UNCLASSIFIED

- HW-78L61

THE ADSORPTION OF CESIUM, STRONTTIUM, AND CERIUM z
ON ZEOLITES
FROM MULTTCATTON STSTEMS
’ 1
B. W. Mercer, Jr. and L. L. Ames, th/
Process Research and Development
Chemical Effluents Technology
CHEMICAL LABORATORY

NOQTICE

This report was prepared for use within General Electric
Company in the course of work under Atomic Energy Com-~
tnission Contract AT {45-1) 1350, and any views or opinions
expressed in the report are those of the author only, This

repott ia subject to Fevision upon collection of additiorial data,
ek micaLAD wisH.

HANFORD LABORATORIES
August 19, 1963

LEGAL NOTICE
This repart wés prepaed 6 dn account of Government sponsored work. - Naither the United States;

nor the Commission; nor any person acting on behalf of the Commission:.

A Mekes any warranty or representation; exprassed or mplied, with respectte the accurqey, coin-
lofondss, or usefulness of the information contained in fhis repart, o¢ that the use of any informetion,
aipparatys, method, or process disclased in this report ray nol infringe privately owned ights; or,

B Assumes any fiabiliies with respect 1o the use of, or for damageés resulting from the use of

day inforsiation, opparatus, method, or process disclosed in this report.

A5 ised tn the above, “persan aclinig on behulf of the Cammission” includes ‘any émployee or
‘ceniractor of the Commission, or employes of such caniréctor, to the extent that such employee of cor-
Ireicior ‘of the Commission, or emplayee of such contractor prepares, dissemindtes, or provides aceess o,
any information pursuant fo his employment or contract with the Commission, of his ‘siployment. with
sich” contractor.

ﬁﬁﬁFGRD’ASQMXC'fRODECTS OPERATION

General Electric Company ,
Richland, Washington {

1/  HANFORD LABORATORIES, General Electric Company, Richlend, Washington

Work performed under Contract No. AT(45-1)-13 ‘
_pex . =1 }=1350 betwee i
Commission and General Electric Company. g # the Avomic Suerey

UNCLASSIFIED




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency
thereof.

DISCLAIMER

Portions of this document may be illegible in electronic image
products. Images are produced from the best available
original document.



UNCLASSIFIED

INTERNAL DISTRIBUTION .

Copy Number

G. J. Alkire

L. L. Anmes

J. W. Barnes

8. J. Beard

0. F, Beaulieu
R. E. Burns

H., Ls Caudill
W. J. DeMier

J. B. Fecht

10 W. A. Hsney

1 0. F, Hil1

12 R, XK. Hilliard
13 E. R. Irish

1% B. F., Judson

15 R, L. Juokins
16 K. €. Knoll

17 €., B, Linderoth
18  B. W. Mercer

19  R. L. Hoore

20 J. Ln Nelson

21 A, M. Flatt

22 H. €. Rathvon
23 W. H. Beas

2Lk G, L. Richardson
25 L. C. Schwendiman
26 P. W. Smith

27 W. H, Swift

28 R. E. Tomlinson
29 H., H. Van Tuyl
30 M., T. Walling
31 B. J. Wheelwright
32 Fle Copy

33 300 Files

O QO3 O W RO

HW-T8461

EXTERVAL DISTRIBUTION

Copy Number
34k AEC, Washington
Attn: W. G, Beltey
35~36  IAEA, Vienna, Austria
Attn: J. F. Honstead
37 University of North Caxrolina
Chapel Hill, North Carclins
Attn: H. €. Thonmas
38  University of California
Berkeley 4, California
Attn: W, J. Keaufman
39 €. L. Robinson, RLOO
4o @, B, Technical Data Center
Schenectady
41  Osk Ridge National Leboratory
Attn: P, 8. Beker
Lo70  BExtra

UNCLASSIFTED




UNCLASSIFIED HW-78461

THE ADSORPTION OF CESIUM, STRONTIUM, AND CERIUM ON ZEOLITES FROM
MULTTCATION SYSTEMS

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

INTRODUCTION
Néarly‘all of the fission products produced at Hanford are stored in elkas-

line slurries in undﬁrground.yagﬁe sﬁ@rag@'tanks; Although such tank storage
has been gatisfactoyy ﬁo date, certain im@ravem@nﬁ$‘have’been prcp@ﬁed'(l). The
Chemical Proeessiﬁg D@pawtmﬁnt has proposed to remove long-lived, heat-producing
radi@isgt@pes from the high-level wastes and package them separately for long
term storage and to concentrate the residual wastes to salt cakes after a‘few
vears of liquid storage. Strontium will be removed from stored alkaline sludges
by a dissolution step followed by seyaratimn, using the Qﬁﬁg&mprose§g(2). The
cesium contained in the alkaline smyefﬂaﬁes_will be separated by an ion exchagge
proce§$(3) employing a cesium selective exchanger. Cesium, strontiﬁm;wéggw;ére
;Q¥%hs %iil be separated from Purex denitrated waste by the CSREX process. The
cesium and Strantium,gpﬁjﬁasignatea for immediate use willggéiadaorb&& on zeolites
for a long~te?m,§§g§§gg in high integrity aontainers(&). i M‘ -

Thé aﬁécryﬁiom éf cesium and strontium on zeolites provides the necessary
flexibility to meet immediate waste management needs and pfobable future market
demands. The adsorbed i$0topes are not readily leached by fresh water but can
be recovered by eluting or leaching with sultable salt or acid smluti@ns(S).

