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The elution curve approaches a straight line in this semilog plot at
elution volumes greater than 4 column volumes. The slope of this
line, k, is given by Equation (15):

-log(C2 /C1 ) - -log(0.0017/0.0056)

7-5

The average concentration of cesium left on the bed after 7 column
volumes of eluate are collected is given by Equation (16):

y C2 = 0.0017
; 27r3 (2.3)(0.26)

= 0.0028 mole Cs

of bed

The initial cesium loading was about 0.07 mole/ ; thus the cesium left
on the bed after 7 column volumes represents 4 percent of the cesium
loaded.

The column volumes required to lower the cesium content to 1 percent of
that loaded can be estimated by letting Y/v = (0.01)(0.07) = 0.0007.
From Equation (16), C = 2.3k(Y/v) = 0.000419. From Equation (15),

n-n2 = 1.log(C/C2)0k001

n= 1 log o.ooo419

0.267 0.0017
= 9.3 column volumes.

3.3 Pressure Drop

Pressure-drop data on the flow of fluids through beds of granular
solids are not readily correlated because of the variety of granular
materials and of their packing arrangement. For laminar flow of a
single incompressible fluid through a given bed of granular solids, the
pressure drop can be expressed empirically in terms of solution viscosity
and superficial flow rate by the equation

-A. = K1 .pV (18)
L
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where AP = pressure drop, psi

L = bed depth, ft

p. = solution viscosity, centipoise

V = superficial flow rate, gal/min-ft2 (equivalent to the
linear solution velocity calculated as if the column were
empty; the velocity in inches/min times 0.623 or cm/min
times 0.245 equals V in gal/min-ft2 )

Kf = an empirical constant, consistent units.

The constant, Kf, is a function of particle shape, size, and packed
density and can best be determined in a laboratory column using a bed
similar to the one to be used in the production plant. Some representa-
tive values of Kf have been determined, as follows:

TABLE IV-53

EMPIRICAL CONSTANTS FOR DETERINIING PRESSURE DROPS IN
BEDS OF ION EXCHANGE MATERIAL

Kf, lb -ft-min
Material Mesh Size cP-gal-in Reference

Dowex 50 20-50 0.10 (6)

Dowex 50 50-100 i.06 (6)

Permutit SK 20-50 0.10 (17)

Linde AW-500 20-50 0.095 (24)

Decalso 20-50 0.09 (5)

Clinoptilolite 20-40 0.11 (4)

Duolite C-3 20-40 0.013 (10)

Duolite C-3 20-60 0.15 (10)

Equation (18) holds only in the laminar flow region (up to modified
Reynold's numbers of 10). Anticipated B-Plant flow rates fall well
within this range.

3.4 Fluidization

Upflow through the packed bed will tend to fluidize the particles.
Onset of fluidization occurs when the forces tending to raise the par-
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ticles (buoyancy plus frictional drag) are equal to the total weight of
the particles. The pressure drop where this occurs is

AP = 0.43 (P s -P) (1 0 (19)

where p = particle density*, g/cm3

p = solution density, g/cm3

* = fraction void volume in the bed

The flowrate at the onset of fluidization can be determined by equating
Equations (18) and (19) to give

Vmf 0.43 (p8 - ,) (1 - ) (20)

Kf

where Vmf = minimum fluidizing velocity, gal/min-ft2.

Increasing the flow rate will expand the bed proportionately to the
velocity until the superficial velocity of the fluid exceeds the free-
settling velocity of the solid particles. At this point the particles
in the bed no longer maintain an "interface" with the fluid but will
move in the direction of the fluid.

Terminal settling rates for spherica4 rticles are presented in
Perry's Chemical Engineers' Handbook as a function of particle size.
For 50 mesh particles of density 1.25 g/cm 3 settling in water, the
terminal velocity is 0.03 ft/sec. The corresponding minimum superficial
fluid velocity which would just prevent settling in an infinitely ex-
panded bed would be 13 gal/min-ft2 . The settling rate is directly
proportional to the density difference between the particle and fluid,
so increasing the particle density in the above example to 1.5 would
approximately double the settling rate.

Fluidization with water was briefly studi d in a 4-in. diameter Lucite
column using 20 to 50 mesh clinoptilolite) . The bed was 20 percent
expanded at a flow rate of 7 gpM/ft 2 . The expansion was linear with
flow rates up to 15.5 gpm/ft2 , where the bed was completely fluidized.

* The weight contributed by the internal liquid must be considered.
The particle densities given in Tables IV-51 and IV-52 were,
respectively, for dry zeolites and water-soaked resins.
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4. Recovery of Cesium from Stored Supernates

4.1 Introduction

The high cesium selectivity of certain mineral and organic cation
exchangers will be utilized to remove cesium from stored alkaline super-
nates. Currently, two zeolites - Linde AW-400 and AW-500 - are favored
for Purex supernate (PSN) and an organic exchanger - Duolite C-3 - is
favored for treating Redox supernate (RSN). Typical flowsh etp for the
two supernatant wastes are shown in Figures IV-72 and IV-73? 21. The
processes are similar and involve the following steps:

1. The supernatant solution, clarified and diluted as necessary
for solution stability, is passed through the conditioned
ion exchange bed until a pre-determined cesium breakthrough
level is reached.

