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B, W. Mercer, Jr. and L. L. Ames, Jr.

IHSOPUCTIOl

Kearly all of the fission products produced at Hanford are stored in alka­
line slurries in underground waste storage tanks. Although such tank storage

‘ - ■ - . (i1
has been satisfactory to date, certain improvements' have been proposed The

Chemical Processing Department has proposed to remove long-lived, heat-producing 

radioisotopes from the high-level wastes and package them separately for long 

term storage and to concentrate the residual wastes to salt cakes after a few 
years of liquid storage. Strontium will, be removed from stored alkaline sludges 
by a dissolution step followed by separation, using the OSBEX process^). Hie 

cesium contained in the alkaline supernates. will be separated by an ion exchange 
process^) employing a cesium selective exchanger. Cesium, strontium, and rare 

earths will be separated from Purex denitrated waste by the CSREX process. Hie 

cesium and strontium not designated for immediate use will be adsorbed on zeolites 

for a long-term storage in high integrity containers

Hie adsorption of cesium and strontium on zeolites provides the necessary 

flexibility to meet immediate waste management needs and probable future market 
demands. She adsorbed isotopes are not readily leached by fresh water but can 
be recovered by eluting .or leaching with suitable salt or acid solutions^}.

Since fission product recovery solutions have not been fully characterized, 
the results of laboratory studies based on simulated solutions are incomplete.

■a
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Therefore^ methods were investigated which permit calculation of fission product 
loadings on zeolites from basic exchange data for a wide range of solution con­

centrations «

SUMMARY
Cation exchange equilibria in binary systems of Cs+; Sr+^ or Ce+3 with 

other .cations expected in fission product recovery solutions are presented for 

several zeolites (Linde 13X, M~kQQ, AW-500, Horton Zeolon and clinoptilo­
ll te) along with a method of estimating zeolite loadings for multication systems, 

■ Strontium breakthrough curves are calculated from equilibrium and diffusion data 

for comparison with experimental breakthrough curves.
Cesium and strontium loadings of about 1,5 and 2.5 meq/g of zeolite, re­

spectively, were obtained with cesium and strontium feed solutions. Column 

results show 0,9 and 1,3 meq/g of cesium and strontium, respectively, loaded 
together on dA from a simulated CSREX IBP solution.

MRfflOBS OF IOTBSTIGATIOH
Synthetic zeolites used in these studies were obtained as pellets or 

crushed and sieved broken pellets. Included were sodium-based, l/16-ineh diame­

ter pellets of 13X, 4A, kMM} MJ-bOOf and AW-JOO supplied by the Linde Company 

of Tonawanda, lew York, and l/8-inch hydrogen-based Zeolon pellets supplied by 
the Horton Company of Worcester, Massachusetts, Hie elinoptilolite was ob­

tained from the lector, California, deposits of the Baroid Division, of Matronal 

Lead, Carbonates and clays in the elinoptilolite were removed or destroyed by

UNCLASSIFIED
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a ten percent nitric aeid wash prior to use. Table I gives some of the perti­

nent properties of the zeolites used in this study.

TABUS I

Zeolite Properties

Zeolite Si°2/Al20^ wt $
' binder

Wt $ Ho0 
25C Structural

type
Capacity
weet/fz

hA 2 20 25 A ' 3.5
him 2 10 30 A 3.9
13X 2.8 20 25 faujasite 3.6
AW-500 k-5 25 15 chabazlte 2.2
aw-400 6-7 25 12 erionite 2.0
elinoptilolite 8-10 5-15 12 clinoptilolite 1.7
Zeolon 10 «**««« 12 mordenite 1.9

Zeolites used in the equilibrium experiments were based with saturated re­

agent grade chloride solutions of the desired cations. Zeolites received in 

the sodium form were contacted with sodium chloride solution several times to 

insure the purity of the sodium form. The zeolites were thoroughly washed with 
distilled water which was tested for chloride ion with silver nitrate solution. 

A final test for chloride ion was conducted on the distilled water after two 

days contact with the zeolite. A negative test was indicative of a minimum 

of laCl inclusion.

Cation exchange capacities were, determined by double tracing technique. 
Weighed,, sodium-based zeolite samples in polyethylene bottles were contacted 
with a solution containing O.lE CsCl plus 0.1|I laCl plus Cs-^- tracer to de­

termine cesium uptake. Cesium-based zeolitesj corrected for sodium-cesium

USCMSSIFIED
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weight differential, were then contacted with a solution containing O.lS CsCl 
w 22plus 0.1— laCl plus la tracer to determine sodium uptake by the sane zeolites. 

Total zeolite capacity was assumed to be the sum of the cesium plus sodium load­

ing. A higher capacity could have been obtained in some instances if capacities 
were determined with smaller size or different valence cations^?).

At least two days of contact time with shaking were.allowed to obtain zeo­
lite solution, equilibrium. Sigh specific activity Cs^-3^ Wa.22 Sr®5 and Ce-1*^ 

were used to trace the equilibrium solutions. Solution-to-zeolite ratios were 

adjusted to yield statistically reliable counting rates in the equilibrium so­
lutions. Zeolites were originally based with the untraced cation in the system. 
Hie total capacity of the zeolite minus the amount of traced cation removed from 
the equilibrium solution was assumed to represent the amount of traced cation on 
the .-zeolite, light to twelve points were determined for each ion-pair by vary­
ing the ratios of contacting cations.

Several systems were traced from both directions to confirm that equilibrium 
was being attained. Hie equilibrium solution was held at a constant total nor­

mality. Errors introduced by zeolite salt inclusion were probably less than 
one percentA determination of equilibrium relationships in the sodium- 

cesium system at a total normality of 0.1 resulted in essentially the same equi­
libria after activity corrections, confirming that salt inclusion was not a 
major problem.