Since fission product recovery solutions have not been fully characterized,

the results of laboratory studies based on simuleted solutions are incomplete.

Do
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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 golution con-

centrations.

SUMMARY

’Caﬁion exchange equilibria in binary systems of C$+, Sr*gﬁ or Ge+3 with
other cations expected in fission product recovery solutions are presented for
several zeolites (Iinde LAXW, 13X, AW-LOO, AW-500, Norton Zeolon and clinoptilo-

lite) along with a method of estimating zeolite loadings for multication systems.

‘Strontium breakthrough curves are calculated from eguilibrium and diffusion data

for comparison with experimental breskthrough curves.

Cesium and strentimm loadings of about 1.5 and 2.5 meq/g of zeolite, re~
spaectively, were obtéiﬁed with cesium and strontium feed solubtions. Column
results show 0.9 and 1.3 maq/g of gesium and strontium, respectively, loaded

together on LA from a simulated CSREX 1BP solution.

METHODS OF INVESTIGATION

Synthetic zeolites used in these studies were oblained as pellets or
erushed and sieved broken pellets. Included were sodium~based, 1/16-inch diame-
ter pellets of 13X, 4A, LAXW, AW-L0O, and AW-500 supplied by the Linde Company
of Tonawanda, New York, and 1/8~inch hydrogen~based Zeolon pellets supplied by
the Norton Company of Worcester, Massachusetts. The clinoptilolite was ob-
tained from the Hector, California, deposits of the Baroid Division of National

Lead. Cearbonates and clays in the clinoptilolite were removed or destroyed by
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g ten percent nitric acid wash prior to use. Teble I gives some of the perti-

nent properties of the zeolites used in this study.

TABLE I

Zeolite Properties

; Wt % Wt % H.0 Structural Capacity
Zeolite ,Slgg/AlgEi ~ pinder __25¢C type meq/g
La 2 20 25 A 3.5
L AXW 2 10 30 A 3.9
13X 2.8 20 25 faujasite 3.6
AW-500 hag 25 15 chabazite 2.2
A-100 ; 6-T7 25 12 erionite 2.0
“elinoptilolite 8~10 5wl5 12 clinoptilolite 1.7
Zeolon 10 o 12 mordenite 1.9

Zeolites used in the egquilibrium 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
éisﬂilied‘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 NaCl inclusion.

Cation exchenge capacities were determined by double tracing technique.
Weighed, sodium~based zeolite éam@les in polyethylene bottles were contacted
with 5 solution comﬁaining 0.18 ¢sc1 plus 0.1 NaCl plus 3613h tracer to de-

termine ceslium uptake, Ceslum~-based zeolites, corrected for sodium~cesium

‘I" UNCLASSIFIED
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weight differential, were then contacted with a solution containing 0.18 csc1

2 tracer to determine sodium upteke by the same zeolites.

plus O.&g NaCl plus Na®
Total zeolite capacity was assumed to be ﬁhe sup of the cesiwm plus sodium load-
ing. A higher capacity could have been cobtained in some instances if capacities
were deterwmined with smaller size or aifferent valence aations(6?7).

At least two days‘of contact time with shaking were allowed to obtain zeo-
lite solution equilibrium, High specific activity Cs!3% Ne?2 sr85 and cellh
were used to trace the equilibrium solutions., Solution~to-zeolite ratios were
adjusted to yleld statistically feliabl@ counting rates in the equilibrium so-
lutions. Zemii@eskwera originally based with the untraced catlon in the systen.
The t@tal’ca@aeity of the zeolite minus the amount of traced cation removed from
the equilibrium solution ﬁas assumed 10 represent the amount of traée& cation on
the zeolite., Eight to twelve polnts weré determined for each lon-pair by vary-
ing ﬁh@ ratios of contacting cations.

VS@Veral systems were traced from both directions to confirm that equilibriun
was béingaaﬁtainaa. The equilibrium solution was held at a constant total noiw
mality. BErrors introduced by zeolite salt inclusion were probably less than
one percant(g). A dete;mination of equilibrium relaﬁionﬁhips’in the sodiume
cesium sysﬁém at & total normalityvof 0.1 resulted in essentlally the same equl-
libria after activity corrections, confirming that salt inelusion was not a
major problen.

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

The zeolltes were crushed and sieved to obtain the desired particle size fraction.
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The zeolites were washed free of dust and were alr dried at roon temperature.

Ion exchenge columns were prepared by packing 50g of geolite in a 1.9 om
ID dlameter glass tube to a helght of 21 cm., The zeolite was supported on a
glass wool plug with a wire screen on top. The 50g portions of zeolite were
soaké& in water prior to pecking in the tubes to allow alr to escape frow the
pores of the zeclite. Flve days of saaking*was found adegquate to remove alr
from particle sizes less that 1.19 mm (lﬁlmesh, U. 8. Standard). The colums
were packed under water to exclude alr bubbles.

