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HYDROTHERMAL REACTIONS OF CLAY MINERALS AND 
SHALES WITH CESIUM PHASES FROM 

SPENT FUEL ELEMENTS 

SRIDHAR KOMARNENI AND WILLIAM B. WHITE 1 
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Abstract--The immobilization of soluble Cs from spent fuel elements by ion exchange and direct chemical 
reaction with clay minerals or shales was investigated under hydrothermal conditions. Various clay min- 
erals or shales were reacted with likely Cs sources and water at 300 bars pressure and 100 ~ 200 ~ and 300~ 
for 4, 2, and 1 months, respectively. Pollucite was the principal product, but CsAISiO4 was also observed, 
along with unreacted or hydrothermally altered aluminosilicates. From Cs concentrations of the product 
solutions partition of Cs between liquid and solids was found to vary depending on the Cs source, the clay 
or shale phase, temperature, and run duration. For example, illite-Cs2MoO4 interactions resulted in 19, 32, 
and 95% fixation of added Cs at 100 ~ 200 ~ and 300~ respectively. Fixation of as much as 97% of the Cs in 
some solids was observed. In addition to Cs-aluminosilicates, Cs was fixed on cation-exchange sites by 
interlayer collapse in montmorillonite. Reactions with Cs2MoOa also produced powellite because Ca was 
available in the reaction mixture. The U 6+ from fl-CszUzOr was reduced to form uraninite by sulfide- and/ 
or organic-rich shales. (Cs,Na)z(UOz)(SizOs)z �9 4H20, an analog of weeksite, was produced in reactions with 
fl-CszU20r The reaction products pollucite and uraninite can immobilize much of the Cs and U from spent 
fuel elements because Cs in pollucite is extremely difficult to exchange and U in uraninite is insoluble. 
Key Words--Cesium, Hydrothermal, Illite, Nuclear waste, Pollucite, Shale, Uranium. 

INTRODUCTION 

The research described here is part of a continuing 
program aimed at understanding the chemical reactions 
between nuclear waste materials and shale repositories 
in the presence of hot, pressurized ground water. This 
paper treats the immobilization of Cs released from 
spent fuel elements (SFE) by simulated hydrothermal 
fluids when this fission product interacts with clay min- 
erals in the repository wall rock (McCarthy et al.,  1978; 
Komarneni and Roy, 1980). 

Shale is one of the rock types considered suitable for 
nuclear waste repositories. To span the normal range 
of shale compositions, six different shales were ex- 
amined in this study. Typical clay mineral components 
of shales were also reacted with Cs sources in order to 
understand the reactions of shales and their constituent 
phyllosilicate minerals with Cs. The Cs-containing 
phases actually present in SFE are not known with cer- 
tainty but frequently cited possibilities are cesium ura- 
nates ,  Cs2MoO4, CsI,  and Cs20 (O'Hare and Hockstra, 
1975; Osborne et  al. ,  1976). Cs20 would instantly react 
with water  to form CsOH. The compounds  
/~-Cs2U, OT, Cs2MoO,, CsI, and CsOH were chosen as 
representative examples for the present investigation. 

The present experiments are applicable to repository 
behavior during the early thermal period (Cohen, 1977). 
The source of water in repositories could be trapped 

1 Also associated with the Department of Geosciences, The 
Pennsylvania State University, University Park, Pennsylva- 
nia 16802. 

water in the shales, infiltrating ground water, or an ac- 
cidental flooding of the repository. The source of heat 
would be the decay heat of the waste, which would be 
less for SFE-type waste than for other wastes with 
higher loadings of fission products. The experiments 
reported here offer some guidance on the expected be- 
havior of the waste material if the canister and Zircaloy 
cladding were breached and if water served as a reac- 
tion medium connecting the waste with the surrounding 
shale. 

The present experiments used closed systems and 
provided data which are suitable for exploring the reac- 
tivity of solid-liquid systems and for establishing the 
direction of thermodynamic equilibrium. Water was 
present in excess so that all phase assemblages included 
a liquid phase whose composition was determined by 
the solubility of the various reactants and products. 
Analysis of the final solutions permitted an evaluation 
of partitioning of Cs between liquid and solids. Solution 
variables such as Eh and pH were fixed by the bulk 
composition and could not be varied independently. 
Another important consideration in the design of these 
experiments was the proportion of Cs to rock. The ex- 
periments were designed to study the reactions and not 
to model precisely a repository. Compared to the 
Cs:rock ratios used here, an actual repository would 
have a much greater proportion of shale. 

Although these studies were directed towards spent 
fuel elements, many of the results are equally applica- 
ble to any nuclear waste form that could release Cs to 
solutions in a shale repository. The results are also ap- 
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Table 1. Names, locations and/or sources and particle sizes 
of samples. 

1. Kaolinite. Morro de Felipe deposits, Brazil. Yara En- 
gineering Corporation, Georgia (courtesy G. W. Brindley). 
Pulverized. 

2. Montmorillonite. Cheto, Arizona. SAz-I. Source Clays 
Repository of the Clay Minerals Society. Pulverized. 
3. Mica (green). Pagos de Caldas, Brazil (courtesy G. W. 

Brindley). <105/.Lm. 
4. Illite. Fithian, Illinois, Illinois Clay Products Company, 

Joliet, Illinois. <105/~m. 
5. Chlorite. Anderson soapstone pit, Saline County, Arkan- 

sas (courtesy G. W. Brindley). <105/zm. 
6. Shale. Salona Formation, Huntingdon County, Pennsyl- 

vania. <75/zm. 
7. Shale. Antrim Formation, Alpena County, Michigan. 

<75 ~m. 
8. Shale. Brallier Formation, Huntingdon County, Penn- 

sylvania. <75/xm. 
9. Shale. Conasauga Formation, Oak Ridge Reservation, 

Tennessee. <75/~m. 
10. Shale. Catskill Formation (oxidized and reduced types), 
Huntingdon County, Pennsylvania. <75 ~m. 

plicable to the design of reactive buffers or "over-  
packs"  to be inserted around SFE assemblies or can- 
isters in a nuclear waste repository. 

