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2 THE SCQPE OF THE PROBLEM 

Recent characterization studies have provided a data base for the contents of the eight 
MVSTs and two tanks associated with the LLLW evaporator,' including estimates for both 
the sludge and supernate in each tank. The estimated combined volume for all ten tanks is 
977 m3 (258,000 gal) of supernate plus 413 m3 (109,080 gal) of sludge. In addition to the 
measured supernate volume, the sludge contains in the vicinity of 342 m3 (90,000 gal) of 
interstitial solution (more or less similar to supernate), which might be processed in 
combination with the insolubles, or might be separated by washing from the true insolubles 
and then processed with the supernate. These data provide an estimate of the total 
amount of the species in each tank? 

throughput rate can be estimated. For example, if 977 m3 (258,000 gal) of supernate is to 
be processed in 10 years, with 200 operating days per year, the average processing rate 
would be 490 L/d (129 gal/d). This is more in the bench scale to pilot-plant scale than the 
plant scale. However, it is anticipated that, over the time frame before the processing is 
complete, the total volume to be processed will bc substantially increased (perhaps 
doubled) because of addition of LLLW currently existing in ather (inactive) tanks and 
newly generated waste. Even considering such future additions, the required processing 
rate is relatively small. A scale in the vicinity of 1 L/min (1440 L/d) appears appropriate. 

The different tanks contain waste of substantially different compositions, and it is 
unlikely that they will be mixed into a reasonably uniform and average feed. There will 
certainly be additions to different tanks, probably containing higher concentrations of 
radioactivity in some cases; and there will be transfers between tanks. Thus, the certainty is 
that compositions will be different than they are now, and they will vary with time during 
processing, depending on the exact source of the waste being processed. The current 
ranges of concentrations of important species show a variation of a factor of 10 or more for 
all important species except sodium, nitrate, and chloride (Tables 1 and 2).* A head-end 
operation to bring the process feed to a specified composition range @e-, pH) will almost 
certainly be necessary. 

From these volume estimates and the length of time allowed for processing, the average 

The other essential data needed for identifymg process requirements are the 
composition specifications for the products from the waste treatment process. 
Unfortunately, these have not yet been defined completely. Howcver, the specifications QP" 

acceptance criteria for various solid waste forms (such as NRC Classes A, B, and C and 
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Table 2 Maximum, minimum, and average chemical concentrations in the LLLW tanks 

Supernate Sludge 
Max. Min. Avg . Max. Min . Avg . 

PH 13.1 0.56 10.75 
Density 1.29 1.20 1.23 1.54 1.26 1.35 
Dissolved solids, mg/nrrX, 485 348 386 
Total solids, mg/mL 478 334 386 544 369 470 
Total carbon, @&/I& 9,500 364 1,340 22,200 1,820 10,900 
Inorganic carbon, pg/mL 8,340 1 779 18,100 1,410 7,620 
Organic carbon, pg/ml, 1 , 285 167 565 6,480 4 10 3 , 330 

........................................................................................................ 

Max, Min . Avg . Max. Min. Avg . 
(mol/L) Elemental analysis Lmol/L) (mol/L) (mol/L) (mol/L) (mol/L) 

Hydroxide 
Carbonate 
Chloride 
Fluoride 
Nitrate 
Phosphate 
Sulfate 
Aluminum 
Arsenic 
Barium 
Boron 
Cadmium 
Calcium 
Chromium 
Cobalt 
Iron 
Lead 
Magnesium 
Mercury 
Nickel. 
Potassium 
Selenium 
Silicon 
Si lver 
Sodium 
Strontium 
Thallium 
Thorium 

0.29 

0.14 
0.053 
5.97 
0.053 
0.081 

1.70E-03 
5.07E-OS 
1.82E-04 
9.25E-04 
4.OOE-05 
5.74E-01 
S. 19E-04 
9.67E-06 
4,30E-03 
3.43E-05 
2.30E-01 
4.60E-06 
2. S5E-04 

1.99 
S. 95E-05 
8.72E-03 
1.1lE-05 

4.78 
1.83E-03 
6.85E-06 
4.10E-04 

0.01 

0.06 
0.026 
3.23 
O.OS3 
0.052 

4.45€-05 
4. OOE-OS 
1.38E-06 
1.85s-OS 
1.O7E-06 
1.10E-04 
7.31E-06 

N.D? 
1.25E-05 
1.01E-OS 
5.3%-05 
2.30E-07 
6.47E-06 

0.22 
2.9lE-05 
3. S6E-05 
4.08E-06 

2.65 
4. S7E-06 
4.60E-06 
4.31E-06 

0.082 

0.085 
0.031 
4.38 
0.053 
0.055 

4. S8E-04 
4.86E-05 
3.21E-05 
1.72E-Q4 
8.40E-06 
8.44E-02 
9.37E-05 
5 .  8OE-06 
4.68B-04 
1.59E-OS 
2 97B-02 
0.48E-07 
S.10E-OS 

