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ABSTRACT

Precipitation and ion exchange methods are being developed at Oak

Ridge National Laboratory to decontaminate wastewaters containing small

amounts of "^Sr and "'Cs while minimizing waste generation. Distribution

coefficients have been determined for strontium and cesium as functions of

Ca, Na, and Mg concentrations from bench- and pilot-scale data for ion

exchange resins and zeolites using actual wastewaters. Models have been

used to estimate the total amount of waste that would be generated at

full-scale operation. Based on these data, four process flowsheets are

being tested at full-scale.
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INTRODUCTION

Improved chemical precipitation and/or ion exchange (IX) methods are

being developed to decontaminate process wastewater (PWW) at Oak Ridge

National Laboratory (ORNL) while concentrating the radioactive materials

into a nonhazardous solid waste form that can be safely stored for

permanent disposal. The PWW, which is slightly contaminated with ^Sr and

l^Cs, has been routinely processed at ORNL at a rate of 6 to 10 L/s for

25 years by chemical precipitation and/or IX methods. Although these

processes have decontaminated the PWW sufficiently for release to the

environment, technical and regulatory problems associated with the

formerly used low-level radioactive waste (LLW) disposal method have

prompted ORNL to seek improved decontamination methods that will reduce

the volume of LLW generated.

A wide variety of potential chemical precipitation techniques and IX

materials were considered for possible use in laboratory-scale screening

tests. Initial scouting tests resulted in the selection of two

caustic—soda-ash softening processes to be tested in conjunction with IX

materials in proposed process flowsheets. Each softening process reduces

the calcium and magnesium ion concentrations (the major ions that compete

with the radionuclides for adsorption sites on IX materials) in the PWW

from -50 mg/L Ca and 10 mg/L Mg to <5 mg/L each. One process has the

advantage of minimizing the sodium concentration in the softened water;

the major advantage of the second process is its ability to accommodate

fluctuations in the feed stream more easily.

Experimental, small-scale column tests that contained 6.5 to 20 mL of

IX material were made to determine distribution and mass transfer

coefficients of 16 commercially available zeolites and organic cation
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exchange resins as a function of the Ca, Mg, and Na concentrations in the

feed stream. Results from these tests indicated that for the case of

unsoftened process water most of the zeolites have high l^Cs distribution

coefficients (up to 23,000), but the sodium concentration is in the range

of 20 to 40 mg/L. However, the zeolites were found to have lower

distribution coefficients for strontium, and the sorption kinetics are

relatively slow Chabazites, a type of zeolite, had distribution

coefficients of 2000 to 3000 for 90Sr when column residence times of 10

min were used. Several materials are good sorbents for strontium when the

feed has been pretreated by either of the softening processes (i.e.,

clinoptilolite zeolites and weak-acid resins have '^Sr distribution

coefficients of 10,000 to 25,000).

Calculations were made to model the performances of the more-

promising sorbents and to predict the results for full-scale operating

conditions. Based on these results, four process flowsheets have been

proposed for pilot- and full-scale testing. A plant-scale water-softening

unit has been installed in the existing treatment plant upstream of

columns containing a strong-acid cation exchange resin, HCR-S, produced by

Dow Chemical Company. Lowering the total hardness of the feed from 150

mg/L (as CaCC>3) to <10 mg/L has extended the life of the columns from 400

to 12,000 bed volumes (bv). Treatment of unsoftened process water with a

synthetic chabazite,•Ionsiv IE-95 (manufactured by Union Carbide) has also

been tested at full-scale. Two 3.7-irr columns, operated in series with a

feed rate of 7.6 L/s, confirmed laboratory-scale data. Tests conducted on

10% plant-scale equipment, which consists of four columns in series

containing a cheaper natural chabazite, PDZ-300 (supplied by Tenneco

Specialty Minerals) have performed better than the IE-95. Tests are
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planned to evaluate the ether promising sorbents and to develop treatment

and packaging processes of the spent sorbents for permanent disposal.

