculations using
Equation (4.1) are described in Appendix I.

4,2 Comparison Theoretical with Observed Kinetics in the Case of Graphite

Powder

In carrying out the pseudo-isopiestic experiment on powdered graphite
(particle size range 44 - 74 um) in Experiment 41, six sets of kinetics
data were obtained in the process of going from equilibrium points 2 to 3,
3to4, 4 to 5,5to0 6, 7 to 8, 8 to 9, respectively. The equilibrium
points are shown in Figure 3.1. The kinetics data points are shown in
Figures 4.5, 4.6, 4.7, 4.8, 4.9 and 4.10, respectively, with their trend
indicated by a dashed line (labelled, experimental curve). The theoretical
"best" fit to these data points is given as a solid line in Figures 4.5
through 4.10.

An inspection of the figures indicates that the theoretical curves
fit the data very well and thus Equation 4.1 provides quite a satisfactory
model for the kinetics or variation of sorbate concentration with time, for
the case of cesium vapor sorbed by H-451 graphite powder.

A "best'" fit curve represents the choice made by two individuals of the

curve that fits best from a number of curves which were calculated using,
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1) the parameters a & b obtained by a least-squares fit of the Freundlich
desorption curve of Experiment 41, 2) the parameters CL = 1.0 and Cm = 30mmol/
kg selected as best for the modified-exponential isotherm of Experiment 41,
3) the appropriate values of P1 and P2 corresponding to a given experimental
data set, and 4) arbitrarily selected values of the kinetics parameters As
(the characteristic frequency) and f (the ratio of activation energy € to
interaction energy,x). With the other parameters fixed by the nature of the
sorbate and sorbent and the conditions of the experiment, we have only Aé
and f as variables for fitting a theoretical curve to a set of experiment
data for a run when vapor pressure is changed from P1 to P2 at t = 0, to go
to a new equilibrium data point.

The values of the "best" fit kinetics parameters A and f are shown on
Figures 4.5 through 4.10 and also listed in Table 4.1.

The average together with the standard deviation of the kinetics para-
meters are As = (7.7 * 2.,0) x 10-.4 sec"1 and f = 0,92 = 0.11. Thus, we
see that for the absorption or desorption of cesium by graphite (H-451)
powder AS ¥ 10_3 sec_1 and f = 1 (unity). The good fit of the kinetic
curves seems to indicate the sorption of cesium by graphite powder, aside
from adsorption on outer surface planes and holes is primarily an activated
absorption process with the activation energy e approximately equal to the

interaction energy x.

4.3 Kinetics of Cesium-Graphite Sorption and Desorption for Bulk H-451

4.,3.1 Comparison of Theoretical with Observed Kinetics for Experiment 36.

Experiment 36 pertains to pure cesium sorption by H-451 bulk graphite
and the isotherm is displayed in Figure 2.9. This figure shows that the

equilibrium data points denoted by RO8 and onwards fall on the Freundlich




I0 MINUTE COUNT

GROSS CESIUM COUNTS PER

TIME (DAYS)
06 %8 39 33 3§
1
EXPERIMENT 41
KINETICS PLOT RO2-RO3
oooooo ACTUAL DATA POINTS
-—-- EXPERIMENTAL CURVE
——— THEORETICAL MODEL
300K |- et
I ac i ai
i RO3
‘o 7056(-2) Pa
280K
260K}
240K |-
220K}
200K |-
180K |
160K |-
RO2
9.456(-3) Pa
l 1 1 L ] 1 1 L I 1 l 1
o] 20 40 60 80 100 120

REFERENCE TIME (MIN x |00)

Figure 4.5. Kinetlics Data and Curves for Going from EZiEE 2
to Point 3 -- Experiment 41 (AS =5x10 s ,f =1

61

.00)



L III‘II'IIII Bl i N E E T N N N N EE an s lll1ll’llll s

TIME (DAYS)
34 36 38 40 42 44 46
T T T T T T T
400K} __.© gp°°Q° %, ) o
; ooo%ooooooo
2 -
8 RO4
2.13i(-1) Pa
u 380K}
‘_
2
=
E r
2 360k}
x
L
& 5
2
> 340K|-
2
O
15 5
EXPERIMENT 41
g KINETICS PLOT RO3 - RO4
&% 520K coocoo ACTUAL DATA POINTS
8 - -—-—- EXPERIMENTAL CURVE
B ——— THEORETICAL MODEL
w
3
%3OOK—
RO3
- 7056(-2) Pa
{ L 1 1 | 1 [ L L 1 | L I 1 ! d 1 1 ] L
0 20 40 60 80 100 120 140 160 180 200
REFERENCE TIME (MIN x [O0)
23
Figure 4.6. Kinetics Data and Curves for Going from Point 3 to Point 4 —— Experiment 41

(A, =7 x 1074s-1, £ = 0.95)



Rl LR T R

I0 MINUTE COUNT

GROSS CESIUM COUNTS PER

63
TIME  (DAYS)
46 48 50 52 54 56
T T T T T
EXPERIMENT 4l
KINETICS PLOT RO4- ROS
oocooo ACTUAL DATA POINTS
- —=-—-EXPERIMENTAL CURVE
—— THEORETICAL MODEL
540K}
N 000@005’%
RO5
520K 7124(-1) Pa
500K}
480K
460K}~
440K~
420K}
400K
owodnoo L
RO4
2.131(~1) Pa
L L ! L i L | | L { L I 5
0 20 40 60 80 100 120 140
REFERENCE TIME (MIN X 100)
Figure 4.7, Kinetics Data and Curves for Going from Point 4
to Point » —= ExpoTiment 41
(A 10 x 1074,s7°,f - 1.00)



B B M I I I Eh D B BN B B EBE e .l.1ll....' .

TIME (DAYS)
56 58 60

T T
EXPERIMENT 4|
KINETICS PLOT RO5-ROG
coooco ACTUAL DATA POINTS
~-—- EXPERIMENTAL CURVE
640K} ~ THEORETICAL MODEL
— -
2
3
O 620K}
w
- B
o
= |
=
600K} {
o )
]
- t
x |
w ]
a. |
580K}~ ;
f_’_’ i
> I
) . t
o) |
o |
| |
= 560K !
S I
73] |
wl A i
(& |
) |
b7 540K
(@]
@
o S S
RO5
| 7124(-1) Pa
520K | L i | 1
0 20 40
REFERENCE TIME (MIN x100)
Figure 4.8. Kinetics Data and Curves for Going from

Point 4 to Point 5—-Experiment 41
(A, =10 x 1074 s—1, £ = 0.70)

64



REFERENCE TIME (MIN x |00)

0 20 40 60 80 100 120
| RO7 i 1 l I |
540K} o, 8.127(-1) Pa
Q"’o%:‘i————
i EXPERIMENT 4|
500 KINETICS PLOT RO7 - RO8
K s000c0 ACTUAL DATA POINTS
—-—-—- EXPERIMENTAL CURVE
5 ~—— THEORETICAL MODEL
500K
-
=2
2 L
Q
(]
L 480K
=
2
z 5
=
4 -
o 60K
o« 5
&
440K}
w
=
z o
2
O
© 420K}
=
_D_ -
wn
L
© 400K}
N
[0)] -
o)
5
380K|-
360K
T R e
340K ROS
1.066(-1) Pa
| H 1 Il |
66 68 70 72 74
TIME (DAYS)
Figure 4.9. Kinctics Data and Curves for Going from Point 7
Lo Point. 8 -— Experiment 41
(A 7 x 107s=1, £ = 0.90)

65



. III"I’IIII Al I Il N N B BN B B B B BE . IIIIHI'FIII

10 MINUTE COUNT

GROSS CESIUM COUNTS PER

66

REFERENCE TIME (MIN x I00)

0 20 40 60 80 100 120 140
T T T T T T T ! T T T T T T !
| RO8
L066(-1) Pa
340KF EXPERIMENT 41
KINETICS PLOT RO8 -RO9
000000 ACTUAL DATA POINTS
320 ——-~ EXPERIMENTAL CURVE
K- -—— THEORETICAL MODEL
300K}
280K}
260K}
|
240K
220K}
200K} °
i R e e
RO9
180K k- 1.08i(-2) Pa
{ 1 1 ) .l
74 76 78 80 82 84

Figure 4.10.

TIME (DAYS)

Kinetics Data and Curves for Going from Point 8
to Point 9--Experiment 41
(A =7 x 107%s~1, £ = 0.95)



. Illq'l'llll Bl BN N B N BN BN B B BN EE B = IIII‘I'FIII

Cesium Sorption by H-L451 Graphite Powder

TABIE 4.1

Kinetics Best Fit Parameters for

Bquilibrium By F Ay £

Data Points (Pa) (Pa) (s'l)
2 -3 9.5 (-3)* 7.1 (-2) 5 (1) 1.00
3L 7.1 (-2) 2.13 (-1) 7 (-4) 0.95
L -5 2.13 (-1) 7.1 (-1) 10 (-4) 1.00
5-6 7.1 (-1) 1.75 10 (-4) 0.70
7-8 8.1 (-1) 1.07 (-1) 7 (-4) 0.95
8 -9 1.07 (-1) 1.08 (-2) 7 (-=4) 0.95

* Exponential notation:

9.5 (-3) = 9.5 x 10~

3
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isotherm, indicating a linear log P - log C relationship. The kinetic be-
havior was studied for these points. Information for the kinetic behavior
was routinely collected after every 100 minutes by the single channel
analyzer counting system. An example is illustrated in Figure 4.11, which
shows a plot of sample counting rate versus time for RO8 - RO9 kinetics.
After the cesium source temperature was changed from 132.2° ¢ to 145.5° C,
an initial rapid rise in the cesium activity subsequently took place within
a couple of hours. Physical adsorption is probably the primary mechanism
of retention of cesium by graphite at the early stage with activated ab-
sorption by sorption site (trap) taking over at longer times. The data
indicates that for a 90% change in the concentration, the time taken is.

73 hours as compared to the total run time of 166 hours for the RO8 - R0O9
kinetics. It seems very likely that the diffusion mechanism plays some
role in the latter half of the run time, especially at very long times.

The diffusion of cesium is a relatively slow process involving cesium
transport from the pore surfaces into the bulk of the graphite.