0.615 
5.34E-05 
9.70€-04 
7.m-afj 

3.84 
3.24E-04 
6.4o~-a6 
S. 77E-05 

0.29 
2.02 
0.14 
0.053 
5.97 
0.053 
0.081 

4.2a~-o1 
1.34E-03 
9.76E-04 
3 .  IOE-03 
5.75E-04 
2.OOE+OO 
5.04E-03 

N.D. 
6.34E-02 
3.49E-03 
9.19E-01 
4.92E-04 
2.51E-03 

0.62 
1.07E-03 
3.60E-02 
6.49E-04 

4.78 
4.44E-03 
1.2s-04 
8.27E-02 

0.01 
0.1s 
0.06 
0.026 
3.23 
0.053 
0. os2 

4.58E-02 
5.37E-04 
1.56E-04 
1.40E-04 
1.91E-05 
4.40E-01 
6.54E-04 

9.48E-03 
7.30E-04 
4.51E-02 
6.92E-05 
3.6%-04 

0.20 
4.43E-04 
3.60E-03 
7.13E-05 

2.92 
4.3IE-04 
6.56E-05 
8.04E-03 

0.082 
0.85 
0.085 
0.031 
4.38 
0.053 
0.055 
1. S7E-Q1 
7.72E-04 
5.26E-04 
8.73E-04 
2. ISE-04 
2.50E+OO 
2.4223-03 

3.30E-02 
1. S8E-03 
4.62E-01 
2.02E-04 
1.15E-03 
0.36 
7.63E-04 
9.36E-03 
2.22E-04 
3.83 
2.16E-03 
9.06E-05 
3.20E-02 

Uranium 4.75E-03 4.20E-07 8.05E-04 1.82E-01 7.17E-03 4.39E-02 

‘N.D. = none detected or not analyzed for. 
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Table 3. Required activity reduction factors to meet various standards 

Waste type Gross 
and criteria Range 3H I4c @Ca 90Sr 1 0 6 ~ ~  1370 ls2Eu alpha 

Liquid Wastes 

DOE54005 Max. 
Min. 
Avg. 

Solid Wastes 

Cla%!j L-I Max. 
Min. 
Avg. 

Class LII M a .  
Min. 
Avg. 

NRCClassAb Max. 
Min. 
Avg. 

NRCCIassBb Max 
Min. 
Avg. 

8.3 
1.6 
3.4 

38.8 
7.5 
14.6 

c1 
cl 

304 
c1 
88 

2.0~104 
25 
5.8xld 

106 
c1 

c1 31 

c1 <1 
c1 c1 
<1 c1 

c1 c1 
<1 c1 
<l  c1 

No DF is required to rn NRC <3lass C? 

c1 5.4xld 
<1 12.6 
c1 1.7xld 

c1 2.1 
c1 < I  
c1 c1 

c1 118 
c1 cl 
c1 37 

c1 c1 
c1 <1 
<1 c1 

et NRC Class C requirem ts 

7 . 7 ~  1 O4 
7.0xld 
1.9~10~ 

<1 
c1 
c1 

55.9 
5.1 
13.8 

1.3 
c1 
c1 

86 
c1 
4.4 

<1 
< I  
<1 

c1 
c1 
c1 

c1 
c1 
c1 

3.9~10~ 
l.sxl03 
4 . 7 ~  10’ 

1.2~10~~ 
324” 
1.4~ 1 04” 

2.0xioSa 
92” 
2.4~10~ 

1.2 
c1 
c1 

8.9 
c1 
c1 

‘Grass alpha is assumed to be B?Pu, the most restricted alpha emitter for 

bNRC limits are not presently applicable to DOE facilities but are presented 
Classes L-I and L-11. 

for comparison. 
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3. r U C I E R I S T I C S  OF PROMISING TREATMENT PROCESSES 

Several processes have been reported in the literature for separating cesium and 
strontium from aqueous salt solutions, and some of them have been used in large-scale 
processing. The general characteristics of the more useful processes have been referenced 
in earlier  report^^*^ and are summarized in this section. 

3.1 CESIUM DECONTAMINATION 
Several processes have been used for removing cesium from a variety of solutions at 

many different nuclear sites. Those that have been used successfully in operations of 
substantial scale include certain zeolites (chabazite, mordenite, etc.), phenolic ion-exchange 
resins (Duolite CS-loo), tetraphenyl borate, and several transition metal 
hexacyanoferrate(I1) compounds (ferrocyanide, abbreviated FC hereafter). All of these are 
subject to specific interferences with the W S T  solutions, but the FC is less affected than 
the others. In general, the cesium removal problem is controlled by competition from other 
alkali metals, most importantly potassium, which is present in rather high concentration in 
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some MVSTs. Thus, the method must be selective for cesium in competition with the very 
high sodium and moderately high potassium concentrations (Table 2). 