Zeolites used in the column experiments were sodium-based in all cases.

The zeolites were crushed and sieved to obtain the desired particle size fraction.

MCMSSIFIBB
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The zeolites were washed free of dust and were air dried at room temperature.

Ion exchange columns were prepared by packing 50g of zeolite in a 1.9 em 

ID diameter glass tube to a height of 21 cm. The zeolite was supported on a 

glass wool plug with a wire screen on top. The 50g portions of zeolite were 
soaked in water prior to packing in the tubes to allow air to escape from the 

pores of the zeolite. live days of soaking was found adequate to remove air 
from particle sizes less that 1.19.01a (l6 mesh, U, S, Standard). The columns 

were packed under water to exclude air bubbles.

Solutions were pumped downflow through the columns by means of peristaltic 

action pumps. Effluent samples were collected periodically for analysis. Dae 

volume of water above and below the column was subtracted from effluent volume 
measurements. It temperatures above 2^0 the columns were suspended in a con­

trolled temperature water bath. Feed solutions were boiled to remove dissolved 

gases and were brought to the desired temperature in coils in the water bath be­

fore entering the columns.

BBsmffis mb mscussioi

Equilibria
Ion exchange isotherms at 25C for binary systems containing Cs+> Sr+2> 

and Ce+3, plus other ions expected in fission product recovery solutions are 

shown in figures 1 through 60. Dae isotherms for cesium with other alkali and 

alkaline earth cations are generally favorable for A¥-kOO, AW-500, Zeolon and 

elinoptilolite but unfavorable for kAXW and 13X. Die isotherms for strontium 
in the presence of sodium and calcium are favorable with ^AXW and 13X. Only

~6»
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+■313X revealed a favorable isotherm for Ce J with alhali metal cations, 'Hie ef­

fect of temperature is not shown in this report; however; cesium adsorption 
generally decreases with increasing temperature^12^. lecent preliminary data 

indicate that strontium adsorption is slightly increased by elevating the 

temperature.

Plots of mass action quotients versus solution equivalent ratios axe 
shown in Figures 6l through 74, Hie curves not only illustrate the large varia­

tion of the mass action quotient with solution cation concentration ratios but ■ 

are useful for calculating the amount of adsorbed cations.

Hie mass action quotients were calculated by the following general 

equations

Akb

n, Xl-n<AP a (V E

(\fB (%)aA

Where A^} Bjj = Concentration of cations A and B in equivalents
per liter.

Az, B2 = Equivalent 'fractions of cations A and B on the
zeolite.

nA3 nB “ dumber of cations of A and B represented in the 
chemical equation for the exchange equilibria
of A with B.

Cation Loading Estimates for Zeolites
The use of binary exchange data to predict the equilibrium distribution 

of cations between zeolites and process solutions is often complicated by the 
presence of three or more exchanging cations. Branoff and Lapidus^^ have 

shown that binary exchange equilibria in dilute ternary systems (Co++ ~ H+ -

UUCLASSIFXED
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Ag+ and la+ - 1+ - Ag+ with Dowax 50) is the same as that in pare binary systems, 

Ihey concluded that this behavior mates it possible to determine equilibrium 

distribution in systems of more than two exchanging ions from binary exchange 

data.

A mass action quotient for two cations in a system containing 3 or more 

cations gives only the ratio of the two cations on the zeolite, fheir absolute 

concentration cannot be estimated from this coefficient alone,. However, by defi­

nition the summation of all the cation equivalent fractions on the zeolite is

unity,
Az + Bz + Cz - -•----“- = 1

To solve for Az, mass action .expressions are substituted in place of Bz and Cz 
for the exchange of A with B and A with C, respectively. For example, where A 

and B are univalent and C is divalent the following equation is obtained:

(C|j) 2
Az + --- Az + —r-- ^---- A_ « 1(sp ty2

Cesium and strontium loadings estimated from binary exchange data are compared 

with experimental column values for various solutions and zeolites in Table II. 

When several column values were available for the same feed and zeolite, the data 
for the small particle size and/or the slow flow rate were selected because of a 

closer approach to equilibrium. The column values were calculated from the vol­
ume of solution to 50 percent breakthrough of the Cs+ or Sr+2on a log-probability 

plot, except where marked by an asterisk (*). The latter were calculated from 

breakthrough curves by integrating from C/C0 to 1. In these cases the effluent

HHCLASS1 MED
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+2Sr exceeded 100 percent breakthrough as the column approached equilibrium •with 

the feed solution. Part of the strontium was desorbed from the column as the zone 
of sorbed cesium spread throughout the column.

Solutions lo. 1 and 2 in fable II simulate ion exchange recovery solutions 
of cesium from stored high-level waste supernatant solutions. Solution lo, 1 has 

a higher Ha; Os ratio than that expected for the ion exchange process in addition
+ + ito 1 and impurities. Solution Ho, 3 is a simulated D2SBPA process IBP so~ 

lution^*^ (treated for acid removal and pH adjustment), fhe B2EHPA process was 

initially considered for strontium and rare earth separation but was later replaced 

by the CSHEX process. Strontium recovered by the CSBEX process will have more calci­
um impurity than that of the J32EHM process. Solutions lo. 4 and 5 are simulated 
CSHEX process IBP solutionsC3-®) (treated for aeid removal and pH adjustment). So­

lution lo, ii- has a higher Ha+ concentration than that anticipated for the CSREX 

process.

