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ABSTRACT 
mm 

137, The determination of the leaching rate of radioactive , J 'Cs 
from a cement grout should the grcut be contacted by water is 
necessary for environmental protection. The effect of leachant 
turnover rate on 137rs leaching rates was evaluated with batch 
and continuous (modified Soxhlet extractor) nudes of experimenta­
t ion . Three additives (Grundite, potter's clay, and Conasauga 
shale) were compared in terms of capabil i ty of radioactive isotope 
retention, while two leachants (tap and d i s t i l l e d water) were i n ­
vestigated. 

The Soxhlet extractor experiment resulted in the highest 
rate of leaching.and Conasauga shale was found the best additive 
for 1 '̂Cs immobilization. Tap water used as leachant was more 
effect ive than d i s t i l l e d water. Data were analyzed using models 
involving i o t o p i c di f fusion in the grout and involving dif fusion 
plus a time dependent boundary condition at the interface of 
grout specimen and leachant. 
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1 . SWWARY 

The leaching of 
137C s 

from 80-day cured cement grout specimens was 
studied to determine the effect of the following factors on leaching 
rate: ( U type of additive in the grout (Grundite, potter's clay, or 
Conasauga shale), (2) rate of leachate replacement (continuous replacement, 
batch replacement at one or two-day intervals, and no replacement), (3) 
stagnant and stirred leachate, and (4) type of leachant (tap or distil led 
water). A modified Soxhiet extractor was used to continuously replace the 
leachate. The experimental data were f i t ted to a diffusion model for a 
semi-infinite medium with one of two possible surface concentration bound­
ary conditions: zero concentration or an exponentially decaying concentra­
tion with time. Higher rates of leachate replacement resulted in higher 
leaching rates and effective diffusivities. Infrequent leachate replace­
ment and a resulting approach toward equilibrium saturation, or steady 
state conditions, inhibited leaching. 

Continuous leachate replacement in tht modified Soxhiet extractor 
provided the highest leaching rates and the closest experimental approxi­
mation of a zero surface concentration boundary condition. A diffusion 
model with a time dependent boundary condition provided a better f i t to 
the data than a model with a zero surface concentration boundary condition. 

A Conasauga shale grout sample retains cesium better than potter's 
clay which retains i t much better than Grundite. There is about three 
orders of magnitude difference between the effective di f fv i iv i ty for Cona­
sauga shale and Grundite based on model parameters. Tap water was found 
to be a stronger leachant than disti l led water. Further studies should 
be conducted with continuous leachate replacement. Plating and adsorption 
of '3?Cs on the stainless steel and glass equipment should be investigated 
as a possible source of error. Improved sensitivity in the analysis of 
cesium content is desired. 

2. INTRODUCTION 

2.1 Background 

Immobilization of radioactive nuclides in a cement grout is currently 
employed for long-term underground storage of intermediate-level radioactive 
wastes from nuclear research operations. For environmental protection, i t 
is necessary to know the mass transport rates of the radioactive nuclides 
from the grjut should i t come in contact with water (1_). 

The International Atomic Energy Agency (IAEA) has proposed a standard 
testing procedure (2) for measuring the rate of leaching of radioisotopes 
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froM a variety of storage materials used to immobilize the radioactive 
waste material. In this method, one end of a cylindrical storage material 
specimen, characterized by a surface area-to-volume ratio of M).2 cm-1 for 
an -100 cm3 sample, containing the radioisotope is exposed to a fixed volume 
of leachant, usually water. Samples of the leachate are analyzed to deter­
mine the quantity of radioactive material leached from the storage medium as 
a function of time. Theoretical models for isotopic mass transport in a 
semi-infinite solid have been developed ( 1 , 3, 4) to analyze leach rate data 
obtained from these tests. An inherent disadvantage of the IAEA procedure 
is that i t takes 3 year or more to obtain enough data for interpretation 
using the theoretical models. Thus, detailed parametric studies in often 
impractically long. 

An alternate test procedure was recently developed by the Chemical 
Technology Division at ORNL; an NIT Practice School group demonstrated that 
useful data could be obtained in three weeks (4) using this technique. This 
test method (hereafter referred to as the 0RNU3tIT-194 method) uses a smaller 
cement sample having a volume of "A or and a surface-to-volume ratio of 
^3.5 cm"' with the entire cylindrical specimen exposed to the leachant. 
Semi-infinite geometry models and f in i te cylinder models have been compared 
(4) . I t has been demonstrated that leach rate data obtained using the 
ORNL-MIT-194 method could satisfactorily be treated using the semi-infinite 
geometry. 

Recent work (2) indicated that the leachant turnover rata (frequency 
of leachate replacement with fresh leachant) affects the isotopic leaching 
rate. Hence, the value of the effective mass transport diffusivity and 
mechanism rate constants, calculated from the theoretical models developed 
to explain the mass transport phenomena involved in leaching, are also 
affected. The effects of leachant turnover rate on isotopic leachinq rate 
were investigated to resolve the uncertainty regarding effective diffu­
sivity and rate constants. 