3.1.1 Zeolites 
Zeolites have been used to remove cesium from solutions of low to moderate salt 

concentrations and on a large scale in the case of fuel storage pool water. Although they 
are very effective for decontaminating water of low salt concentration (such as fuel storage 
pool water and groundwater), they are not sufficiently selective for cesium over sodium and 
potassium for practical application with NVST waste. Zeolites are being used to treat the 
high-level waste concentrate from the former Nuclear Fuel Services West Valley site (high 
NaNO, but low KNO,), but generally 4 0 0  bed volumes can be loaded on a zeolite 
column. The loaded zeolites will be converted to glass. Since the waste volume is 
moderately small, the volume of vitrified waste can be tolerated. 

In the MVST waste, the NaNO, concentration is ~ 4 . 5  M, and the KNO, concentration 
varies from ~0.25 M in some tanks to >1 M in two tanks. Under these conditions, the 
amount of zeolite required to decontaminate the solutions is large, probably ~ 2 %  of the 
volume of waste treated. Thus, a large volume s f  solid waste would be generated. 
Regeneration of zeolites is not practical, so a multiple-cycle process to concentrate the 
cesium could not be used. Zeolites might have application for a final concentration step, 
and as the solid waste form, following a first-stage process using an organic ion-exchange 
resin. However, only limited scouting tests were made with zeolites, and they were not 
further considered for this problem. 

3.1.2 Organic Ion-Exchange Resins 
In most cases, organic ion exchangers are relatively nonselective for separating cesium 

from sodium and potassium; but there are a few exceptions, Certain resins containing 
aromatic hydroxide groups (such as resins based on phenolic-formaldehyde polymers) are 
highly selective for cesium over sodium, but much less selective over potassium. A serious 
shortcoming of these resins is their instability to nitric acid above = O S  &J concentration. As 

result, elution requires large volumes of dilute nitric acid or more favorable volumes of 
nonoxidizing acids (such as HC1 or H2S04), which cause other problems in subseque 
processing steps, 

Duolite CS-lo0 is a resin of this type that has been comrner 
generally made on a special order basis. It was applied to treat 

lly available, but now it is 
NL LLLW many years 
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other countries. A number of these compounds are quite insoluble over a wide pH range 
and are ion exchangers with an extremely high selectivity for cesium. 'There is an extensive 
literature covering a number of different formulations, but, for this application, the nickel 
and cobalt ferrocyanides appear most promising. 

alkali metal (sodium or potassium); M is a metal such as nickel, cobalt, copper, or zinc; 
and n<2. Although apparently nonstoichiometric, they may be mixtures of compounds with 
n = 0, 1, and 2. Alternatively, they more likely consist of a crystalline framework of the 
formula [MFe(CN),]**, with the valence satisfied by the ions of A, M, or some other cation; 
these latter cations are exchangeable, with cesium being very strongly held. The actual 
composition depends on the detailed method of preparation and the composition of the 
solution in contact with the solid. These materials will be designated with the abbreviation 
AMFC in the following (Le-, NaNiFC for sodium nickel ferrocyanide) text. Some of these 
compounds are remarkably selective for cesium, so it is reasonable to achieve large DFs in 
simple one-stage batch mixing processes without having to use large amounts of sorbent. 
Batch processes, similar to common water treatment methods, may be much more practical 
with these waste solutions than multistage column operations. This approach was selected 
for further study for application to the MVST supernate decontamination. 

For the initial work on cesium removal, absorption on FCs was selected for the 
approach, and the SRS organic ion-exchange resin was chosen for the backup method. 
Both of these have been investigated under a range of reasonable conditions and have given 
promising r e s ~ l t s . ~ ' ~  It appears that either one or both in combination could be used for a 
decontamination flowsheet, 

In general, these materials have the che ical formula &M,,-,,Fe(CN),, where A is an 

3.2 STRONTIUM DECONTAMINATION 
Strontium removal may be limited by competition from either the very high alkali metal 

concentration in the WSTs,  or from the alkaline earth family, of which strontium is a 
member. Although several methods are reasonably selective for strontium over sodium, for 
example, the large excess of sodium (average Na/Sr mole ratio in supernate -2 x lo4) 
requires quite high selectivity. A more fundamental problem is presented by calcium and 
barium because it is generally much more difficult to separate strontium from these 
elements. Thus, the removal of strontium might require the simultaneous removal of at 
least most of the calcium, which is present in about 200-fold excess in average supernate. 
The actual calcium concentration of the supernate varies greatly among the different tanks, 
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NaT was selected as the primary inorganic ion exchanger for strontium removal, and the 
organic chelating resins were chosen as the backup. Both of these have been investigated 
to a limited extent and have given promising  result^.^'^ However, further work is required. 

Results from the experimental program have been  reported'^^ and included in this 
section. The following decontamination methods appear most promising and have been 
studied for this problem. 

Inorganic sorbents: 
1. Cesium removal with NaNiFC or KCoFC, and 
2. Strontium removal with NaT; 

Organic ion-exchange resins: 
3. Cesium removal with the SRS resin, and 
4. Strontium removal with an organic chelating resin. 