Except for Solution lo, 5 and kA and AW-400 the estimated and experimental 

results generally agree within experimental error, fhe cause for the differences 
for solution Ho, 5 and and AW-400 are unknown at the present time. It is possi­

ble that the 50 percent breakthrough estimates are in error because of some very 

slow exchange taking place.

Initial results with solutions containing high concentrations of sodium carbo­

nate to cesium carbonate indicated that activity corrections would be necessary to 
obtain satisfactory cesium loading estimates on zeolites. However, subsequent work 

with solutions in the expected concentration range for fission product packaging

1M(2-ethyl-hexyl) phosphoric acid
UICLASSIFIED
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TABUS 11

Comparison of Estimated Cesium and Strontium Loadings with Experimental loadings
at 25C

Solution
lo. Zeolite

Cation Concentrations in Oram
Equivalents per Liter
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0s+ Sr+2 la4' Cat2 i4 M4+

1 AW-400 0.056 -- 1.00 -- 0.025 0.010 CO” Cs+ 1.18 1.25

2 AW-400 0.08 ' 0.64 «• W. w* IS Cs+ 1.50 1.51
2 AW-500 ft It tr Cs4 1.54 ' 1.40
2 Zeolon tt -- It ->* -- It Cs4 1.33 1.35
2 elinoptilolite ii -- 11 -- -- — ft ' Cs+ 1,50 1.42

3 4A — 0.070 0.20 0.020 — — S03 Sr42 2.70 2.50

lj. 4a 0.040 0.054 1.17 0.054 M. «» It Sr42 1.37 1.18
4 4a

ft II ft If -- Ii Cs4 0.25 0.27
% aw-4oo n ft 11 n ft Cs4 O.98 1.06
4 AW-500 f! n II » — .... II Cs4 1.08 l.ll

5 4A 0.040 0.054 0.20 0.054 <« *m «. M. ft _ +2Sr 1.76 1.30
5 4a IS it ft 11 m Cs4 0.47 0.90
5 aw-4oo II it II it

«*»
it Sr42 0.16 0.08*'

5 AW-400 IS it II IS n f'n+V/O 1.14 1.45.
5 AW-500 ft it If ii -- n Sr42 ■ 0.07 0.07*
5 AW-500 IS ti u 11 if Cs 1.34 1.33
5 elinoptilolite f! it n it St 'Cs 1.07 1..13

*See Text - Page 9
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show that activity corrections do not significantly improve the accuracy of the 

loading estimates.

Recent preliminary data indicate that the Sr-Ca and Sr-Sa equilibria with 

kA is only slightly different at 70C compared with data at 25C. Thus, approxi­

mate kA loadings at 70C may be predicted for Ha-Sr-Ca systems from mass action 

quotients deterrained at 25C.

Column Studies
Because of the generally slower exchange rate of strontium relative to 

cesium the variables affecting the rate of strontium uptake were studied in
(is)greater detail 7 Most of this work involved kA zeolite and simulated B2SKPA 

IBP solutions, The kA zeolite is the most selective for strontium in the presence 

of sodium of the zeolites studied.' figures 75 through 8l show the effect of parti­

cle size, temperature, flow rate and column length on the -strontium breakthrough 

curves. In general, increasing the temperature .and decreasing the particle size 

will reduce the loading cycle time and the amount of recycle effluent. Decreas­

ing the flow rate will reduce the amount of recycle effluent but will increase 
loading time. (Column effluent containing significant concentrations of strontium 
will be recycled to the headend of the recovery process). Column length had no 

significant effect on the slope of the strontium breakthrough curve for fhe ex­

perimental conditions given,

Very small particle sizes are undesirable because of the high pressure drops
(if*!)

across the bed of zeolite during drying'1 ^ . The physical properties of the 8 x 12

UICMSSim®
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mesh, beads and l/l6-inch pellets of kA are superior to the crushed material but load­

ing and drying time are believed to be too long for process use.
Table III shows the amount of strontium adsorbed at various column throughput 

values for the curves in Figure 77•

Cesium breakthrough curves for cesium selective zeolites and simulated ion 

exchange recovery solutions are shown in Figures 82 through 83, The solutions con­
taining 0,3® NagCOg and 0.Q4M CSgCO^ represent about the maximum Na:Cs ratio desired 

if a minimum loading of 1.5 met of cesium per gram of zeolite is to be achieved.

TABLE III

Strontium Loading of kA Zeolite

Particle Size Strontium Loading meq/g

Mesh 30 c.v. 35 c.v. .40 c.v, 45 c.v. 50 c.v.

16-18 2.10 2.29 2.38 2.49 2.60
20-25 2.33 2.53 2.65 2.72 2.77
30-35 2.43 2.61 2.69 2.71 2.76
45-50 2.47

, *Flow rate 12 c.v./hr
2.70 2.79 2.80 2,86

*c.v. = Column Volume, includes volume of zeolite plus interstitial 
solution.

Cesium and strontium breakthrough curves for columns of kA and a simulated 

CSREX IBP feed solution are shown in Figure 87. Although the cesium and strontium 
break through about the same time, the cesium approaches C/C0 ~ 1 more rapidly than 
strontium.

Cesium breakthrough curves for AW-400, AM-^00 and elinoptilolite with CSREX 
IBP feed are shown in Figure 88. Cesium loading on AW-400 and AW-500 is about 95

UNCLASSIFIED
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percent of the total cesium plus strontium loading. If desired, the purity of 

the cesium could probably- be increased by removing fhe strontium with a scrub 

solution containing a suitable complexing agent,

fhe strontium breakthrough curves for M-kOO and AW-500 with CSHEX IBP feed 

are shown in Figure 89, fhe strontium exceeds C/C0 * 1 because cesium replaces 
the initially-adsorbed strontium.