COMPOSITION OF ORNL PROCESS WASTEWATER

The Process Wastewater System (PWWS) at ORNL is used to collect water

that has the potential to be contaminated. For example, water used in

heat exchangers for radioactive liquids could become contaminated if

leakage occurred within the exchangers, and it is, therefore, discharged

via the PWWS. The PWW is collected in an equalization basin for

subsequent treatment prior to discharge to the environment. The PWW

contains a number of trace radionuclides, shown in Table 1, and relatively

large amounts of competing ions (representative of city water and local

groundwater in Oak Ridge, Tennessee), as shown in Table 2. The major

chemical constituents are calcium, sodium, and magnesium bicarbonates, and

the major radionuclides are '"Sr and •'•"cs. The ™ S r is the more-

hazardous contaminant because of its potential for introduction into the

human and animal food chain. It tends to be the limiting ion in most

processing alternatives.

Table 1. Radiochemical Composition of Process Wastewater

Concentration
Radionuclide Bq/L

Gross alpha 5
Gross beta 6000
60Co 25
90Sr 4000
95ZrNb 50
l°6Ru 10
137Cs 400



pH
TDS
TSS
Total
Hardnessa

Alkalinitya

COD
TOC

8.8
250
3

133

125
6
12

Table 2. Chemical Composition of Process Wastewater

Concentration Concentration Concentration
Cation mg/L Anion mg/L Parameter mg/L

Ca 40 HCO3 93
Mg 8 S0 4 23
Na 5 Cl 10
K 2 NO3 11
Si 2 CO3 7
Sr 0.1 F 1
Al 0.1
Fe 0.1
Zn 0.1

aAs CaCC>3

Concentrated spikes of radioactive materials have occasionally

entered the feed stream due to the decontamination of research facilities,

leakage from equipment, etc. Variations in feed composition between 2000

and 8000 Bq/L for 90Sr and 300 and 1000 Bq/L for 137Cs have not been

uncommon. The effects of such concentration changes on treatment systems

are discussed below.

POTENTIAL TREATMENT PROCESSES

Severs! processing methods have been used to decontaminate the PWW at

ORNL. Prior to 1975, the PWW was treated by means of a conventional lime-

soda precipitation-clarification method (Browder, 1959). The water was

not sufficiently decontaminated when the limits for release to i.;e

environment were lowered, and an improved Scavenging Precipitation Ion

Exchange (SPIX) process vas initiated (Chilton and Lasher, 1932). The new

process included a KaOK precipitation step performed with ferrous sulfate,

followed by clarification, polishing filtration, and IX treatment. The IX

columns contained a bifunctional phenolic-carboxylate resin, Duolite CS-

100 in the sodium form. The resin was regenerated with 0.5 M HNO3 after
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processing -2000 bv of PWW. The eluate was concentrated by evaporation

and transferred to the LLW System at ORNL for permanent disposal. The

sludge from the clarifier was stored in a rubber-lined pond. This process

was discontinued, however, because of resin degradation and sludge

disposal problems.

From 1981 to 1985, the processing method was a filtration-ion

exchange (FIX) process. In the FIX process, a more durable strong-acid

resin, HCR-S in the hydrogen form (prepared by Dow Chemical Company) was

used without the clarification step. The process generated more waste

(regeneration was required after -400 bv), but it was easily operated and

accommodated fluctuations in the feed stream flow rate and composition.

The larger volume of LLW was handled without problems until new disposal

methods for LLW were implemented.