The inorganic sorbents generally are more selective than organic ion exchangers under 
reasonable conditions, and it is anticipated that they would give large DFs (IO2 to 10') if 
used in a batch (stirred-tank) mode consisting of one to three stages in series. This would 
be a relatively simple process rather like the sludge-precipitatio processes commonly used 
in waste treatment. It must be recognized that solids in addition to the added sorbents may 
also be produced because of precipitation of constituents of the LLLW (Le.? from pH 
adjustment). The organic ion exchangers would be used in columns since their selectivity 
usually is not large enough for batch application, and they might be particularly suited for a 
polishing step to remove residual low levels of activity after the bulk had been removed by 
a batch process with the inorganic sorbents. Since a rather large column throughput would 
be advantageous, solids cannot be tolerated in column feed; so the solution would have to 
be carefully clarified. 

4.1 PARAMETEXS FOR MEASURING P E R F Q R W C E  
Several parameters commonly used to describe the decontamination effectiveness can 

be related. All of the sorbents considered in the previous section, with the  exception of 
TPB which follows a solubility product relationship, are ion exchangers; thus, they can bc 
treated to a reasonable approximation in terms of the distribution coefficient, Kd, which is 
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These two variables (I&" and kinetics) together determine the throughput before 
intolerable losses would occur and therefore determine the effective column capacity. 
Depending on kinetics, the useful capacity may vary from somewhat less than K: down to a 
small fraction of &", in units of bed volumes. Best results with columns are achieved if K: 
is fairly large, a few thousand or more, and kinetic factors are favorable. If K: is much 
larger, it is usually not possible to take advantage of the potentially very large column 
throughput because physical factors (such as plugging or fouling of the column due to 
solids) limit the capacity. 

Such considerations suggest that one to three batch separation stages should be 
adequate for cesium and strontium decontamination using FCs and NaT, respectively, which 
give very large &s, Id to IO6, or even more under favorable conditions. On the other 
hand, the organic resins give K,,"s in the range of lo2 to lo4, so that ion-exchange column 
operations are more suitable in general. Very different flowsheets can be made to work, 
and many factors such as equipment and space requirements, operational mode, and 
maintenance can be quite different. The selection of the optimum method or  combination 
of methods will depend on the particular situation. 

The general performance of these sorbents, with respect to flowsheet considerations, is 
discussed in this section. 

4.2 INORGANIC SORBENTS 

4.2.1 Ferrocyanides 
The transition metal ferrocyanides are easily prepared as slurries by mixing a solution of 

Na,Fe(CN)6 or K,Fe(CN), with a solution of the metal salt (nickel or cobalt nitrate, 
chloride, or sulfate), and the slurry can be added to the waste solution after pH 
 adjustment?^^ They can also be precipitated in the waste solution by adding the rcagents 
separately. The preferred ratio of metal to ferrocyanide is generally in the range of 1.5 to 
1.7, and a small fraction of the metal may precipitate as Ni(OH), or Co(QH),, which 
strongly affects the sedimentation properties. If the mole ratio is 4 . 5 ,  the slurries bec 
more difficult to clarify. Precipitate particle sizes are very small. at best. In some cases, the 
FC precipitate can be washed and dried to yield a hard product that can be broken into 
fragments suitable for column use; this is readily done with KCoFC, but not with NaCoFC, 
KNiFC, or  NaNiFC. The latter group can be prepared in granular form only by a long and 
tedious process. 
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observed, up to 1 x lo7, and the value is often limited by the extent of clarification. Thus, 
even with infinite &, if 1% of the sorbent is not removed during clarification, C would be 
CdlW and the apparent Kd would be 1 x lo6. In many experiments, it has been possible to 
obtain apparent &s of 1 x lo6 by simple filtration or  centrifugation, and 4 x lo7 by using a 
second clarification step of filtration or centrifugation. Sedimentation experiments give 
highly varied results, with a I& of 4 2  x 10s (DF 420) being typical after 20 h of settling on 
a 1-L scale with actual MVST supernate. After longer times, or particularly if the 
supernate is removed and allowed to settle another day, the Kd is 4 x lo6. Settling 
characteristics are known to depend on several conditions of the preparation procedure, 
such as the concentrations of reagents, mole ratios, order of addition, temperature, aging 
time, and others; and no prediction can be made other than by following a standard recipe. 
The use of surfactants might significantly improve clarification by sedimentation, but none 
has been investigated. 