2.2 Description of the Models 

Two theoretical models of the mass transport process were developed 
to analyze the data. The f i rs t model involves the simple diffusion of 
cesium from a semi-infinite grout specimen in the leaching medium. In the 
model, a l l cesium was assumed to be mobile at the start of the leaching 
process and the concentration of '3'Cs at the surface of the grout is 
assumed to be zero it a l l times. The second model also involved diffusion 
in a semi-infinite medium, but with a time-dependent surface concentration 
to account for a hypothetical rate of "wash off" of the grout surface by 
the leachant. 
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2.3 Objectives and Method of Attack 

The objectives were: 

1. To determine the effect of leachant turnover rate on the leaching 
rate of ' 3 'Cs from cement grouts of various composition, and hence, to 
determine the effect on the effective diffusivity, D e , and other mechanism 
rate constants calculated from the theoretical models. 

2. To ascertain the validity of the various models. 

3. To evaluate the testing methods for measurement of leaching rates. 

The amount of * 3 'Cs leached from cement grout specimens as a function 
of t ic* using various leachant turnover rates was experimentally measured 
for three different grout compositions. A modified Soxhlet extractor was 
used to effect continuous leachant turnover. Only one Soxhlet extractor 
was available; consequently only one specimen was tested in this apparatus. 
Batch experiments were conducted using the 0RNL-HIT-194 procedure with 
leachate replaced at 24-hr and 48-hr intervals. Additional batch experi­
ments were conducted with no leachate replacement. 

The theoretical models were f i t ted to the data obtained in this pro­
ject and to data previously obtained using the ORNL-HIT-194 method. Values 
were obtained for the effective diffusivity, D e , and other mechanism con­
stants for each set of data. 

The values of these parameters are compared to the leachant turnover 
frequency; and, together with a comparison of the theoretical leach rate 
curves, an evaluation of the validity of the models and the applicability 
of the testing method for measurement of leaching rates can be made. 

3. EXPERIMENTAL APPARATUS AND PROCEDURE 

Leaching experiments were conducted with grout specimens containing 
three different additives: Conasauga shale, Grundite, and potter's clay. 
The composition and method of preparation of the specimen are discussed 
in Appendix 10.2. Each specimen was cylindrical with a 1.61-cm diameter, 
2-cm length, to give a surface area of 14.2 cm2, a volume of 4.1 cm3, and 
a surface area-to-volume ratio of 3.49 cnH. Each specimen contained 
12.36 uCi of radioactive cesium. The experiments were started after the 
specimens had been cur°d 80 days. Two additional experiments were started 
a week later or after 87 days of curing. 

One Conasauga shale grout specimen was contacted with a continuously 
replaced disti l led water leachate in a modified Soxhlet extractor. A 
schematic diagram of the apparatus is shown in Fig. 1. The evaporator 
was f i l led with 300 ml of disti l led water which was boiled and then con­
densed in a shell and tube heat exchanger. The condensate dripped into a 
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175-ml specimen beaker where the specimen was suspended in a stainless 
steel wire holder. Filtered compressed air was bubbled through the speci­
men beaker to provide agitation. A tube siphon between th? bottom of the 
specimen beaker and the bottom of the evaporator carried the leachate to 
the evaporator. The tube siphon was vented to the atmosphere to maintain 
the water level in the specimen beaker at a constant level. Three power 
supplies were adjusted to supply enough power to the evaporator heaters to 
maintain a 40-ml/min flow rate. Thermocouples indicated a room temperature 
of 23'C, a leachate temperature of 27°C, and an evaporator liquid tempera­
ture of 100°C. Details for the Soxhlet evaporator and the procedure for 
measuring flow rates are given in Appendix 10.6. 

Before a sample was taken from the Soxhlet extractor, the power sup­
plies were turned off. The evaporator was emptied into a stainless steel 
beaker and the contents cooled to room temperature in an ice bath. The 
volume of the sample wits measured in a 500-ml graduated cylinder, and then 
a 5-ml sample was taken with a pipette to be analyzed for gamma radiation 
and pH. The f i rst Soxhlet sample was discarded after measurement and 
300 ml of fresh disti l led water was put in the evaporator. All samples 
which followed were returned to the evaporator. Kakeup water was added to 
keep the volume at approximately 300 ml. Five-ml sanples of the leachate 
in the specimen oeaker were occasionally taken for a gamna ray count and 
pH measurement. 

Leaching experiments were also conducted with discrete replacement of 
leachate in batches of 200 ml. By holding a l l other factors equal in two 
experiments the effects of the following variables on the amount leached 
were determined: (1) the time span between leachate replacement: one day, 
two days, or no leachate replacement, (2) frequency of sampling the leachate. 
(3) the effect of stirring the leachate, and (4) type of leachant: tap 
water or disti l led water. One experiment in which the leachate was never 
replaced was run in triplicate to test for reproducibility. Two short-term, 
two-day experiments were started one week later than the others to obtain 
additional data on the f i rst two dcys of leaching. In al l these experiments 
the specimen was held in a stainless steel wire holder and immersed in 
200 ml of loachant i r a 250-ml stainless steel beaker. In some experiments 
the specimen was suspended above a magnetic stirring bar; an a o.stos pad 
separated the beaker and the stirring motor to minimize heat transfer from 
the warm motor. In the unstirred experiments the legs of the wire holder 
rested on the bottom of the beaker (see Fig. 2 ) . All beakers were enclosed 
in a plastic jar to minimize losses by evaporation. Leachate was replaced 
by removing the specimen and its holder, tapping i t on the side of the beaker 
to drain the leachate, and placing i t in another beaker with 200 ml of fresh 
leachant. The old leachate volume was measured in a 250-ml graduated cylinder. 
In the case of no leachate replacement experiments the leachate volume was 
measured twice near the end of the experiment. In all experiments, 5-ml 
leachdte samples were taken with a pipette, analyzed for gamma activity and 
pH, and returned to the rest of the leachate. 