The theoretical relationship used for describing the observed kinetics
activated sorption of the cesium by the graphite sample at 1000° C is given
by Equation 4.1 ., A combination of AS and f values were chosen so that
the theoretical plots determined from Equation 4.1 could be compared
with the experimental kinetic results. Some difficulty was involved in
getting good fits to the data because the AS value tended to make the
kinetic plot rise faster and the f value tended to spread the "bend" of the
kinetics plot. In addition, an increase in the f value caused the right
portion of the predicted concentration curve to fall below the experimental
kinetics data. Visual estimation was used in selecting the most appropriate

combination of AS and f values - the emphasis being placed on obtaining a
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good fit in the vicinity of the bend in the kinetics plot. The As value
was typically on the order of 10'—4 sec-l. The value of f was limited to
a maximum of unity. From Figure 4.1 it is reasoned that the maximum
energy of activation of sorption is equal to the interaction energy for
activated sorption (trapping). In Figure 4.11, the best fit was obtained

4 s—1/0.95. The second best values are

for an As/f combination of 3 x 10~
5 x 1074 s_l/l.OO. In Figures 4.11 through 4.17, solid lines represent
the theoretical model and dashed lines represent the experimental curve
according to the recorded activity counts. The cesium background contri-
bution was considered to be negligible., Table 4.2 indicates the values of

4

AS (typically in the vicinity of 10° s_l) and £ (in most cases in the
range from 0.9 to 1.00) for various kinetics plots. An unusually low value
of £ (about 0.5) is noted for the last kinetics plot, Figure 4.17 of

R14 - R15. No ready explanation is available for this unexpectedly low
value of f. Analysis of the kinetics behavior indicated that the theoret-
ical prediction does not adequately deal with the initial rapid gain or
loss of cesium, A plausible explanation is that the kinetics model does
not account for the surface (physical adsorption) phenomena which does

not involve activated sorption.

The assumptions made in the kinetics model are that a transition to
Langmuir or Henrian linear concentration dependence occurs at about 0.7
mmol/kg and that the monolayer concentration is limited to 20 mmol/kg. The
conclusion reached is that the characteristic frequency, As' for the kine-
tics behavior in Experiment 36 is in the mid 10--4 to 10—3 per second range
with the f value close to unity. Correction factors may need to be

included in the kinetics model to account for both initial evaporation

surface (physical adsorption) effects and the bulk diffusion phenomena,
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Choice for the Kinetics Parameters AS and f.

TABLE L.2:

EXPERIMENT 36

Data Points and Best Choice and Next Best

Equilibrium Best Choilce Next Best Choice

Data Points As(s—l) r As(s_l) £

RO8 - RO9 3 x :Lo‘LL 0.95 5 x 1o‘u 1.00
RO9 -~ R10 3 x 1o‘u 0.90 5 x 1o‘u 1.00
R10 - R11 5 x 1o"u 1.00 3 x 1o‘LL 0.90
R11 - R12 5 x 10'u 0.90 3 x 10'u 0.80
R12 - R13 3 X 1o'u 0.95 5 x 1o‘LL 1.00
R13 - R1b 5 x 1o'h 0.80 10 x 1o‘u 0.875
Ri4 - R15 10 x 1o'LL 0.50 5 X 10'” 0.425
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which plays a role when near-equilibrium sorption is attained. Nevertheless,
it would appear that the activated sorption kinetics model in its present
state is useful for approximating the kinetics of the sorption process.

4,3.2 Comparison of Theoretical with Observed Kinetics for Experiment 16.

Pyecha and Zumwalt made a kinetics analysis of sorption Experiment 16 in
which the H-451 graphite sample at 1000° C was exposed to a constant cesium
vapor pressure of 1.3 Pa for 450 hours. The initial equilibrium pressure
before changing to this value was 1.6 x 10_4 Pa. Their approach was based
on the coupled diffusion model formulated by Zumwalt and Phelps (1975). The
parameters determined from this model indicated transport of cesium by in-
pore diffusion with a coefficient on the order of 10—7 cm2/sec, and the slow
diffusion phenomenon with a coefficient of 10_10 cm2/sec. The slope towards
equilibrium did not level off - indicating that equilibrium in which the bulk
diffusion process was dominant was not attained.

Another approach that can be used to model the kinetic- behavior in-
volves the use of Equation 4.1 which is based on the theory of sorption given
in Section 4.1. As indicated in Figure 4.18, the best As value obtained is
50 x 10-4 s_1 with £ as 0.975. The next best parameter for Al is 70 x 10_4
s-l with a unity f value. In the latter half of the run, the theoretical
prediction falls slightly below the experimental kinetics data, evidently
due to the fact that the slow bulk diffusion process is not considered in
the kinetics model. This would indicate that the bulk diffusion plays

a role in the sorption process at long times.

Although the characteristic frequency (AS) for this experiment is an
order of magnitude higher than that of Experiment 36, it can be concluded
that the kinetics theory can be applied to the sorption kinetic behavior
with a fair degree of accuracy. However, some account must be taken of

diffusion in bulk graphite at longer times (>200 hours).
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5. BINARY SORPTION

A study of the effect of barium on cesium sorption by H-451 nuclear
graphite is reported and the previously reported study of the effect of
strontium on sorption is presented with corrected data and revised re-
sults. The application of thermodynamic and FREVAP models are reviewed
and the thermodynamic model with activity coefficients is applied to the
binnry sorption data.

5.1 Cesium Sorption Isotherms of Barium-Impregnated H-451 Graphite

Graphite samples were impregnated with barium in order to study the
effect of barium on the sorption of cesium by graphite. Four isotherms
obtained for barium-impregnated graphite at 1000° ¢ in Experiments 33, 32,
31 and 35 are shown as log-log plots in Figures 5.1, 5.2, 5.3 and 5.4,
respectively, the order being in increasing barium content of the graphite
samples., Figure 2.9 gives the isotherm for zero barium concentration,
Experiment 36. Tables 5.1, 5.2, 5.3 and 5.4 list the data from Experiments
33, 32, 31 and 35, respectively. Table 5.5 gives the data at zero barium
concentration for comparison with the other barium-cesium sorption experi-
ment data (Tables 5.1 thru 5.4). Generally, the binary sorption process
took a shorter time to reach equilibrium than did the single component
(cesium alone) sorption process. It is believed that the reason for this
is that barium atoms could be expected to be homogeneously distributed in
the graphite and would occupy some of the high energy sites leaving fewer
sites with high activation energies for the cesium atoms to occupy at a
slow rate,

During the absorption process, the loss of barium was high, especially
for large loadings of barium in the graphite sample. The loss was as high

as 35%Z. The barium loss could have resulted from a combination of two
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TABLE 5.1

EXPERIMENT 33: Cesium Sorption on Barium Impregnated H-451 Graphite
H-451 Sample Weight: Before Impregnation = 3.7342 g

Run i Semple Source Sample Time at Gross(a) Net (b) Gross{(a) Net(b) 1
Sequence; Tezperature | Temperature Cesium Vapor Cesium Cesium Barium Barium
Number ; (10 K) (2 X) Vapor Pressure} Concentration| Concentration | Concentration Concentration

: Pressure(Pa) (hours) (rmol Cs/kg CY (mmol Cs/kg C) (mmol Ba/kg C) (mmol Ba/kg C)

RGO 294 294 1.174(=4) () 815.7 1.262 9.859

RO 1273 301.8 5.265(-4) 67.5 I 0.259 0.247 9.537

RG2 1273 331.7 7.138(-3) 49.9 0.317 0.310 9.604

703 ! 1272 339.3 1.283(-3) 47.4 0.412 0.403 9.790

RC4 | 1273 351.8 3.126(-2) 97.0 0.698 0.686 9.689

05 1273 362,2 6.164(~2) 215.5 1.242 1.227 9.698

P06 1273 370.4 1.014(-1) 143.6 1.693 1.675 9.724

RO7 1273 391.2 3.020(-1) 259.2 2.388 2.363 7.571

RG8 1273 407.5 6.346(-1) 146.9 3.462 3.429 8.165

®C9 | 1273 419.4 1.071 141.5 4.196 4,158 8.09¢%

RI0O 1 1273 443.0 3.003 124.5 5.505 5.450 7.992

R11 i 1273 464.4 7.349 97.5 6.94 6.867 8.008 5.051

R12 i 1273 416.0 9.199(-1) 193.3 4,354 4,280 8.016 5.058

R13 ( 1273 370.2 1.000(-1) 191.2 2.359 3.285 7.887 4.930

R14 1272 335.2 9.354(-3) 262.6 1.307 1.232 7.770 4.812

R15 1273 300.6 4.665(-4) 163.0 1.914 0.940 7.413 4,455

EOR(Qd) 0.995 0.920 7.801 4.843

Tube (e) 0.074 2.957

Samzle (sample only - in situ but clean tube) 0.767 4.032

(a) Not corrected for tube background contribution (d) End of run in situ(sample and tube)-cesium oxidized

(b) Corrected for tube background contribution (e) End of run tube background (sample removed)

(¢) Read as 1.174 x 10-4
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TABLE 5.2