2. The column is flushed with water or dilute NaOH to remove
supernatant solution. (This step may be essential only for
Redox supernatant to avoid aluminum precipitation on the
succeeding elution step.)

3. Sodium is selectively eluted with 0.2M (NH4)2C03 - 0.1M NH40H.

4. The cesium is eluted at 55 C with 4 to SM NH + with about 75
percent of the NH added as (NH4)2C03 and 24 percent added
as NH 4OH.

5. The column is reconditioned by flushing excess ammonia ion
from the column with water or, in the use of Redox waste, by
eluting the ammonium ion with LM NaOH to prevent aluminum
precipitation in the succeeding loading cycle.

6. The cesium product is concentrated, and the distilled ammonium
carbonate eluant is recovered by condensation and absorption
of the distillate. Ammonia and CO are added as necessary to
maintain the desired eluant conceniration.

The ion exchange portions of the flowsheets are carried out at flow rates
of 50 gal/min (about 2 column volumes/hr and 2 gal/min-ft2 ) at ambient
temperatures, except for elution which is more efficient at higher tempera-
tures.

The laboratory and engineering development work that led to the selected
flowsheets are described in the following sections.

UNCLASSIFIED



BED MAKE-UP

Zeolite IODLb
Mesh 20-50
SPG 0.8
Volume ----
Flow Batch

PSN FROM
C-FARM TANK

CESIUM EXTRACTION FEED

NaNO3  0.58M Cs- cGald 3.1
NaNO2  2.25 Ru-106 c/Gal 0.5
Na2SO4  0.10 Tc-99 mg/Gal 110
Na2CO 3  0.77
Thmp 70 F pH 10-11
SPG 1.20
BluHirGal 0.23
Volume 60, O Gal
Flow 50 GPM

COLUMN WASH

H20 ----

Temp 70 F
SPG LO
Volume 4500 Gal.
Flow 50GPM

SODIUM ELUENT

(NH C03 0.2M
W H 0.1
Temp 70 F
SPG LO
Volume 12, OW Gal.
Flow 50GPM

4

ION EXCHANGE RECOVERED PRO
COLUMN ELUENT

Bed Volume lNHCO3 3.
1500 Gal NH4 2

.Tamp D3
SPG 1.1

Zeolite Btu/HriGal -
10,000LD. Volume 12

Flow to Col 5
Bed Height

8 Ft.

EXTRACTION WASH WASTES

H0 ---M1 ----hi ---- X
NH412CO 3  ---- 0.2

NH 40H ---- 0.1 --

Cs-137 Loss 0.5%
SPG 10 EQ 1O.
BtulHrIGal --- --- ----
Volume 4500 Gal 1200 Gal 4500 Gal
Flow 50GPM 50GPM 500PM

JO WASTE HANDLING

Cesium Recovery from Purex

DUCT CE ABSORPTIONTOWER RC RAEUN H
.RECYCLE IN CONDENSER NO3ODNALSADN

0-M SCRUB Gas Flow SCFM
H 0A1126

OF N'3 192
11 C2 73

000 Ga
GPM

CONCENTRATOR

NGE FEED 01 CESIUM PRODUCT CE RA T

-137 1% Na2CO 0.014.U Na2CO3 0.32 M
--106 98 Cs2O (99%) T 0.0016 CC39% .0

-99 98 (N O 3.0 Cs--137 786 Kc

10-1 NH42.0SPG L031- SPG 111 BtulhrlGal 27
20 Btu/Hr1GaI 1.1 Volume 483 Gal

E2 Volume 12, 000 Gal Flow BatchODO Gal Flow to Conc 80 GPM
GPM

FIGURE IV-72

Alkaline Supernatant by Linde AW-500 Zeolite
(Source of Data: HW-78061)
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Cesium Recovery from Redox Alkaline Supernatant by Duolite
(Source of Data: HW-78061)
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4.2 Loading Studies

4.2.1 Equilibrium Data

The equilibrium loading characteristics and exchange capacities
of several natural and synthetic zeolites have been determined for
binary systems of s{i , strontium, and other cations found in separa-
tions plant wastes ' The equilibrium data for three candidate
zeolites, shown in Figures IV-74, TV-75 and IV-76, have been correlated
by use of the mass action law quotient, as discussed in Section F 1.
The equilibrium cesium loading on a zeolite column can be determined
from these figures when the feed composition is known. For a simple
two-component feed, the equilibrium fraction of cesium on the zeolite
is given by

Cs (Cs +

CBz B (21)

1 + 4S (Cs+

(B)
A multicomponent mixture of mono-valent ions can be treated as several
binary systems, using the technique described in Section F 1. Thus,

CS = 1 (22)

z(B+) + (C+ + ..

s + KCs (Cs+)

The equilibrium data shown in the above figures was obtained at 25
to 27 C with 20 to 50 mesh crushed and sieved zeolites and at total
solution normalities of 0.1 to 1. Over this range of normalities, the
total solution normality had little effect on the equilibrium distri-
bution, but extrapolation of the data to higher solution normalities
may introduce some error. Column loading studies, however, show the
error to be slight for synthetic supernatant solutions up to 5M Na+.