Cesium and strontium breakthrough curves for 4A at 80C with CSBEX IBP feed 

are shown in Figure 90*
fhe addition of citrate ion to feed solutions containing and rare earths 

is believed desirable to complex the and rare -earths. If the and Ce3-^ 

are not complexed, these isotopes may adsorb in a narrow band at the influent 
end of the column and cause heating problems at this point. A concentration of

0.005 molar citrate in the B2SHPA IBP feed solutions was found sufficient to pre­
vent significant adsorption of T+^ and Ce+^. fhe X+^ increases for concen­

trations of citrate ion below G.005M with simulated B2EHFA IBP, solutions.

Application of Plate fheory to Column
Operation

fhe method of Gleuckauf was use<| to calculate theoretical cesium

and strontium breakthrough curves for columns of zeolites. This method is ap­
proximate because, of the simplifying assumptions made in deriving the equations. 
For ordinary ion exchange work the height of a theoretical plate (&) may be 

calculated as follows:

A = 1.64 r + - 6 , . . .L-Y °-266 131-
(6 + Dg V 6 + g y %(1 + 70 r

BICLASSIFI1D
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Where; 5 = amount of adsorbed cations per cm? of zeolite di­
vided by amount of cation per ml of solution in
equilibrium with fhe zeolite,,

r = radius of particle in em,

F = linear flow velocity of feed solution above the bed
(cm/sec),

Dg = particle diffusion coefficient (cnf/sec),

% = liquid diffusion coefficient (cnf/sec) and 

(3 = void fraction of the column.

Where

The number of theoretical plates (l) is; 
. Column height (¥0,5) (?0,159)

W — ....... ..—......-.... ... « "■ " .............. v&M,

& (v0.5 - v0.159f

^0,5 = effluent volume at C/Qq = 0,5

V0,159 = effluent volume at 0/CQ - 0.159

Curves of and for strontium as a function of temperature with simu­

lated B2EKPA IBP solution and hA zeolite are shown in Figure $1. The method
(l?)

of finograd and McBaiir , '; was used to calculate the strontium curve from 
conductance date^^* Counter diffusion of 0.07-S Sr+2 and 0.0^ Ca+2 with 

Ia+ (0.09S concentration gradient) was assumed. Approximate transference num-
+ +2 +2bars used for calculating ionic conductance values for la , Sr ’ and Ca 

in nitrate solutions were 0.42, 0.45, and 0.45 respectively. The Dg curve is

plotted through D values calculated from Glueckauf's equations using some ofb " .
the column data in Figures 75 through 8l and other column data not shown. Data 

yielding plate heights less than 1 cm were not used because of the apparent
OTCMSSIFIED
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inaccuracy of the resulting Dg values. . Bie data from columns having less than 

3 theoretical plates were also not used.

Seducing the flow rate and particle size tends to increase the Dg values. 

Considerable variation in duplicate results probably reflect aberrations in 
column operation (e.g., channeling).

Figures 92, 93 and $k show calculated and experimental strontium break­
through curves with kA md simulated D2EEEA feed. An example of the calcula­

tion involved for the curve in Figure 92 is given in the Appendix. At a flow 

rate of 12 c.v./hr and room, temperature, the experimental C/C0 = .5 occurs at 

less volume than at 80G. Although the higher temperature may cause a slight 

shift in equilibrium towards higher strontium loading, most of the difference 

is believed due to kinetics. Both decreasing flow rate and smaller particle 

size will normally give somewhat greater effluent volume to C/Cq - .5-

AdiowiaaxaaEig
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Sample calculation for theoretical strontium breakthrough curve in Figure 92.

Feed

Experimental Conditions

- O.OifM lalOg.O.OO# Sr(103)2, 0.00^ Ca(m3)2.

Particle size - 0.027 cm average radius, (20 x 50 mesh U. S. Standard).

Column size ~ 1.9 cm diameter, 21 cm height.

Packed density - 0,83 S/em^.

Flow rate - 60 c*v*/hour (f = 0.353 cm/sec).

Temperature - 800.

Exchanger weight - 5Qg.
Zeolite - hA

She equilibrium loading is determined from k-AXW data given in Figures 69 and TO.

and

(Haw)2 „ 0.00X6
.Srjf. 0.014
XSal « °*0|A
(S^) O'®*

= 0.11,

= 0.29,

KSr = 6 
la

KSr = 2.8 
la

The equation for determining Sr2 is;

*•' Ck£! ^ Sr 4“
(%•)
»!) ‘^0 rz'

which after numerical substitution becomes;
Sr2*5/~isrz + 0.29

2.8
Src 1.
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Hie equation is then reduced to;
1.22 Sr 2 - 2.22 Sr +1=0.

Z 2

Hie solution to this is;

Oie strontium loading is;

Hien

Sr = O.79
Z

0.79 x

5 =

3.5 - 2.8

(2.8 meq/g) (0.83 g/cm3)

0.014 maq/ml

= 186 ^/cm3

She height, of a theoretical plate is;

& (1.645(0.0271) + (166) (Q,l42)(0.027l)2 (0.353) f 

5.2 x IQ"?

7166 + 0.¥ 1.83 X 10”5 [1 + (7o)(0.0271)(o.353)J

h - 2.7 CIS.