Bolutions were pumped downflow through the colums by meens of peristaltic
action pumps. Effluent samples were collected periodicslly for analysis. The
volume of water above and below the column was subtracted from effluent volume
measurenents. Ab temperstures asbove 25C the columms were suspended in a conw
trolled %em@erature*water bath. Feed solutions were boiled-to remove dissolved

gases and were brought to the desired teﬁ@eraﬁure in coils in the water bath be-

fore entering the columns.

RESULTS AND DISCUSSION
Eguilibria'

| Ion exchange isotherms at 25C for binary systems conteining ﬂs*; srtes
and $$*3, plus other iong expected in fisslon product recovery solutions are
shown in Figures 1 through 60. The isotherms for cesium with other alkali and

alkaline earth cations are generally favorable for AW-LOO, AW-~500, Zeolon and

clinoptilolite but unfavorable for HAXW and 13X. The isotherms for strontium

in the preseﬁae of sodium and caleium are favorsble with LAXW and 13X. Only
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3

lﬂxvrevealed a Tavorable lsotherm fox Ce+ with alkall metal cations. The ef-
fect of ﬁ&m@erature is not shown in this report; however, cesium adsorption
generally decreases with increasing tamperature(lg), Becent preliminary data
indicate that strontium adsorption is slightly increased by elevating the
tem@eratuxe. | |

Plots of mass action guotients versus solution eguivalent ratics are
shown in Figures 61 through Th. The curves not only 1llustrate the large veria-
tion of the mass action guotient with solution cation concentration ratiocs but
gre useful for calculating the amount of adsorbed cations.

The mass action gquotients were calculated by the following general
eguation:

n

(a,) & (3) B

Kg sl )
(8,8 (a4

Where Ay, By Concentretion of cations A and B in equivalents

#

per liter.

Ay, Bz = Baulvalent fracbions of cations A and B on the
zeolite.

ng, ng = Number of cations of A and B represented in the
chemical equation for the exchange equilibria
of A with B.

Cation Ioading Betimetes for Zeclites

The use of binary exchenge data to predict the equilibrium distribution
of cations bebween zeolites and process scolutions is often complicated by the
presence of three or more exchanging cations. Dranoff and Lapidu$(9), have

..},

shown that binary exchange equilibria in dilute ternary systems (Co++ = H -
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* with Dowex 50) is the same as that in pure binary systems.

Ag” and Na¥ - B - Ag
They concluded that this behavior makes it possible to determine equilibrium
distribution in systems of more than two exchanging ions from binary exchange
deta.

A mass action guotient for two cations in a system containing 3 or more
cations glves only the ratio of the two cations on the zeolite. Thelr absolute
concentration cannot be estimated from thisrcoefficient alone. However, by defi-
nition the summstion of all the cation egulvalent fractions on the zeolite is
unlty,

A, + B, +C; m w = me = 1
To solve for A , mass action expressions are substituted in place of Bz and Cz
for the éxchange of A with B and A with €, respectively. For example, where A
and B are univalent and € is divalent the following equation is obtained:
(3x) o, e L2
G ) a2

Cesium and strontium loadings estimated from binary exchenge data are compared

H
=

with experimental column values for various solutions and zeolites in Table II.
When several cblumn values were avallable for the same feed and zeolite, the data
for the small particle size and/or the slow flow rate were selected because of a
eloser approach to equilibrium. The column values were calculated from the vol-
ume of solution to 50 percent breskthrough of the cs” or Srﬁzbn a log-probablliity
plot,‘@xcapt where marked by an asterisk (¥). The latter were calculated Ffrom

breakthrough curves by integrating from a/co to 1. In these cases the effluent
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Sr%g exceeded 100 percent breskthrough as the column approached equi;ibrium.with
the feed solution. Part of the strontium was desorbed from the column as the zone
of sorbed cesium spread throughout the columm.

Solutions No. 1 and 2 in Table Il simulate ion exchenge recovery scluﬁiamsila)
of cesiun from stored high-level waste supernatant sclutions., Bolution No. 1 has
a higher Na:Cg ratio than that expected for the lon exchange process in addition
1o K+ and Nﬁﬁ¢ impurities. Bolution No. 3 is a simulated Bzﬁﬁ%gprocess 1BP go=
1ution(ll) (treated for acid removal and pH adjustment). The D2EHPA process was
initially considered for strontium and rare earth separation but was later replaced
by the CSREX process. Strontium recovered by the CBREX process will have more calele
um impurity than that of the DREHPA process. Solutions No. 4 and 5 are simulated
CEREX process 1BP solutions{lg) (treated for acid removel and pH adjustment). So-
lution No. 4 has a higher Na+ concentration than that enticipated for the CSREX
Process.