EXPERIMENTAL 

Mat eria Is 

The clay minerals and shales used in the study are 
described in Table 1. The chemical and mineralogical 
composition of the six shales examined are listed in 
Table 2. Cs2MoO4, CsI, and CsOH were obtained from 
a chemical supply house, and/3-Cs2U207 was synthe- 
sized in the laboratory (Komarneni and Scheetz, 1981). 

Methods 

The clay minerals and shales were dry ground and 
sieved to obtain < 105-/xm and <75-/xm fractions. X-ray 
diffraction (XRD) analysis of powders packed in glass 
cavities was carried out with a Philips diffractometer 
using CuKa radiation. Chemical analysis of the shales 
was performed by a lithium borate fusion technique 
(Medlin et al., 1969). 

Each sample was sealed with each Cs phase along 
with 50% by weight of water in gold capsules (Komar- 
neni et al., 1979) and reacted hydrothermally at 300 
bars pressure and 100 ~ 200 ~ and 300~ for 4, 2 and 1 
months, respectively. The reaction periods were in- 
creased with a decrease in temperature so that enough 
reaction product would crystallize at lower tempera- 
tures to enable detection by XRD. Details of the hy- 
drothermal experimentation were described by Mc- 
Carthy et al. (1980). The reaction capsules were 
weighed before and after the hydrothermal runs to in- 
sure that the systems were closed. The amount of Cs 
added was adjusted to give high (8) and low (2) Si:Cs 

ratios. Nominal chemical formulae were used to cal- 
culate the amount of Si in the clay minerals, and the 
actual chemical compositions (Table 2) were used to 
calculate the amount of Si in the shales. 

At the completion of a hydrothermal run, the solid 
and solution phases from the capsules were separated 
as follows: the gold capsule was cut open in a long glass 
vial, and 20 ml of 0.1 N KC1 was added. The glass vial 
was capped, and the contents were mixed in a shaker 
for about 15 min. The gold capsule free of sample was 
then removed from the vial with tweezers. The vials 
were centrifuged and a portion of the supernatant was 
collected in polyethylene bottles without disturbing the 
sediment. This procedure extracted the Cs present in 
solution and probably any Cs that was weakly adsorbed 
on the solids. The 0.1 N KC1 served three purposes: 
(1) it brought easily exchangeable Cs, if any, into so- 
lution; (2) it helped to flocculate the sample during cen- 
trifugation, and (3) it removed the ionization interfer- 
ence during Cs analysis by atomic absorption (AA) 
spec t rophotomet ry .  The solid samples were then 
washed once with a water and acetone mixture and 
thrice with 95% acetone to remove the KCI. The so- 
lutions in the polyethylene bottles were analyzed for Cs 
by AA using a Perkin Elmer PE403 instrument. 

RESULTS AND DISCUSSION 

Interactions o f  CseMoO~ and CsOH 
with clays or shales 

Clay-shale intercations with CszMo04. The percentage 
of Cs remaining in solution decreased with an increase 
in temperature when Cs~MoO4 reacted with the clays 
and shales (Table 3). If  the Cs had not reacted with clays 
or had not adsorbed strongly onto the clays, all of the 
Cs would have been present in the solutions because 
Cs2MoO4 is highly soluble (66.6 g/100 g at 18~ Seidell, 
1940). The reaction of Cs2MoO4 with clays or shales at 
high temperatures produced pollucite, CsAISi206 (Ta- 
ble 3). Pollucite was not produced in any of the 100~ 
runs because of insufficient reaction as indicated by a 
high percentage of Cs remaining in solution (Table 3). 
Only for Ca-montmorillonite was a considerable per- 
centage ( -46%)  of the added Cs retained at 100~ be- 
cause of Cs exchange for Ca in the interlayers of the 
phyllosilicate. The evidence for this exchange was a 
decrease in d (001) of the montmorillonite to - 12 ~ and 
the formation of powellite, CaMoO4 (Figure 1). 

The reaction of Cs2MoO4 with clays or shales in- 
creased at 200~ and substantially increased at 300~ 
as indicated by the small percentages of Cs remaining 
in solution as well as by the formation of pollucite (Ta- 
ble 3). Pollucite was detected at 200~ with only a few 
of the clays but with all of the shales (Table 3). The 
oxidized Catskill shale was much more reactive with Cs 
than the reduced Catskill shale (Table 3), a difference 
that may be attributed to the smaller amount of A1 in 
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Table 2. Chemical and mineralogical analyses of reference shales. 
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Antrim 
Salona (sulfide- and Brallier Conasauga Catskill Catskill 

(carbonate- organic-rich (clay-rich (clay-rich (reduced (oxidized 
Constituent rich shale) shale) shale) shale) shale) shale) 

SiO2 47.0% 59.8% 56.7% 54.7% 77.6% 67.3% 
A1203 12,3 12.9 21.1 21.3 6.12 13.5 
TiOz 0.51 0.75 0.91 0.91 0.50 0.88 
Fe~O3 1.66 3.27 5.27 4.15 2.00 4.01 
FeO 0.57 2.87 2.79 4.59 5.17 2.63 
MgO 1.95 1.44 1.80 2.25 1.80 1.74 
CaO 15.0 0.47 0.02 0.52 3.13 0.67 
MnO 0.04 0.03 0.045 0.060 0.16 0.07 
SrO - -  - -  0.011 0.017 0.005 - -  
BaO - -  - -  0.069 0.078 0.020 - -  
Na20 0.72 0.63 0.36 0.74 1.01 1.11 
K,O 2.47 3.45 5.14 4.14 1.44 3.40 
P2Os 0.17 0.08 0.10 0.11 0.12 0.15 
S 0.02 2.88 0.01 0.63 0~01 0.01 
H,O- 1.84 1.25 0.92 0.96 0.09 0.64 
H,O + 3.03 6.72 4.21 4.97 0.96 2.46 
CI - -  - -  0.02 0.04 0.02 - -  
C 0.61 6.28 0.05 0.31 0.14 0.10 
CO2 11.69 0.19 0.12 0.26 4.38 0.49 
Less O ~ S 0.01 1.26 - -  0.31 - -  0.00 
Totals 100.47% 101.75% 99.64% 100.41% 99.68% 99.16% 