A description of the experiments is given in Table 1. The four verti­
cal columns divide the experiments into four grout additive-leachant combi­
nations. On the lef t side of the table is the description of all experiments 
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Table 1. SuMury of Experiments 

Shale-
Leachate Replacement Frequency Tap Water 

Sample-Leachant Combinations 
Conasauga 

Conasauga Shale- Potter's 
Distilled Grundlte- Clay-

Water Tap Water Tap Mater 

Continuous X-S 

Every Day - Unstirred 1-S 1-S0 1-G* 1-P* 

- Stirrer 1-G(ST)C 

l-G(ST)* 

Every Two Days - Unstirred 2-S 2-SD 2-GC 

2-G* 

2-p* 

None 0-S 0-SD-1 

O-SD-2 

0-5D-3 

0-G 0-P 

Indicates leachate was sampled between leachate changes In addition 
to sampling during leachate change. 

In terms o c leachate replacement rate and stirring. In the horizontal row 
adjecent to each experiment description are listed the corresponding 
experiments. The experiments are listed Ir terms of a phonetic experiment 
code. The symbols In the codes have the meanings: G = Grundlte, P = 
potter's clay, and S = Conasauga shale, C = control experiment (leachate 
sampling only rtien replaced), D = disti l led water, ST = short-term experi­
ment (two days), X = Soxhlet, 1 - leachate charge every day, 2 = leachate 
change every two days, and 0 = no leachate change. 

Five ml of each leachate sample was analyzed for gamma radiation with a 
aamma scintillation counter. Most samples were counted for five 5-min 
periods and some were counted more times. In i t ia l ly the activity was 
measured In the integral mode over the energy range of 0.04 to 1.0 Mev. 
Many of the Integral measurements were not significantly above background. 
Therefore, al l activity measurements were retaken in the differential mode 
at 662 + 5 keV. 

The procedure for calculation of fraction leached from measured activity 
is given in Appendix 10.3. Preliminary 1-ml samples were taken from the 
Soxhlet evaporator to determine when the concentration was high enough to 
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take a full sanple for counting. Some di lute sanp.es were concentrated by 
evaporation. Precautions were taken to prevent cross contamination of 
the experiments. Leachate sa**>1e containers were used once and discarded. 
Each experiment had separate s ta inless s tee l beakers, p ipette , and beaker 
for Making pH Measurements. 

The pH of each sample was read on a Beckaan Zeromatic pH Meter. In 
addition, the pH of d i s t i l l e d and tap water were measured each day. The 
water pK values did not vary and had values of 6.1 for d i s t i l l e d water 
and 8.0 for tap water. 

4. THEORETICAL MODELS 

The main interest in the leaching of cesiuM from cement grouts i s the 
e f fect of long-term leaching on the envirofUMnt. A rel iable extrapolation 
of short-term experimental data must be based on a model which closely 
represents the actual mass transfer in the cement grout. The data accumu­
lated were f i t t ed to two models using an i terat ive technique developed by 
Box ( 5 ) . Both models are based on diffusion in c semi-infinite medium but 
each nas different boundary conditions. The f i r s t assumes a zero surfac 
concentration and the second assumes a time-dependent surface concentration. 
A c lose f i t using these models had previously been obtained for 60-day 
cured grout samples. Previous work has shown l i t t l e difference between 
the results obtained for the model of diffusion in a semi-infinite medium 
and diffusion in a f in i t e cylindrical geometry for a 10-day experiment (4) . 

The Mass balance around a differential element in a semi-infinite 
medium with constant e f fect ive d i f fus iv i ty y i e l d s : 

at _ n 32C 

where: 

C = concentration at any position within the medium 

t = time 

D e = effective diffusivity within the medium 

x = distance from the surface of the medium 

In both models, an initial uniform concentration, C 0, within the medium 
was assumed and always maintained at an infinite distance from the surface. 
In the first model, mass transfer external to the grout is assumed to be 
so rapid relative to the Internal transfer that the surface concentration 
is zero. The boundary and initial conditions are: 

http://sanp.es
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x > 0, 

x = « , 

x = 0, 

t = 0 , 

t > 0 , 

t > 0 , 

C = C. 

C = C. 

C = 0 

(2) 

(3) 

(4) 

Solving the diffusion equation and performing an integration over tine 
gives (see Appendix 10.1 for derivation): 

where: 

*- ai i=l 1 

~*o~ ^ f > ^ (5) 

n 
*o 
S = 

V = 

= radioactivity lost during leaching period n 

= initial radioactivity in the sample 

surface area of the saaple 

volume of the sanple 

The second model considers that the surface of the grout may not be 
instantaneously washed off to a zero concentration. The surface has an 
initial concentration which decays exponentially with time. The boundary 
and initial conditions are therefore: 

x > 0, 

x = 0, 

x = «. 

t = 0, 

t > 0, 

t > 0, 

c - c 0 

C = <C 0e 

C = C« 

•8t 
(6) 

(7) 

(8) 

Solving the diffusion equation and performing an integration over time 
yields: 

j r - - 2 ( 7 ) (—) [ t 1 / 2 - ( 4 ^ ) daw(8t ) 1 / 2 ] (9) 

where daw is Dawson's integral defined as: 
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daw = e u ! e z dz (10) 
J o 

and «. and .- are constants. 