Except for Solution No. 5 and LA and AW-40O the estimated and experimental
results generally agree within experimental error. The cause for the differences
for solution No. 5 and LA and AW-400 are unknown at the present time, It ig possi-
ble that the 50 percent breakthrough estimates are in error because of some very
slow exchange taking place. |

Initial results with solutions conteining high concentrations of sodium carbo-
nate to cesium carbonate indicated that activity corrections would be necessary to
obtain satisfactory ceslum loading estimates on zeolites. However, subseguent work

with solutions in the expected concentration range Tor flgsion product packaging

1
Di{2-ethyl-hexyl) phosphoric acid ,
” UNCLASSIFLED




TABLE IT
Comparison of Bstimated Cesium and Strontium ILoadings with Bxperimental Loadings
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No. Zeolite oes” grte Na* cate x* m}‘.lfﬁw 3 3
1 M-400  10.056 oy 1.00 - 0.025 1 0,010 cog ce” 1.18 1.25
2 AW-100 0.08 ee | 0.6k - - . " cs” 1.50 1.51
2 AW-500 " . i, - - - " cst 1.5 1.bo
2 Zeolon " - " - - e " » Csi’ 1.3 1.35
2 Clinoptilolite " - " - - - " Cs 1.50 1.he
3 4A - | 0.070 0.20 | 0.020 — - o, Sr'e 2,70 2.50
s LA 0.040 | 0,05k 1.17 | 0.05h -- - n Srig 1.37 1.18
L La " " " " - - ! Cs 0.25 0.27
I AW-100 " " i, " - - " gs”t 0.98 1.06
L AW-500 " " " : .- . " cs™ 1.08 1.11
5 IA 0.040 | 0.05k 0.20 | 0.054 - _- " s 2 1.76 1.30
5 LA 1 # n 0 . . i1 cﬁ% 0.7 0.90
5 AW-400 " " " n - .- n srte 0.16 0.08%
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show that activity corrections do not significantly improve the accuracy of the
loaﬁing egtimates.

Recent preliminary data indicate that the Br-Ca and Br-Na equilibria with
LA is only slightly different at TOC compared with data at 25C. Thus, approxi-
mate bA loadings at TOC may be predicted for Na~Sr-Ce, systems from mass action

quotients determined at 25C.

Column Btudies

Because of the generally slower exchange rate of strontium relative to
eesiumithe variables affecting the rate of strontium up%ake were studied in
greater ﬁetailizg).* Most of this work involved LA zeolite and simulatbed DREHPA
1BP solutions. The LA zeolite is the most selective for strontium in the presence
of sodium of the zeolit@s_studied.' Figures YS‘tthugh 81 show the effect of parti-
cle size, temg&ra@ure; flow rate and column lengthAon the strontivm breakthrough
éurves. In'genaral; increaging the temperature and dacraasing the particle size
will reduce the loading cycle time and the amount of recycle effluent. Decreas-
ing the flow rate will ée@uce 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 elfect on the slope ozszha strontivm breakthrough curve for the ex-
perimental conditions glven.

Very small part&cle sizes are undesirable because of the high pressure drops

across the bed of zeolite during drylmg( %>. The physical properties of the 8 x 12
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mesh beads and 1/16-inch pellets of LA 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 T7T.

Cesivm breakthrough curves for cesium selective zeolites and simulated ion
exchange recovery solutions are shown in Figures 82 through 83. The solutions con-
taining 0.32&_N&2C03 and O.OLM Cs,003 represent about the meximum Na:Cg ratio desired

1f & minimum loading of 1.5 meg of cesium per gram of zeolite is to be achieved.

TABLE ITIT
Strontium Loading of LA Zeolite
Particle Size | Strontium Leading meq/g
Mesh 30 e.v. 35 ¢.v. hO e, Ls o,v, 50 c.v.
16-18 2.10 2.29 2.38 2.49 2.60
2025 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 N 2.70 2.79 2.80 2.86
Flow rate 12 c.v./hr

*¢,v., = Column Volume, includes volume of zeolite plus interstitial
golution.

Cesium and strontium breakthrough curves for columns of LA and a simulated
CSREX 1BP feed solution are shown in Figure 8%. Although the cesium and strontium
break through sbout the same time, the cesium approaches C/CO = 1 more raplidly than
strontivm.

Cesium breakthrough curves for AW-400, AW-500 and clinoptilolite with CSREX

1BP feed are shown in Figure 8. Cesium loading on AW-40O and AW-500 is about 95
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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 the strontium with a scrub
solution containing a suitable complexing agent.

Ems'strmnﬁium breakthrough curves for AW-400 and AW-500 with CSREX 1BP feed
are shown in Figure 89. The strontium exceeds C/C, = 1 because cesium replaces
the initially-adsorbed strontium.

Cesium and strontium breakthrough curves for LA at 80C with CSREX 1BP feed
are shown in Figure 90.

The addition of citrate ion to feed solutlons containing Sr9g and rare earths
is believed desirable to complex the Y7° and rerve earths. If the Y70 and CelM*
are not complexed, these isotopes mey 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 éitraﬁe in the D2EHPA 1BP feed solutions was found sufficient to pre-
+3

vent significent adsorption of Y+3 and Ce The Y+3 Kg increases for concen-

trations of citrate lon below 0.005M with simulated D2EHFA 1BP solutions.