Improved methods were investigated for treatment of PWW based on

these experiences, the development of an IX process to decontaminate high-

activity- level water at Three Mile Island (Collins et al., 1986), and

other published data. Mercer (1967) has published equilibrium constants

for Cs + and Sr 2 + and ion exchangers as a function of several competing

ions, including H+, NH4+, Na+, K+, Mg2+, and Ca2+. His data indicate that

sorption of '^Sr and "'Cs ions from ORNL process water would be inhibited

by calcium ions, unless the water is first softened by a precipitation/

clarification step. In the latter case, the major inhibiting ion would be

sodium. Based on previous experience, a zeolite was expected to remove

^"cs without difficulty. However, finding an ion exchange resin capable

of separating 90Sr from calcium ions was considered doubtful. Thus, a

general flowsheet was developed for testing which included a zeolite to
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remove "'Os, a softening process to remove calcium, followed by the use

of an ion exchange resin to remove "^Sr.

MODEL

The experimental breakthrough data were fitted by means of the

mathematical J-function, using a constant separation factor model

developed by Thomas (Hiester et al., 1973; Hellferich, 1962) in order to

predict distribution coefficients and the performance of columns under

different operating conditions (i.e., longer columns, columns in series,

and different flow rates). The general Thomas equation for the reaction

kinetics of fixed-bed IX is as follows:

- (jgr), " W " *> - »<i " x> • <»

where X and Y are the dimensionless concentration of the solute ion in the

fluid and solid phases, respectively, and R is the separation factor. Tl;s

variable X is defined as C/Co, where C and Co are the concentrations of

the solute ion of interest in the effluent and feed, respectively. The

variable Y is defined as q/q , where q is the actual concentration in the

solid phase, and q is the concentration in the solid phase in equilibrium

with fluid at the inlet concentration, Co. When the concentration of the

solute ion is small relative to the concentration of the replaceable ion

in the feed, R approaches unity, and the isotherm is linear.

The variable N represents the length of the exchange column in

transfer units and is defined by the expression

N - K£pbKa/(f/v) , (2)



in which K£ is the distribution coefficient when X - 1, p b is the bulk

density of the ion exchanger, Ka is the mass-transfer coefficient

characteristic of the system, f is ths rate of flow of solution through

the column, and v denotes the overall volume of the sorbent bed, including

the void spaces. The throughput parameter, T, is defined to be:

T - (V/v)/Kdpb • <3>

where V is the volume of solution processed through the column and V/v is

the number of bv of solution which has passed through the bed.

When pt, is constant, the volume-based distribution coefficient is

defined as K d — qv/Co>
 where qv is the concentration of the solute ion per

unit volume of sorbent bed (sorbent plus void space) and C o is the

concentration in the feed. Equations 2 and 3 can then be expressed as

N - KdKa/(f/v) , (4)

and

T - (V/v)/Kd . (5)

When Eq. 1 is integrated for IX beds, assuming reversible second-

order- reaction kinetics, the solution is:

( }J(RN,NT) + [1 - J(N,RNT)] exp[(R - 1)N(T -

where J is a mathematical function (Hiester and Vermeulen, 1952) related

to the Bessel function.
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For the large values of RN obtained for small-scale resin columns,

C/Co s 0.5 when T - 1 and is independent of RN. Therefore, K^ is

approximately equal to V/v at the point where C/Co - 0.5. This

characteristic implies that plots of experimental data on logarithmic-

probability graphs will be approximately linear. Therefore, K^ can be

approximated by obtaining the 50% point on experimental breakthrough

curves or by extrapolating experimental data on logarithmic-probability

plots of C/Co vs V/v. Values of R and N can then be obtained from the

experimental data by iterating around Eqs. 5 and 6 and subsequently using

these values to estimate performance at increased residence times and for

columns in series.

LABORATORY SCREENING STUDIES

Several potential alternatives are available for use in each step of

the general flowsheet described previously. Laboratory-scale scoping

tests were conducted for each separate step of the proposed flowsheet to

determine which options should be considered for further development.

Sixteen inorganic and organic IX materials were evaluated using untreated

PWW as well as water softened by four processes.

Softening Tests

Small-scale batch tests were used to evaluate the softening processes

used by the water-treatment industry for application in PWW treatment.