An equilibrium may exist between mobile and immobile forms of cesium 
within the grout. Appendix 10.1 describes how the two models account for 
a direct proportionality of mobile and immobile forms by a redefinition of 
the effective diffusivity {$). 

5. RESULTS 

The data obtained from the 80-day cured grout specimens were f i t tec to 
the diffusion models using Box's iterative technique {!>). The resulting 
values of the parameters are presented in Table 2. Representative data 
for the cumulative fraction l"Cs leached as a function of tiae for experi­
ments with a Conasauga shale grout specimen in the Soxhlet extractor and 
a potter's clay grout specimen with cne-day leachant changes are plotted 
with the predictions ov the diffusion models in Figs. 3 through 6. A plot 
of the cumulative fractio- leached as a function of time for a Grundite 
grout specimen with no leachant change is shown in Fig. 7. Data for other 
experiments are given in Appendix 1C.5. 

6. DISCUSSION OF RESULTS 

6.1 Comparison of Leaching Rate with Different Additives 

Figure 8 is a plot of the logarithm fraction of , J / Cs leached versus 
time for the daily leachant change experiments with Grundite, potter's 
clay, and Conasauga shale. The fraction leached from a Grundite specimen 
using tap water as the leachant is an order of magnitude above that from 
the other additives. From Table 2 , for the simple diffusion mjdel, effective 
diffusivities of 1 3 7 Cs in grouts with daily leachant changes and with 
Grundite. potter's clay, or Conasauga shale additives are ^900 x 1 0 - 1 3 , 
•\7 x l O " 1 3 , and "-1 x 10"^3 cm2/sec, respectively. 

6.2 Effects of Leachant Stirring on the Cumulative Fraction Leached 

Figure 9 shows the short-term concentration history of the fraction 
leached for a Grundi e specimen. The leachant was stirred and changed 
daily. A control experiment to determine any deviations due to frequent 
sampling was conducted simultaneously and monitored at leachant changes. 
No significant differences were noted between the two experiments. However, 



Table 2. Parameters for Diffusion Models 

Leachate 
Replacement 

Diffusion Model 
D e , cm /sec 

(x 10 1 3 ) 

Diffusion Model with Time 
Dependent Boundary Conditi ons 

Additive 
Leachate 

Replacement 

Diffusion Model 
D e , cm /sec 

(x 10 1 3 ) 
D e. 

2 
, cm /sec 
( 10 1 3 ) 

K' 

(x 10) 
B, sec"1 

(x 106) 

GrunUi te 

1-G every day 865 1170 4.15 3.74 

l-G(ST) every day 1070 3900 5.29 1.42 

2-G every 2 Jays 856 856 0.135 500 

Potter's Clay 

1-P every day 6.91 19.8 7.90 2.29 

2-P every 2 days 5.08 32.7 8.32 0.965 

Conasauga Shale 

X-S continuous 14.3 16.9 10.0 14.5 

1-S every day 1.33 2.94 8.06 2.99 

1-SD every day 0.543 1.32 7.76 2.79 

2-S every 2 days 0.796 1.77 10.0 3.53 

2-SD every 2 days 0.248 0.334 9.8 8.35 
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from Table 2, the diffusivlty of cesium in a Grundite grout is increased 
by 15 to 300% depending on the model when the leachate is stirred [compare 
the experimental results for Runs 1-G and l-G(ST)]. This difference may 
be ar t i f ic ia l in that the tabulated parameters for Run l-G(ST) have been 
f i t ted to the data shown in Fig. 9 spanning only two days while the param­
eters for Run 1-G were f i t ted to data spanning 10 days. 

6.3 Effect of Leachant Turnover Frequency 

The results of the investigation of the effect of taking samples be­
tween leachant changes are depicted in Fig. 10 for the Grundite grout with 
2-day leachant changes (Runs 2-G and 2-GC). Sampling between leachant 
changes may disturb concentration profiles in the liquid increasing the 
fraction leached as a consequence (see Sect. 6.2). However, differences 
might also be produced by small departures from uniformity among specimens. 
These departures are a result of the method of forming and cutting the 
specimens. The differences observed in Fig. 10 are not significant enough 
to conclude that additional sampling has any major pe-turbing effect. 

In Fig. 11, a variation in the frequency of leachant change from once 
a day to once every two days has no noticeable effect on the cumulative 
fraction leached from a Grundite specimen. For potter's clay and Cona-
sauga shale, a difference does exist. The effect of changing the leachant 
turnover rate from one to two days is to decrease, except 
for potter's clay additive, the effective diffusivity determined by either 
model by at most 50% (as observed in Table 2 ) . However, as the turnover 
rate is changed from once a day to a nearly continuous rate, the effective 
diffusivity for grouts with Conasauga shale increases by a factor of 5 to 
10, depending on the model used to determine the di f fui iv i ty . Clearly, 
the diffusivity is a stronger function of turnover rate between the con­
tinuous and daily turnover rates than between daily and every-other-day 
turnover rates. In fact, by inspecting Fig. 7 where the data for no 
leachant changes are presented, the cumulative fraction leached appears 
to be independent of time. 