Increased temperature had a significant adverse effect on the equili-
brium cesium loading from sodium solutions. This effect is caused by
partial dehydration of the sodium ions at elevated temperatures which
in turn increases their ability to compete ;or zeolite exchange sites
with the essentially unhydrated cesium ionsk15).

Most of the cesium-bearing solutions to be processed in B-Plant con-
tain only trace quantities of monovalent ions other than sodium and
cesium. Where this is true, only the binary cesium-sodium equilibrium
need be considered (see Section F 4.2.2). The Cs-Na data in Figures
IV-74, IV-75, and IV-76 have been replotted in Figures IV-77 and IV-78
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in a more usable form. Figure IV-77 represents the cesium/sodium mole
ratio on the three zeolites as a function of the Cs+/Na+ mole ratio in
the feed. In Figure IV-78, the equilibrium fraction of cesium on the
zeolite has been converted to the equilibrium loading in moles of
cesium per liter of packed bed, using a packed bed density of 0.8 g/ml
and the zeolite capacity presented in Table IV-51. The equilibrium
capacity of Decalso is also indicated in Figure IV-78 for reference
since Decalso has also been extensively used to adsorb cesium from
stored supernates(12,27).

4.2.2 Sample Calculation: Estimation of Cesium Equilibria
in the Presence of Competing Cations

A typical supernate feed is that used by Popovich in cold pilot
plant studies (Table IV-54). Mass action quotients for loading the
competing cations Cs+, Rb+, and K from this sodium-based feed onto
Linde AW-500 can be estimated from the data in Figure IV-76.

Cs+ = 0.00076 = 4.0, and K = 1.2.
(Rb+) 0.00019 Rb

(Cs+) = 0.00076 = 1.3, and Ks 2.3.
(K') 0.00060 K

(CS ) 0.00076 = 0.00017, and K = 190.
(Na ) 4.37

From Equation (W), the equivalent fraction of Cs on the zeolite in
equilibrium with this feed is given by

Csz = 1 = 0.031
1 + 0.00019 + o.ooo6o + 4.37

(1.00076)(1.2) (0.00076)(2.3) (0.00076)(190)

The equivalent fractions of Rb and K can be estimated from the
respective mass action quotients and Csz:

Rbz = (Csz)(Rb+) (0031)(000019) = 0.0065
(Cs+) Ks)

and K = (0.031)(0.0006() = 0.011.
(0.00076)(273)
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If the effect of trace competing cations on cesium loading is neglected,
Equation (21) or Figure IV-27 may be used to estimate equilibrium cesium
loading.

Thus, a Cs+

Csz = a = (190) (0.00017) 0.031.

1 + N Cs+ 1 + (190) (0.00017)

This answer is the same as that determined previously, thus confirming
that interference from trace element loading can safely be ignored.

100

KCsB

NH+

K'
10-

1 . 1iii I I I
0.0001 0.001 0.01 0.1 1.0 10

Cs+ IB*, Equilibrium Mole Ratio in Solution

FIGURE IV-74

Mass Action Quotients for the Exchange of Cesium With Sodium,
Potassium, Rubidium, Ammonium and Hydrogen Form Clinoptilolite

(Source of Data: HW-74609 and HW-78461)
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1-0 !,

0.0001 0.001 0.01 0.1

Cs /B+ Equilibrium Mole Ratio in Solution

FIGURE IV-75

Mass Action Quotients for the Exchange of Cesium With Sodium,
Potassium, Rubidium, and Ammonium Form Linde AW-400

(Source of Data: HW-74609 and HW-78461)

0.0001 0.001

0 -1

0 -

0 . 1 LL s i i i i i a l e i i e l r i e i e
0.01 0.1

Cs /B', Equilibrium mole ratio in solution

FIGURE IV-76

Mass Action Quotients for the Exchange of Cesium With Sodium,
Potassium, Rubidium, and Ammonium Form Linde AW-500

(Source of Data: HW-74609 and HW-78461)
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0,001 0.01
C6* /Na, Equilibrium mole ratio in solution

FIGURE IV-77

Equilibrium Ca/Na Ratios in Zeolite and Solution Phases at 25C
(Source of Data: HW-74609 and HW-78461)

0.001 0.01

Cs+ (Nat, Equilibrium mole ratio in solution

FIGURE IV-78

Equilibrium Cesium Loading on Zeolites
From Cesium-Sodium Solutions at 25C

(Source of Data: HW-74609, HW-78461, and HW-70874)
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4.2.3 Column Loading Studies

The effects of several operating variables on the shape of the
breakthrough curve have been correlated in terms of the slope "A" of

the breakthrough curves plotted on log-probability paper, as discussed
in Section F 3.1. The data were obtained in laboratory and pilot plant
column runs using the feed compositions shown in Table IV-54.

TABLE IV-54

SYlTKETIC ALKALINE SUPERNATE WASTE COMPOSITIONS
USED IN COLUMN LADING STUDIES

Molarity

Constituent

Na+

Rb+
R+

Cs+

NO 3
MO2303~
Cl-

OH

003

so04

P047

Na+/Cs+

PSN
Nelson & er

HW-76449

4.5

0

0

0.005

0

1.3

2.1
0

0

0.5

0.045

0.014

9000

vopoV190
HW-83 46l1CU

4.37
0.00060

0.00019

0.00076

0

0.58
2.00
0.051

0

0.77

0.09

0.051

5750

RSN: Knoll
HW-84105(10)

4.89

0.00028

0.000027

0.000108

0.85

2.65

0.35
0.08

0.9

0

0.03

0

45,000

The following summary illustrates the effects of some of the more
important variables on the slope of the breakthrough curve, A.