The FCs present a problem with respect to final disposition. It is possible to rccover 
the cesium from them by treatment with NaOH; but this is likely to evolve into a fairly 
complicated recycle scheme. The cesium could the be loaded on a stable solid such as a 
zeolite and incorporated into a solid waste form (concrete or glass). The FCs are suitable 
for direct fixation in certain wastes, such as concrete, and this has been investigated in the 
UK? Cesium leach rates are low, and the waste is stable. As long as water is 
temperature is necessarily limited and the compounds are sufficiently diluted by the 
concrete that they are stable. However, a serious potential problem has developed recently 
at Hanford because very large quantities of FCs and mixtures of nitratehitrite salts have 
been dewatered in large storage tanks? This situation is under intensive investigation 
currently, and the result will determine how FC wastes can be solidifie 

If the FCs are dried and heated, they decompose, giving off toxic cyanogen gas among 
other compounds; this can be oxidized in air. If FCs are present in high concentration and 
heated with oxidants (such as NaNO,), a rapid exothermic chemical reaction can occur, 
leading to pressurization of the vessel and possibly an cxplosion, depending on conditions. 
This can be avoided by dilution with inert solids or by ensuring that the temperature is not 
cxcessively high, but it will probably be necessary to avoid the existence of mixtures of FC 
and oxidant (nitrate salts), except when excess water is present to guarantee an adequately 
low temperature. In any case, it will be required that proper attention be givcn to the 
method for disposing of FC wastes. 
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NaT to the MVSTs if they are operated at a pW 213- This would precipitate nearly all the 
strontium and maintain it in association with the sludge as long as the pH remained high. 
However, it is not clear that adequate mixing can be achieved in the MVSTs to ensure an 
effective p roms ,  and the solid would have to be recovered from the tanks eventually. 

It would also be possible to use NaT in the cesium removal process with FC, if a large 
strontium DF is not required. This could be carried out at pH 10S-119 even though 
strontium removal would not be very efficient under this condition. Possibly, a higher pH 
could be used with NaT and a stabilized KCoFC, at about pH 13; but there would be a 
time constraint on the contact time, and either cesium or strontium would not be 
permanently held by the sorbents (depending on whether the pH of the waste slurry 
subsequent to treatment was > 11). Also, the stabilized KCoFC would be much more 
expensive to prepare. 

The titanates cannot be effectively eluted, so they logically become the solid waste for 
disposition. Much work has been done relating to the incorporation of NaT in solid wastes. 
Strontium titanate has been used as an isotopic heat source material. It is stable, 
nonreactive, and suitable for incorporation in a variety of solid waste forms. 

4.3 ORGANIC ION EXCHANGE 

4.3.1 "he SRS Resin 
The resorcinol-based Savannah River resin is effective for cesium removal over a fairly 

wide pH range, but the optimum pH is 42.5;  as pH decreases, it gradually becomes less 
efficient.374 An important consideration with this resin is that potassium interferes to a 
significant extent, and the potassium concentration is high in some tanks. The potassium 
content is probably the largest factor mitigating against use of organic resins, versus FCs. 
Several tanks are -0.25 M, but others are >l  M, and the average of all supernate i s  O S 1  M 
(and increasing, unfortunately). The capacity of an io -exchange column, estimated from 
batch distribution data, is not more than 500 column volumes at 0.5 M K'. Thus, 
treatment of all the current supernate would require =:2000 6, of resin on a once-throug 
bask  This can be visualized as 100 runs through columns containing 20 L of resin or about 
10 runs with columns the size of 55-gal drums. The effectiveness of this resin for strontium 
removal is much poorer, with the breakthrough estimated to occur at =lo0 column 
volumes; thus, a different resin would be used for strontium (see next section). 

There are two methods that might be considered. Qnc is to use a fcw resin columns 
repeatedly, eluting the activity and regenerating the resin after each loading cycle, which is 
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resin and IRC-718 to remove both elements 
of 5200 bed volumes. This corresponds to 
cesium and strontium (or 100 runs with 50-L 

columns), which is larger than the sum of the estimates from batch experiments with the 
individual resins. This is probably because oE experimental variations, since small-scale 
ion-exchange columns often give conservative results. 

can cesium be eluted from the SRS resin. Thus, elution does not present as much of a 
problem. The other option, burning or decomposing the r a i n  for generation of a solid 
waste, is also possible, as described above. 

Strontium can be eluted fiom the chelating resins with acids much more readily than 

5. PROCESS OPERATIQNS AND FLOWSI-I3Ef.;Ts 

Several operations are possible for removing actinides, cesium, and strontium from the 
waste, and the flowsheet will consist of a rational combination of these individual steps. 
The operations considered in this study are the following: 

1. Clarification to remove insoluble species, notably actinides, 6oCo, and other metals, 
from the supernate, either at pH 2-13 or s1l;  

2. Cesium removal by inorganic ion exchange with FC in a batch process, at pH < 11; 
3. Cesium removal by organic ion exchange with the SRS resin in a column process, at 

pH 11 to 13 but preferably -12.5; 
4. Strontium removal by inorganic ion exchange with NaT in a batch process, 

preferably at high pH, > 4 3 ;  
5. Strontium removal by organic ion exchange with a chelating resin, with pH 10-13. 