EXPERIMENT 32: Cesium Sorption on Barium Impregnated H-451 Graphite
H-451 Sample Weight: Before Impregnation = 3.7375 g

|
Ran % Sarple Source Sample Time at Gross(a) Net (b) Gross(a) Net(b)
SequencefTerperature Temperature Cesium . Vapor Cesium Cesium Barium Barium
Nunber | (10 K) (2 X) Vapor Pressure Conc:ntration Concentration Concentration Ccncentration
Pressure(Pa) (hours) (mmol Cs/kg C) | (mmol ZTs/kg C) | (mmol Ba/kg CY (mmol Ba/kg C)
ROD 297 297 1.597(~4) (c) 503.8 0.919 8.609
RO1 . 1273 307.6 9.068(-4) 91.3 0.030 0.020 8.295
i RG2 1 1275 332.5 7.626(~4) 141.2 0.249 0.229 8.062
! r23 | 1273 351.2 2.993(-2) 361.4 0.884 0.853 7.859
RO4 v 1273 362.0 6.095(-2) 260.2 1.360 1.320 7.548
RIS 1273 370.9 1.042(-1) 292.1 1.891 1.844 7.238
R3S 1273 391.0 2.992(-1) 237.3 2.79 2,727 6.841
RO7 1273 407.1 €.232(-1) 194.8 3.708 3.621 6.823
R3 1273 419.3 1.064 190.1 4.398 4,293 6.698
| ROS 1272 443.1 3.012 169.7 5.503 5.355 6.455
. RO 1273 460.2 6.174 161.2 6.713 6.525 6.39%
i1 1273 419.3 1.058 150.7 4,585 4,396 5.408 5.124
R12 1273 370.9 1.042(~1) 233.8 2.514 2,327 6.325 5.040
Ri3 1273 335.9 9.872(-3) 360.1 1.437 1.249 6.497 5.213
R14 1273 306.2 7.931(-4) 241.1 1.033 0.845 6.240 4.956
E£oR(&) 1.047 0.859 6.228 4.944
Tute(e) 0.188 1.284
Sawple {sample only ~ in situ but clean tube) 0 910 4,816
(a) XNot corrected for tube background contribution (d) End of run in situ (sample and tube)-cesium oxidized
(b) Corrected for tube background contribution (e) End of run tube background (sample removed)

(¢) Read as 1.597 x 10~%
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TABLE 5.3

EXPERIMENT 31: Cesium Sorption on Barium Impregnated H-451 Graphite
E-451 Sample Weight: Before Impregnation = 3.7227 g

i I
Run ! Sarple ; Source Sample Time at Gross(a) Net (b) Gross(a) Net (b)
Sequeace 'Tevperature ! Temperature Cesium Vapor Cesium Cesium Barium Barium
Nuther ! (10 X) i (2 K) Vapor Pressure | Concentration! Concentration | Concentration Concentration
! : Pressure(Pa) (hours) | (mmol Cs/kg C} (mnol Cs/kg C){ (mmol Ba/kg C)! (rmmol Ba/kg C)
1
. .
ROO ‘ 297 t 297 1.597(-4) (c) 1702.8 1.180 11.860
RO1 ! 1274 : 312.3 1.393(-3) 90.6 0.288 0.280 11.274
RD2 ’ 1274 334.3 8.777(-3) 122.4 0.327 0.312 10.880
RO3 ! 1274 351.8 3.138(~2) 164.7 0.585 0.563 10.583
no4 v 1274 361.8 6.045(-2) 285.7 0.982 0.955 10.053
RO5 1273 371.4 1.075(-1) 190.1 1.385 1.352 9.766
ROA 1274 391.0 3.000(-1) 337.1 2.418 2.371 9.225
RO7 1273 407.3 6.271(-1) 192.4 3.132 3.072 8.725
RO8 1273 419.3 1.064 194.8 3.843 3.771 8.625
RCY 1273 | 443.1 3.012 189.6 5.068 4,966 8.3060
R10 1274 | 460.0 6.138 122.2 5.992 5.863 8.190
R11 1273 473.3 1.040(+1) 165.4 7.298 7.143 8.219 6.946
R12 1274 459.8 6.071 110.2 6.303 6.149 8.137 6.864
R13 L1273 418.2 1.014 126.9 3.391 3.236 8.128 6.855
Rl4 | 1274 371.0 1.050(-1) 314.6 2.070 1.915 7.847 6.575
R15 v 1273 337.0 1.074(-2) 287.4 1.210 1.055 8.044 6.771
R16 1273 311.6 1.304(-3) 190.7 0.904 0.749 7.807 6.534
EOR(d) 0.901 0.746 7.676 6.404
Tube(e) 0.154 1.272
Sample  (sample only - in situ but clean tube) 0.758 6.322
(a) Not corrected for tube background contribution (d) End of run in situ (sample and tube)-cesium oxidized
(b) Corrected for tube background contribution (e) End of wrun tube background (sample removed)

(c) Read as 1.597 x 1074
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TABLE 5.4

EXPERIMENT 35: Cesium Sorption on Barium Impregnated H-451 Graphite

H-451 Sample Weight:

Before Impregnation = 3.7326 g

| .
Run | Sarnle Source Sample Tine at Gross(a) Net (b) Gross(a) Net(b)
Sequance' Temperature Temperature Cesium Vapor Cesium Cesium Barium Barium
Numder . (12 K) (2 K¥) Vapor Pressurel Concentration | Concentration | Concentration | Concentration
i i Pressure(Pa) (hours){ (mm1 Cs/kg C)| (mmol Cs/kg C){ (mmol Ba/kg C)| (mmol Ba/kg C)
P )
5 X290 ' 294 294 1.174(-4){(c) 304.1 1.039 21.069
bR 1272 300.1 4.458(~4) 88.1 0.109 0.107 18.057
: RJ32 v 1273 328.9 5.723(-3) 40.5 0.122 0.118 16.450
{ I3 1273 337.1 1.082(-2) 52.5 0.155 0.150 15.810
i R4 1274 349.9 2.737(-2) 69.8 0.289 0.283 16.098
RO35 1273 360.2 5.436(-2) 99.3 0.514 0,506 15.103
R 1273 369.9 9.847(~2) 115.1 0.877 0.868 14.747
R27 1273 390.5 2.920(-1) 246.9 2,017 2.003 14.007
08 1273 405.5 5.790(~-1) 186.8 2.756 2.739 12.505
T 1273 416.8 9.511(-1) 96.9 3.330 3.309 12.185
R0 1274 432.0 1.856 167.2 4,206 4,180 11.875
RLI {1273 416.7 9.482(~1) 88.2 3.553 3.527 11.819 9.631
R12 1273 370.5 1.020(-1) 216.7 1.672 1.646 11.540 9.352
R13 1273 338.0 1.156(~2) 219.56 0.830 0.805 11.149 8.961
Rl4 1274 299.3 4.130(-4) 213.2 0.525 0.500 10.951 8.762
LOR(d) 0.525 0.500 10.909 8.721
Tube (e) 0.026 2.188
Sarple (sample only - in situ but clean tube) 0.445 7.660

(2) Not corrected for tube background contribution
(b) Corrected for tube background contribution
(¢) Read as 1.174 x 1074

(d) End of run in situ (sample and tube)—be?ore oxidizing cesium
(e) End of run tube background (sample removed)
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TABLE 5.5 EXPERIMENT 36:

Cesium Sorption on Barium-Free H-451 Graphite

Run Sample Source Sample Time at Gross{(a) Net (b)
Sequence Temperature Temperature Cesium Vapor Cesium Cesium
Number (10 K) (2 K¥) Vapor Pressure Concentration Concentration
Pressure(Pa) (hours) (mmol Cs/kg C) (mmol Cs/kg C)

ROO 297 297 1.597(-4) (c) 841.9 2.172

RO1 1273 298.1 3.649(-4) 115.1 0.566 0.565
RO2 1273 328.0 5.314(-3) 94.8 0.740 0.737
RO3 1273 326.2 1.008(-2) 124.7 0.894 0.890
RO4 1273 350.2 2.807(-2) 430.6 1.426 1.422
RO5 1272 360.9 5.681(-2) 211.3 1.821 1.815
RO6 1274 370.4 1.014(-1) 218.6 2.384 2.377
RO7 1273 389.9 2.844(-1) 359.9 3.631 3.621
RO8 1273 405.3 5.754(-1) 337.0 4,571 4,559
RO9 1272 418.6 1.028 166.2 5.331 5.316
R10 1272 442.5 2.940 193.2 6.779 6.757
R11 1272 452.0 4,398 123.2 7.409 7.385
R12 1272 419.2 1.058 236.7 5.546 5.521
R13 1272 370.5 1.016(-1) 504.4 3.195 3.171
R14 1272 336.8 1.051(-2) 485.2 2.034 2.009
R15 2173 298.7 3.857(-4) 484.0 1.327 1.302
EOR(d) 1.339 1.314
Tube (e) 0.024

Sample (sample only - in situ but clean tube) 1.279

(a) Not corrected for tube background contribution
(b) Corrected for tube background contribution

(c) Read as 1.597 x 10-4

(d) End of run in situ (sample and tube)-cesium

oxidized

(e) End of run tube background (sample removed)
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factors: the time dependent loss, and the displacement of barium atoms
sorbed onto the sites by cesium atoms. Figure 5.5 shows the absorption

and desorption kinetic behavior in the high cesium vapor pressure region.
In observing the approach towards equilibrium, it is noted that the cesium
concentration appears to be following a somewhat erratic pattern of sorp-
tion behavior with respect to the run time - in contrast to the smooth
approach to equilibrium observed in barium-free sorption experiments.

This is possibly due to the fact that cesium and barium atoms are in the
process of being exchanged on various sorption sites at different rates.
For high barium loadings, an equilibrium data point was taken to have been
reached when a change of 0.02 - 0.03 mmol Cs/kg occurred in one day instead
of the usual rate of 0.01 - 0.015 mmol Cs/kg per day. This was done to
minimize the time dependent loss of barium so that a better estimate could
be made of the effect of barium on cesium sorption. In the desorption pro-
cess the total loss of barium was found to be less than 107, which is low
compared to the initial loss of barium (up to 357%) in the absorption stage
(see Tables 5.1, 5.2, 5.3 and 5.4).

The sorption isotherms show a distinct hysteresis occurring in the
range between 0.5 and 1 Pa pressure. No definite conclusion can be made
for the effect of barium on the magnitude of the hysteresis effect. Cesium
sorption Experiments 12, 13, 17 and 18 performed by Pyecha and Zumwalt (1)
on strontium-impregnated graphite indicate an apparent tendency for the
hysteresis to disappear as the strontium content in a graphite sample is
increased. In the case of barium-impregnated graphite, the hysteresis
did not disappear.

The desorption isotherms derived with parameters obtained by an un-

weighted, linear least-squares fit are shown in Figure 5.6 for barium-—
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impregnated H-451 graphite. The empirical constants in the relationship

3 3
InP=@A+B4) + 0+ELD) Inc (2.1)
lead to the expression for parameters a = A + B T—%7§ and
b=D+E T_%7§' These parameters are presented in Table 5.6. Deter-

mination of a and b rather than the constants A, B, D and E was necessary
because the experimental study was carried out at a single temperature

(1000° ©).