Particle Diameter. The log-probability 1e varied in-
versely with the particle diameter (i.e., AN ) 16). Since the

effective particle diameter is inversely proportional to the sieve
mesh size, A is directly proportional to the average mesh size.
This effect is illustrated in Figure IV-79 for Linde AW-400 zeolite.
For the data shown here, A 3 (0.12)(average mesh size). An average
20 to 50 mesh particle size has been chosen for the B-Plant columns
as a compromise dictated by exchange kinetics and flowrate (pressure
drop) considerations.
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Type of Zeolite. The slope varies slightly with different
zeolites, increasing with increaged cesium selectivity. This effect
is illustrated in Figure IV-80(1 ). Although Linde AW-400 is slightly
better than Linde AW-500, the latter may be used in B-Plant because of
the limited availability of Linde AW-400.

Pure; vs. Redox Supernate. Breakthrough curves for Purex(16)
and Redox M1U) wastes are shown in Figure IV-81. The zeolite break-
through curves were steeper for Purex supernatant, apparently because
of the lower salt strength and viscosity of the Purex waste relative to
the Redox waste. The Duolite C-3 breakthrough curve, however, was
steeper with the Redox waste than with Purex waste. This may be due to
the higher pH and corresponding greater cesium selectivity of the Redox
waste.

Temperature. The slope of the breakthrough curve was nearly
unaffected by temperature for Linde AW-400 zeolite (see Figure IV-82)l16)
Since elevated temperatures lower the breakthrough capacity, low opera-
ting temperatures are recommended for the Plant columns during loading.

Superficial Velocity. The superficial velocity, V (the flow
rate divided by the cross-sectional area of the column), had a rilatively
minor effect on the breakthrough slope, as shown in Figure IV-83k 2 %.
The slope was approximately proportional to VO.125 up So 2 gal/min-ft2

An apparent maximum slope was obtained at 2 gal/min-ft , the design
velocity of the B-Plant column.

Flow Rate. The effect of flow rate, expressed in column
volumes/hour on cesium breakthrough for Linde AW-500 is shown in
Figure IV-84 23. The log-probability slopes obtained from this and
comparable data are shown in Figure IV-85 as a func i? of flow rate.
From this plot, A is shown to be proportional to R , in good agree-
ment with the relationship presented in Section F 3.1.

The superficial velocity and flow rate correlations may be combined
for a given zeolite bed and feed system. For example, with 20-50 mesh
Linde AW-500 and Purex supernatant feed at 25 C,

A = 7.1 V0.12 5  (23)
HO.55

A similar e1 rsion can be derived from laboratory column data for
Linde AW-400 :

A = 7.6 vO.J25 (24)

In both equations, V is expressed gal/min-ft2 and R in column
volumes/hr.
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Zeolite - Linde AW-40
Waste - Synthetic Pure
Column - 0.8 cm ID x
Temperature - 25C
Flow rate - 2 col. vol.
Superficial velocity - 0

A 0. 12 x ave. mesh

0
x Supernatant
20 cm long

/hr.
, 16 gpm/ft.

size
1/161 pellets

(ca. 0. 10 mesh) A.1.2

12-20 mes
A-2.

18-25 mesh
A-2. 6m

20-5 mesh
A-4. 0

4 10 20 40 100 z0o

Column Volumes

FIGURE IV-79

Effect of Particle Size on Cesium Breakthrough Curves
(Source of Data: HW-76449)

I I I
e Supernatant
20 cm long
0 mesh

1. /hr. 20.16 gpm/ft

N 0

10 20 40
Colun Volumes

FIGURE IV-80

Cesium Breakthrough Curves for Several Zeolites
(Source of Data: HW-76449)
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Waste - PSN:
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4
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locity
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D~uolite C-3,
RSN

Dluolite C-3, PS
AW-40 , RSN 2M NaOH added

I I i
10 20 40 100 2C

Column Volumes

FIGURE IV-81

Comparison of Cesium Breakthrough from
Purex and Redox Supernatants

(Source of Data: HW-76449 and HW-84105)

10 20 40

Column Volumes

FIGURE IV-82

Loading Temperature on Cesium Breakthrough
(Source of Data: HW-76449)
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Superficial Flow Rate on Cesium Breakthrough
(Source of Data: HW-83461)
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FIGURE IV-85

Effect of Column Volumes per Hour on the Constant A
(Source of Data: HW-83461)

Cesium Concentration. Varying the cesium concentration in
the feed from 10-5 to 2 x 10-.i_ had little effect on the breakthrough
curve slopes (shown in Figure IV-96) when processing Purex acid waste
solution through clinoptilolite(15). This appeared to be true also of
Purex supernatant over the limited range of concentrations studied.