Principal minerals in order of abundance as determined by XRD 
Calcite lllite Illite Illite Quartz Quartz 
Quartz Quartz Quartz Quartz lllite Illite 
Illite Pyrite Kaolinite Kaolinite Feldspars Feldspars 
Feldspars Feldspars Chlorite Feldspars Calcite 

Chlorite 

the latter (Table 2). Feldspars, illite, and kaolinite in the 
shales (Table 2) reacted with CszMoO4 to form poilu- 
cite. That plagioclase feldspars readily react with 
CszMoO4 to form poUucite and powellite (CaMoO4) was 
demonstrated in other experiments on waste-rock in- 
teraction in basalt by McCarthy et al. (1979). Whenever 
Ca was present in the reaction mixture, Mo from 
Cs2MoO4 reacted with it to form powellite (Figure 1). 
At 300~ all of the clays except montmorillonite and all 
of the shales reacted to form large amounts of pollucite 
(Table 3) which suggests that this mineral is very stable 
under these hydrothermal conditions. Pollucite is a de- 
sirable product of the reaction of clays and shales with 
Cs because the Cs in pollucite is difficult to exchange 
up to 300~ (Komarneni et al., 1978; Komarneni and 
White, 1981). 

In Figure 2, compositions of experimental mixtures 
are plotted in the system Si-Cs-(Na + K). At a Si:Cs 
ratio of 8, the chemical compositions of various mix- 
tures of shales and Cs phases fell in the compositional 
field of albite-quartz-pollucite. As expected from these 

compositions, pollucite was a dominant reaction prod- 
uct in almost all the runs at 300~ (Table 3). With a Si: Cs 
molar ratio of 2, the chemical composition of green 

mica + Cs fell in the compositional field of nephelene- 
pollucite-CsA1SiO4. Pollucite and CsAISiO4 were found 
as coproducts when green mica was treated with CsOH 
(Si:Cs = 2) as is discussed below. These results point 
out that the major control of pollucite formation is prob- 
ably bulk composition and that the composition effect 
overwhelms any structural differences of the starting 
minerals involved. 

Clay-shale interactions with CsOH. Highly soluble 
CsOH (75 g/100 g at 30~ Seidell, 1940) reacted with 
all clays and shales as indicated by the small percentage 
of Cs remaining in solution (Table 3) as well as by the 
profuse formation of pollucite with all of the clays, ex- 
cept chlorite, and with all of the shales. Thus, Cs was 
fixed mainly as poUucite in all CsOH-clay or CsOH- 
shale reaction products except in the reaction between 
CsOH and green mica (Table 4). This reaction produced 
CsA1SiO4 along with a small quantity of CsAISi~O~ 
(Figure 1; Table 4), a result that may have been due to 
excess aluminum in the reaction mixture. The forma- 
tion of Cs-aluminosflicates effectively fixed the re- 
leased Cs. Recent data confirm that the Cs in pollucite 
and CsAISiO4 is not exchangeable at low temperatures 
(Komarneni et al., 1978). 
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Table 3. 
s o u r c e s .  

Komarneni and White Clays and Clay Minerals 

Analyses of Cs remaining in solution and of pollucite formation from various mixtures I of clays or shales and Cs 

Sample 

Weight of 100*C 2000C 300"C 
clay s or 
shale ~ + Weight Pollucite Pollucite PoUucite 
Cs phase of Cs added s % Cs in formation % Cs in formation % Cs in formation 

(mg) (nag) solution by XRD solution by XRD solution by XRD 

CseMo04 source 
Kaolinite 120.8 12.9 89.7 ND 4 88.4 SI 15.9 SI 
Montmorillonite 127.8 17.2 53.7 ND 55.6 ND 38.8 ND 
Mica 120.5 12.5 92.1 ND 77.7 ND 42.5 St 
Illite 128.6 17.8 81.3 ND 68.3 SI 4.7 V. St 
Chlorite 114.4 9.0 97.3 ND 83.8 Tr 69.2 SI 
Salona shale 120.9 13.0 89.1 ND 44.3 M 13.4 V. St 
Antrim shale 126.6 16.6 93.5 ND 75.3 M 5.2 V. St 
Brallier shale 125.2 15.7 92.3 ND 64.9 M 10.8 V. St 
Conasauga shale 124.3 15.2 88.0 ND 17.9 V. St 5.0 V. St 
Catskill shale, reduced 134.5 21.5 96.4 ND 71.0 St 46.2 V. St 
Catskill shale, oxidized 129.9 18.7 86.1 ND 66.9 St 7.4 V. St 

Csl source 
Kaolinite 125.2 12.9 . . . .  92.9 ND 
Montmorillonite 133.6 17.2 . . . .  49.4 ND 
Mica 124.5 12.5 . . . .  81.5 ND 
IUite 134.8 17.8 . . . .  75.4 ND 
Chlorite 117.6 9.0 . . . .  81.8 SI 
Salona shale 125.5 13.0 . . . .  30.8 V. St 
Antrim shale 132.4 16.6 . . . .  69.4 St 
Brallier shale 130.7 15.7 . . . .  84.3 ND 
Conasauga shale 129.7 15.2 - -  - -  85.0 ND 63.7 ND 
Catskill shale, reduced 142.1 21.5 - -  - -  99.9 ND 66.6 St 
Catskill shale, oxidized 136.5 18.7 . . . .  48.9 V. St 