Although the treatment of similar waste is standard in municipal

applications, these industrial processes were developed without a
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consideration for the additional requirements created by nuclear

materials, such as the increased cost of waste disposal and the need to

minimize operator exposure to the waste. The traditional lime—soda-ash

and caustic-soda-ash processes were evaluated, along with the less

frequently used caustic precipitation process (Hamer et al., 1961). The

scavenging precipitation softening method used in the SPIX process was

also evaluated. The latter is a caustic precipitation process in which

ferrous sulfate is added as a flocculating agent and scavenger to help

remove insoluble materials.

The softening processes were evaluated using 800-mL samples, and the

waste was reacted for 75 min at 30 to 40 rpm via a paddle-type agitator.

Such tests are standardly used for quality control of in-plant water-

softening processes to determine parameters such as dosage requirements,

pH, alkalinity, and floe time, but they cannot be used to predict actual

operation in a full-scale plant (Foust and Aly, 1983). In actuality,

full-scale operations usually soften water better than laboratory-scale

tests.

Each type of softening process was evaluated by varying the chemical

composition and final pH between 10.5 and 12. Alum and ferrous sulfate

were tested as potential coagulating agents, along with six synthetic

water-soluble polyelectrolytes with high to very high molecular weights

and a range of anionic and cationic charge densities (Betz 1100,

manufactured by Betz Laboratories, Inc.; Purifloc A-23, manufactured by

Dow Chemical Company; and Percol 720, 726, 728 and 757, produced by Allied

Colloids). The reacting solutions were spiked with CaCC>3 to nucleate

precipitation in an attempt to simulate a sludge blanket typically

maintained in many continuous-operation precipitators. The sludge was
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dewatered in a laboratory-scale single-frame filter press at 620 kPa

(75 psig) for 1.5 h using Feon 162 Dynel filter cloth. The filter cake

was air-dried for 30 min before removal from the press.

The optimum recipe for each process, based on softening ability and

sludge characteristics, is listed in Table 3. A calcium hardness

(measured in mg/L as CaCO-3) of less than 10 mg/L was considered acceptable

because lower values can be expected in full-scale operation. The

polymers and alum produced granular floes, but ferrous sulfate produced a

fluffy, voluminous precipitate that was hard to dewater. Betz 1100

enhanced flocculation and improved the settling characteristics of the

sludge better than the other flocculants. The sludge contained

approximately one-half of the ^ S r and one-tenth of the ^-^Cs.

Table 3. Results of Process Wastewater Softening Tests

Chemical Requirements
Na2CO3

Ca(0H)2
NaOH
Alum
Iron
Betz 1100

Polymer

Effluent Characteristics
Total Hardnessa

Ca Hardnessa

Na
Final pH
% Solids in
Filter Cake

Lime—
Soda-Ash
Process

190
125
0
5
0
0.8

60
16
83
10.4

Concentration.me/L
Caustic—
Soda-Ash
Process

95
0
70
0
0
0.6

49
8
80
10.5
60b

Caustic
Process

0
0

450
0
0
0.3

14
5

260
11.9
5O-6Ob

Scavenging-
Precipitation
Process

0
0

500
0
5
0.3

10
4

290
11.9

25b-50c

aMeasured in mg/L as CaC03.

bNo filter aid added to filter press feed.

C15 g/L diatomaceous earth filter aid added to filter press feed.



13

The results of the scouting tests indicate that the traditional cold

lime—soda-ash process is not adequate for this application. In addition

to having the highest effluent hardness concentration, the process

produces a larger quantity of radioactive sludge since the calcium present

in the lime also precipitates in the softening process. The remaining

processes adequately softened the PWW; however, the caustic—soda-ash

process minimized both the hardness and sodium in the effluent and

produced an easily dewatered sludge.