4.3 Wash and Scrub Studies

Following loading, the ion exchange beds are washed with several
column volumes of water or dilute NaCH to remove the supernatant solu-
tion. This wash is essential for the Redox exchanger bed to prevent
aluminum hydroxide precipitation in subsequent ammonia-ammonium carbo-
nate elution steps; however, Purex supernatant does not contain alumi-
num, and the water wash prior to the ensuing sodium scrubbing step is
optional.

Virtually all of the ion exchange sites are occupied by sodium ions
after the loading step. The sodium can selectively be removed without
displacing cesium by passing dilute solutions of ammonium salts or weak
acids through the bed.

For alkaline supernatant waste flowsheets, nonacidic solutions are
advantageous for sodium removal. Two of these have bee tried; dilute
solutions of ammonium carbonate and ammonium oxalate . Data on
sodium removal from clinoptilolite by these chemicals and oxalic acid
are shown in Figure IV-86, and data on sodium removal from AW-400
exchanger, including a higher concentration of ammonium carbonate, are
shown in Figure IV-87.
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Over 95 percent of the sodium was readily removed by the dilute ammon-
ium solutions, but the final 2 to 5 percent eluted much more slowly.
Thus, little practical benefit is gained by eluting with more than 5
column volumes of 0.2M (NH )2CO or 8 column volumes of 0.M( )
unless very high purity cesium Is desired. Sodium removal from
Duolite C-3 was similar; over 98 percenv of the sodium was eluted
with 6 column volumes of 0.2M (Hj)2C03. M)

Dilute ammonium carbonate would be the least costly solution for a flow
sheet employing aged alkaline waste. However, zirconium-niobium re-
moval is improved by using ammonium oxalate. Oxalic acid solutions can
be effectively used in acid waste flowsheets (see Section F 5) where a
high degree of zirconium-niobium removal is necessary; however, a subse-
quent ammonium hydroxide wash is required in this case to prevent
gassing when ammonium carbonate is added to the acid mineral.

Cesium losses during sodium removal are dependent on the degree of
cesium loading as shown in Figure IV-88(16). Losses are not greatly
different us the dilute alkaline scrub solutions than with nitric or
oxalic acidst I). In a practical operation, loading would be stopped
at less than one percent breakthrough so that cesium loss would be low
in the scrubbing step.
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FIGURE IV-88

Cesium Loss from Clinoptilolite During Scrubbing
for Two Cesium Breakthrough Levels

(Source of Data: HW-76449)
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4.4 Cesium Elution

Cesium can best be removed from zeolites by cations that are
similar in size and charge to cesium. Potassium and rubidium ions are
good eluting agents, but the subsequent separation from cesium is
difficult. Ammonium ion is not as efficient an eluting agent as potas-
sium and rubidium but is much easier to separate from cesium. Elution
curves for several ammonium compounds are shown in Figure rT-89(15).
The differences can be explained on the basis of dissociation and thus
availability of ammonium ions in solution. (The elution curves in this
and subsequent figures were obtained with eluant upflow, i.e., counter
to the loading flow, unless otherwise noted.)
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FIGURE IV-89

Elution of Cesium-137 from Clinoptilolite
by Various 2N Ammonium Salts
(Source of Data: Reference 15)
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Ammonium acetate and ammonium carbonate have the advantage of being
volatile. If a solution of ammonium acetate and cesium acetate is
evaporated to dryness, all of the ammonium acetate is volatilized,
leaving only solid cesium salts. The boiling point gradually in-
creases from a little more than 100 to about 160 C. However, ammon-
ium carbonate begins to volatilize rapidly at about 70 C, and the
volatilization is complete before 100 C. Thus, with ammonium carbonate,
it is possible to stop the evaporation at a point where a relatively pure
aqueous solution of cesium carbonate is obtained.

Experimental work with ammonium carbonate elutions indicated that elution
efficiency could be greatly improved by increased temperatures for sev-
eral reasons: relative bonding strength of cesium is lower at higher
temperatures, ammonium carbonate dissociation increases with increased
temperatures, ionic mobilities and diffusion rates are improved, and
solution viscosity is lowered. With solutions of other ammonium com-
pounds, elution has been accomplished at 80 C, but the temperature of
ammonium carbonate solutions is limited by gassing. Gassing is also
influenced by the ammonia content.

Ammonium carbonate solutions are actually equilibrium solutions of
ammonium bicarbonate-ammonium carbonate-ammonium carbamate and are
displaced toward the carbamate at high pH and high ammonia content.
Table IV-55 shows he relationship of temperature and ammonia content
with gas evolution during elution )

TABLE IV-55

EFFECT OF TEMPERATURE AND AMONIA CONCENTRATIONS
ON GASSING OF (NH) 2 00 3 SOLUTIONS

(Source of Data: Reference 15)

Column: 75 ml of 20 x 50 mesh clinoptilolite

Flow Rate: 75 ml/min

i NH3
Solution Composition Added as Temp., Gas Evolution,

M C02 M NH3 NH 4OH cC Ml/Min

1.9 3.8 0 50 0.0094
55 0.038
60 2.8

1.9 4.3 12 50 Trace
55 0.0023
60 0.066

1.9 5.8 35 50 Trace
55 Trace
60 0.0023
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4.4 Cesium Elution