Hie number of theoretical plates is;

Colctm height 
Plate height

Hie number of column volumes to ^/C0 =0.5

=6+0 = 166

(V0.5) (¥0.159) ^ ( ^ ______
(v0.5'- V0.159) (166 -v0.159)2

y20.199 - 7O.199 + 21556 = 0.

low.
v0.5

I =

which reduces to:

21 cm 7.82.7 era 

is;

(pis insignificant in this ease) 

,, n {l66Mvo„itQ)
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!3!h.e solution to tills is;
v0.159 = 116

A straight line drawn through the points ^0-5 and ^0,159 on log-probability- 

graph paper {erf”1 [2 ®/0o - l] vs. log column volumes) will yield the theoreti­

cal strontium breakthrough curve in Figure 92.
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Figure 1 Figure 2

Figures 1, 2 and 3. The 25C isotherm for the reaction Na„ + Cs„ = Cs„ + Na0
with ii-ifflf, 13X, and AW-400, respectively. Total equilibrium 
solution normality was constant at one.

Equivalent fraction of cesium on the zeolite.
Equivalent fraction of cesium in the equilibrium
solution.

UNCLASSIFIED



Figure

Figures k, 5 said 6. The 25C isotherm for the reaction Naz + Css = Csz + Mas
with MI-500, Zeolon, and elinoptilolite, respectively. Total 
equilibrium solution normality was constant at one.

Csz = Equivalent fraction of cesium on the zeolite.
Css = Equivalent fraction of cesiuru in the equilibrium

solution.

UHCLilSS IF1ED
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Figure 9

Figures J,8 and. 9« Eie 25C isotherm for the reaction K,, e Cse == Csr7 EG with
bMM, 13^8 and MJ-bOOy respectively, itotal equilibriun so­
lution normality vas constant at one.
Cs
Cs

- Equivalent traction at cesium on the aeolite.
- Equivalent tracticn ct cesium in the equilibrium

solution.
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Figure 12

Figures 10, 11 and 12. The 250 isotherm for the reaction Kz + Css = Csz + Ks
with AW-500, Zeolon, and clinoptilolite, respectively. 
Total equilibrium solution normality was constant at one.

Csr7 = Equivalent fraction of cesium on the zeolite.
CSg = Equivalent fraction of cesium in the equilibrium

solution.
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Figure 15

Figures 13, lk and 15. The 25C isotherm for the reaction Rbz + Css = Csz -i- Rbf,
with kMM, 13X, and A¥-400, respectively. Total equilibrium 
solution normality was constant at 0.5.

Csr, - Equivalent fraction of cesium on the seolite.
Co3 ^ Equivalent fraction of cesium in the equilibrium

solution.
UNCLASSIFIED
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Figure l6 Figure 1J

Figure 18

Figures ±6, IT and l8. The 25C isotherm for the reaction Rt^ + Cs6 = Csz + Rbs
with AW-500, Zeolon, and clinoptilolite, respectively. 
Total equilibrium solution normality was constant at 0.5.

Csz = Equivalent fraction of cesium on the zeolite.
Csg = Equivalent fraction of cesium in the equilibrium

solution.
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Figure 19

W~-’('6k6l

Figure 20

Figures 19, 20 and 21. The 250 isotherm for the reaction Mj, + Cso = Cs + Mk ^
with 4AXW, 13X, and AW-400, respectively. Total equilibriun 
solution normality was constant at 0.1.

Csr, -- Equivalent fraction of cesium on the seolite.
CSg - Equivalent fraction of cesium in the equilibrium

solution.
UNCLASSIFIED
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Figure 2k

Figures 22, 23 and 24. The 25C isotherm for the reaction + Css - Csz + M4g
with AW-500^ Zeolori; and clinoptilolite, respectively. 
Total equilibrium solution nornmlity was constant at 0.1.

Cs,, = Equivalent Traction ot cesiura on the zeolite.
Cs“ = Equivalent Traction of cesium in the equilibrium

solution.
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o Sr,
• Na_ --*-Sr.

• o

® Sr*

Figure 2'j Figure 26

Figure 27

Figures 2L), 26 and 27. Hie 25C isothern dor the reaction Plia,, Srs =: Sr., + 2Has
with hiXKkl, 13X, and /iW-’l-OO^ respectively. Total equilibrium
solution was constant at one.

UiiCLhSSIFlED

Sr... - Equivalent Fraction ot strontium on the neolite.
SrG Equivalent tractic.;n oj.‘ ctroniiuu in the equilibrium

solution.
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0.6

Sr*
0.4

0.2

0
0 0.2 0.4 0.6 0.8 1.0

Figure 30

Dae 25C isotherm for the reaction 2Na7j + Srs = Sr + 2ilag 
with AW-500, Zeolon, and clinoptilolite, respectively.
Total equilibrivm solution normality was constant at one.

Sr„ = Equivalent fraction of strontium on the ceolite,
Srs = Equivalent fraction of strontium in the equilibrium

solution.
UNCIASSIFIED
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0.1 —

0.4 —

0.2 —

Figure 33

Figures 31, 32 and 33. The 25C isotherm for the reaction Caz + 2Nas = 2Naz + Cas
with 4AXW, 13X^ and AW-400, respectively. Total equilibrium 
solution normality was constant at one.

Nav = Equivalent fraction of sodium on the zeolite.
Na" = Equivalent fraction of sodium in the equilibrium

s solution.
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Figure 34 Figure 35

0.8 -

0.8 -

0.4 --

Figure 36

Figures 34, 35 and 36. The 25C Isotherm for the reaction Caz + 2Nas = 2Naz + Cac,
with A¥~500, Zeolon, and clinoptilolite, respectively. 
Total equilibrium solution normality was constant at one.

Na,7 = Equivalent fraction of sodium on the zeolite.
Ifeg = Equivalent fraction of sodium in the equilibrium

solution.
UNCLASSIFIED



Figure 37

HW-78461

Sr,
Figure 38

Figure 39

Figures 37, 38 and 39. The 25C isotherm for the reaction 2Csz + Srs = Srz + 2Css
with kMM, 13X, and AW-^OO, respectively. Total equilibrium 
solution normality was constant at one.