Application of Plate Theory to Column
Operation

The method of Gleuckauf (15 16) was used to calculate theoretical cesium

arid strontium breakthrough curves for columns of zeolites. This method is ap-
proximate because of the simplifying assumptions made in derdiving the equations.
For ordinsry ion exchange work the height'of a theoretical plate (A) may be

caloulated as follows:

A = 1.64 ) {)ll-h:::‘e 7 0.266 RF
. S ) 2 *{Me D(L + T0r F)
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Where: § = amount of adsorbed cations per cr® of zeolite di-
vided by amount of cation per ml of solution in
equilibrium with the zeolite,

r = radius of particle in om,
F = linear flow velocity of feed solution above the bed
(em/sec),

Dy = particle diffusion coefficient (crf /sec),
Dy, = liquid diffusion coefficient (onf /sec) and

volid fraction of the column.

w
il

The number of theoretical plates (N) is:

_ colum neight  (Y0.5)  (Vo.159)

A (Vo.5 - Vo,150F
Where V0.5 = effluent volume at C/C, = 0.5
¥0.159 = effluent volume at C/C, = 0.159

Curves of DL and D@ for strontium as a function of tempersture with simu-

lated DREHPA 1BP solution and 44 zeolite are ghown in Figure 91. The method
of Vinograd and McBaingi?);wag ugad to calculate the s%r0ntium.ﬂb curve Irom
conductance da“a(lg)“ Counter diffusion of OQOZﬁ 5r*2 ana $,02§ ca*? with
Na+ (0409§ concentration gradient) was assumed. Approximete transference num-

- +
v 25 and Ca &

bers used for caleulating lonic conductance values for Ha+5 S}
in nitrste solutions were 0.42, 0.45, and 0.45 respectively. The Dg curve is
plotted through DS values calculated from Glueckauf's equations using some of
the column data in Figures T5 through 81 and other column data not shown. Data

yielding plate heights less than 1 cm were not used because of the apparent

‘I’ UNCLASS I IED.
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inaccuracy of the resulting Dg values. The data from columns having less than
3 theoretical plates were also not used.

Reducing the flow rate and particle size tends to increase the BS values.
Considerable variation in duplicate results probably reflect asberrvations In
column operation (e.g., channeling).

Figures 92, 93 and 9% show calculated and experimental strontium break-
through curves with 4A and simulated D2EHPA feed. An example of the caleula-
tion imvclvéd for the curve in Figure 92 is given in the Appendix. At a flow
rate of 12 c¢.v./bhr and room temperature, the experimental C/CO = .5 ocoeurs at
less volume than at 80C. Although the higher temperature may cause a slight
ghift in equilibrium towards higher strontium loading, most of the difference
is believed due to kinetics. Both decreasing flow waﬁé and smaller particle

size will normelly give somewhat greater effluent volume to C/CQ - .5,
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APPENDTX

Sample calculation for theoretical strontium breakthrough curve in Figure 92.

Bxoverimental Conditilons

Feed - 0.0u! manog, 0,007 se(wos)z, 0.002% ca(103);.
Perticle size - 0.027 cm average radius, (20 x 50 mesh U. 8. Standard).
Column size -~ 1.9 en diameter, 21 cm hedght.

3

Packed density 0.83 8/cm3.

Flow rate - 60 ©*V* fhour (F = 0.353 “sec).
Tempersature - 80C.

Exchanger welght - 50g.

Zeolite - LA

The equilibrium loading is determined from LAXW data given in Figures 69 and 70.

Br
016 _ 4 1, K= 6

(‘)
(o)™ . 0.0016
and c } ol
§ an .00 Sr = 2
= = 0.29, K2 =2.0
(srmr) 0.01k e

The equation for determining Br_ is:
A

2
] (Nay) ] (Cay)
r , v, o+ Sr_ = 1
bl Sr Z Sr k4
| (Kwa) (8ry) (K ) (8ry)
which after numerical substitubion becomes:
v + 0. 1L v, * 0,29 sr, = 1.
- 3 2.8 -
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The equation is then reduced to:

1.22 802 - 2228 + 1 = O
z z
The solution to this is:
Sr_ = 0.79
dut
The strontiom loading is:
meq :
0.79 x 3.5 Mg = 2.8 "%, »
e md/g) (083 &/cnd)
2.8 g 0.83 ©/cm
b = { = 166 ]‘»ﬁl/m'n3
0.01k maq/ml
The height of a theoretical plate is:
a2
' . 11 L0271 .
A = (L.65)(0.0271) + (166) ~ (0.142)(0.0271)° (0 353);§
, (166 + 0.4) 5.2 x 1077 ‘
( (0.266)(0 ,Qg”fl) (0.353)
166 + @,@: 1.83 x 1072 [1 + (70)(0.0271)(0.353)]
A = 2.7 cm.
The number of theoretical plates is:
N = Column height _ 21 em - 7.8
~ Plate height 2.7 cm ’
The number of column volumesto /€, = 0.5 is:
Vo.5 = 5 +8 =166 (Bis insignificant in this case)
Now, . (Vo.5) (Vs 159) . .g-(266)(Yo, 1§g)
(Vo.5 - Vo.159) (166 - Y0.159)%
which reduces %o: o
Vo.150 - 3% Vo159 + 27556 =
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The solution to this is:

Vo.150 = 116 |
A gtralght line drawn through the points V@.S and VQ.159 on log-probability
graph paper (erf™t [2 C/CG - 1] ve. log column volumes) will yield the theoreti-

gal strontium breakthrough curve in Figure 92.
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Figures 1, 2

and 3.
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Figure 3

AW-400, respectively.
was congtant at one.

The 25C isotherm for the reaction Na, + Csg = Cs, + Nog
with LAXW, 13X, and
solution normality

Total ecuilibrium

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

solution.