Cesium can best be removed from zeolites by cations that are
similar in size and charge to cesium. Potassium and rubidium ions are
good eluting agents, but the subsequent separation from cesium is
difficult. Ammonium ion is not as efficient an eluting agent as potas-
sium and rubidium but is much easier to separate from cesium. Elution
curves for several ammonium compounds are shown in Figure rT-89(15).
The differences can be explained on the basis of dissociation and thus
availability of ammonium ions in solution. (The elution curves in this
and subsequent figures were obtained with eluant upflow, i.e., counter
to the loading flow, unless otherwise noted.)
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Elution of Cesium-137 from Clinoptilolite
by Various 2N Ammonium Salts
(Source of Data: Reference 15)
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Ammonium acetate and ammonium carbonate have the advantage of being
volatile. If a solution of ammonium acetate and cesium acetate is
evaporated to dryness, all of the ammonium acetate is volatilized,
leaving only solid cesium salts. The boiling point gradually in-
creases from a little more than 100 to about 160 C. However, ammon-
ium carbonate begins to volatilize rapidly at about 70 C, and the
volatilization is complete before 100 C. Thus, with ammonium carbonate,
it is possible to stop the evaporation at a point where a relatively pure
aqueous solution of cesium carbonate is obtained.

Experimental work with ammonium carbonate elutions indicated that elution
efficiency could be greatly improved by increased temperatures for sev-
eral reasons: relative bonding strength of cesium is lower at higher
temperatures, ammonium carbonate dissociation increases with increased
temperatures, ionic mobilities and diffusion rates are improved, and
solution viscosity is lowered. With solutions of other ammonium com-
pounds, elution has been accomplished at 80 C, but the temperature of
ammonium carbonate solutions is limited by gassing. Gassing is also
influenced by the ammonia content.

Ammonium carbonate solutions are actually equilibrium solutions of
ammonium bicarbonate-ammonium carbonate-ammonium carbamate and are
displaced toward the carbamate at high pH and high ammonia content.
Table IV-55 shows he relationship of temperature and ammonia content
with gas evolution during elution15)*

TABLE IV-55

EFFECT OF TEhERATURE AND AMMONIA CONCENTRATIONS
ON GASSING OF (NH) 2CO3 SOLUTIONS

(Source of Data: Reference 15)

Column: 75 ml of 20 x 50 mesh clinoptilolite

Flow Rate: 75 ml/min

NH3
Solution Composition Added as Temp., Gas Evolution,
M C02 M NH3 NH OH oC Ml/Min

1.9 3.8 0 5o 0.0094
55 0.038
60 2.8

1.9 4.3 12 50 Trace
55 0.0023
6o o.066

1.9 5.8 35 50 Trace
55 Trace
60 0.0023
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Elution efficiency per mole of total ammonia is slightly improved by
moderate additions of ammonium hydroxide to the ammonium carbonate.
From the available information, 55 C has been chosen as a practical
elution temperat re. with about 25 percent of the ammonium being added
as the hydroxide i45.

Cesium elution curves for cesium removal from clinoptilolite by three
concentrations of elution solution are shown in Figure IV-90. As would
be expected, the dilute solutions elute cesium more effectively per mole
of ammonium; however, the advantage of lower volumes outweighs the los
in efficiency, and thus the 8N solution is the choice eluting solution 16).

10-

Column - 0. 8 cm]
Particle size - 20
Temperature - 55
Flow rate - 2 col.
Superficial velocit
(25% of the NH io
as ammonium hyd

F-

8NNH* 4N NH4 2N NH4

I I I
2 4

FIGURE IV-90

Elution of Cesium from Clinoptilolite by Three Concentrations of
Ammonium Carbonate - Ammonium Hydroxide Solutions

(Source of Data: HW-76449)
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Compa o49f cesium elution from several exchangers is shown in Figure
IV-91iBU 6)> There appears to be a significant difference in the elution
performance depending on the solution used to load the exchangers. For
example, cesium was eluted much more readily from a clinoptilolite column
loaded from PSN than from a similar column loaded from RSN. On the other
hand, cesium loaded on Duolite C-3 was more readily eluted from a RSN-
loaded column that from a PSN-loaded column. A slight fraction of the
cesium does not elute from Linde AW-400 and AW-500 and is probably re-
tained by the b negr. This amounted to 4 to 8 percent of the cesium
loaded from Psw 1 and 3 to 17 percent of the cesium loaded from RSN(10).
This fraction does not appear to lower the capacity on subsequent loading
cycles nor does it build up any further; therefore, for practical pur-
poses it can be ignored. This fraction was not included in the calcula-
tions for the AW-400 and AW-500 curves.