CsOH source 
Kaolinite 114.6 12.9 - -  - -  5.4 St - -  - -  
Montmorillonite 119.6 17.2 - -  - -  3.4 V. St - -  - -  
Mica 114.5 12.5 - -  - -  19.7 Tr - -  - -  
Illite 120.1 17.8 - -  - -  4.8 St - -  - -  
Chlorite 110.1 9.0 - -  - -  73.0 ND - -  - -  
Salona shale 114.7 13.0 - -  - -  17.6 V. St - -  - -  
Antrim shale 118.7 16.6 - -  - -  18.9 V. St - -  - -  
Brallier shale 117.7 15.7 - -  - -  17.6 V. St - -  - -  
Conasauga shale 117.1 15.2 - -  - -  8.1 V. St - -  - -  
Catskill shale, reduced 124.3 21.5 - -  - -  26.4 V. St - -  - -  
Catskill shale, oxidized 121.1 18.7 - -  - -  22.4 V. St - -  - -  

fl-Cs2U20z source 
Kaolinite 141.4 12.9 37.9 ND 7.8 S1 9.0 Tr 
Montmorillonite 155.3 17.2 29.3 ND 35.5 ND 25.4 ND 
Mica 140.2 12.5 30.5 ND 19.8 ND 5.5 St 
Illite 157.2 17.8 31.3 ND 31.2 M 2.0 V. St 
Chlorite 128.9 9.0 35.1 ND 16.3 ND 7.4 Tr 
Salona shale 141.9 13.0 19.5 ND 10.5 ND 4.3 St 
Antrim shale 153.3 16.6 18.5 ND 24.9 ND 19.1 St 
Brallier shale 150.5 15.7 20.5 ND 11.4 ND 5.8 St 
Conasauga shale 148.7 15.2 35.2 ND 17.9 St 9.7 St 
Catskill shale, reduced 169.1 21.5 20.9 ND 7.7 Tr 46.7 Tr 
Catskill shale, oxidized 160.0 18.7 17.0 ND 7.9 ND 22.5 M 

i HydrothermaUy treated at 100 ~ 200 ~ and 300~ bars for 4, 2, and 1 months,  respectively. 
Weight of clay or shale is 100 mg in all cases. 

s Molar ratio of Si in clay or shale to Cs added in all cases is 8. 
4 ND = None detected; Tr = Trace; SI = Slight; M = Moderate; St = Strong; V. St = Very strong. 

Differences in reactivity o f  clay minerals with Cs2Mo04 
and CsOH at 200~ T h e  d i f fe rence  b e t w e e n  the  reac-  

t iv i ty  o f  Cs~MoO~ a n d  C s O H  wi th  c lays  and  sha le s  can  

be  s e e n  f r o m  the  da t a  in Tab le  3. A n a l y s e s  fo r  Cs  re- 

ma in ing  in s o l u t i o n s  (Tab le  3) indica te  tha t  on ly  a smal l  

p e r c e n t a g e  o f  the  added  Cs  r ea c t ed  wi th  the  c lays  o r  

sha le s  w h e n  Cs2MoO4 w a s  the  s o u r c e ,  w h e r e a s  > 7 0 %  

( < 2 8 %  Cs r e m a i n i n g  in so lu t ion)  o f  the  added  Cs  re- 
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[ ]  CsAISiO~ ~0 doys 
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~ ~ l J  ~ N T M O R I L L O N I T E  + CszMoO 4 

40 36 32 28 24 20 16 12 8 
DEGREES TWO THETA (CuKa) 

Figure 1. X-ray powder diffractograms of the hydrothermal 
reaction products of Cs phases and clays, depicting Cs-fixa- 
tion mechanisms. 

acted with the shales or clays (except chlorite) when 
CsOH was the source. That CsOH reacted readily with 
the clays or shales is not surprising because the high- 
pH CsOH solution decomposed the clay and formed 
Cs-aluminosilicates (Table 4). 

Effect of time on reactivity. The cesium molybdate 
phase was slow in reacting with the various clay min- 
erals even after 60 days. Analyses for Cs in solution and 
XRD analysis (Table 4) indicate a clear distinction be- 
tween the 10- and 60-day runs with a greater amount of 
Cs immobilized (i.e., less Cs in solution) after 60 days 
of treatment. Pollucite was observed in all CszMoO4- 
clay reaction products (Si:Cs = 2) after the 60-day 
treatment, whereas pollucite was detected only in ka- 
olinite and illite runs after 10 days of hydrothermal 
treatment. Some clays were consumed (Table 4) to 
form Cs-aluminosilicates, as evidenced by XRD. 

Montmorillonite-Cs2MoO4 reactions resulted in 
slightly different reactions depending upon the duration 
of treatment. Irrespective of the Si:Cs ratio, the same 
amount (5.5 mg) of Cs was retained against displace- 
ment by KC! (Table 4) in the interlayers of montmoril- 
lonite after 10 days of treatment. After 60 days of treat- 
ment, however, pollucite was detected at a low Si:Cs 
ratio but not at a high Si:Cs ratio. The quantity of pol- 
lucite formed at the latter ratio was probably too small 

Si/C$ MOLAR RATIO,B 
o SALONA 

ANTRIM 
CATSKILL |Oxi) 

& BRALLIER 
o CONASAUGA 

/ \ v CATSKILL (Red) 
/ \ ~ G~EE. ~ICA 

/ _V ~ Si/Cs MOLAR RATIO =~ 
/ &u \ �9 SALONA 

N o A I S i 3 0 ~ ~ $  GREEN MICA 

NO AI S 7 ~  SizO ~ 

NO r ,O  sA,s,o, 

Na+K C$ 

Figure 2. Compositions of experimental mixtures, plotted in 
system Si-Cs-(Na + K). 

to be detected by XRD analysis (Table 4). Thus, mont- 
morillonite with interlayer Cs seems to be a metastable 
phase, with pollucite forming with an increase in either 
treatment time or temperature. 

I l l l l I I l I I I I I I l l l - -  

CONASAUGA SHALE +#-CszU~07, 200~ 

~ i ~  CONASAUGA SHALE *#-CszUzO 7 ,100% 

40 ~ 32 ~8 24 20 16 12 8 4 
DEGREES TWO THETA (CuKa) 

Figure 3. X-ray powder dEfractograms ~ hydrothermal re- 
action products of #-Cs2U=Or and Conasauga shoe. 
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Table 4. Analyses of Cs remaining in solution and XRD analysis of various mixtures I of Cs phases with clays. 