Table 5.6, Cesium Desorption Isotherm Parameters for Barium-
Impregnated H-451 Graphite at 1273 K

Unweighted Linear Least-Squares Fit of Data to:

In P(Pa) = a + b 1nC (mmol/kg) (5.1
where a= (A+ B 103/T) (5.2a)
b= (D+E 107T) (5.2b)
Experiment Average Ba?ium
a b Concentration
Number
mmol/kg
36 - 8.681 5.193 0.00
33 - 6.454 4,487 4,86
32 - 6.001 4,198 5.08
31 ~ 5.006 3.866 6.76
35 - 4,471 3.681 9.18

Figure 5.7 shows the cesium vapor pressure plotted as a function of
barium concentration at various cesium concentrations. The barium concen-
trations obtained were averaged over the desorption stages of the experi-

ments and the cesium vapor pressures were determined from a least-—squares
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fit of the desorption isotherms. Background activity correction as discussed
in Appendix V was applied. As shown in Figure 5.7, the log of cesium vapor
pressure is approximately linear with an increase in barium concentration.
The slope of the log of cesium vapor pressure decreases with an increased
loading of barium. As predicted by the sorption theory for constant cesium
content, the cesium vapor pressure increases with greater concentration of
barium. This corresponds to a decrease in the number of available higher-
energy sorption sites; in other words, a decrease in the effective interac-
tion energy of the sites. As concluded from Figure 5.7 the log of cesium
vapor pressure as a function of barium concentration is approximately a
linear relationship and there is no indication of a maximum., This strongly
suggests that the coverage of barium and cesium atoms is indeed that of
sub~monolayer and that no multi-layer sorption is to be expected. It is
concluded that the presence of barium in graphite does have a substantial
effect on the sorption of cesium. The data is treated thermodynamically

in Section 5.3.

5.2 Cesium Sorption Isotherms on Strontium-Impregnated H-451 Graphite

As reported previously (1) but with revised, corrected data and revised
standard international units (SI), four cesium sorption isotherms on H-451
graphite samples initially impregnated to various known levels of strontium
concentration were obtained at approximately 1273 K. Two of these utilized
finned cylindrical graphite samples (Experiments 12 and 13) and two utilized
solid cylindrical samples (Experiments 17 and 18). The samples were impreg-
nated as described previously (1). Although the loss of strontium continued
throughout each experiment, the strontium concentrations were within 107 of
the final equilibrium strontium values after approximately 1100 hours, or

less, of exposure at the experimental sample temperature and accordingly,



96

little loss occurred during the desorption phase of each isotherm. The
averége concentration of strontium for each isotherm was obtained by
averaging the strontium concentration, corrected for the sample tube
background, observed at each equilibrium cesium sorption or desorption

point used in the linear least-squares fit to the Freundlich relation
InP=a+b1InC (5.1)

where P is the cesium vapor pressure in pascals, C is the cesium concen-
tration sorbed in mmol Cs/ kg graphite, and a and b are the desorption
coefficients.*

The estimated values of the coefficients a and b of Equation (5.1)
and the statistical results of the fit are tabulated in Table 5.7 for
each isotherm obtained at the indicated average strontium concentrations.
Also included in the table aré the results of the strontium-free 1271 K
isotherm data obtained in Experiments 5, 7 and 9 and similarly fitted to
Equation (5.1). All of the equilibrium data points of the strontium-
impregnated experiments and thosé points included in the strontium-free
1271 K isotherm fit are summarized in Figure 5.8. The fitted relation
is represented by the solid lines over the range of vapor pressures
studied. The significant effect of the presence of strontium is apparent.
Although there is no a priori reason for the sorption of cesium in the
presence of strontium to follow the Freundlich relation, the equilibrium
point data clearly show this to be the case. Figure 5.9 shows cesium

vapor pressure as a function of strontium concentration with cesium

103 103
*Note: a =A+ B (—1'2-7-5') (5.2a), b =D+ E (m) (5.2b)

where A, B, D, & E are the empirical Freundlich coefficients of
Equation 2.1.
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TABLE 5.7. Cesium Desorption Isotherm Coefficients for Strontium Impregnated
H-451 Graphite

Non-weighted, linear-least-squares set of

InP = a4+ b 1InC (5.1)
where: P = cesium vapor pressure (pascals)
C = cesium equilibrium concentration mmol Cs/kg graphite)

2verag? am é?”*ure Experiment Coefficient Estimates Linear Mean Number

trontium n i Number Correlation| g of data
Concentra-|(+ 10K) a+ g b + 0 at quare _
tion (mmol - — - Coefficient Error (b) Points
ke Squared Fitted
0.00 1271 5,7 and 9 -10.140 + 0.345 5.084 + 0.176 0.985 0.0818 17
0.59 1271 13(¢) - 8.511 +0.244 4.684 + 0.141 0.985 0.1378 7
2.00 1270 13(c) - 6.622+0.173 4.217 + 0.131 0.994 0.0396 8
2.46 1273 18 - 6.690 +0.213 4.264 + 0.172 0.994 0.0682 6
3.38 1273 17 - 5.091 +0.137 3.301 + 0.129 0.986 0.832 11

o = standard (root mean square ) deviation
n
1

2
b e = ] 1 .~
(b) mean square error ( ; )iE (yl gi)

(c) finned cylindrical sample
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Table 5.8. EXPERIMENT 13: Cesium Sorption at 1271° K on H-451 Graphite (Finned Sample)
Impregnated to 0.924 mmol Sr/kg Graphite

Cesium Cesium Rate at Time to Strontium
Vapor Concen—(a) Equili- 907% Change | Time at Time at Concen—(a)
Sample Source Pressure tration brium in Concen- | Vapor Sample tration
Temp. Temp. at Sample (mmol Cs/ (10‘7mmol tration Pressure Temp. (mmol Sr/
(x 10 K) (+ 2 K) (Pa) kg C) Cs/kg C—-%5) (hours) (hours) (hours) kg C)
293(6) 293 1.06(—4)(b) 0.081 (c) (c) 1327 1330 0.924
1270%:; 306 7.88(-4) 0.691 1.6 (c) 156.0 186 0.827
1271(e) 347.5 2.33(-2) 1.500 4.9 76.7 121.4 359 0.775
1271(e) 360 5.40(-2) 2,072 2,6 154.4 182.8 546 0.759
1270 373 1.18(-1) 2,925 6.0 120.9 154.0 709 0.730
1271 402 4,99(-1) 4,886 4.0 112.6 171.2 908 0.655
1271 421 1.15 6.320 3.8 64.5 142.9 1072 0.630
1272 446.5 3.50 8.128 5.8 37.8 84,0 1191 0.591
1271 461.5 6.48 9.278 2,6 17.6 83.1 1296 0.573
1272 423.5 1.27 6.692 2.7 19.6 159.8 1458 0.559
1271 373 1.18(-1) 3.940 <1.2 98.3 229.0 1696 0.560
1270 319 2.53(-3) 1.751 4.7 388.6 666.4 2368 0.581
300(® 297.5 1.65(~4) 2.142 (d) (d) 20.5 (d) 0.584
Sample tube background o 0.248 0.107
Sample returned in situ 1.936 0.533
Final sample concentration 2,027 0.527
H-451 sample weight: before impregnation = 2.864 g Average strontium concentration = 0.59 mmol/kg
end of experiment = 2,802 g

(a) In situ equilibrium concentration corrected for sample tube background contribution as discussed in
(b) Read as 1.06x1077, Section 4.4,
(c) Not observed or not obtained due to temperature fluctuations early in approach to equilibrium.

(d) Cesium source oxidized.

(e) Not included in the least squares fit to Equation 4.11.
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Table 5.9.

EXPERIMENT 12:

Impregnated to 3.520 mmol Sr/kg Graphite

Cesium Sorption at 1269° K on H-451 Graphite (Finned Sample)

Cesium Cesium Rate at Time to Strontium

Vapor Concen-(a) Equili- 90% Change |[Time at Time at Concen-(a)
Sample Source Pressure tration brium in Concen- |Vapor Sample tration
Temp. Temp. at Sample (mmol Cs/ (10_7mmol tration Pressure Temp. (mmol Sr/
(+ 10 K) (+ 2 K) (Pa) kg C) Cs/kg C-s) (hours) (hours) (hours) kg C)
293(6) 293 1.06(—4)(b) 9.887 (c) () 1415 1415 3.520
1270¢%) 301 4.89(~4) 1.133 3.4 23.6 187.2 187 2.721
1267(e) 334.5 8.93(-3) 1,287 1.4 52.8 122.8 361 2,536
1269(e) 358 4,67(-2) 1.830 1.6 118.0 184.5 547 2.453
1267°¢ 373 1.18(-1) 2.492 4.4 127.8 153.3 718 2.393
1267 402 4.93(-1) 3.880 3.6 86.2 169.8 906 2.093
1265 421 1.15 4,948 4,7 92.2 142.0 1071 1.907
1268 443 3,01 6,117 <1.2 33.8 106.3 1190 2.009
1269 420 1.10 5.074 2.6 21.3 82.2 1296 2,012
1268 403.5 5.33(-1) 4,355 2.0 39.7 160.8 1458 1.995
1269 374 1.25(-1) 2.965 1,2 137.1 229.6 1697 1.995
1274 342.5 1.60(-2) 1.685 <1,2 412.5 627.0 2329 1.988
1271 318.5 2.37(-3) 1.205 1.7 176.8 254.,6 2608 2,000
295(8) | 295 1.30(-4) 1.207 (@ (@ 20.6 (d) 1.910
Sample tube background 0.050 0.119
Sample returned in situ 1.210 1.904
Final sample concentration 1.333 1.898

H-451 sample weight:

before impregnation = 3.07 Average strontium concentration = 2,00 mmol/kg
9

lg
end of experiment - 2.976 g R
(a) In situ equilibrium concentrations corrected for sample tube background contribution as discussed in
(b) Read as 1.06x10™%, Section 4.4
(c) Not observed.
(d) Cesium source oxidized.
(e) Not included in the least squares fit to Equation 4.11.
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Table 5.10. EXPERIMENT 18: Cesium Sorption at 1273° K on H-451 Graphite Impregnated to
5.189 mmol Sr/kg Graphite