Different processes have different optimum pH values, so it would be advantageous to 
operate different steps at two different pHs, such as 10.5-11 and 12.5-13. The lower pW 
range i s  necessary for cesium removal with NaNiFC and is satisfactory for strontium 
removal with chelating resins, The higher pW range is necessary for efficient strontium 
removal with NaT and for cesium removal with the SRS resin, and it is expected to be 
advantageous for alpha removal by clarification. There will probably be a problem from 
solids formation as pH is changed because several metals are at their solubility limit in the 
supernate solution; some are less soluble as pH is  decreased (aluminum), and some are less 
soluble as pH is increased (calcium, magnesium). Such solids may seriously interfere with 
an ion-exchange column operation since the pH often changes within the column. 
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If solids (sludge) are transported to the processing equipment with the supernate, it may be 
necessary to use the Stage 1 vessel only for feed adjustment and clarification, without the 
addition of a sorbent; the solids could be returned to the W S T s  or solidified as a TRU 
waste. The flowsheet could be operated in a simple batch mode or as a continuous or 
sernicontinuous process with a relatively large volume flowing through the successive stages. 
The sorbents would be either removed and replaced periodically, or moved to the 
preceding stage instead of being replaced, to maintain the necessary D E  If greater 
decontamination is required, either additional batch stages or ion-exchange columns could 
be used, possibly reaching radioactivity levels low enough for environmental discharge. The 
solid sorbent is the waste concentrate, and the treated solution must be deconta 
adequately for its specified fate (direct solidification, further decontamination, or possibly 
discharge). These flowsheets are considered in Sect. 5.1. 

One can also propose a process using ion-exchange columns rather than batch 
separation stages: 

Such columns readily give many equivalent separation stages, and their size is determined 
primarily by residence time requirements. The maximum throughput depends on conditions 
but should be in the range of a few hundred to a few thousand bed volumes. As noted in 
Sect. 4.1, this is related to I&" and exchange kinetics. The aunt of resin required is the 
volume to be processed divided by the throughput. A representative estimate is 2000 kg of 
SRS resin for cesium plus 5 kg of chelating resin for strontium (Sect. 4.3). This could be 
used on a once-through basis. Proportionately less resin could be used in multiple 
load/elute cycles, but that would lead to a major complication of operations since elution of 
the SRS resin has not been easily achieved. "hese flowsheets are considered in Sect. 5.2. 

Combinations of the two approaches can also be used, The head-end step for the 
ion-exchange column process could easily involve a scavenging precipitation to aid the 
clarification operation, and an inorganic ion exchanger could be included as well. Without 
adequate pretreatment, it is anticipated that plugging of ion-exchange columns is likely 
because of precipitation of metal compounds within the columns, resulting in a much 
smaller column throughput than predicted. This would cause operation to be more 
difficult, the resin requirement to be larger, and the amount of waste concentrate 
generated to be greater. 
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second stage to prevent NaNiFC from entering the high-pH first stage. JThe high pH of 
the first stage might be advantageous to give larger DFs for alpha, as well as for ?3r ,  for 
which the NaT sorbent is much more effective at high pH. This flowsheet yields two 
different sludges. These batch separations should give a large DF for both cesium and 
strontium, in the order of 1 x lo6 and 1 x lo5, respectively, depending on the amounts of 
sorbents used; if greater DF is required, ion-excbangc columns could be used in series, as 
shown. 

In these, cases, the sorbent and other solids would be retained within each batch 
contactor while many batches of supernate are processed through it. The loaded sorbent 
would be removed and replaced with new sorbent periodically, or (as shown) the: sorbent 
would be transferred to the next prcceding stage. At some point, probably the stage with 
the highest pW, a vcry high quality clarification should be carried out. Cross-flow filtration 
appears to be a practical clarification method, and the pore size of the filter membrane can 
be selccted for each particular application (from several prn down to ultrafilters with pore 
openings in the 10'3-pm range). The filter is the primary maintenance item in this 
flowsheet. Since the y-activity is relatively low downstream from the. first stage of cesium 
separation, hands-on maintenance should be practical thcre. Shielding will be required 
where cesium is present, however, so low-maintenance operations are favored in the first 
stage. It is possible that decantation could be used in the first stage, as illustrated in Fig. 2, 
but the DF would be smaller. Laboratory experiments suggest the DF would be ~ 2 0  after 
a 1-d settling period (compared to 400  with filtration), but larger-scale testing would be 
required to verify that. 

The use of cross-flow filtration following each batch separation stage would be 
appropriate for a continuous process as well as for one using repeated batch cycles of fced- 
mixing-clarification. The ion-exchange absorption reactions are relatively fast. As a result, 
it should be practical to feed continuously, for example, at 1 or a few L/min, into a mixing 
vessel of >lo00 L, and filter continuously at the same rate to produce the decontaminated 
product. 