Molar ratio 
of Si Weight 

in clay of Cs Pollur 
to Cs added % Cs in formation Changes in Other phases 

Sample added (rng) solution by XRD clay by XRD by XRD 

Clay 2 + Cs2Mo04 mixtures heated for 10 days 
Kaolinite 2 51.6 97.9 Slight 
Kaolinite 8 12.9 93.8 Slight 
Montmorillonite 2 69.6 92.1 ND 

Montmorillonite 8 17.4 68.7 ND 

Mica 2 51.2 86.9 ND 
Mica 8 12.8 85.2 ND 
Illite 2 71.2 91 .3  Moderate 
Illite 8 17.8 84.8 ND 

Clay + CseMo04 mixtures heated for 60 days 
Kaolinite 2 51.6 75 .2  Moderate 
Kaolinite 8 12.9 88.4 Slight 
Montmorillonite 2 69.6 71.1  Moderate 
Montmorillonite 8 17.4 55.6 ND 

Mica 2 51.2 92.7 Slight 
Mica 8 12.8 77.7 ND 
Illite 2 71.2 85 .1  Moderate 
Illite 8 17.8 68.3 Slight 

Clay + CsOH mixtures heated for 10 days 
Kaolinite 2 51.6 2. I 
Kaolinite 8 12.9 7.8 
Montmorillonite 2 69.6 28.3 
Montmorillonite 8 17.4 14.7 

Mica 2 51.2 6.4 
Mica 8 12.8 28.0 
Illite 2 71.2 14.4 
Illite 8 17.8 8,1 

Clay + CsOH mixtures heated for 60 days 
Kaolinite 2 51.6 1.9 
Kaolinite 8 12.9 5.4 
Montmorilionite 2 69.6 29.4 
Montmorillonite 8 17.4 3.4 

Mica 2 51.2 4.3 
Mica 8 12.8 19.7 
Illite 2 71.2 11.8 
Illite 8 17.8 4.8 

Very strong 
Strong 
Very strong 
Strong 

Moderate 
Slight 
Strong 
Strong 

Very strong 
Strong 
Very strong 
Very strong 

Slight 
Trace 
Very strong 
Strong 

No obvious change ND a 
No obvious change ND 
15.5 ,~ collapsed Powellite 

to -12 
15.5 A collapsed Powellite 

to -12/~ 
No obvious change ND 
No obvious change ND 
Better crystallized ND 
Better crystallized ND 

Some clay consumed ND 
No obvious change ND 
Most clay consumed Powellite 
15.5 A collapsed Powellite 

to -12 
No obvious change ND 
No obvious change ND 
Better crystallized ND 
Better crystallized ND 

Totally consumed Boehmite 
Some clay consumed Boehmite 
Totally consumed ND 
15.5 A collapsed ND 

to ~12/~ 
Totally consumed Strong CsAlSiO4 
Some clay consumed Moderate CsAISiO4 
Totally consumed Slight CsAISiO4 
Better crystallized ND 

Totally consumed Boehmite 
Most clay consumed Boehmite 
Totally consumed ND 
15.5 A. collapsed ND 

to --12 ,~ 
Totally consumed Very strong CsAISi04 
Some clay consumed Moderate CsA1Si04 
Totally consumed Slight CsAlSi04 
Most clay consumed ND 

= Hydrothermally treated at 200~ and 300 bars pressure. 
2 Weight of clay is 100 mg in all cases. 

ND = None detected. 

Analyses for Cs remaining in solution and XRD anal- 
yses of various CsOH-clay reaction products (Table 4) 
revealed no significant differences between the 10- and 
60-day runs which indicates that the reaction was es- 
sentially complete after 10 days. Thus, the reactivity of 
CszMoO4 appeared to be time dependent but that of 
CsOH did not under these experimental durations. 

Effect o f  Si:Cs molar ratio on reactivity. Pollucite was 
detected in almost all of the runs at both Si:Cs ratios 

(Table 4). The quantity of  pollucite produced in some 
of the Cs-clay reactions at a Si:Cs ratio of 8 may have 
been too small to be detected by XRD (Table 4) because 
the amount of Cs available for pollucite formation is 
lower than with a Si:Cs ratio of 2. However,  the per- 
centage of added Cs incorporated in the solids was 
higher at the higher Si:Cs ratio than at the lower ratio 
(Table 4). This is a very significant result because the 
rock:waste ratio would be large under natural condi- 
tions, i.e., Si:Cs ratios would be large. 
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Table 5. X-ray diffraction analysis of various mixtures of B-Cs2U~07 with clays or shalesJ 

New phases other than 
Sample Mineralogical changes by XRD ~ pollucite by XRIY 

100~ 
Kaolinite No obvious change UP-l; UOs'-2HzO 
Montmorillonite None detected, masked? UP-2; UOs--2HzO 
Mica No obvious change UP-I; UOa'-2H20 
Illite Better crystallized UP-l; UOz ~-2HzO 
Chlorite No obvious change UP-l; UOs-~2HzO 
Salona shale No obvious change UP-l; UOz--2HzO 
Antrim shale No obvious change UP-l; UOz; UOa" ~2HzO 
Brallier shale No obvious change UP-l; UOs'-2H20 
Conasauga shale No obvious change UP-I; UO~.~2H~O; UO2 
Catskill shale, reduced No obvious change UP-I; UO~ 
Catskill shale, oxidized No obvious change UP-I; UO2 

200~ 
Kaolinite No obvious change UP-l; UOz 
Montmorillonite 15.5/~ collapsed to -12 ~ UP-I; UO2 
Mica No obvious change UP-l; UO2 
Illite Some clay consumed UP-l; UO2 
Chlorite No obvious change UP-l; UOa'-2H20 
Salona shale No obvious change UP-I; UO2 
Antrim shale No obvious change UP-l; UO2 
Brallier shale Illite decreased UP-1 
Conasauga shale F and K disappeared; IUite decreased UO~ 
Catskill shale, reduced No obvious change UP-l; UO2 
Catskill shale, oxidized Illite decreased UP-l; UO2 

300~ 
Kaolinite Most clay consumed UO3"-2H~O 
Montmorillonite 15.5/~ collapsed to ~ 12/~ UP-3 
Mica Some clay consumed UP-4 
Illite Totally consumed UO2 
Chlorite No obvious change UP-l; UOa"-2H20 
Salona shale lllite decreased UP-3; UO2 
Antrim shale lllite decreased UO2 
Brallier shale Illite decreased UP-3; UO2 
Conasauga shale lllite and K decreased UO~ 
Catskill shale, reduced lllite decreased UP-5; UO~ 
Catskill shale, oxidized Illite decreased UP-5; UO2 

I Hydrothermally treated at 100 ~ 200 ~ and 300~ bars for 4, 2, and 1 months respectively. 
shale to Cs added in all cases is 8. 

z UP = Unidentified phase; F = Feldspars; K = Kaolinite. 