! ‘Cesium Cesium Rate at Time at Strontium
‘Vapor Concen—(a) Equili- 90% Change |Time at Time at Concen—(a)

Sample Source Pressure tration briu9 in Concen- |Vapor Sample tration
Temp. Temp at Sample (mmol Cs/ (10" mmol | tration Pressure Temp. (mmol St/
(+ 10 K) (+ 2 K) © (Pa) kg C) Cs/kg C-s) (hours) (hours) (hours) kg C)

298 296.0 1.45¢-4) P 0,020 () (e) 563.0 560 5.189

|
127222; 306.0 '7.88(-4) 0.013 <l.2 () 54.8 55 4.628
1273(e) , 333.0 i7.96(—3) 0.737 1.7 286.4 375.8 432 3.414
1273 1 391.0 12.98(-1) 3.467 <2.0 (c) 139.1 574 3.018
1273 421.0 1.14 5.027 <2.0 56.4 151.9 729 2.747
1273 436.5 2,28 5.852 <2.0 () 165.9 932 2.458
1273 404.0 5.45(~-1) 4,283 1.4 33.1 142, 4 1080 2.381
1273 371.0 1.04(-1) 2,787 1.5 92.1 239.3 1323 2.324
1273 348.5 2.47(-2) 1.827 1.3 173.8 383.7 1711 2,479
1273 307.5 9.07(~4) 0.990 2.8 227.0 317.5 2050 2.389
208(®) | 298.0 1.77(~4) 0.973 (@ (@) 18.3 (d) 2.368
Sample tube background 0.377 0.284
Sample returned in situ 1.003 2.240
Final sample concentration 1.016 2.246
H-451 sample weight: before impregnation = 3,716 g Average strontium concentration = 2.46 mmol/kg
end of experiment = 3.616 g

(a) In situ equilibgium concentration corrected for sample tube background contribution as discussed in
(b) Read as 1,45x10 . Section 4.4.

(c) Not observed or not obtained due to source temperature fluctuations early in the approach to equilibrium.
(d) Cesium source oxidized.

(e) Not included in the least squares fit to Equation 4.11,
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Table 5.11, EXPERIMENT 15: Cesium Sorption at 1273° K on H-451 Graphite Impregnated to
7.810 mmol Sr/kg Graphite

Cesium Cesium Rate at Time to Strontium

Vapor Concen—(a) Equili- 90% Change |Time at Time at Concen—(a)
Sample Source Pressure tration brium in Concen- |Vapor Sample tration
Temp. Temp. at Sample (mmol Cs/ 10~ "mmo1 tration Pressure Temp. (mmol St/

(+ 10 K) (£ 2 K) (Pa) kg C) Cs/kg C-s) (hours) (hours) (hours) kg C)

298 (®) 296.0 1.45¢-4) ) | 0.007 (©) () 385.0 385 7.810
1272(e) 312.0 11.37(~3) <0.001 (c) (c) 53.4 53 6.298
1271 333.0 17.96(=3) 0.949 1.8 247.7 375.0 432 3.953
1271 347.5 2.33(-2) 1.537 2.3 218.8 294.5 730 3.631
1273 359.0 15.01(-2) 1.969 3.3 133.3 180.5 931 3.315
1273 371.0 1.04(-1) 2.664 1.3 194.6 384.6 1322 3.379
1273 393.5 3.39(-1) 3.562 <1.2 43.3 186.4 1514 3.290
1273 418.5 1.03 4.616 <1.2 61.9 196.3 1712 3.303
1273 441.5 2.84 5.599 <1.2 () 142.,7 1876 3.273
1273 423.0 1.26 4,754 <1.2 21.8 173.0 2049 3.293
1273 373.0 1.18(-1) 2.600 1.3 44,4 259.4 2311 3.321
1273 348.0 2.42(-2) 1.624 <1.2 83.4 208.3 2521 3.297
1273 310.0 1.14(-3) 0.579 <1.2 128.9 238.1 2760 3.174

3398 300.0 2.29(-4) 0.593 () (@) 3.2 @ 3.234
Sample tube background 0.935 1.006
Sample returned in situ 1.399 3.031
Final sample concentration 1.668 3.083
H-451 sample weight: before impregnation = 3.724 g Average strontium concentration = 3.38 mmol/kg

end of experiment = 3,658 g :

(a) In situ equilibrium concentration corrected for sample tube background contribution as discussed in
(b) Read as 1.45x1074. Section 4.4.
(c) Not observed or not obtained due to source temperature fluctuations early in approach to equilibrium.
(d) Cesium source oxidized.

(e) Not included in the least squares fit to Equation 4.11.

L01
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concentration fixed. The thermodynamic treatment of these curves will be
discussed in Section 5.3.

The individual cesium isotherms and the fitted relationship are dis-
played on Figures 5.10 through 5.13. The number beside each equilibrium
point is the ordinal number of the sequence of point which are obtained
in each given experiment. The data are also tabulated by experiment in
the sequence obtained in Tables 5.8 through 5.11. Included in the tabula-
tions are the rates of change observed in the cesium concentration at the
equilibrium points and the times observed for the cesium concentrations to
change by 90%. The "Sample returned in situ" and the "Final sample con-
centration" entries in the tables refer to the concentrations determined
at the end of each experiment after returning the graphite sample to its
in situ arrangement in a clean sample tube and to the concentration deter-
mined on a separate NaI(Tl) scintillation detection system of low background,
respectively. The strontium concentration (calculated as mentioned above)
is also given for reference.

With reference to Figure 5.8 and Figures 5.10 through 5.13, the de-
sorption branch is quite linear for each isotherm, In all cases, the
absorption branch is non-linear below the point of merger with the desorp-
tion branch. The tendency of this hysteresis to decrease with increasing
strontium concentrations is apparent although not clearly defined. With no
strontium present the branches merge at approximately 0.3 Pa and 5.8 mmol
Cs/kg C, decreasing to about 0.02 Pa and 1.4 mmol Cs/kg C with 3.38 mmol
Sr/kg C present. The initial sorption of cesium at the low vapor pressures
is quite variable, as noted previously (Section 2.2) for the strontium~free
samples. In Experiments 13, 17 and 18 the amount of cesium desposited on

the samples during the experimental preparation stages was relatively low
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(50,081 mmol Cs/kg C), and the variability in the initial equilibrium
sorption behavior is evident. In Experiﬁent 12 a large amount of cesium
initially deposited on the sample (9.89 mmol Cs/kg C). Although the
majority of this loosely sorbed cesium desorbed rapidly upon heating the
sample to 1270 K, the difficulty in desorbing all of it is indicated by
the initial sorption branch (see point 2) crossing the desorption branch
in Figure 5.11. It is not obvious at this intermediate strontium concen-
tration (2.00 mmol Sr/kg C) whether the resulting narrow hysteresis "loop"
above 0,01 Pa is related to this high initial sorbed cesium concentration
or to the amount of strontium retained in the sample. The results of Ex-
periment 18 (Figure 5.12) which contained a similar amount of strontium
(2.46 mmol Sr/kg C) could not resolve this question because of the lack

of a sufficient number of sorption equilibrium points in the low pressure
region. At the higher strontium concentration of Experiment 17 (3.38 mmol
Sr/kg C), the cesium sorption above approximately 0.02 Pa is reversible
(Figure 5.13).

5.3 Application of the Thermodynamic and FREVAP Models to Binary Sorption

The thermodynamic and FREVAP models for binary sorption apply to the
Freundlich portions of the desorption isotherms (5). The FREVAP model by
itself gives empirical relationships for use in fission product release
calculations. On the other hand, the thermodynamic model is based on
classical thermodynamic principles with the inherent advantage that no
physical model is imposed. Generally, a coefficient or a correction factor
is applied when trying to correlate an experimental value with an ideal
value.

As shown by Haire and Zumwalt (5) the thermodynamic model gives the

ideal pressure, in the case of mixed, binary Freundlich sorption as



[C, + (u,/u) ¢ ]"1
P, (ideal) = ky © L 2 12 (5.3)

Fl1 ~1 (C1 + CZ)
with the equation for P2 (ideal) given by an interchange of subscripts.

The symbols Pi’ Ci’ and u, are for a single component (i) as given by

kpy
Equation 2.3. For the thermodynamic model, the "activity coefficient" is
defined as the ratio of the experimental or true pressure value to the

predicted value of pressure,

P, (exp)

Yi T Pi (ideal) (5.4)

Similarly for the FREVAP model, a correction factor 81 is used.

As displayed in Figure 5.14, in the case of barium-cesium sorption,
the FREVAP model with unit correction factor and the thermodynamic model
with unit activity coefficient were applied to the sorption data and
found to give poor fits. It is noted that the deviation between the
experimental values and those of the models is greater for higher barium
concentrations. This implies that the activity coefficient and the cor-
rection factor should be determined as a function of barium concentration.

In this study, activity coefficients were determined as a function of
barium concentration by least-squares polynomial fit calculations. The
activity coefficient determination is discussed in Appendix IV, After ap-
plying the activity coefficients to the thermodynamic model, the true
partial pressure values obtained were plotted as a function of barium
concentration for a constant cesium content. The true pressure curves
indicate a good fit to the sorption data as shown in Figure 5.15. The
cesium activity coefficients Y, were found to be empirically expressed
as a function of barium concentration due to strong dependence on the con-

centration effects of the sorbed species, so that
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Figure ».l14 Cesium Desorption Isotherms for Barium-Impregnated H-451
Graphite at 1273 K. FREVAP Model with unit Correction Factor
and Thermodynamic Model with unit Activity Coefficient.
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Figure 5.1 Cesium Desorption Isotherms for Barium-Impregnated H-451
Graphite at 1273 K. Thermodynamic Model with Activity
Coefficient.
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v, = exp(-3.78x, + 10.15x)" - 11.53x,")

where X, is mole fraction of barium, Other polynomial expressions were
tried but the cubic expression gave the best reduced chi-squared value.

Table 5.12 lists the values of the experimental and predicted points
as well as the activity coefficients. After applying the activity coef-
ficlents to the experimental values, it is shown that the thermodynamic
model seems to be reasonably successful in predicting the cesium-barium
sorption behavior,

Application of the thermodynamics model to the cesium-strontium

sorption data of Section 5.2 gives the following results., The best fit

value for the cesium activity coefficient Yl defined as

Y, = Poglexp) /P (ideal) (5.4a)
is

2 3
exp(8.112x2—18.09x2 + 11.31x2 )

Yy

where X, = mole fraction of strontium in the cesium~strontium sorbate.