UHCLASSIFIED

= Equivalent fraction of strontium on the neolite.
= Equivalent fraction of strontium in the equilibrium

solution.
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a*
Figure 40 Figure 4l

Figure 42

Figures 40, 4l and 42. The 25C isotherm for the reaction 2Cs„ + Src, •= Srri -i 2Csrt
with AW-500, Zeolon, and clinoptilolite, respectively.
Total equilibrium solution normality was constant at one.

Sr = Equivalent fraction of strontium on the zeolite.
Sr = Equivalent fraction of strontium in the equilibrium

solution.
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Figure

Figure 45

Figures 43, 44 and 45. The 25C isotherm for the reaction Caz + 2Csg = 2Csr/ + Cas
with 4AKW, 13X, and A¥-400, respectively. Total equilibrium 
solution normality was constant at one.

Csr/ = Equivalent fraction of cesium on the zeolite.
CSg = Equivalent fraction of cesium in the equilibrium

solution.
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Figure 46 Figure bj

Figures 46, 47 and 48. The 25C isothera For the reaction Caz 2Csg = 2Cs7i •; Cag
with Alh-500, Zeolon, and clinoptilolite, respectively. 
Total equilibrium solution normality xrc.s constant at one.

Cs,, ~ Equivalent inaction ot cusiivu on the neolite.
Cs " -- Ecmivalent traction ot cesiun in th.o ocmilibriuai c.

celution*
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Figure Ij-9 Figure 50

Sr.
Figure 51

Figures 49, 50 and 51. The 25C isotherm for the reaction Caz + SrG - Sr,, -t Ca
with 4AX1/, 13X, and AW-400, respectively. Total equilibrium 
solution normality was constant at one.

Sr__ - Equivalent fraction of strontium on the neolite.
Srj - Equivalent fraction of strontium in the equilibrium

solution.
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Figure 52 "Figure 53

Figure 54-

Figures -52, 53 and 54. Hie 25C isotherm for the reaction Ca + Sr = Sr -t- Ca
2 S Z S

with AW-500, Zeolon^and clinoptilolite^ respectively.
Total equilibrium solution normality was constant at one.

Sr,., = Equivalent fraction of strontium on the zeolite.
Sr^ = Equivalent fraction of strontium in the equilibrium

solution.
UNCLASSIFIED
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Figures 55 and 56, liie 25C isotherm for the reaction 3Na2 + Ce = Ce + 3Nafi
with k-MM, and 13X, respectively. Total equililDriurfl so­
lution normality was constant at 0.5.
Ce ~ Equivalent fraction of cerium on the zeolite.
Ceg 5= Equivalent fraction of cerium in the equilibrium 

solution.
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Figure 57 Figure 58

Figures 57 and 58. Hie 25C isotherm for the reaction SCs^ + Ce = Cet> -i- 3Cs0/~i S /_j 0with 4MW, and 13X, respectively. Total equilibrium so­
lution normality was constant at 0.5.

Ce = Equivalent fraction of cerium on the seolite.
Ceg = Equivalent fraction of cerium in the equilforium

solution.
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0.6 -

Figure 59 Figure 60

Figures 59 and 60. The 25C isotherm for the reaction 3Srr, •» 2Ccg 2Ce -1 3^rr
with 4AXW, and 13X, respectively. Total equilibrium solution 
normality was constant at 0.5*

Cez = Equivalent fraction of cerium on the zeolite.
Ces = Equivalent fraction of cerium in the equilibrium 

solution.
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rrrrr TTTT

CUnoptfloiite 
—— Zeolon 
jrPW 400 

500Clinoptilolite

AW 400

Zeolon

“ AW 500

4 AXW

\ AXW

0.1 1.0 10 100

(NaNi
(C»N)

Figure 6l. Vaxiation of mass action quotients with solution equivalent ratios for
the exchange reaction Narr eolite + Cssolution Cs _ .. +zeolite Nasolution.

Zeolon

AWS00

4 AXW
J-----LJL

Figure 62. Variation of mass 
the reaction K

action quotients with solution equivalent ratios for
zeolite + Cs : olution = Cs. ;eolite + Ksolution.
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AW 500
^ Clinoptilolite
^ Zeolon ----
**AW 400

AW 400
4 AXW

\ AXW

0.1 1.0 10 200

(M4n)
(Cn)

Figure 63. Variation of mass action quotients with solution equivalent ratios for
the .exchange reaction Mlk + Cs = Cs + M,zeolite solution zeolite ^solution

TTTT

AW 400

AW 500

AW 400

AW 500

A AXW

Figure 6k, Variation of mass action quotients with solution equivalent ratios for
the exchange reaction Ebseollte * Cssolatlon = CSzeolite t Eb3olution.
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- 4 AXW

lCaNi

(Csn)2

Figure 65. Vaxiation of mass action quotient 
the exchange reaction Ca ^

with solution
2Cs , ,. =solution

equivalent
2Cs n,, zeolite

ratios for
Ca

oolution

C^ImoptUolite^^AWSOO'
.Zeolon ‘

AW 400

Clinoptilolite

- Zeolon

'AW 500

AW 400

tCaN)
(CSn)2

Figure 66 Variation of mass action quotients wi
the exchange reaction Cai_^1 2Cs

jolution equivalent ratios
ion PCs zeolite "'solution
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4 AXW

4 AXW

Figure 6j, Variation of mass action quotients with solution equivalent ratios for
the exchange reaction 2Cs^.eol^ie + Sr olution = Sr reolite 2Cssolution

•rrrrTTTTTTTT

AW 400

AW 500

AW 400

AW 500

Figure 68. Variation of mass action quotients
the exchange reaction ...° neoiioe

with solution equivalent ratios for
Sr t . = Sr n , -r 2Cs . , .soluxion zeolite solution
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TT't'T i t it

Clinoptilolite
13X
A AXW

4 AXW

AW4f

iW 500

.Zeolon

IAW 500

Zeolon

Figure 69. Variation of mass action quotients with solution equivalent ratios for
the exchange reaction ... -i- Sr , , . = Sr , ., + Ca^ zeolite solution zeolite solution.