Molar ratio of Si in clay or 

Clay-shale interactions with CsI 

CsI is highly soluble (46.1 g/100 g at 25~ Seidell, 
1940). This phase did not react with clays or shales as 
readily as Cs2MoO4 or CsOH at both 200 ~ and 300~ 
as indicated by the larger percentage of added Cs re- 
maining in solution (Table 3). At 200~ no pollucite 
was detected in the reaction products from two shales 
by XRD analysis, but at 300~ pollucite was detected 
in the products of the chlorite and four of the six shales 
(Table 3). In reactions with montmorillonite, Cs from 
CsI was fixed mainly in the interlayers as indicated by 
a decrease in the d(001) spacing from 15.5 /~ to - 1 2  
/~. Cs from Csl seems to have reacted readily with feld- 
spars of shales to produce pollucite (Table 3), but not 
with illite, as indicated by the percentage of Cs remain- 

ing in solution in the illite and green mica reactions 
(Table 3). 

Clay-shale interactions with ~-Cs2U20r 

The reaction of fl-CszU207 with clays or shales was 
affected by the somewhat lower solubility of this Cs 
phase (Komarneni, 1981) which is much less than that 
of Cs2MoO4 and CsOH. The Cs in solution after these 
reactions was determined by the solubility of unreacted 
fl-Cs2U~O7 as well as by the extent of Cs-clay or Cs-  
shale reactions. Pollucite was not detected in the 100~ 
reaction products with any of the clays or shales but 
was detected with some of the clays or shales at 200~ 
and with all of the clays except montmorillonite and 
with all the shales at 300~ (Table 3). As expected, the 
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Table 6. X-ray diffraction data 1 for unidentified phases listed in Table 5. 

Weeksite (Ca ,SrhU~a .  10HzO 
UP-I (PDF 12-462) 2 UP-5 UP-2 (PDF 13-150) UP-3 UP-4 

d I d I d I d I d I d 1 d I 
- -  - -  8.98 90 8.94 80 6.82 70 6.82 60 6.65 30 6.43 I00 

7.11 70 7.11 100 7.10 50 - -  - -  6.06 20 - -  - -  6.31 35 
6.44 30 - -  - -  6.41 25 5.98 8 5.96 10 5.92 40 6.10 10 
. . . .  5.86 20 . . . .  5.86 50 5.60 10 

5.48 15 5.57 90 5.55 40 5.43 5 . . . .  5.57 10 
4.75 15 4.83 30 - -  - -  4.77 9 . . . .  4.48 20 

_ _  m 4.58 40 4.55 40 - -  - -  4.55 20 - -  - -  4.13 15 
- -  - -  4.48 30 . . . . . .  4.29 30 3.32 25 

4.33 40 . . . . . . . .  4.20 60 3.22 70 
- -  - -  3.84 40 3,84 40 . . . .  3.61 50 3.06 20 

3.66 50 . . . . . . . .  3.59 50 3.05 20 
3.55 80 . . . . . .  3.53 60 3.54 70 2.58 15 
3.53 100 3.55 70 3.54 60 3.47 70 3.47 80 - -  - -  2.56 25 
3.49 70 - -  - -  3.50 50 3.42 60 . . . . . .  
- -  - -  3.34 40B . . . . . .  3.30 60 �9 - -  - -  
- -  - -  3.30 70 - -  - -  3.17 20 3.17 50 . . . .  

3.21 25 3.20 50 3.19 90 3.10 100 3.11 100 3.13 100 m - -  
3.16 50 - -  - -  3.18 90 2.96 9 . . . . . .  
3.15 40 . . . .  2.92 9 - -  - -  2.92 40 - -  - -  
3.09 20 . . . .  2.76 8 2.79 30 . . . .  
2.95 70 2.99 40 2.98 50 - -  - -  2.75 10 . . . .  
2.93 60 2.91 60 2.92 100 . . . .  2.67 35 ~ - -  

- -  2.80 30 . . . . . .  2.60 30 - -  - -  
. . . .  2.69 10 2.57 8 2.58 10 2.58 35 - -  - -  

2.51 20 2.51 30 - -  - -  2.44 30 2.41 10 2.42 40 - -  - -  
- -  2.41 40 2.40 20 2.28 25 2.28 20 . . . .  

2.37 10 2.37 50 2.37 15 . . . . . . . .  

i Clay, shale, and pollucite reflections are excluded. 
2 UP = Unidentified phases; PDF = Powder diffraction file. 

react ion rate  increased  with t empera ture  (Table 3). The 
ex t rac t ion  of  Cs into solut ion from f l -ChU207 in the 

p re sence  of  clays resul ted in the format ion of  schoepi te ,  
U O 3 " - 2 H z O ,  in mos t  samples  and uraninite,  UO~, in 

some samples  (Table 5). The format ion of  uranini te  re- 
quires a reducing env i ronmen t  to bring the uranium to 

the t e t r ava len t  s ta te  f rom the  hexava l en t  s ta te  in 
B-Cs2U2Or. Uranini te  was  fo rmed  most  readily when  
/3-Cs2U~O7 was  reac ted  with a reducing type shale,  such 
as the Conasauga  shale (Figure 3) and the Ant r im shale 
(Table 5), both  of  which contain  organic mat ter  and/or  
sulfides (Table 2). Divalent  iron in the sample can also 
reduce  U 6+ in/3-Cs~U20~, but large amounts  of  FeO are 
needed  to reduce  all of  the uranium added.  F o r  exam- 
ple,  the Catskill ( reduced) shale required about  5 t imes 

more  F e O  than is p resen t  in the shale (Table 1) in order  
to reduce  all the uranium added  to it. Uranini te  is a de- 
sirable p roduc t  of  U - s h a l e  react ions  because  the U in 
uranini te  is insoluble,  The reduct ion  of  U 6+ to U 4+ by 
reducing- type  shales has similar implicat ions to the sol- 
ubility of  Pu and o the r  t ransuranic  e lements  under  re- 