The natural logarithm of g for the data points and the best fit curve are

plotted in Figure 5.16. The cesium vapor pressure points, true (experimental)
and ideal thermodynamic best fit curves (Eq. 5.3) for several constant values

of cesium concentration (CC ) are plotted against strontium mole fraction (XZ)

S
in Figure 5.17.
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TABLE 5.12:

Experimental and Predicted Data Points

Cesium Concentration

Barium Concentration in mmol/kg

in mmol/kg Ba = 4,8 |Ba = 5,08 Ba = 6.76 Ba = 9.8
Experimental Vapor Pressures of Cesium (Pa)
Cs = 1.00 0.157E~02 |0.248E-02 | 0.670E-02 0.144E-01
Cs = 2.00 0.353E~01 |0.455E-01 | 0.977E-01 0.147E 00
Cs = 4.00 0.791E 00 |[O0.835E 00 | 0.142E 01 0.188E 01
Cs = 6.00 0.488E 01 |0.458E 01 | 0.683E 01 0.837E 01
Cs = 8.00 0.177E 02 J0.153E 02 | 0.208E 02 0.241E 02
Vapor Pressures of Cesium (Pa) Predicted by Thermodynamic ‘‘odel
Cs = 1.00 0.464E~01 ]0.533E-01 | 0.135E 00 0.388E 00
Cs = 2.00 0.244E 00 |0.272E 00 | 0.581lE 00 0.142E 01
Cs = 4.00 0.208E 01 {0.225E 01 | 0.390E 01 0.776E 01
Cs = 6.00 0.917E 01 {0.974E 01 { 0.150E 02 0.262E 02
Cs = 8.00 0.289E 02 |0.303E 02 | 0.433E 02 0.690E 02
Values of Fitted Activity Coefficients - Yy
Cs = 1.00 0.656E~01 [0.614E-01 { 0.405E-01 0.272E-01
Cs = 2.00 0.187E 00 }0.175E 00 | 0.115E 00 0.716E-01
Cs = 4,00 0.399E 00 |0.386E 00 | 0.294E 00 0.202E 00
Cs = 6.00 0.502E 00 |0.493E 00 | 0.421E 00 0.326E 00
Cs = 8.00 0.549E 00 |0.543E 00 | 0.493E 00 0.416E 00

True Vapor Pressures of Cesium After Applying Activity Coefficients
to Thermodynamic Model

Cs
Cs
Cs
Cs
Cs

1.00
2.00
4.00
6.00
8.00

e oo

0.305E-02
0.455E-01
0.830E 00
0.460E 01
0.159E 02

0.327E-02
0.478E-01
0.867E 00
0.480E 01
0.165E 02

0.548E-02
0.666E-01
0.115E 01
0.633E 01
0.213E 02

0.106E-01
0.102E 00
0.157E 01
0.855E 01
0.287E 02
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AVERAGE STRONIUM MOLE FRACTION

Logarithm of Activity Coefficient (y) for Cesium Sorbed

by Strontium-Tmpregnatoed H-4%51 Nuclear Graphite
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Concentration at Various Cesium Concentrations

116



117

6. SUMMARY AND CONCLUSIONS

6.1 Summary

This is the final report of a series of four on a study of the
sorption of cesium by graphites at high temperatures. The temperature
range of the studies was 800 to 1100° C and in the latter part of these
studies, work was concentrated on H-451 nuclear—grade graphite (16.)

The pseudo-isopiestic method which utilized radioisotope~tagged sorbates
(of cesium, cesium and barium or cesium and strontium) was used in all
of the experiments - over forty in number.

A primary objective was the study of the effect on cesium sorption
equilibrium of the presence of a second sorbate-~barium or strontium -
in the graphite. A thermodynamic approach was deemed best to treat the
binary sorption data.

A second important objective was to compare equilibrium sorption re-
sults obtained by the pseudo-isopiestic method and the Knudsen cell method
using the same material in particulate form - ground H-451 nuclear-grade
graphite (particle size range 44 to 74 um).

A third objective was to review sorption kinetics data obtained, for
both particulate and solid H-451 graphite samples, the course of our
work. This led to the development of a kinetics model, mathematical form-
ulation which applies to a system which shows Freundlich equilibrium
sorption isotherm behavior. The formulation, in particular, is consistent
with the modified-exponential theoretical isotherm discussed (and derived)
in this report.

The report also reviews and presents some new data on simple cesium-
graphite (H-451) isotherms and includes additional data on isotherm hys-
teresis which definitely occurs at low cesium pressure ( < 0.2 Pa) with

graphite samples which, in general, have not been exposed to higher cesium

vapor pressures.
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6.2 Conclusions

1. The kinetics of absorption and desorption of cesium by bulk
nuclear-grade graphite and even by the graphite in particulate form
(size range 44 to 74 um) is such that, in general, several days are
required to reach a near equilibrium state. Accordingly, the pseudo-
isopiestic method, although time consuming, appears to be the best
method to assure the obtainment of equilibrium data in the cesium vapor
pressure range of about 10 Pa down to 10_3Pa.*

2. The Knudsen cell method for studying the incongruent vapori-
zation of cesium from nuclear graphite powders (size range 44 to 74 um),
in general, appears to not give equilibrium wvapor pressure data. This
conclusion was reached by studying the kinetics behavior and equilibrium
data of cesium sorption by graphite powder (H-541) using the pseudo-
isopiestic method.

3. Hysteresis - where the absorption curve (at apparent equilibrium)
falls to the left of the desorption curve - is definitely observed at lower
cesium vapor pressures ( € 0.2 Pa) in the case of solid graphite (H-451)
samples, both unimpregnated and impregnated with barium or strontium.

It is to be noted that the Knudsen cell method gives desorption data
only, so the method would not be expected to show hysteresis - however,
at low partial pressure a non-equilibrium effect is shown in Knudsen cell
experiments even upon desorption (6).

4. Essentially no hysteresis occurred in the pseudo-isopiestic
experiment with graphite powder (Experiment 41). Also, there is some
indication that once a solid sample is exposed to a high vapor pressure

of cesium ( > 1 Pa) hysteresis no longer occurs and absorption steps

* The Knudsen cell method may not be "kinetics" limited at higher cesium
vapor pressures (P, > 1 Pa). The pseudo-isopiestic method is limited

by gas flow kinetics at PCs L 107" Pa.



taken after desorption steps follow the Freundlich (exponential) desorp-
tion isotherm curve.

5. The pseudo-isopiestic experiment with graphite powder (Exp. 41)
gives an equilibrium cesium sorption curve which falls substantially
to the right of the General Atomic, Knudsen cell data (see Fig. 3.1).
This is believed to be due to the fact that the pseudo-isopiestic
method permits a closer approach to equilibrium than does the Knudsen
cell method. The kinetic data (variation of cesium sorbate concen-
tration versus time) of the experiments also indicated the sorption
process, in general, is too slow to be followed by the Knudsen cell
technique.

6. The modified-exponential equation (Equation 2.12) appears to be
the most satisfactory mathematical formulation for cesium-graphite sorp-
tion behavior. It gives a good approximation to Freundlich behavior in
the vapor pressure region 10“3 Pa to 10 Pa and at lower vapor pressures
tends to become Henrian in behavior.

7. The kinetics data of the pseudo-isopiestic experiment with

graphite powder was found to be very well represented mathematically by

kinetics Equation 4.1, which is based on the site (trap) activation energy,

€, being approximately equal to the site interaction (sorption) energy,
X. In accordance with theory for modified-exponential sorption, the
sites are taken to be non-uniformly distributed having a number which
decreases exponentially with interaction energy, X, which has a finite

upper limit XL'

8. The kinetics data of the pseudo-isopilestic experiments with solid

graphite do not fit kinetics Equation 4.1 quite as well as does the data

obtained with a powdered graphite sample. The fit, however, is reason-

ably good and at short times, the data appears to reflect rapid evaporation

of cesium from external graphite surfaces while at very long times the
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kinetics are believed to be controlled by a slow diffusion of atoms to
residual sites within the bulk of the graphite.

9. In binary sorption studies, where data was obtained of the
effects of barium or strontium in graphite (H- 453) on the equilibrium

vapor pressure of cesium, a thermodynamic treatment was found the most

useful. The ideal vapor pressure is given by Equation 5.1 which utilizes

first component activity coefficient, Yp defined as the ratio of true
cesium vapor ressure to the ideal vapor pressure. The logarithm of

the activity coefficient is expressed by a polynomial,

_ 2 3
+ In Y. T &% +c, ¥, + cy X,
where x, = the mole fraction of the second component, barium or stron- -

2

tium. The right side of the equation is positive. Deviation from the
ideal is such that barium yields a negative deviation ( - sign) while
strontium gives a positive deviation ( + sign) for 1In Y. The coeffi~-

= -10.15, ¢, = 11.53 and for

for barium are c, = 3.78, ¢ 3

3’ 1 2

= 8.112, c, = -18.09, ¢

cients, ¢

strontium are c = 11.31.

1 3
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APPENDIX I Edit of FORTRAN Computer Code KINETICS

NCS.EZ«NE/KAZI,TIME=0010,PAGES=0020

PROGRAM KINETICS:

PURPOSE?