4 AXW

: 13X

4 AXW

’Zeolon

AW 400 -

AW 500

•AW 500
Zeolon

Figure 70. Variation of mass action quotients with solution equivalent ratios for
the exchange reaction 2Na n ., + Sr = Sr + 2Nazeolite solution zeolite solution.
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‘AW 500

4 AXW

AW 400

Zeolon . 
4 AXW

’ 13

W*,)*

Figure 71* Variation of mass action quotients with solution equivalent ratios for
the exchange reaction Ca ^ ., + 2Na = 2Na „ ., * Caseolite solution zeolite solution.

Figure J2. Variation of action quotients with solution equivalent ratios or
the exchange reaction 3Ns. Ce CezeoJ aeolit 3 Na­so iivcion.
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0.01 0.1 1.0 10

(c’»)3

?C*N)

Figure 73- Variation of macs action quotients with solution equivalent ratjoc for
the exchange reaction 3Cs ^ , + Ce , , . = Ce „ . -i 3Cbseolite solution zeolite solution.

J_J_L

ISrN)3

(C.NI3

Figure jk. Variation of mass action quotients with solution equivalent ratios
the exchange reaction 3Sr , ., 2Ce , . = 2Ce n 3&Z'° v zeolite solution zeolite s

tor

olution.
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x 18 mesh
A 20
• 30

0.2-

Column volumes

Figure 75. Effect of particle size on strontium breakthrough curves with 
4A at 25C.

Conditions:
Feed
Column size 
Exchanger weight 
Flow rate

0.20M NaN03, 0.035M Sr(N03)2; 0.010M Ca(N03)p.
1.9 cm* diameter^ 21 cm. height ^
50 grams 
12 c.v./hour
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Column Volumes

Figure 76. Effect of particle size on strontium breakthrough curve with 
kA at 55C.
Conditions:

Feed
Column size 
Exchanger weight 
Flow rate

0.2CM, NallOq, 0.035M Sr(N00)o, 0.010M Ca(NO ) .O ~ J £. ~ 3 2
1.9 cm, diameter., 21 cm, height 
50 grams 
12 c.v./hour,
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l6 x 18 mesh 
20 x 25 
30 X 35 
45 x 50 "n

Column Volumes

Figure TT* Effect of particle size on strontium breakthrough curve with 
4A zeolite at 80C.
Conditions:

Feed
Column size 
Exchanger weight 
Flow rate

0.20M IaN03, 0.035M Sr(N0o)2, 0.010M Ca(N03)2.
1.9 cm, diameter, 21 cm. height 
50 grams 
12 c.v./hour
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O l/l6 inch pellets
^ l6 x 18 mesh
# 30 x 35 mesh

55 W

Column Volumes
Figure 78. Effect of particle size on the strontium breakthrough curves with 

h& at 25C.

Conditions:
Feed 0.20M NaNO^^ 0.035M Sr(lOo)2, 0.010M Ca(N03)2.
Column size 1.9 cm. diameter, 21 cm. height
Exchanger weight 50 grams 
Flow rate 3 c.v./hour
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o,4 -

10 15

Column Volumes

Figure T9* Effect of temperature on strontium 'breakthrough curves 
with 4A.

Conditions:,

Feed
Column size
Exchanger weight
Flow rate 
drain size

0.20M NaJ03, 0.03^ Sr{l03)g, 0.010M Ca(l03)2,
1.9 cm. diameter, 21 cm. height.
50 grams 
12 c.v./hour 
20 x 25 mesh
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A 21
O b2 cm (lOOg)

Column Volumes

Figure 80. Effect of column height on strontium breakthrough curve 
with kA.

Conditions;

Feed
Column diameter 
Flow rate 
Temperature 
Particle size

0.20M laNO^, 0.035M Sr(l03), 0.01CM Ca(N03)2
1.9 cm 
6 c.v/hour
25C
20 x 50 mesh

UNCLASSIFIED



UICMSS1BTID H»~7846l

0.3 -

0.1 -

Column Volumes

Figure 8l, Effect of* flew rate on strontium breakthrough curve. 
Conditions!

Feed
Column size 
Exchanger weight 
Temperature 
Particle size

)M M03, 0.033§ Sr(l0o)g> 0.010M Ca(l03)2. 
cm diameter^ 21 cm. height. "" ^

0.20M 
1.9 
50g.
23C
30 x 35 mesh.
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c/0o

Column Volunes 
, Figure :i83 , IW-^-OO

Figures 82 and, 83. Effect of particle size on cesium breakthrough curve i?ith M-bOO 
and Aff-500.