I t is possible that the concentration of cesium species in the leach­
ate may affect the boundary condition at the grout and leachate interface, 
and consequently affect the rate at which species diffuse from the grout. 
The models which are currently used to analyze the data have a surface 
concentration boundary condition which is either zero and independent of 
t?.ne [Eg. (3)] or which wil l go to zero in the limit as time goes to in­
f ini ty [Eq. (7 ) ] . These boundary conditions may be suitable for leaching 
by an infinite volume of leachate, but may not accurately describe the 
situation of leaching by a f inite volume of leachate over a long time 
span of interest, since the leached species will be allowed to accumulate 
in the leachant. The current models were not use! to analyze the data 
from the unchanped leachant experiments because the models with their 
boundary conditions do not adequately represent the phenomena that are 
occurring. 
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In view of the above, a general trend can be established. Higher 
leachant turnover rates will result in higher values of the fraction 
leached at a given time for equivalent extents of stirrings. In the limit, 
continuous leachant turnover will result in the highest fraction leached 
at a given time. 

6.4 Efrects of Tap ard Distiller: Water 

Experiments involving changes of leachant once per day and once every 
two days were performed on Conasauga shale specimens using both tap and 
distilled water as leachants. A comparison of the leachants, representa­
tive CK both sets of data, is shown in Fig. 12 for the daily leachant 
change (Runs 1-S and 1-SD). The tap water leached considerably more than 
disti» v-' nater. The only known difference between the two agents was 
the cv.asured pK of 8.0 and 6.1, respectively. 

6.5 Modified Soxhlet Extractor 

Data for the modified Soxhlet extractor (Run X-S) and batch experi­
ments (Runs 1-SD and 2-SD) with Conasauga shale grouts are compared in 
Fig. 13. Dir.til led water was used in the batch experiments since the 
leachant contacting the specimen in the Soxhlet has been distilled by 
the equipment (see Sect. 3.1) and significant differences exist between 
tap and distilled water leaching (see Sect. 6.4). As expected, the rate 
of leaching (and therefore the amount leached after a given time) is 
considerably higher than for the batch experiments. 

This corroborates that reducing the accumulated 1 3 7 C s concentration 
in the leachant increases the rate of leaching. The scatter of the data 
is definitely more than could be expected to result from simple experi­
mental error. For a discussion of the possible sources, refer to Appendix 
10.4. 

6.6 Reproducibility of Results 

The batch experiment using Conasauga shale as the additive in grout 
and distilled water as the leachant (with no replacement) was done in 
triplicate to determine reproducibility. Figure 14 is a plot of the re­
sults obtained. The possible reasons for inconsistent results are the 
non-homogeneity of shale specimens used due to formation and cutting 
effects and difficulties encountered with the gamma scintillation counting 
equipment which are discussed in Appendix 10,4, 
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6.7 Agreement of Models and Data 

An analysis of the values of the parameters of the two models con­
sidered here for similar experiments shows that values of the apparent 
effective diffusivity are nearly three orders 0/ magnitude larger for 
Grundite than for potter's clay and Conasauga shale (see Table 2 ) . The 
models used are definitely not applicable to the batch experiments with 
no change of leachant due to the attainment of significant 137r,s concen­
trations in the leachant which is not considered in the models. 

Values of the parameters for the different experiments with a given 
additive give an insight as to the validity of the models. For the diffu­
sion model with zero concentration at the interface, the apparent effective 
diffusivity shows variations of the order of 20%. These variations indi­
cate that leachant turnover rates may have an effect on the computed 
effective diffusivity. For Conasauga shale the use of the modified Soxhlet 
extractor increases the value of the effective diffusivity by an order of 
magnitude. 

Values of the parameters obtained are in relatively good agreement with 
the applicable equivalents from 60-day cured specimen data. As can be seen 
in Tigs. 3 through 6, better agreement with the data is obtained with the 
diffusion model with the time-dependent boundary condition than with the 
simple diffusion model. 

7. CONCLUSIONS 

"1. Higher leachant turnover rates result in higher rates of leaching 
and increased values of the apparent effective diffusivities for the models 
presented. 

2. The modified Soxhlet extractor experiment best fulfills the boun-
ary condition of zero 1 37Cs concentration at the interface between grout 
and leachant. 

3. The highest rate of leaching observed was obtained in the modified 
toxhlet extractor experiment. 

4. For the time span and additive materials under consideration, the 
use of Conasauga shale in cement mixtures provides the lowest leaching 
rates, and therefore results in the best 1 3 7 C s immobilization. 
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5. The use of Grundite as an additive resulted in cumulative frac­
tions leached an order of magnitude above those for Conasauga shale. 

6. The leachant sampling frequency did not significantly effect the 
leaching rate. 

7. Infrequent changes of leachant in the batch procedure inhibit 
the rate of leaching due to the approach to an equilibrium value of the 
cumulative fraction leached, or an increase of l^Cs concentration in 
the leachant. Under the circumstances, the use of a boundary condition 
requiring zero surface concentration may not be appropriate. 