Column - 0.8 cm ID x 20 cm long
Particle size - 20-50 mesh
Temperature - 55C
Flow rate - 2 col. vol. /hr.
Superficial velocity - 0. 16 gpm/ft2

Columns loaded
from PSN (16);
eluted with 2M
(NH)2C0 3

Linde AW-400

-/
Duolite C-3

Clinoptilolite

I I I I I I II
0 2 4 6 8 1

Columns loaded from
RSN (10); eluted with
2M(NH.)COl, 2M
NH,0H

Linde AW-500

Linde
AW-400

Duolite C- 3

Clinoptilolite %

I J I I
0 12 0 2

Column Volumes

4 6 8 10 12 14

FIGURE IV-91

Elution of Cesium from Several Ion Exchangers with
Ammonium Carbonate - Ammonium Hydroxide Solutions

(Source of Data: HW-76449 and HW- 84105)
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The effect of particle size and flow rate on cesium elution from
Duolite C-3 is shown in Figure IV-92. It can be seen that the elution
is limited by kinetics and is considerably improved by decreased par-
ticle sizes and flow rates. The effect of flow rate on cesium elution
from clinoptilolite was less pronounced, as shown in Figure IV-93. All
of the elution studies were made in 0.8 cm columns, 20 cm long; and the
effect of the superficial velocity on elution efficiency was not investi-
gated independently.

4.5 Ion Exchanger Reconditioning

The ion exchange beds used for Purex supernatants require only a
a simple water flush following elution to remove the ammonium carbonate
eluant prior to the next loading cycle. For Redox wastes, however, the
ammonium ion must be eluted from the bed with sodium hydroxide to keep
aluminum in the RSN from precipitation with ammonium hydroxide generated
during loading. The flowsheet for Redox supernatant (Figure IV-73) indi-
cates the use of 3 column volumes of 2M NaOH. The standard laboratory
procedure'' also included recycling 7 column volumes of 8M NaOH to
assure elimination of ammonia.

4.6 Ammonia-Ammonium Carbonate Recovery

Carbon dioxide evolution from ammonium carbonate eluant solutions
begins when the solution is heated to about 55 C. Further heating will
result in the rapid evolution of both C02 and ammonia at 70-80 C. The
concentrations of NH3 and CO2 in the product solution eventually reach an
equilibrium value, depending on the vapor pressure of the o ium and
carbonate salts in solution. In one pilot plant experiment 25, residual
concentrations of 0.076M NH and 0.40M 00 2 (C0j), were found after boil-
ing a simulated ion exchange column eluant containing 0.41M Na+ for 1 hour.
The final pH was 9.8. In continuous operation, the solution composition
in the evaporator will always be at an equilibrium value similar to this.

A semi-continuous process based on the volatility of ammonium carbonate
will be used for recovering and reconstituting the cesium eluant. The
flowsheet is included in Figures IV-72 and IV-73 and discussed below:

1. The concentrator must be brought to boiling with water or
concentrated product from a preceding run. (Startup with
ammonium carbonate solution can pressurize the system and
overload the absorber.)

2. The concentrator will operate at the boiling point of the
cesium product solution; and water, C02 , and NE will be
continuously evolved at essentially the mole ratio in the
eluant solution. The boil-up rate is set equal to the
feed rate to maintain a constant level in the evaporator.
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3. For most efficient ammonium carbonate recovery, the off-
gases from the concentrator are passed through a down-
draft condenser. Up to 95 percent of the PH3 an 02
were absorbed in this step in a pilot plant unit'25).
The heat transfer surface must be continuously wetted
with unsaturated solution to prevent deposition of
crystallized (NH 4) 2 CO ; however, surfaces wanmer than
60 C will not allow d4osits to form. The heat
generated by absorption of NH and CO2 must be removed
by the condenser. The combined heat of formation and
solution for (NH ) Co is 118.4 kcal/g-mol, and the heat
of solution for k127i 8.8 kcal/g-mol.

3
4. The volume of vapor leaving the condenser is essentially

that of the non-condensible off-gases (purge air, etc.);
consequently, the absorber unit can be quite small. Even
when a pre-condenser is not provided, low gas flows through
the absorber are observed because condensation and absorp-
tion of most of the condensible gases occurs in the bottom
few inches of the absorber tower.

5. Make-up NH3 and CO2 are added to the bottom of the tower and
make-up water is added to the top.

6. Absorption is accomplished by recycling a portion of the
recovered eluant to the top of the absorber tower. Mass
transfer coefficients in the pilot plant absorber packed
with 1/2 in. Intalox saddles were unaffected by flow rate
over the range of 50 to 300 gph/ft2 .

7. Ammonia and CO losses are dependent on the partial pres-
sure of the (k)2COQ recycle solution in the absorber off-
gas. Typical partiaI pressures in the off-gases from the
pilot plant absorber ranged from 14 to 94 mm Hg for NH3 and
12 to 35 mm Hg for CO2 with 70 to 90 F recycle solutions
containing about 8 to OCM NH3 and 4_ C02-

8. About 90 percent of the residual NH and CO2 can be re-
covered by passing the off-gas thro gh a small scrubber,
using eluant makeup water as the scrub stream. A sug-
gested flow diagram using this modification is shown in
Reference (25).

4.7 Cesium Product Purification and Packaging

The purity of the cesium product after one cycle of ion exchange
is determined primarily by the sodium remaining on the bed after the
sodium scrubbing step, as discussed in Section F 4.3. Typical Na/Cs
mole ratios should be about 5 to 10 with Purex supernatants and 10 to
50 with Redox supernatants.
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Most of the remaining sodium can be removed by a second cycle of ion
exchange using the same zeolite (Linde AW-500). Steep breakthrough
curves are obtained, as shown in Figure IV-94 along w th equilibrium
loadings in excess of 0.8 mole of Cs/liter of zeolite - ). Scrubbing
with dilute ammonium carbonate should remove over 95 percent of the
sodium as before, and ultimate product Na/Cs mole ratios as low as
0.05 should be obtained on elution with concentrated ammonium carbo-
nate. Contamination from other alkali metals (Rb and K) would be
about the same as for sodium.