UNCLASSIT'IED




o

UNCLASSTEIED

ey W -708G1

1.0 ' T I l i
e . o
0.8 [} p—
0.6 o
Ca, e
0.4 —
0.2 9— — . —
° T R T 0 A R N T B |
4] 0.8 0.4 0.8 0.8 1.0 4] 0.3 0.4 0.6 0.8 1.0
Csg Csg

Figures 4, 5 cnd 6.

Figure 4 Pigure 5

Cay

Figure 6

The 25C isotherm for the reaction Na, + Cs, = Cs, + la
Z s Z S
with AW-500, Zeolon, and clinoptilolite, respectively. Toltal
) ) s £ s 5
equilibrium solution normality was constant at one.
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Figures 10, 11 and 12,

The 25C isotherm for the resction Kz + Css = Cs_ + K,

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

Cs, = Equivelent fraction of cesium on the zeolite.
CsS = Bouivalent fraction of cesium in the equilibrium
solution.
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Flgure 13
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Figure 14
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Figure 15

— et

The 25C isotherm for the reaction Rb, + Cs. = Cs_ + Rb_
P P ]

w

with LAXW, 13X, and AW-100, respectively. Total equilibrium

solution normality was constant at 0.5.

Cs,. = Bhouivelent Zroction of ceslum on the zeclite,
CSg = Douivelent fraction of cesium in the ecuilibriwn

solution.
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Figures 16, 17 and 18.

25 HW- 70061,
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Figure 18

The 25C isotherm for the reaction Rb, + Csg = Cs, + Rb

with AW-500, Zeolon,and clinoptilolite, respectively.
Total equilibrium solution normality was constant at 0.5.

Cs, = BEquivelent fraction of cesium on the zeolite.
Cs, = Equivalent fraction of cesium in the equilibriun
solution.
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Figures 19, 20 and 21.
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Figure 21

The 25C isotherm for the reaction NH) -+ Cs = CSZ + Nﬂus

with LAXW, 13X,and AW-400, respectively. Total equilibrium
solution normality was constant at O.1.

Cs, = Bguivalent fraction of cesium on the zcolite.
Csg = Bquivalent fraction of cesium in the cquilibrium

golution.
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Pigure 24

Figures 22, 23 and 2, The 25C isotherm {or the reaction NH) + Csg = Cs, + HH4
2 2, 8 4 8

with AW-500, Zeolen, and clinoptilolite, respectively.
Total equilibrium solution normality wos constant at O.l.

Cs, = Equivalent iwectlon ol cesium on the veolite.
Csy = Bquivalent iraction of cesium in the equilibrium

solution.
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27. The 25C isothiern for the reaction

with BAXW, 13X, ond AW-NMO0, respectively.
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Figures 28, 25 and 30.

Figure 30

The 25C isotherm for the reaction 2Na, + Erg = Sr, + 2lag

8

with AW-500, Zeolon, and clinoptilolite, respectively.

Total equilibrium solution normality was constent at one.

0 wm
HoN
WM

[

solution.

Bouivelent fraction ol

Bquivalent fraction of strontium on the seolite.
strontium in the equilibrium
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Figures 31, 32 and 33.

Figure 33

The 25C isotherm for the reaction Ca, + 2la, = 2Nay + Cag
with 4AXW, 13X, and AW-L0O, respectively. Total equilibrium
solution normality was constent at one.

BEquivalent fraction of sodlum on the zeolite.
Bquivalent fraction of sodium in the eguilibrium
solution.
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Figures 34, 35 and 36.
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Figure 36

The 25C isotherm for the reaction Ce, + 2oy = 2le, + Cog
with AW-500, Zeolon, and clinoptilolite, respectively.
Total equilibrium solution normality was consbant ot one.

Ne, = Bquivalent fraction of sodiwm on the zeolite.
ey, = Bquivelent fraction of sodium in the equilibrium

solution.
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Figure 37 Figure 38
Figures 37, 30 and 39. The 25C isotherm for the reaction 2Cs, + Sr. = Sr, + 2Cs4

s
with LAXW, 13X and AW-LOO, respectively. Total
solution normaliby wee constant at cne.

Sr, = Bouivalent fraction ol strontium on the
Sr, = Bguivalent fracticn of strontium in the

w2

solution.
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The 25C isotherm for the reaction HCUC + S
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Figure 45

The 25C isothern for the reaction Ca7 + BCSS = 2037 + Cas

with LAXW, 13X, and AW-400, respectively. Total equilibrium
solution normality was constent at one.

Cs_ = Eguivalent fraction of cesium on the zeolite.
L= v . -, o ® - - K - ~
Cs, = Bquivalent fraction of cesium in the equilibrium

solution.
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Figure 51

The 25C isotherm for the reaction Ca,

with 4AXW, 13X, and AW-40O, respectively.
solution normality was constant at one.