THIS PROGRAM

SCRPTICN ThHEORY (DERIVED IN EGUATICN 3-56) TO

PETERMINE

CHARACTERISTIC FRECUENCY AND F VALUE FOR
FOR SORPTION OF CESIUM BY H-451 GRAPHITE IN EXPERIMENT
NUMBER 16

DESCRIPTION OF PARAMETERS:

T
CINTAL
CF INAL
P1

P2
CONC
CCONCL A
CCNCMC
CCONC1
CCNC2
As U
DeE

viL

N

TEMP
AS

R

FVALUE
PO
TGAP 1 4
TGAP34
YAXIS
Al

A2

TIME IN MINUTES

INITIAL CCNCENTRATION (ALSO C1)

FINAL CONCENTRATYION (ALSQO C2)

INIT1AL PRESSURE

FINAL PRESSURE

TOTAL CCNC AS A FUNCYION OQF TIME
CONC(LANGMUIR)

CONC{(MONDOLAYER)

FIRST INTEGRAL CCNCENTRATICN

SECOND INTEGRAL CCNCENTRATION

CONSTANTS AS IN EQN LN P = A 4+ U%LN CCNC
CONSTANTS AS IN EQN U= (D+E*10%%x3/TEMP)
UPPER LIMIT OF INTEGRALS

NUMBER OF POINTS

CSAMPLE TEMPERATURE

CHARACTERISTIC FREGUENCY

TERM FOR CHANGE CF ENTRCPY WITH
INTERACTION ENEKRGY

VALUE OF F (SEE FIGURE 3.1)

FEFERENCE PRESSURE

TIME INCREMENY IN FIRST QUARTER RUN TIME
TIME INCREMENT IN L AST 374 RUN TIME

Y-AXIS GRAPH SCALING FACTOR FCR CONCENTRATION

LOWER LIMIT OF FIRST INTEGRAL
LOWER LIMIT OF SECUND INTEGRAL

IMPLICIT REAL*E(A~-H,0-2)

DIMENSION Z(24)+WEIGHT(24)

DIMENSION CONC(1201),T(100)

DIMENSIGCN CONC1(123C)+CCNCZ(100),sYAXIS(100)
CATA COCNCLAJCONCMO/047CD09 2040000/

INVOLVES THE KINETICS MODEL EBASED CN TrE
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sl s NalWalg!

aNaNaNaNe!

s NaNaNaNal

DATA EP/1.C-06/

DATA C+E/~645669+14,498/
CATA TEMP/1273./

N=20

READING NODES AND WEIGHTS FOR 24-POINT GAUSSIAN
CUADRATURE INTEGRATION

CC 10 I = 1412
10 READ(1+20) Z(ID)sWEIGHT(I)
20 FORMAT(2F22.21)

READING VALUES OF C(OGNCENTRATICN AND PRESSURE
AT TWQ EQUILIBRIUM PO INTS AND DETERMINING VALUES
CF A ANC U BETWEEN THESE TWO POINTS

READW+SCALE

END=SCALE

READsP1+P2+CINTALWCFINALT(1)4T(N)

READsAS

READ ,F VAL UE

SCALE=SCALE/{(CFINAL-CINTAL)
U=DLOG(PL1/P2)/DLOG(CINTAL/CFINAL)
=DLOG(P1)~U*DLOG(CINTAL)

CALL TRAPS(14+41¢52000+1,1)

Pl=4+%DATAN(1.D0)

R=1.0-03%D/F
Y=A +U*(DLOG(CONCNMO)Y+CLCG(PI/ZU/DSIN(PIL/U)))
PO=DEXP(Y)

THETAL=CCNCLA/CCNCMO

UMINUS=U-1.

X=UMINUS*(PI/ZU/DSIN(PI/ZUY)**U * (1.D0/THETAL)

«¥¥UMINUS

VL=~DLCG(THETAL)

ITERATICN FOR UPPER LIMIT VL USING NEWTON-
RAPHSON'S METHOD
EP - EPSILON FOR [ITERATION PURPOSES

DOEI=1,35
FUNVL=1.00/UMINUS*DLOG(X*(1.00-DEXP(~VL)) +1.D0C)
DFUNVL=1.DO0/UMINUS=-1.00
DELTA=-FUNVL/DFUNVL
VL=VL+CELTA
DELTA=DABS(DELTA)
IF(DELTA.LELEP) GO TQ4 1
S5 CCNTINUE

-VL
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Il"'lll .

C
C

C

1

B=VL

NN=N/2

INTVAL=N/2~1
TGAP14=(T(N)~T(1))/4+/DFLOAT (INTVAL)

TGAP34= (T(N)-T(1))*34/4¢/CFLCAT(NN)
X1=1¢CO/(PO*¥(14CI-BEXP(=VL)))

XF=X1%P2

XI=X1%P1
WRITE(3:99)CCNCLAS CONCMOsCINT AL s CFINALsFP15P2,
ePCsALUR, VL

99 FORMAT('17%,'CL ='4,D15.8/7¢* CM =t',D15.,8/7" C1 =9,

101

eD15e8/7' C2 =*,D15.8/*' Pl =?,D15.8/7" P2 =",
«D15.8/* PO =*,015,8/"? A =',D15.6/"* Uu =7,
=015.8/7" R =',015,8/* VL. =',015.8/))

WRITE(3,101) AS+«FVALUE

FORMAT (0% 44X +1AS = ?,D12.S/1X+*FVALUE = '4D12.5,
o //7EXs " TIME (M) * o5X ¢« "CONC" 84X s "CONCL1?,4X s *CONC2"

e &4 X 'Y-AXIS*/)

CALCULATING FCR FIRST AND SECOND INTEGRALS

11

DC 14 J =14sN

Jd=Jd=1

IF(J.NEel) GO TO 11

Al=0.

A2=0.

GO 1O O

IF{Je«eGT«NN) GO TO 8

T(J)=T(1) + YCAPL4*DFLCAT(JJ)
GO 10O 7

JJJ=J-NN

T(JI=TINN) + TGAP34XDFLOAT(JJJ)
TIME=(T(J)=-T(1)})%x€0.
Al=(1.~-R*TEMP)*DLOG(AS*(TIME+1.D0/AS)) /FVALUE/U
A2=A1

IF(A24GTeB) GC TG 2
Ci={(B+Al)/2.

C2=(B+A2)/2.

01={E~A1)/2.

D2=(g-A2)/2.

SUML1=0.

SUM2=0.

00 13 K =1,12

E1=C1+D1%Z(K)

E2=C2+L2%2(K)

F1=C1-D1%Z(K)

F2=C2-02*2(K)

FIRST =XI*(0EXP(UMINUS*EL)/(1.+P1/POXDEXP(U%EL))
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- +DEXP(UMINUS*F1)/(1.+P /P C*DEXP(U*F1)))
SECOND=XF* (DEXP(UMINUS*E2)/(1.+P2/PO0*DEXP(U*E2))
. +DEXP(UMINUSXF2) /(1. +P2/P0%DEXP(UXF2)))

WIFUNI=WEIGHT (K) %*F IRST
WIFUN2=WEIGHT(K)*SECOND
SUMI=WTFUNL+5SUMI
13 SUMZ2=WTFUNZ2+SUM2
AREAI1=D1%SUMI1
AREA2=C2%SU M2
CONC(J) = CFINAL+(AREA1-AREA2) *CCNCMO
CONC1({J)=ARFA1%xCONCMQ
CCNC2(J)Y=AREA2CONCMO
YAXIS(J)=(CONC(J)~-CINTAL)*SCALE
14 CONTINUE
GG 10 2
2 DO 16 1=1,JJ
16 WRITE(3+102) I+T(I)sCONC(I)eCONCLI{I)eCCNC2(I)s
e YAXIS(I)
N=JJ
GO TO S00
3 DO 15 1 =1,N
15 WRITE(34+102) T+T(I)sCONC(I)+CONCL(I)+CONCZ(I),
e YAXIS(1)
500 WRITE(3.,103) END
102 FURMAT (1 X4 12084 XsFHEeDe3 (84X eFS5e3)e8XeFbe2)
103 FORMAT('C*,30X,'END OF SCALE ‘'S FSe2/77777/77777)
STOP
END

$DATA
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0.50000D~-02
Ce975CCD 00

CCNC

0830
3674
44329
4 0,656
4.862
5009
Se120
£.208
5.281
5.342
S.466
S¢554
Se621
Se672
S.714
Se748
S«776
54800
S.820

CL = 0.7CC0000CD CO
CM = 0230002300D C2
Cl = Ce9332030CD CO
C2 = J.600000000 01
Pl = J.16212033C-C3
P2 = 0.128280€0D0 C1
PO = 0.6C297603D0 C3
A ==3.83926951D C1
U = 0482204710 C1
R =-0.4%5289005C~-03
VL = 0437877025C C1
AS =
FVALUE =
TIME(M)
1 Je
2 751.
3 1503,
4 22%4.
S 3CC6.
6 3757
7 4508
& EZ€0.
9 6J11.
1C 6762.
11 87S1.
12 10€20.
13 12E4G.
14 14878.
1€ 16906.
16 18935.
17 20964,
18 22563
19 25021.
20 27050«

Se837

CONCI

Je46G5
CedG3
Ce 491
0.488
0.486
Ce4E23
0ea80
Cea77
Ced74
Ce4 70
Ce4€1
0.451
Ced42
Deda3z
0.422
Oea1l12
Ce402
Ce 362
0384
O0e374

END OF SCALE

CONC2

Se 664
2819
2.1€1
1.833
1.624
1e474
13€0
12€8
1193
1.129
0995
J.897
0.E21
0759
Q.7C8
O« €EE4L
De627
0eS63
0e.S5€4a
0537

Y—-AXIS

-0.38
10.22
12.67
13.89
14.6€
15.20
1562
1S5.95
16622
16«44
16.6G1
17.24
1749
17.68
17.83
17.%6
18.06
18.15
18.23
18.29

1850
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APPENDIX II

List of Apparatus Used in Sorption Run

Heating System

128

Versatherm Model 2156-Proportional Electronic Temperature Controller for

cesium source

Fabricated heating coil for cesium source

Custom—-made heating jacket for mid-section of sorption rig

Barber Colman Model 122Y - Temperature Controller for heating jacket

Lindberg Model 54032 - Electrical Resistance Furnace

Barber

Barber Colman Model CB4l -~ Proportional Power Controller for Lindberg

Furn

Fabricated Safety Trip Circuit for cutting off furmace power

Colman Model 537H - Temperature Controller for Lindberg Furmace

ace

Thermocouple wires - K-type and J-type

Thermo Electric Digimite Model 31160 - Digital Temperature Indicator

Keithley Model 178 - Digital Multimeter

Counting System

Scintillator NaIl (T1l) crystal

Ortec

Ortec

Ortec

Ortec

Ortec

Ortec

Model

Model

Model

Model

Model

Model

276

486

715

410

419

456

Photomultiplier Base for scintillator

Pulse Helght Analyzer Amplifier

- Dual Counter/Timer

Linear Amplifier

Precision Pulse Generator

High Voltage Power Supply



Ortec Model 401A - Modular System Bin

Ortec Model 4024

Bin Power Supply

Ortec Model 432A - Printout control

Teletype Printer

Teletype Corporation Model
Tracor Northern Model TN-1705 Multi Channel Analyzer

Fabricated Switching unit for automatic counting

129



130

APPENDIX IIT

Liang's Formula for Cesium Vapor Pressure at the Graphite Sample

When a temperature difference exists between the source, TSRC K

and the graphite sample T K, a correction can be made by the use of

SAM

Liang's expression to find the ratio of the cesium vapor pressure over the

graphite sample, PSAM to that over the cesium source PSRC' This expression

is

2
P (¢ )7 + B, (9 &) + 1.0
PSAM - OcHe g He "o . . (AIII-1)
SRC SRC
e (<b e) + Q{e(b €)
SAM
where aHe = 2,13
= P i i ITI-2
£ PSRCd ( spe In units of mm) (A )
d = tube diameter = 18 mm
TSRC ¢
BH = 4,83(1 T
€ SAM
r = collision radius of cesium atom = 2.62A
¢g - lO(1og(2r) - 0.35)10.44 _ 6.909