8. The use of a time-dependent bcundary condition at the interface 
results in better agreement of the model and the experimental data. 

9. Tap water is a more effective leachant than distilled water. 

8. RECOMMENDATIONS 

1. Further experimentation should be performed with continuous 
replacement of leachant. 

2. The possibility of developing a model which accounts for the 
effects of accumulation of '3'Cs in the leachant should be investigated. 

3. Reproducibility of results should be established. 

4. Plating and adsorption of 1 3 7 C s on the stsinless steel and glass 
equipment should be investigated in connection with the modified Soxhiet 
extraction procedure. 

5. The use of individual cylindrical molds tc insure homogeneity of 
the specimens is strongly recommended. 

6. The effects of stirring the leachant should be examined in 
experiments of longer duration. 
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10. APPENOIX 

10.1 Theoretical Hodels; Solutions of Differential Equations 

10.1.1 Derivation of Equations 

The nass balance around a differential element in a semi-infinite 
nediun with constant effective diffusivity yields the equation: 

If • °e0 <» 

For boundary and initial conditions: 

x > 0, t = 0, C - C Q (2; 

x = « , t > 0 , C = C 0 (3) 

x = 0, t > 0, C = 0 (4) 

the solution of the equation is (4_): 

C = C e r f — * — (11) 
0 2*o: 

where: 

r •- * erf(u) * 2 - ( e " * dz (12) 
/ii J 0 

From Fick's Law,the flux at the surface is: 

dJ = D S 
x=0 e 3 X 

3 6 0 

* s 0 ^Ugt 
(13) 

and the total amount leaving the surface is: 

0 • M . { J A - . 2DeC0(^)'/2 ( l 4 , 
J o J o /irlLt e 
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where: 

ia r 

- ^ 
V <L - TF-

(15) 

(16) 

Substitution of J and C 0 fron Eqs. (15) and (16) into Eq. (14) gives (4): 

U. 
JT - %\> *P 

For the boundary and initial conditions: 

x > 0, t = 0, C = C_ 

(5) 

x = 0, t > 0, C = <C e' 

x = », t > 0, C = Cft 

the solution to Eq. (1) is (3 ) : 

-at 
(6) 

(7) 

(8) 

c" c ot r f C i (BSF ] + ^ [ e i X t ) W f c [ I ( 5 ^ - i ( 8 t ) ' ] 

• ̂  •"'fe* <(Bt) n 
where: 

erfc(u) - 1 - erf(u) 

i = (-1)'* 

From Pick's Law, the f lux at the surface is 

dJ! _ D SC 
oT| x » 0

 e3x x=o -o 

(17) 

(18) 

(19) 

- M t *-<t ' - < ( i r e ) V ' 1 erf[ i(St) 2 ] 
M;L J 

(20) 
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and the total amount leached is : 

° = f0

 d J = 0 l^W t = 2 Co J ^ ' (pf)-(St)%] (21) 

Substitution of J and C. fro* Eqs. (15) and (16) into Eq. (21) gives (3) : 

la 
1 - 2{-^l—^ir*i #*_\««—fo*i% 

o ST = 2 { ? 1 ( w } [ t " (^)d*»(et)^] (9) 

10.1.2 redefinition of 0 to Account for an Equilibrium between Mobile 
and Immobile Cesvum 

The concentration of immobile cesium, F, may be directly proportional 
to the concentration of Mobile cesium, C. with a proportionality constant 
K (3): 

F = KC (22) 

The mass balance for diffusion then yields: 

Substitution of F from Eq. (22) into Eq. (23) yields: 

it - rnrrr ( 2 4 ) 

3x' 

This equation is identical to Eq. (1) i f a modified effective diffusivity 
is defined as (3): 
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Solving for C in Eq. (24) yields the same answer as for Eq. (1) with 0 e 

replaced by Ve. Thus, Pick's Law equation becomes: 

Therefore, Eq. (14) becomes: 

J = 2(1 • K) Ve C0{£-)k (27) 

and Eq. (21) becomes: 

J = Z C o —r^- [** * &)**i(8t)*] (28) 
e 

Equation (16) becomes: 

°o + Fo * r = Co + K C o " V • K)CQ (29) 

Substitution of both J and CQ from Eqs. (15) and (29) into each of Eqs. 
(27) end (28) yields Eqs. (5) and (9 ) , respectively with D replaced by 
P e . Therefore the diffusion models described show a direct proportionality 
between mobile and immobile cesium with a redefinition of the effective 
diffusiv". ;y. 

10.2 Preparation of Grout Specimens 

A 330-ml quantity of each cement grout (Conasauga shale, potter's clay, 
and Grund.tt) was prepared by mixing 251.4 ml of radioactive feed solution 
with 179.7 gm of dry mix (see Table 3) . The radioactive feed solution con­
sisted of 250 ml of simulated W-7 waste solution (see Table 4 ) , 0.1 ml 
tributyl phosphate used as a surfactant, 0.3 ml d-gluconolactone (300 mg/mt) 
added t>> retard setting, and 1 ml of radioactive CsCI solution. The CsCl 
solution wa> prepared oy dissolving 10 mCi in 0.05 ml 1.0-N hydrochloric 
acid (a cor.certration of -6.7 mg/ml) and diluting with 10 ml 0.1 -N HC1. 