+ o Sr. o= Br, o+ Ca
[

s A

Total couilibrium

Sy = Bguivalent fraction of stvrontium on the zeolite.
Z v : -, 1 e ), . . 1 BV TRt SUMPIOL I
Sr_ = Bquivalent fraction of strontiwm in the cgnilibriua
»

solution.
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Figure 54

Figures 52, 53 and 5k. The 25C isotherm for the reaction Ca, + Srs = Sr? + Ca

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

Sr, = Bquivalent fraction of strontium on the zeolite.
Srs = Bquivalent fraction of strontium in the equilibrium
solution.
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Figures 55 and 56, The 25C isotherm for the reaction 3Na, + Ce, = Ce_ + 3Ma
% g &

e

with BAXW, and 13X, respectively. Total equilibrium so-
Iution normality was constant at 0.5,

i

Cez = Bouivalent fraction of cerium on the zeolite.
Ce, = Bguivalent fraction of cerium in the equilibrium
solution,
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Figures 57 and 58. The 25C isotherm for the reaction 3Cs? + Ce_ = Ce + 3Csg
= )

with bAXW, and 13X, respectively. Total equilibrium so-
lution normslity was constant ot 0.5.

. CeZ = Bguivalent fraction ol cevium on the zeolite.
CeS = Bquivalent froction ol cerium in the cquilibrium
gsolution.
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Figures 59 and 60. The 25C isotherm for the reaction 3Sr_  + QCés = QC@? + 38T

with AXW, and 13X, respectively. Total equilibrium solution
normality was constant at 0.5. :

BEquivalent fraction of cerium on the zeolite.
Equivalent fraction of cerium in the equilibriun
solution. ~

Ce,
Cegq
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Figure 61. Variation of mass action quotients with solution equivalent ratios for

the exchange reaction Na ..+ Csg . = Cs + Na .
g neolite solution zeolite solution.
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Figure 62, Variation of mass action quotients with solution eguivalent ratios for

the reaction X =

. + . \ + K .
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Figure 63. Veriation of mass action quotients with solution equivalent ratios for

the exchange reaction NH + Cs
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Figure 6L, Variation of mass action quotients with solution equivelent ratios for

the exchange reaction Bb,gpiite + C = Cs + Rb

ssolution zeolite solution.
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Pigure 67. Variation of mass action cuotients with solution equivalent ratios for

the exchange resction 2Cs,. . 1.0 + ST . = Br + 2Cs
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Figure 68. Variation of mass action quotients with solution equivalent ratios for
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Figure T75. Effect of particle size on strontium breakthrough curves with
LA at 25C.
Conditions:
Feed

Column size
Exchanger weight
Flow rate

0.20M NaNOg, 0.035M Sr(NO5),, 0.010M Ca(Nog)Q‘
1.9 cm, diameter, 21 cm. geight B
50 grams

12 c.v./hour
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Column Volunes

Bffect of particle size on strontium breakthrough curve with

LA at 55C.

Conditions:

Feed 0.20M, NeliOg, 0.035M Sr(Nog)o, 0.010M Ca(NOQ)E,
Colum size 1.9 cm. diemeter, 21 cm. height ”
Exchanger weight 50 grams -

Flow rate 12 ¢.v./hour,
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Effect of particle size on strontiuvm breakthrough curve with
kA zeolite at 80C.

Conditicns:

Feed 0.20M NalNOz, 0.035M Sr(N0g)p, 0.010M Ca(NO3)2t
Column size 1.9 cm., diameter, 21 cm. geight

Exchanger weight 50 grams

Flow rate 12 ¢.v./hour

UNCLASSIFIED




-

UNCLASSIFIED “51= HW-78461
1.0 T T ] | T I T ] ! ] |
0.9 - 8 x 12 mesh beads B
e O 1/16 inch pellets
A 16 x 18 mesh
0.8+ @® 30 x 35 mesh -
<>""/J?
0.7~ . ]
0.6 I~ - ° & -
/et
ﬁ)o 'y
S 0.5 \ -
o
0.k | =
0.3 o -
0.2 -
0.1 -
o
| : ; | [ | L.
0 646. 5 0 15 20 B 30 §%’ iy 55 50 55 60
Column Volumes
Figure 78. BEffect of particle size on the strontium breakthrough curves with

L4 at 25C.

Conditions:

Feed 0.20M NalOg, 0.035M Sr(NO3),, 0.010M Ca(lNO3),.
Column size 1.9 em., diameter, 21 cm. Ee:t.ght

Bxchanger welght 50 grams

Flow rate 3 ¢.v./hour
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Figure 79, Bffect of temperature on strontium breakthrough curves

with b4,

Conditions:

Feed 0.20M NalNOg, 0.035M Sr(NOB)Q, 0.010M Ca(NOg),.
Column size 1.9 en. diameter, 21 cm. height.

Brxchanger welght 50 grams

Flow rate 12 c.v./hour

Grain size 20 x 25 mesh
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Figure 80. Effect of column height on strontium breakthrough curve

with LA,

Conditions:

Feed 0.20M NaNO5, 0.035M Sr(NO,), 0.010M Ca(NO,)
. = 3 - 3 - 3’2

Column dismeter 1.9 cm : , :

Flow rate 6 c.v/hour

Temperature 250

Particle gize 20 x 50 mesh
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Figure 81, Bffect of flow rate on strontium breakthrough curve,

HW-78461

! ! T
A 3 c.v./hour

¥{ 12 c.v./hour

Conditions:

Feed
Column size

Column Volumes

0.20M NaNO,, 0,035M Sr(NO
1.9 cm &¢ eter, 21 cm. ki

BExchanger weight 50g.