Conditions
Peed
Plow rate 
Colum size 
Exchanger weight 

■ Temperature

0.3^4 Ia?0Oo, O.CAM Cs CCS 
4 c.v./hour'3
1.9 cm. diameterj 21 cm. height
50 grams
25C

19
!i
8l
 ”
II
H' 

-^
5-
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c/c

16 x 18 mesh

Column Volumes
Figure 84 Clinoptilolite

Column Volumes 
.sure 85 Zeolon

Figures 84 and 85 Effect of particle size on cesium breakthrough curves with clinoptilolite 
and Zeolon.
Conditions:
Feed 0.32M NapCG-j, 0.04M Cs2C03
Flow rate 4 c.v./hour
Column size 1,9 era, diameter, 21 cm. height
Exchanger weight 50 grams 
Temperature 25C

UNCLASSIFIED 
-56- 
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C/C,

-5T-

A 16 x 18 mesh

Column Volumes

Figure 86, Effect of particle size on cesium breakthrough curve 
for AW-400 with high Ha to Cs+ ratio in feed.

Conditions;
Feed;

Plow rate 
Column size 
Exchanger weight
Temperature

0.50M Na2C03, 0.02^81 Cs2C03,
o,oo5M (nh^)2co3, 0.0125M k2co3.

3 c.v./hour
1,9 cm, diameter, 21 cm. height
50 grams
25C
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1.0

0.9 

0.8

0,7

0.6 

0,5

0.4

0.3 

0.2

0.1

0
0 5 10 15 20 25 30 35 ^0 45 50

Column Volumes
Figure 87, Cesium and strontium breakthrough curves with a simulated 

CS1EX feed and h-A.

Conditions;

Feed

Flow rate 
Column size
Exchanger weight 50 grains
Temperature 25C
pH of feed 5

0.2QM NalO^ 0.027M Sr(lQo)2 , 0.027M Ca(lOq’ 
0,040M CsNDo, 0.001M CeCKD^h, 0.0005M J 

0.005M citrate.
3 c.v./nour ”*
1.9 cm. diameter, 21 cm. height
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__ V 30 x 60 mesh AW~5.00 
4 l6 x 18 mesh AW-4Q0 

— A 16 x 18 mesh clinoptiloli'

Column Volumes
Figure 88 Cesium breakthrough curves for various zeolites and a sumulated 

CSREX feed.
Conditions:
Feed 0.2CM NaNOo, 0.027M Sr(N0q)2, 0.027M Ca(NO )2,

O.OkOM CsND3, 0.00314 Ce(N037o> 0.000^4 J 
Nd(N03)2, 0.005M citrate 

Flow rate 3 c.v./hour
Column size 1.9 cm. diameter, 21 cm. height
Exchanger weight pO grams 
Temperature 25C
pH of Feed 5
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▼ 30 x 60 mesh AW~500

# 25 x 30 mesh AW-400

Column Volumes

Figure 89. Strontium breakthrough curves for M-hOO and AW~500 with a 
simulated. CSEEX feed.

Conditions;

Feed 0.20M Ial03> 0.0271 Sr(N0,)2, 0.027M Ca{l00)$,
0.04m CSIO3, 0.0QIM 00(3703),, 0.0005M 11(183)2, 
0.005M citrate.

Flow rate 3 c.v./hour
Column size 1.9 cm. diameter, 21 cm, height
Exchanger weight 50 grams 
Temperature 25C
pH of feed 5
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• Cs

A Sr

0.5 -

0.2 -

Column Volumes

Figure 90* Cesium and strontium breakthrough curves for kA at 80C 
with a simulated CSREX feed.
Conditions:

Feed

Flow rate 
Column size 
Exchanger weight 
pH
Particle size

0.20M, NaN03 , 0.027M Sr(N0^)2> 0.027M CaC®^)^ 
0.040M CsN03, 0.00M Ce(N03)3, 0.0005M Nd(l03)3, 
0.00^ citrate,
12 c.v./hour
1.9 cm diameter, 21 cm height
50g
5
30 - 35 mesh
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Mesli sizes

X 16 X 18 ■ 30 x 35
O 18 x 20 A 35 x 40
• 20 x 25
▲ 25 x 30

Tenperature (C)
Figure 91* Variation of liquid (B^) and particle (Dg) strontium diffusion co­

efficients with temperature for kA and a simulated D21HFA IBP so­
lution.

IBP solution compositic 0.20M W03, 0.035M Sr(N03)2. 0.010M Ca(®3)

Flow rate: 12 c.v./hour unless otherwise indicated.
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A.. Calculated cm -■re

Experimental curve

□ Experimental points

C.6 -

0.2 -

Column Voluiiies

Figure 92. Calculated and experimental strontium breakthrough curves with 
4A and dilute feed.

Conditions:
Feed
Flow rate 
Column size 
Exchanger weight 
Temperature 
Particle size

0.04M IaI03, 0.00JM Sr(N03)2> 0.002M Ca(l03)2 
60 c.v./hour
1.9 cm, diameter, 21 cm. height
50 grams
80C
20 x 50 mesh
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Experimental curve
Calculated curve
Calculated curve
Experimental curve

0.1 -

Column Volumes
Figure 93. Variations of calculated and experimental strontium breakthrough 

curves with temperature for 20 x 50 mesh kA.

Conditions:

Feed 0.20M laNOp 0.035M Sr(l03)2, 0.010M Ca(l03)2
Flow rate 12 c.v./hour
Column size 1.9 cm. diameter^ 21 cm. height
Exchanger weight 50g*
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A Calculated curve 
B .Experimental curve 
^ Experimental points

0.3 -

25 30 35 W
Column Volumes

Figure $k. Calculated and experimental strontium breakthrough curves for 
ll x 30 mesh kA.

Conditions;

Feed 0
Flow rate 12
Column size 1.9 cm. diameter, 21 cm. height
Exchanger weight 50g,

.20M MO-,, 0.035M Sr(lOo) 0.010M Ca(lO_)
2 cTv. /hour 0 2 - o 2
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