The dry mi/ was added to the waste solution over a 15-sec interval in 
a Waring blender operating at 5000 rpm. The mixing was continued for an 
additional 15 sec, then poured into 20-ml plastic test tubes. The tubes 
were placed in a closed container partially f i l led with water and allowed 
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to cure 80 days at room temperature. The grouts were prepared July 12, 
1974. The cured samples were cut with a saw to the desired 2-cm lengths 
(1.61-cm diameter) (6). 

Table 3. Composition of Dry Mix Used in Grout Preparation 

Constituent Height 1 

Portland Cement Type I 38.5 

n, Ash1 38.5 

Attapulgite-1502 15.4 

Additive3 7.7 

Fly ash was obtained from the coal-fired Kingston Steam Plant, 
Kingston, Tenn. 

Attapulgite-150 is the tradename of a clay product from the Polygors-
kite group of clay minerals. I t is used to disperse the cement when mixed 
with water and to stop phase separation. 

Either Conasauga shale, potter's clay or Grundite. Grundite is the 
tradename of a clay product from the I I l i t e group of clay minerals from 
Grundy County, 111. 

Table 4. Composition of iim/uted H-7 Haste Solution 

Component Concentration (gmole/liter) 

NaOH 0.18 

A1(NG 3) 3-9H 20 0.0074 

NH4M03 0.003 

NaN03 0.81 

NaCl 0.093 

Na2S04 0.094 

Na 2C0 3 0.19 

Components were dissolved in distilled water. 
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10.3 Calculation of Fraction 1 3 7 Cs in Leachate 

The fraction of in the leachate is defined as ^ / A Q where a n is 
the activity of 1 3 'Cs leached from the specimen (;-Ci) in time elapsed since 
preceding leachant change and Ag is the total in i t ia l activity of the speci-
•ent. AQ is determined by the preparation procedure (see Appendix 10.2). 
One n i l l i l i t e r of CsCI with an activity of 995 yCi/ml was used to make 
330 "1 of grout. Each specimen had a volume of 4.1 cm3. Therefore, the 
total in i t ia l activity was 

, (995 uCi/«l)( l m1)(4.1 ml) = «o 3 3 0 a l w.« ..u 

The activity in the leachate is determined by comparing the number of 
net counts in the leachate sample to the number of net counts in a sample 
of the Maste feed solution of known activity, then multiplying this ratio 
by the volume of the leachats. 

The feed solution sample was 25 ul of the waste solution made up to 
5 ml. The total activity in the feed solution samples was therefore: 

251 9 m1 U waste ( 0 0 2 S • 1 " a s t e ) = 9 9 1 x 1 0 * * C i 

The activity in the leachate is calculated as follows: 

a„ = fe.91x10-2

 r S ! r 

pCi 
feed sample! 

C (L counts 
C G °B 5 mm •5 ml leachate 
fV_ f - __ counts 
LF B̂ r min -5 ml feed sample 

x (V ml of letchate) 

C - Cn 
= 9.91 x 10"2 (A—^)(V) u C i (30) 

The fraction leached is an/AQ. 

[l.98x l 0 - 2 ( ^ - ^ ) v | 

r * k 12.36F B " " " ^ f T T f ) * (3D 
0 r B 

a„ U - - » ' ip iy ' j ,c G -c B 
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The cumulative fraction leached, f, is therefore given by. 

N 

r . t j _ . ..6X.O-3 HcjVq,^ 'M 

10.4 Error Analysis 

10.4.1 Statistical Analysis 
The determination of the mjan of the population of counts for a given 

sample is subject to statistical error. To estimate the effect of these 
errors in the values of the fraction leached, an estimation of the confi­
dence intervals for the latter Mas made. 

For a given sample, statistical parameters were computed as: 

£ C j i i=l J 1 

C = - ^ (33) 
j nj 

" j - 2 

SS> ' ^ r - 1 - ( 3 4 ) 

2 - S ( C i ) 

S < C i > S - n - * - ( 3 5 ) 

W 9 - t0.0 5,J.S(C j) (36) 

A program for computation of these statistics was developed for use with a 
Hewlett-Packard 9810A. 

The equation for computing the fraction leached from observed data 
can be written as: 
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f = (!.6xlOJ) 7 -^P 5_V 
1=1 (C F - Q$) 

(37) 

If the error is assumed to be in (£., Cg, and Cf, the variance of f can 
expressed as (7, 8, 9): 

be 

S 2(?) - ( - ^ - ) 2 S 2 ( t V ) • ( ^ - ) 2 S 2 (C» • ( ^ ) 2 S 2(C B) (38) 

Substituting the derivatives from Eq. (3b) and recognizing that C F »C R , 
>u> r e g i o n for V f T l | > M - M K ! ° the expression for S Z(T) becomes 

S2(7) = (1.6 x 10"3)2 " A 2 

i*l t> 

— — 2 
SZ(CG,) • ' ; S Z(C F) 

^1 - > ) 2 ,2., 1 (39) 

Once S z ( f ) is obtained, the approximate number of degrees of freedom 
in the estimation can be obtained from (7 , 8, 9 ) : 

y f 
S 4(7) 

(1.6xl0" 3 ) 2 J / I ' l 5 ^ (^Gi-Ce)4

 4 _ (CG-r-Cf) 
) • V 4 S ( C F > vpCp 1M 

" (40) 
Confidence limits on f can then be defined by: 

W ^ • to.os.v^ (41) 

The calculated 955 confidence interval for the modified Sc*nl«rl extractor 
experiment and an experiment involving no replacement of the kachate for a 
Grundite additive specimen Mere approximately • 62 of the actual value of 
the cumulative fraction leached. Hence, tfie limits of the 95? confidence 
intervals are contained within the symbols shown in Figs. IS and 16. The 
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confidence intervals for these two experiments are representative f the 
confidence intervals for other experiments. 