Laboratory- and full-scale tests indicated that the iron did not

improve softening under normal operating conditions when a sludge blanket

was present, and it should be eliminated to improve the dewatering

process. When the iron is removed from the scavenging precipitation

process, the caustic process described above is obtained. However,

contaminants, such as detergents, occasionally enter the PWW and inhibit

the softening process. Tests indicated that under these conditions the

presence of iron enhances the removal of calcium and magnesium.

Therefore, the caustic—soda-ash and scavenging precipitation processes

were used in IX column tests. Since the presence of iron in the

precipitation step will not affect the performance of IX, the causti'.

process was dropped from further consideration in small-scale IX tests.

Ion Exchange Tests

The laboratory-scale IX tests were performed in 1.3-cm (0.5-in.) OD

columns which contained 6.5 to 20 mL of material with 2.3 to 7.1 length-

to-diameter ratios and 1- to 10-min residence times. Composite samples of

the effluent were collected over 8- to 12-h periods and were analyzed for
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90 S r > 137CS( an(j g r o s s beta activity. The zeolites and IX resins that

were tested in these small-scale tests are listed in Table 4.

Table 4. Sorption and Ion Exchange Materials Tested
in the PWTP Flowsheet

Material

Zeolon 400
Zeolon 500

Zeolon 700
Zeolon 900
Linde 4A
Linde A-51
Ionsiv IE-95
PDZ-140-D

PDZ-150-D

PDZ-300
CHa

HCR-S
Amberlite
IRC-84

Duolite
CS-100

Dowex
TG-650-G12
Dowex
XFS-43230

Manufacturer

Norton Chemicals
Norton Chemicals

Norton Chemicals
Norton Chemicals
Union Carbide
Union Carbide
Union Carbide
Tenneco Speciality
Minerals

ti

Chem Nuclear

Dow Chemicals
Rohm & Haas

Diamond Shamrock

Dow Chemicals

Costs

$15O/ft3

150

150
150
150
170
165
15

15

15
5

67
165

230

—

—

Description

Clinoptilolite
Natural chabazite-

erionite mixture
Ferriorite
Synthetic mordenite
Inorganic zeolite
Inorganic zeolite
Synthetic chabazite
Natural Na+-rich

clinoptilolite
Natural K+-rich

clinoptilolite
Natural chabazite
Natural

clinoptilolite
Strong-acid resin
Weak-acid cation

resin
Weak-acid cation

resin
Strong-acid cation

resin
Radium-selective
resin

aSample obtained from Chem Nuclear Company.

Experimental breakthrough curves were obtained by plotting the mean

throughput (measured in bv) vs fractional breakthrough, based on the mean

feed concentration for the run. Volume-based distribution coefficients

were approximated as the throughput in bv at the 50% breakthrough point.

Most experimental data included the 50% point; however, the experimental

data for IRC-84 resin and CH zeolite materials using scavenging-

precipitation softened water and CH using caustic—soda-ash water only went

through 10 to 20% breakthrough. Their distribution coefficients were
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determined by extrapolation and are therefore more questionable than the

remaining data. In column tests where ^^'Cs had not begun to break

through at the time of shutdown, K^s are listed as greater than the total

number of bv which had passed through the column at that point.

The performance of the materials was initially evaluated by comparing

these experimentally determined distribution coefficients (shown in Tables

5 and 6) for each water softening process tested. The tests indicate that

all of the zeolites are good sorbents for "'Cs and that the chabazites

(i.e., PDZ-300 and Ionsiv IE-95) had the highest capacity for 90Sr removal

from unsoftened process water (similar to that of the presently used HCR-S

resin). In general, softening water prior to IX decreases strontium and

cesium sorption capacities of chabazites (due to the higher sodium

concentration), while it increases the capacities of clinoptilolites

(i.e., PDZ-140-D and CH), Linde A zeolites, and the resins for 90Sr (which

is still the limiting ion). Tables 5 and 6 show that there is a trade off

between increasing the sodium concentration and reducing the total

hardness in the water. Most sorption materials have higher 9^Sr loading

capacities for caustic-soda-ash softened water (150 mg/L sodium and 27

mg/L total hardness) than for water treated by the scavenging

precipitation process (300 mg/L sodium and 4 to 18 mg/L total hardness).