5.2 ION-EXCHA-NGE COLUMN FLOWSHEETS 
Ion-exchange columns containing organic ion-exchange materials, such as SRS resin for 

cesium and one of the chelating resins for strontium removal, may prove useful after initial 
clarification of the supernate. As discussed previously, throughputs of a few hundred to a 
few thousand bed volumes can be expected; and this is adequate for process purposes. 
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Table A-1. Calculated cesium removal in 1ooO-L one-stage mixer 
feed hatches' 

Batch Volume Volume Total Sorbent Aq Volume Total Total Batch Cumulative 
No. feed t o t a l  ac t iv i ty  load conc out volume act iv i ty  DF DF 

i n  fed present xC0 C/CO (cum) out out  (XCO 1 

1 
2 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3  
1 4  
1 5  
16 
17 
18  
19  
20 
2 1  
22 

23 
24 
25 
26 
27 
28 
29 
30 
3 1  
32 
33 
34 
35 
36 
37 
38 
39 
40 
4 1  
42 
43 

1000 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 

1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7500 
8000 
8500 
9000 
9500 

10000 
10500 
11000 
11500 
12000 
12500 
13000 
13500 
14000 
14500 
15000 
15500 
16000 
16500 
17000 
17500 
18000 
18500 
19000 
19500 
20000 
20500 
21000 
21500 
22000 

1000 
1500 
1999 
2498 
2997 
3495 
3994 
4492 
4989 
5487 
5984 
6482 
6978 
7475 
7971 
8468 
8964 
94 59 
9955 

10450 
10945 
11440 
11934 
12428 
12922 
13416 
13910 
14403 
14896 
15389 
15882 
16374 
16866 
17358 
17850 
18341 
18832 
19323 
19814 
20305 
20795 
21285 
21775 

999 
1498 
1997 
2495 
2994 
3492 
3990 
4487 
4985 
5482 
5979 
6475 
6972 
7468 
7964 
8460 
8955 
94 50 
9945 

10440 
10934 
11429 
11923 
12417 
12910 
13403 
13896 
14389 
14882 
15374 
15866 
16358 
16850 
17341 
17833 
18324 
18814 
19305 
19795 
20285 
20775 
21264 
21754 

9.6lE-04 
1.44E-03 
1.92E-03 
2.40E-03 
2.88E-03 
3.36E-03 
3.84E-03 
4.31E-03 
4.79E-03 
5 . 2 7 ~ 4 3  
5.75E-03 
6.23E-03 
6.70E-03 
7.  ME-03 
7.66E-03 
8.13E-03 
8.61E-03 
9.09E-03 
9.56E-03 
1.00E-02 
1.0%-02 
1.10E-02 
1.15E-02 
1.19E-02 
1.24E-02 
1.29s-02 
1.34E-02 
1.38E-02 
1.43E-02 
1.48E-02 
1.53E-02 
1.57E-02 
1.62E-02 
1.67E-02 
1.71E-02 
i . 7 6 ~ - 0 2  
1.81E-02 
1.86E-02 
1.9OE-02 
1.95E-02 
2.00E-02 
2 ~ 04E-02 
2.09E-02 

500 
500 
500 
500 
50 0 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 

500 
1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7500 
8000 
8500 
9000 
9500 

10000 
10500 
11000 
11500 
12000 
12500 
13000 
13500 
14000 
14500 
15000 
15500 
16000 
16500 
17000 
17500 
18000 
18500 
19000 
19500 
20000 
20500 
21000 
21500 

0 .48  1041 
1 .20  694 
2 .16  521 
3 .36  417 
4.80 347 
6 .48  298 
8.40 261 

10.55 232 
12 .95  209 
15 .59  190 
18.46 174 
21.57 161  
24.93 149 
28.52 139 
32.34 131 
36 .41  123 
40.72 116 
45.26 110 
50.04 105 
55.06 100 
60.32 95 
65 .81  91 
71.54 87 
77.51 84 
83.72 8 1  
90.16 78 
96.85 75 

103.76 72 
110.92 70 
118 .31  68 
125.94 66 
133.80 64 
141.90 62 
150.24 60 
158.81 58 
167.52 57  
176.67 5 5  

185.95 54 
195.47 53 
205.22 51  
215.21 50 
225.43 49 
2 3 5 . w  48 

104 1 
833 
694 
595 
521 
4 63 
4 1 7  
379 
347 
321 
298 
278 
261 
24 5 

232 
220 
209 
199 
190 
182 
1 7 4  
167 
161 
155 
149 
1 4 4  

139 
135 
13 1 
127 
123 
120 
116 
113 
1 1 0  
107 
105 
102 
100 

97 
95 
93 
91 

4 4  500 22500 22264 22243 2.14E-02 500 22000 246.58 4 7  89 
*Kd = 1 x l o 6  ppm NaNiFC added = 1040, based on 1000 L volume 
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activity load ume activity 
present xC ut (xco) out (XCO 

3.36 3 1500 3.23E-03 
2000 5.53E-03 
2500 8.64E- 
3000 1.27E- 
3500 1.77E- 
4000 2.39E-02 
4500 3.14E- 

18.41 1. 5000 4.03E- 
21.51 2. 5500 5.06E- 
24.85 2. 6000 6.26E- 
28.43 2. 6500 7.62s-02 3 
32.24 3. 7000 9.17E-02 3 