In the Equation (AIII-2), cesium vapor pressure over the source, PSRC is

determined in mm units,

AP-BP/T - CP x log(T

P = 10 SRC SRC) (AIII-3)

SRC
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where the cesium vapor parameters are given by

AP = 11.38
BP = 4075
CP = 1.45

The vapor pressure at the graphite sample is now found by the product

of Equations (AIIF1) and (AIII-3). Sample Calculation: Given temperature

of cesium source as 300 K and that of graphite sample as 1272 K, then

1.603 x 10° m

Cesium vapor pressure over the source, PSRC

2.109 x 10 2atm

2.137 x 107% Pa,

3.298 x 10°° mn

Cesium vapor pressure over the graphite sample, PSAM

4.340 x 10~ atm

4.397 x 107 Pa
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APPENDIX IV

Determination of Activity Coefficients from Thermodynamic
Model

In this study, no experiment was performed on pure barium sorption
by graphite, therefore it became necessary to use the parameters from
a barium sorption work performed in the same graphite (H-451 grade) at
General Atomic in 1973. The relationship as reported in General Atomic

Report, GA-Al4479 is given by

1InP(Pa) = [19.37-—%%2%%—] + [0.426 + %%g%{]lnc(mmollkg)

(ATIV-1)

Using the subscripts 1 for cesium, 2 for barium and the temperature T as

1272 K, the relationship obtained for H-451 graphite is reduced to

1nP = =17.826 + 3.357 1nC

2 2 (AIV-2)

From Equation (AIV-2), the parameters corresponding to equation in the

form InP = a4 +b InC lead to

a2 = ~17.826 (AIV-3)
and
b2 = 3,357 (AIV-4)

Comparing Equation(AIV—Z)to the Freundlich isotherm relationship

ke (3.1)

av}
]



133
the coefficients become
-8
k2 = exp(az) = 1,8129 x 10 (AIV-5)
and u, = bz = 3,357 (AIV-6)

Similarly the coefficients derived from this experimental study for cesium

sorption lead to

1.6975 x 1072 (AIV-7)

o
f

= 5.193 (AIV-8)

[~
|

The thermodynamic model for mixed binary Freundlich sorption is given by

f "
k.C, C, + (u,/u,)cC
Pl(ideal) = 2 1" 2

171 71
(3.16)
(C1 + Cz)
which is rearranged as
C u C u c ul
1 (C.4C.) 1} 71 + 2 2
P_(ideal) = k 1
L (ideal) 1 (Cy3C,) 172 C, +C, u \C ¥,
(ATIV-9)
The molefraction of cesium, X is represented by
c1
X, = ———— (AIV-10)
1 C1 + C2
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therefore the molefraction for barium, Xy becomes

X, = 1 - x (AIV-11)

Substituting the expressions for molefractions in Equation (AIV-9), the

cesium pressure relationship obtained is

u u u, - u 1
- N B T O Bl
Pl (ideal) kl (C1+C2) X, [ = + ( " ) xl]

or

ul ul - u2 u1
Pl(ideal) kl(C1 + Cz) (l—xz) 1- — xz] (AIV-12)
1

The activity coefficient for cesium, Yl is defined as

Pl(true) Pl(exp)
Y1 < P, (1deal) = P, (ideal)

(AIV-13)

where Pl(exp) is the observed experimental value of cesium vapor pressure

P It is assumed that the activity coefficient Yl is a function of

1

cesium molefraction X (or xz). Hence,
Y, = £0x) (AIV-14)
gives Yy = 1 when x, =1

Similarly if

v, = £(x,) (ALV-15)
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then Yl = 1 when X, = 0.
A possible function that can be assumed is
Y]_ = exp —f(xz) (AIV-16)
or
—lnY1 = f(xz) (AIV=17)

Therefore from Equations (AIV-12), (AIV-13) and (AIV-16), the experimental

cesium vapor pressure, Pl(exp) is derived to be

uy (u1 - uz) %1
Pl(true) = kl(Cl + C2) 1 - XZ) 1 -— X, Y,

(AIV-18)

The next step is to find the exponential distribution function by plotting
—lnY1 against the barium mole fraction as shown in Figure IV-1l . Various
polynomial expressions were applied to the distribution function by using
linear least~squares analysis. The best polynomial fit obtained for

reduced chi-squared value of 0.06 corresponds to the equation of the form

_ 2 3
--lnY1 =c¥%,) + c X, + c3x3 (AIV-19)
where
cl = 3,775
Cz = -10.154
Cc =
3 11.53
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From Equation (AIV-19), the activity coefficient which is a
function of barium mole fraction was found to be given by
Y, = exp =-(¢,x, + ¢c,x 2 +c, X 3) (AIV-20)
1 172 272 372

Equation (AIV-20) was substituted into Equation (AIV-18) and the plot for

P(true) which is the same as P(exp) is shown in Figure 5.15 .
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APPENDIX V

Experimental Errors

V-1. Background Correction for Cesium and Barium

Tube background correction was imposed on all the concentrations that
are plotted on the isotherms. Tube background consists of cesium and
barium sorbed on the tantalum liner which serves as a protective sleeve.
The graphite sample was maintained at a constant temperature of 1000° c.
It rested on the tantalum sleeve which was lined in the Inconel-600 sorp-
tion tube. Correction for tube background was made possible by the exper-
iments carried out by Pyecha and Zumwalt (1), They carried out cesium
sorption work on tantalum and molybdenum sleeves without the graphite
sample. They found that the sleeves adsorbing cesium followed a linear
log P-log C relationship until they reached highest sorbed concentration
which corresponded to the maximum cesium vapor pressure. The time needed
to attain equilibrium was about 200 to 600 minutes. On desorbing the
sleeves, they observed no change in the cesium activity in spite of the
variation imposed on the temperatures of the main furnace and the cesium
source as long as the cesium vapor pressure was lower than the maximum
attained earlier. Regarding barium content of the graphite sample, the
barium loss during the desorption stage was less than 10%Z. Hence, the
end-of-experiment, barium tube background was assumed and this background

correction was applied to the gross desorption results.

V-2. Experimental Errors Arising from Physical Measurements

(1) Graphite Sample Temperature
There was an uncertainty with which the sample temperature was

measured. The temperature of the sample was assumed to be the same as
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that of the Inconel sorption tube in that region. Measurement of temp-
erature involved the use of a thermocouple and an optical pyrometer.
The error in sample temperature is no more than 10° ¢ which was the
maximum difference between the pyrometer and thermocouple measurements.

(ii) Isotope Concentration Determination

Another source of error was the determination of cesium and barium
content in the graphite sample. The sorbed elements in the sample were
tagged by radioisotopes. The isotopic activity of the sample was compared
with the activity of the polyvials* containing standard solutions. There
was a difference in the geometrical shape between the sample and the
polyvials. A correction was made for this difference which corresponded
to about 4% in counting efficiency. These polyvials containing the
standard solutions)physically fitted only in the thin-walled tube. There-
fore, those experiments that used a slightly thicker walled tube involved a
correction that accounted for 7% difference for the combined geometry—
attenuation factor.

(iii) Calibration involving counting system

The counting system presented a possibility of a drifting of calibra-
tion for the isotope activity since the time span for the experiments was
3 to 6 months. Polyvials containing standard solutions were counted be-
fore the start of the experiment and after the conclusion of the experi-
ment. Depending upon the behavior of the electronic counting system, the
isotope activity was determined from the average of the two counts and in
some cases determined from the end count of the standard solutions. The

difference between the two counts was less than 10%. Single channel

*The polyvials were snap-lid—-closed polyethylene vials of 16mm outer dia-
meter, 55mm length and about lmm thick.



140

analyzer (SCA) was continuously used for monitoring the activity to study

the kinetics behavior. At the equilibrium stage, gamma-ray spectra indi-
cated that the sleeves were being saturated with cesium. Therefore, it is

a simple matter to subtract the end-of-experiment cesium tube background

from the gross desorption results. The slope determined from the adsorption
isotherm of the tube background experiment was applied to the barium-cesium
sorption experiments for tube background correction. The end-of-experiment
cesium background found from the same barium-cesium experiments was used as
the upper value for the adsorption isotherm for that experiment. The sorption
isotherms of cesium background do not have a linear log P-log C relationship
but since the cesium tube background constitutes a few percent of the gross
cesium content, the error for the net cesium content of the graphite sample is
about 2-3%.

The barium-impregnated graphite sample lost a considerable amount of
barium during the absorption stage and this barium was subsequently deposited on
the tantalum sleeve. Since the barium content was about a couple of mmol/kg
as compared to the cesium content on the sleeve which was less than a couple
of tenths of mmol/kg, no attempt was made to determine the net barium obtained
from the Multi-Channel Analyzer (MCA).

The data were analyzed by a computer code developed by Schonfeld (17).
This code took into account gain shift and threshold shift of the counting
system. At each equilibrium point, calibration of the counting system was
checked with the help of a precision pulse generator and the difference between

SCA counts and MCA counts was found to be not more than 5%.