Cesium in excess 9f market demand for Cs-137 will be loaded on Linde
AW-500 and stored"21). The proposed flowsheet is shown in Figure IV-

95. It differs from the above purification flowsheet in that the
cesium in the effluent approaches 100 percent breakthrough and in
having no scrub or elution steps.

Most of the cesium stored on zeolite can be recovered by eluting with
ammonium or nitric acid solutions. In two experiments, 86 and 90 per-
cent of the cesium were eluted from Linde AW-500 with 2M NH31O and
IM H 3,, spectively, after the loaded zeolite was held at

360 C for
2W7 hours . The 1M nitric acid solution also leached aluminum from
the zeolite lattice.

2 4 6 8 10 12 14 16 18 20

Column Volumes

FIGURE IV-94

Cesium Breakthrough Curves for Cesium Product Concentrate
(Source of Data: HW-78461)

TNCLASSTFIED

1.0

0. 9

0.8-

0. 6-

o 0.5

U
0. 4

Feed - 0. 32MNa 2 CO,, 0.04MCsCO3
Column - 1. 9 cm ID x 21 cm long (50 g Zeolite)
Particle size - 25-30 mesh
Temperature - 25C
Flow rate - 4 col. vol. /hr.
Superficial velocity - 0. 34 gpm/fte

Linde AW-500 Linde AW-400

~L ~i II-

0. 1

0
0 22

4241 ISO-100

0. 3

0. 2



UNCLASSIFIED

WASH DRIINGAIR
FED-- Air --- im ,-

SPG 0.0 Deopmii -80 F Teperntu---

T IN010m 60 ilTempoeatue BOO FSC Volmert0r S CF
Flo GI 6PMEVo-72endV-73 Flow Belch

CESIUIM PACKAGING FEED

Co 0

Cs-137 WKC ZEOLITE CONTAINER PACKAGINGWASIE I

6r Lind W-OC04I N140 0 0.32M

SCo 03Kg Cs-n <0.5C

Bm aMled 500 0 u lrGBI 00
wooulyrTotl 8500 Volume 050 Gel
BedwVolume 21Gal Flow Balc

SlreZm HourA

TO CONTAIR ELI TOAEG aEA1ING

TNSl 0013.5

T~lR 13.

LFGAS [ 0
Air Re

Particuies H
-5 GrmIrSCF

50 10"CrOT

PACKAGING RECYCL [D [

" C 3  
0.aSH

C4/O, 0 011

CS-13? 172 KC

Vol'm 250 OcI
Flom Bath

FIGURE IV-95

Flowsheet for Cesium Waste Packaging
(Source of Data: HW-78061)

5. Recovery of Cesium from Purex Acid Wastes

A flowsheet for removing cesium from Purex Acid W ste (PAW) with
clinoptilolite ion exchange is presented in Figure IV--96kl5). The basic
procedure is similar to that used for alkaline supernatant wastes, with
the exception of the scrubbing and acid elution steps.

An oxalic acid scrub is required to elute sorbed zirconium and niobium,
in addition to sodium. The hydrogen ion on the bed is then removed with
ammonia to prevent gassing during the following ammonium carbonate elution
step. Because ammonium hydroxide is only slightly ionized, it effectiv-
ely replaces hydrogen ions without displacing the cesium.

Typical loading curves showing the effect of flow rate and cesium con-
centr tipn on the cesium breakthrough are shosn in Figure IV-97 and
IV-9815 ; equilibrium data for clinoptilolite was previously presented
in Figure IV-76, IV-77, and IV-78. Generally, the effects of tempera-
ture, particle size, and flow rate were similar to those found with
supernatant feeds.

The effectiveness of ous scrub solutions in removing ZrNb-95, is
shown in Figure IV-99 T19-. Oxalic acid, the preferred scrub, removes
the small amount of sorbed zirconium in the first one or two column
volumes, while the niobium is removed at a slightly slower rate than
sodium.
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A small continuous decrease in cesium capacity, averaging 2 percent per
cycle was found on re-using the c4.49ptilolite for several complete
cycles of the preceding flowsheet . This loss in capacity appears
to be due to a very slow dissolution of the mineral in the acid influent.
Other zeolites, such as Linde AW-400 and AW-500, are considerably less
acid stable and cannot be used for PAW processing.
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I~~~

Water Wash

H20
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FIGURE IV-96

Extraction of Cesium from Purex Acid Waste
(Source of Data: Reference 15)
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FIGURE IV-97
Effect of Flow Rate on Cesium

Breakthrough with Purex Acid Waste
(Source of Data: Reference 15)
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FIGURE IV-98
Effect of Cesium Concentration on Cesium

Breakthrough With Purex Acid Waste
(Source of Data: Reference 15)
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FIGURE IV-99

Removal of ZrNb-95 from Clinoptilolite by Four Solutions
(Source of Data: HW-76449)
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