pos i to ry  condi t ions .  
The d-spacings  and intensi t ies  o f  the unidentif ied 

phases  l isted in Table 5 are l isted in Table 6. Some re- 

flections of  unidentif ied phase  UP-1 and especial ly  UP-  
5 match  those  of  weeks i te ,  K2(UO2)2(Si~O~)3.4H20, 
and the Cs- and Na-analogs  of  this phase  may have  been  

p roduced .  Mos t  of  the ref lect ions of  UP-2 and UP-3 
match  those  of  calcium s t ront ium uranium oxide hy- 

drate ,  (Ca,Sr)2UrO2a" 10H20 (Table 6), a not  unreason-  
able p roduc t  because  Ca-montmori l loni te  and Salona 
shale (calcite-rich) reac ted  with fl-Cs2U207 to p roduce  
UP-2 and/or  UP-3 (Table 5). UP-4 has not  been  iden- 
t ified; and  s p ac i n g s  and  i n t e n s i t i e s  are  l i s ted  in 
Table 6. 

Mechanism of Cs fixation 

X R D  character iza t ion of  the p roduc t s  of  Cs-clay and 
Cs-shale  react ions  showed  that  pollucite fo rmed  f rom 
all clays or shales i r respect ive  of  the nature  of  the added  
Cs phase  (Table 3). Fo r  example ,  illite, the mos t  abun- 
dant  clay mineral  in shales,  readily reacted  with three  
of  the added  Cs phases  used in this s tudy to form pol- 
lucite unde r  hydro thermal  condi t ions .  In pollucite Cs 
is in 12-fold coordinat ion with oxygen (Newnham,  
1967) and is not  exchangeable  (Barrer ,  1950). Cs f rom 
pollucite is very  difficult to exchange  in salt solutions 
up to 300~ (Komarnen i  et al., 1978; Komarnen i  and 
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White, 1981). The fixation of Cs was also achieved by 
the formation of CsAISiO4 in some of the Cs-clay re- 
actions (Table 4; Figure 1). Cs from CsAISiO4 is also 
nonexchangeable at 25~ in salt solutions (Komarneni 
et al., 1978). Cs was also fixed in the interlayers of 
montmorillonite by ion exchange (Figure 1). Cs-mont- 
morillonite seems to be a metastable phase and may 
eventually recrystaUize to form pollucite. Thus, Cs is 
fixed in Cs-aluminosilicate minerals as well as in the 
interlayers of montmorillonite as shown in Figure 1. 

SUMMARY 

Cs from CsOH, CsI, Cs2MoO4, and/~-Cs2U207 re- 
acted with all the clays and shales to form Cs-alumi- 
nosilicate minerals such as pollucite and CsAtSiO4. Cs 
was also fixed in the interlayers of montmorillonite. The 
formation of insoluble poUucite dominated all of the 
reactions leading to the immobilization of much of the 
Cs. Mo from Cs2MoO4 reacted directly with Ca from 
the shales and clays to form powellite, CaMoO4. The 
insoluble alkaline earth molybdates seem to be com- 
mon end products for molybdenum from nuclear waste. 
They have been observed in many other reaction prod- 
ucts. Uranium from/3-Cs~U207 followed two pathways 
depending on the redox conditions of the shale. If the 
shale contained reducing phases, such as sulfides or 
organic material, a portion of the uranium formed in- 
soluble uraninite, UO~. Under more oxidizing condi- 
tions, the Cs compound released hexavalent uranium 
and yielded a schoepite-type compound (UOa' 2H20). 
The reaction product of U 6§ with the clay minerals is 
thought to be an analog of weeksite with the probable 
formula (Cs,Na)2(UO2)~(Si2Os). 4HzO. Thus, alumino- 
silicate minerals in a repository wall rock can have ben- 
eficial effects on the immobilization of Cs, Mo, and U 
waste elements. The direct chemical reaction of Cs to 
form pollucite, aided by the presence of water and heat, 
provides a useful barrier to Cs migration from the im- 
mediate vicinity of a breached, spent fuel element can- 
ister. 
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Pe31oMe----I]yTeM O6MeHa HOHOB B up~IMOI4 XHMHqecKoI~ peaKRHH C FJIItHHCTblMH MHHepaJIaMH rLnH 
cJIaHI~eBblMH FJIHHaMII ncc.rlejloBa.rlacb HMMO~ilUIH3aLu4,q paCTBOp~IeMOFO Cs H3 3aTpaqeHHhlX aJIeMeHTOB 
TOH.rlHBa B rnJlpoTepMa,rU, HblX yCaOBH~IX. Pa3Hble r.qHntlCTl, ie MHHepadlbi H.rln c,qanueBme r.rlnnl,l 
pearHpoaaaH c riCTOqHHKaMH Cs rl aO~lOfi npn ~aa~enrm 300 6ap n TeMnepaType 100 ~ 200 ~ n 300~ 
a TeqeHHe 4, 2, H 1 MeC~llea COOTBeTCTBeHHO. [IoJI21ylDIT ,qBJLqJIC~I F2IaanbIM npoJlyKTOM, no HafJuo~a/IOCh 
TaFoKe IIpHCyTCTBHe CsAISiO4 BMeCTe C HeupopearHpOBaHHhIMH HJIH I'HJlpoTepMaJIbHO H3MeHeHHMMil 
aJHOMOCB3IIIKaTaMH. Ha OCHOBe KOHLIeHTpaLIBH Cs a paCTBOpax npouyKTa IIOJIyqeHo pa3~eaeHne Cs 
Meihvdly XKHJIKtlMH H TBepJIbIMH paCTBOpaMH. ~TO 3aBHCIDIO OT HCTOqHHKa Cs, FJIHI-IHCTOH HJIH cglaHI]eBO~ 
qbasm, TeMIlepaTypm H BpeMerm peaKLtHn. BaaHMo~lefiCTBrle I4~I~tITa C Cs2Mo04, nanpHzep, qbHKcnpoBa.~o 
19, 32, n 95% ~o6aa~lennoro Cs COOTBeTCTBeHHO rlptl TeMllepaTypax 100% 200 ~ rl 300~ B neroTopbIX 
TBEp~I,IX TeJ/ax na6J1Jo/la~ac~ qbHKcaLlttl~I 97% Cs. K p o l e  o6paaOBaHng Cs-aJUOMOCH/1HKaTOB, Cs 
6bIJI TaK3Ke 3aqbHKcHpOBaH B KaTtIOHOO6MeI-IHblX MecTax fiyTeM CIIJIIOLReHH~I CJIOeB B MOHTMOpH.rlJIOHHTe. 
B pe3yabTaTe npHcyTcTatm Ca B cMecrl, peaKtinH C CszMoO4 IIpHBOJIHJIH TaK>Ke K o6paaoBarmlo 
noBe~nnTa. U ~+ Ha fl-CszU~07 qbopMHpoBa.a ypanrlHnT C nOMO~b~O cy~ir~qbt4~a I4/R21H opraHtIqeCKH 
6oraTh~X cJmmlenhlX r~IHH. (Cs,Na)~(UO~)(SieOs)3' 41-120, ana~Ior yHKCHTa, 6bUl o6paaoaaH a peaKutm c 
fl-CseU~OT. 1-Ipo~yKTl,l peaKImH no$IJIytlHT H ypaHHHtrr MOryT npHaeca~a K rlMMO6H/IH3aIIHtl 6oahmoro 
KOJIHqeCTBa CS H U H3 3aTpaqenH~iX 32IeMeHTOB TOIUIHBa, IIOTOMy qTO oqeHb Tpy~HO o6ieH~lTb Cs 
B no~iyl~rlTe, a U B ypaHHnrlTe HepaCTBOptti. [E.C.] 