Temperature
Particle size

25C
30 % 35 mesh.

, 0.010M ca(mo ) .
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Figure 83 : AW-400

Figures 82 and 83. Effect of p@t’ial@‘size on cesium breakthrough curve with AW-400

and AW-500."
Conditions

Feed

Flow rate -
Column size
‘Exchanger weight
‘Temperature

0.32M Na, (303, 0. Q&M Cs co

L oe.v, /hour 3

1.9 em, diameter, 21 fzmm hmght
50 grams !

25C

AT ITSSVIONn

T9ngL-#H



c/c

QAT AT SSYIOND

1.0

0.8

0.7

0.6

0.5

0.k

0.3

0.2

0.1

! i { { i

5 x 30 mesh

o

@
& 16 x 18 mesh

c/c

o 5 10

{ i |
15 20 25 30

Column Volumes

Figure 84  Clinoptilolite
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Figures 84 and 85. Effect of particle size on cesium breakthrough curves with clinoptilolite

and Zeolon.
Conditions:

Feed 0
Flow rate L
Columm size 1
Exchanger welght 5

2

D grams
Temperabure 5

¢

. 32M Nagcag, 0.0LM $$2603
¢.v. /hour
9 cm. diawmeter, 21 com. height
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Figure 86, Effect of particle size+om cesium breakthrough curve
for AW-LOO with high Na® to Cs' ratio in feed.

Feed: ' 0.50M NayCO3, 0.0248M Cs,C03,
0.005M (NH) )5C05, 0.0125M K,C05.
Flow rate 3 ¢.v./hour
Column size 1.9 em. diameter, 21 cm. height
Exchanger weight 50 grams
Temperature 25C
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Cesium and strantmum'breakthrough curves with a slmulated
CSREX feed and 4A.

Conditions:

Feed 0.20M NaNO,, 0.027M Sr(NO,),, 0.027M Ca{mo3}£,
0.0L0OM cSNé 0.001M Ce(mg 33, 0.0005M
Nd(NO ) o oosm citrate.

Flow rate 3 c. vﬁ %Zu

Column size 1.9 cm. diameter, 21 cm, helght

Exchanger weight 50 grams

Temperabure 25C

pH of feed 5
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Figure

88.
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Cesium breakthrough curves for various zeolites and a sumulated
CSREX feed.
Conditions:
Feed 0.20M NaNO., 0.027M Sr(NO 0.027M Ca(NO )2,
0.04TM CsN83, 0.00IM Ce(MN 3§3, 0.0005M
Na(mog)g, 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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Figure 89. Strontium breakthrough curves for AW-400 and AW-500 with a

simulated CSREX feed.

Conditions:

Feed 0.20M NalO3, 0.027M Sr(NO )os 0.027M Ca(l0s),,
0. OMM CsNO3, 0.001M Ce(NOB)Q, 0. 0005M Nd(Nég o
0. OOEM cxtrata.

Flow rate 3 w,v./hour

Column size 1.9 cm. diemebter, 21 cm. height

Exchanger weight 50 grams

Temperature 25C

pH of feed 5
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Cesium and strontium breakthrough curves for LA at 80C
with a simulated CBREX fesad,

Conditions:

Fead 0.20M, NaNOg, 0.027M Sr(NOg)y, 0.027M Ca{Nog)E,
‘ 0.0LOM CsNO3, 0.001M Ce(mog)af 0.0005H Nd(NDBDB’
0.005M citrate. )

Flow rate 12 ¢.v./hour

Columm size 1.9 cm diameter, 21 cm height
Bxchanger welight 50g

pH p

Particle size 30 -« 35 mesh
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Figure 91. Variation of liquid (Dp) «ud particle (Dg) strontium diffusion co-
efficients with tempersturc for 4A and a simulated DSEHPA 1BP so-
lution.
1BP solution compositicn: 0.20M NalOs, 0.035M Sr(NC)g),w 0.010M C‘fa(NOB)Qn

Flow rate: 12 c.v./howr unless otherwise indicated.
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Figure 92. Calculated and experimental strontium breakthrough curves with
LA and dilute feed.
Conditions:
Feed 0.04M NalO,, 0.00TM Sr(NO,),, 0.002M Ca(lO,)
- 3 = 372 — 3’2
Flow rate 60 ¢, v, /holr
Column size 1.9 em, diameter, 21 cm. height
Exchanger weight 50 grams
Temperature 8o¢

Particle size 20 x 50 mesh
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Figure 93. Variations of calculated and experimental strontium breakthrough

curves with temperature for 20 x 50 mesh 44.

Conditiong:

Feed 0.20M NaNOg, 0.035M Sr(NO3),, 0.0L0M Ca(N03),
Flow rate 12 c.v./holr )
Column size 1.9 cm diameter, 21 cm. height

Exchanger weight 50g.
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Figure 94, Calculated and experimental strontium breakthrough curves for

14 x 30 mesh LA.

Conditions:

Feed 0.20M NaNO,, 0,035M s:.»(z\r03) 0.010M Ca(Nﬁg)
Flow rate 12 ¢.v./hotr 2 2
Column size 1.9 cm. diameter, 21 cm. height

Exchanger weight 50g.
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