7500 1.09E-01 
8000 1.29E-0 
8500 1.5OE-0 
9000 1.7BE-0 

54.83 5 9500 2.01E-01 
10000 2.3 
10500 2.6 
11000 2.9 
11500 3.3 

83.31 8 .  12000 3.72E-0 
89.71 8 12500 4.16E-0 

13000 4.62E-0 
13500 5.11E-0 
14000 5.65E-0 
14500 6.21E-0 
15000 6.81E- 

133.12 132. 15500 7.45E- 
141-16 141. 16000 8.13E- 
149.43 149. 16500 8.85E- 
157.93 157. 17000 9.61E- 
166.66 166. 17500 1.04E+ 
175.63 175. 18000 1.13E+O 
184.82 184. 18500 1.21E+O 
194.25 134. 19000 1.31E+O 
203.91 203. 19500 1.41E+O 
213.80 213.6 20000 1.51E+ 

20500 1. 
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Table A-3. Calculated cesium removal in one-stage 1008-L mixer with sueccessive 5 
feed batches' 

Batch Volume Volume Total Sorbent Aq Volume Total Total Batch Cumulative 
No. f88d t o t a l  ac t iv i ty  load conc out vol act iv i ty  DF DF DF 

fed present xCo C/Co out out (XCO) ( cyc le )  ( t o t a l )  in 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

1000 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 

1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7500 
8000 
8500 
9000 
9500 
10000 
10500 

1000 
1500 
1999 
2498 
2997 
3495 
3994 
4492 
4989 
5487 
5984 
64 82 
6978 
7475 
7971 
8468 
8964 
9459 
9955 
10450 

999 
1498 
1997 
2495 
2994 
3492 
3990 
4487 
4985 
5482 
5979 
6475 
6972 
7468 
7964 
8460 
8955 
94 50 
994 5 
10440 

9.61E-04 
1.44E-03 
1.92E-03 
2.40E-03 
2.a8~-03 
3.36E-03 
3.84E-03 
4.31E-03 
4.79E-03 
5.27E-03 
5.75E-03 
6.23E-03 
6.70E-03 
7.18E-03 
7.66E-03 
8.13E-03 
8.61E-03 
9.09E-03 
9.56s-03 
1.00E-02 

50 0 
500 
500 
500 
so0 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 

50 0 
1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7500 
8000 
8500 
9000 
9500 
10000 

0.48 1041 1041 
1.20 694 833 
2.16 521 694 
3.36 417 595 
4.80 347 521 
6.48 298 463 
8.40 261 417 
10.55 232 379 
12.95 209 347 
15.59 190 321 
18.46 174 298 
21.57 161 278 
24.93 149 261 
28.52 139 245 
32.34 131 232 
36.41 123 220 
40.72 116 209 
45.26 110 199 
50.04 105 190 
55.06 100 182 

S 

a 
m 
e 

a 
S 

C 

Y 
C 

1 
e 

D 
F 

Cycle 2: Process through batch 20 of Table 3; Remove 9OX of sorbent; Add new sorbent; Continue. 

1000 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 

1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7500 
8000 
8500 
9000 
9500 
10000 

2044 
2543 
3042 
3541 
4039 
4537 
5035 
5533 
6031 
6528 
7025 
7522 
8019 
8515 
9012 
9508 
10004 
10499 
10995 

2042 
2541 
3039 
3538 
4036 
4533 
5031 
5528 
6025 
6522 
7019 
7516 
8012 
8508 
9004 
9499 
9995 
10490 
10985 

1.79s-03 
2 e 22E-03 
2.66E-03 
3.09E-03 
3.53E-03 
3.96E-03 
4.40E-03 
4.83E-03 
5.29E-03 
5.70E-03 
6.14E-03 
6.57E-03 
7.00E-03 
7.44E-03 
7.87E-03 
8.30E-03 
8.74E-03 
9.17E-03 
9.60E-03 

500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 

500 
1000 
1500 
2000 
2500 
3000 
3500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7500 
8000 
8500 
9000 
9500 

0.89 
2.00 
3.33 
4.88 
6.64 
8.62 
10.82 
13.24 
15.87 
18.72 
21.79 
25.07 
28.58 
32.29 
36.23 
40.38 
44.75 
49.34 
54.14 

560 
4 50 
376 
323 
283 
252 
227 
207 
190 
175 
163 
152 
143 
134 
127 
120 
114 
109 
104 

560 
499 
450 
4 10 
376 
348 
323 
302 
284 
267 
252 
239 
227 
217 
207 
198 
190 
182 
175 

188 
193 
197 
200 
203 
204 
20 5 
205 
204 
20 3 
202 
200 
197 
195 
192 
189 
185 
182 
179 

20 500 10500 11490 11480 1.00E-02 500 10000 59.15 100 169 175 
*Kd a 1 X lo6 ppn NaNiFC added = 1040, based on 1000 L volume 
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