Resiimee---Es wurde die Bindung von 16slichem Cs aus verbrauchten Brennelementen durch Ionenaus- 
tausch und durch direkte chemische Reaktion mittels Tonmineralen und Schiefertonen unter hydrother- 
malen Bedingungen untersucht.  Verschiedene Tonminerale oder Schiefertone wurden mit m/Sglichen Cs- 
Quellen bei einem Druck von 300 Bar und Temperaturen von 10&, 200 ~ und 300~ f/Jr 4, 2, und 1 Monat 
zur Reaktion gebracht. Das vorherrschende Produkt war Pollucit. Es wurde aber auch CsAISiO4 zusammen 
mit unver~inderten oder hydrothermal veriinderten Alumosilikaten beobachtet .  Aus der  Cs-Konzentrat ion 
der erzeugten LSsungen ergab sich, dab die Cs-Verteilung zwischen der Fliissigphase und den Fes tphasen 
sehr stark von der Cs-Quelle abh~ingt sowie vom Tonmineral oder vom Tonschiefer,  v o n d e r  Temperatur  
und der Reaktionszeit.  Die Illit-Cs2MoO4-Wechselwirkungen ergaben z.B. bei 100 ~ 200 ~ und 300~ die 
Bindung von 19, 32, bzw. 95% des zugegebenen Cs. Es wurde die Fixierung von bis zu 97% Cs in einigen 
Festsubstanzen beobachtet.  ZusS.tzlich zu Cs-Alumosilikaten wurde Cs an KationenaustauschplS.tzen 
durch das Zusammenbrechen der Zwischenschicht  in Montmorillonit fixiert. Die Reaktionen mit Cs2MoO4 
ergaben auch Powellit, da Ca in den Reaktionsmischungen zur Verffigung stand. Das U 6§ aus fl-Cs2U~O7 
wurde durch Tonschiefer, die reich an Sulfiden und/oder organischen Substanzen waren, reduziert und 
bildete Uraninit. (Cs,Na)2(UOz)(Si2Os)3"4H20, ein Analog von Weeksit,  wurde bei den Reaktionen mit 
B-Cs2U207 gebildet. Die Reaktionsprodukte Pollucit und Uraninit k fnnen  einen Grol3teil des Cs and U aus 
verbrauchten Brennelementen fixieren, da das Cs in Pollucit sehr schwer auszutauschen und das U in 
Uraninit unlfslich ist. [U.W.] 

Rfsumf----On a investigu6 sous des conditions hydrothermales l ' immobilisation par 6change d ' ions et par 
rfaction chimique directe avec des minfraux argileux ou des shales de Cs soluble d'616ments de fuel brfilf. 
On a fait rfagir des minfraux argileux varifs ou des shales avec des sources probables de Cs et de l 'eau 
5. 300 bars de pression et 100 ~ 200% et 300~ pendant  4, 2, et 1 mois, respectivement.  La pollucite 6tait le 
produit principal, mais CsA1SiO4 a aussi 6t6 observf ,  ainsi que des aluminosilicates qui n 'avaient  pas rfagi, 
ou a l t f r f s  hydrothermalement.  A partir de concentrations de Cs de solutions produites,  la partition de Cs 
entre liquide et solide a vari6 de en fonction de la source de Cs, et de la phase argileuse ou de shale, de la 
tempfrature ,  et de la durfe  de l 'expfr ience.  Les interactions illite-Cs2MoO4, par exemple, ont rfsult6 en 
la fixation de 19, 32, et 95% de Cs ajout6 h 100 ~ 200 ~ 300~ respectivement.  On a observ6 jusqu'b. 97% 
de fixation de Cs dans certains solides. En plus des aluminosilicates-Cs, Cs a 6t6 fix6 sur des sites h 6change 
de cations par effondrement interfeuillet darts la montmorillonite. Des rfactions avec CszMoO4 ont aussi 
produit de la powellite parceque Ca 6tait disponible dans le mflange.  L ' U  6+ de fl-CssU207 6tait rfduit  par 
des shales riches en sulfide ou en mati~re organique pour former de l'uraninite. (Cs,Na)2(UO~)(Si~Os)a "4H~O 
analogue au weeksite,  a 6t6 produit dans des rfactions avec/3-Cs2UzOT. Les produits de rfaction pollucite 
et uraninite peuvent  immobiliser beaucoup du Cs et de l 'U des 616ments de fuel brfil6 parceque le Cs dans 
la pollucite est es trbmement  difficile h 6changer, et l 'U dans l 'uraninite est insoluble. [D.J.] 
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