The exceptions to the above observation are the CH clinoptilolite and

CS-100 and IRC-84 resins. Better performance would be expected for CS-100

with the high-pH scavenging-precipitation process because the resin

contains phenolic groups that ionize to remove cesium at pH 12. The

increased strontium capacity for the CH zeolite with scavenging-

precipitation softened water over caustic-soda-ash processed water does

not agree with literature values or experimental data for similar
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Table 5. Experimentally Determined Cesium Distribution Coefficients*

Ion
Exchange
Material

IJnsof tened
Waterb•c

Caustic-
Soda -Ash

Softened Waterb-d

Scavenging-
Precipitation
Softened Water1-

Zeolon 400
Zeolon 500
Zeolon 700
Zeolon 900
Ionsiv IE-95
PDZ-300
PDZ-140-D
CH
Linde 4A
Linde A-51
TG-650-G12
XFS-43230
HCR-S
IRC-84
CS-100

21,000
>15,000
>8,500

>14,000
>15,000
23,000
>8,000
>2,000

3,600
1,000
470

>18,000

19,000
15,000
8,400

430
400
500

13,000e

14,000f

10,500f

3,400e

100e

160f

3,6OOe

aGreater than indicates no breakthrough at the maximum throughput
measured in bed volumes of water processed at shutdown.

"Calcium and total hardness data were obtained by wet chemistry
analysis. Average values for the individual components do not sum to the
total hardness due to inherent errors in the analytical tecnniques.

cAverage cation concentrations of 50 mg/L Ca, 12 mg/L Mg, and 30
mg/L Na and total hardness of 150 mg/L as CaC03.

^Average cation concentrations of 5 mg/L Ca, 3 mg/L Mg, and 150
mg/L Na and total hardness of 27 mg/L as CaCC>3.

eAverage cation concentrations of 5 mg/L Ca, 1 mg/L Mg, and 270
mg/L Na and total hardness of 18 mg/L as CaCO3.

fAverage cation concentrations of 1 mg/L Ca, 0.05 mg/L Mg, and 300
mg/L Na and total hardness of 4 mg/L as CaCC>3.
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Table 6. Experimentally Determined Strontium Distribution Coefficients

Ion
Exchange
Material

Zeolon 400
Zeolon 500
Zeolon 700
Zeolon 900
Ionsiv IE-95
PDZ-300-17
PDZ-140-D
CH
Linde 4A
Linde A-51
TG-650-G12
XFS-43230
HCR-S
IRC-84
CS-100

Unsoftened
Watera-b

370
2,000
320
300

2,200
3,100
800
350

800
1,500
540

--

Caustic—
Soda-Ash

Softened Waterb-C

--
--

3,800

15,000
13,000f

13,000

7,000
15,000

500

Scavenging-
Precipitation
Softened Waterb

--

l,000d

10,500e

36,000e-f

12,000d

6,800d

31,000e'f

3,80Od

aAverage cation concentrations of 50 mg/L Ca, 12 mg/L Mg, and 30
mg/L Na and total hardness of 150 mg/L as CaCO3.

"Calcium and total hardness data were obtained by wet chemistry
analysis. Average values for the individual components do not sum to the
total hardness due to inherent errors in the analytical techniques.

cAverage cation concentrations of 5 mg/L Ca, 3 mg/L Mg, and 150
mg/L Na and total hardness of 27 mg/L as CaCO3.

dAverage cation concentrations of 5 mg/L Ca, 1 mg/L Mg, and 270
mg/L Na and total hardness of 18 mg/L as CaCC-3.

eAverage cation concentrations of 1 mg/L Ca, 0.05 mg/L Mg, and
300 mg/L Na and total hardness of 4 mg/L as CaC03.