10.4.2 Sources of Error 

Unpredictable variations in instrument readings of the order of 20-30* 
which do not appear to be of a random nature were observed in the gama 
scintillation counter. These apparent shifts *n mean readings die not 5*f i 
to f i t a normal dr i f t pattern and may well be the source of further varia­
b i l i ty in the apparent behavior of the fraction leached. 

A further source of error was detected in the modified Soxhiet extrac­
tor. When the last leachate sample was collected and the grout specimen 
was removed, the apparatus was loaded again with disti l led water. The 
Soxh let was then operated as before to determine the presence of 13?Cs in 
i t . After 30 hr of operation, an amount of 1 3 7 Cs equivalent to about 1/3 
of the total fraction leached at the end of the original experiment was 
measured in the liflyid. The appearance of 1 3 7 Cs was possibly due to the 
removal of plated T 3 'Cs on the stainless steel heaters or other parts of 
the boiler. 

10.5 Additional Data 

Data that were not presented in Sects. 5 and 6 are presented i« Fics. 
17 through 26. The cumulative fraction of 1 3 7 Cs is pTotted as a function 
of time with results from the simple diffusion model when applicable. 

10.6 Details of Soxhle*. Evax>rator and Flow Rate Measurement 

10.6.1 Soxh let Evaporat?*-

The Soxhlet evaporator consisted of a 3-in.-ID x 6-«n.-high glass 
evaporator pot topped by a 6-in.-ID x 8-in.-high stainless stee* flash 
chamber. Three l-in.-diam stainless steel tubes ran vertically down the 
length of the evaporator. Within each tube at the bottom was a 7/3-in.-00 
x 5-in.-high 500-W stainless steel electric heater. A controller shut off 
the power supplies i f the heater temperatures exceeded 175°C tc prevent 
coil burnout. A manometer was connected to the flash chamber to vent i t 
in case of pressure buildup. 

10.6.2 Soxhlet Flow Rate Measurement 
Condensate from the heat exchanger was collected in a 100-nl graduated 

cylinder for 2 min. Makeup disti l led wa.er was pumped for 2 Tin at 40 ml/ 
min into the evaporator to bring the water level back to »3<X) ml. 
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10.7 Location of Original Data 

The original data trt located in OHNL Databooks4-7221-G and A-6980-G 
on f i l e at the NIT School of Chemical Engineering Practice. Bldg. 3001. ORKl. 

10.8 Nomenclature 

a R radiOcctivity lost during leaching period n, counts/5 win 

AQ i n i t i a l radioactivity in specimen, counts/5 min 

C concentration in the speciaen a t any position and t i n e , counts/ 
Din/Hi 

Cg background counts/5 win 

Cp counts of specimen feed solut ion, counts/5 min for 5 ml 

Cg gross counts of the leachate, counts/5 min for 5 ml 

f j estimated mean number of counts per 5 min for 5 ml of sample j 

Cjj i t h reading of the counts per 5 min for 5 ml of sample j 

CQ total initial concentration in specimen, counts/min/ml 

daw Dawson's integral 

0 e e f fect ive d i f f u s i v i t y , carVsec 

D. °e 
6 T 7 K 

erf(u) error function of u 

erfc(u) complementary error function [1 - erf(u)] 

7 cumulative fraction of in i t ia l cesium that is leached 
F concentration of immobile cesium, counts/min/ml 

J cumulative cesium lost per unit surface area at time t , counts/ 
mln/cur 

K proportionality constant between mobile and immobile cesium 

M C J Interval above and below Z. in which there 1s (1 - a) confidence 
1 J that the true mean Is contained 



S3 

• t ( f ) confidence inte.-val of ( i - a) for J 

nj number of readings taken for staple j 

H master of lea chant changes Made up to the sa i l ing tine plus one 

S specimen surface area, cm2 

S (Cj) estimated variance of the population of readings for sanple j 

j ) estimated variance of the mean counts for sample j when the rear 
is computed using n, readings 

S 2(7) estimated variance of the computed T 

t t ine, days, *iours 

t value of the student's t distribution for \ c degrees of freedom 
t , v c i.Ml a (1 - a) confidence interval 

V volume of specimen, en 3 

Vi volume of leachate at time of sampling or changing, IPI 

x distance from specimen surface, cm 

Greek Symbols 

t level of t test 

time constant in time dependent boundary condition, sec' 

vf estimated degrees of freedom in the computation of ? 

vj number of degrees of freedom returned in the estimation of Cj 

•: constant in time dependent boundary condition 
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