^Distribution coefficients determined by extrapolation from the
10-20% breakthrough point.
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materials. This value could have been incorrectly estimated because of

inaccuracies associated with extrapolation of distribution coefficients

from experimental data.

Amberlite IRC-84 has sorption capacities and kinetic properties that

enable the resin to remove both monovalent and multivalent cations

efficiently, but its affinity for divalent cations is much greater than

its affinity for monovalent cations. Its sorption capacity is therefore

more sensitive to the calcium ion concentration than the sodium ion

concentration as indicated by the inverse relationship between the '^Sr

distribution coefficient and hardness. When the total hardness ranged

between 18 to 27 mg/L, the column only loaded with divalent cations

(indicated by negligible volume change during loading). When the hardness

was lowered to 4 mg/L, the resin initially loaded with sodium ions which

resulted in degassing and swelling of the resin to approximately 210% of

its original volume. In subsequent tests, this was avoided by conversion

of tne resin from its original hydrogen form to the sodium form prior to

column loading. Degassing and swelling were not noticed in tests with any

other sorption material.

Typical breakthrough curves for *^Sr using unsoftened and softened

feed are shown in Figures 1 and 2, respectively. All curves are typical

of those obtained from small-scale column tests with low residence times.

The data indicate that the model described above should adequately predict

resin performance. It is interesting to note that PDZ-300, the cheaper

natural chabazite, had a higher '^Sr capacity than the synthetic IE-95.

The Zeolon 500, an erionite-chabazite mixture, performed similarly to the

synthetic material.
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Variations of the ^ S r and ^''cs feed concentrations did not create

operational problems as long as the feed concentration changed gradually

during a run. Rapid changes in feed concentrations had detrimental

effects on zeolites and strong- and weak-acid resins. Breakthrough curves

such as those for IE-95 shown in Figure 3 were obtained when the

composition of the feed stream exponentially decreased from 22,000 Bq/L

90Sr and 12,000 Bq/L 137Cs to 2000 and 1000 Bq/L, respectively, during the

run. Premature breakthrough can be attributed in part to elution of the

radionuclides from the zeolites by the feed solution when the

concentration of the radionuclides in the feed fell below the equilibrium

value created by the initially concentrated feed. It is presumed that the

concentration of other components in the feed also changed during this

time frame and may have contributed to early breakthrough.

FLOWSHEET DEVELOPMENT

The alternative process flowsheets shown in Figures 4-7 were

developed for fixed-bed IX columns based on the results of the above

scouting tests. The simplest proposed flowsheet, the chabazite flowsheet

shown in Figure 4, uses the PDZ-300 chabazite to remove both cesium and

strontium. Upon strontium breakthrough, the zeolites would be disposed of

as solid LLW. If several zeolite columns were used in series, this

process has the potential of being a simple, economical decontamination

method that would produce only one type of solid waste.

The weak-acid resin flowsheet in Figure 5 utilizes the materials with

the maximum sorption capacities for cesium and strontium, respectively

(assuming the 9(^Sr distribution coefficient for CH zeolite in Table 6
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using scavenging-precipitation softened water is too high). It includes

chabazite columns in series for cesium removal, followed by a caustic

water softener for magnesium and calcium removal, and columns containing

IRC-84 for strontium removal. Since laboratory tests have indicated that

the use of IRC-84 may result in operational problems typically associated

with weak-acid resins (i.e., swelling, degassing, and degrading), a

similar flowsheet (the strong-acid flowsheet shown in Figure 6) was

developed in which IRC-84 was replaced with HCR-S, a more forgiving

strong-acid resin with a lower strontium loading capacity which is more

difficult to regenerate. The loaded zeolites would be disposed of as

solid LLtf. Two treatment options were considered for the loaded resins:

regeneration and direct LLW disposal.

An alternative flowsheet (Figure 7) proposes that the PDZ-140

clinoptilolite be used to remove both cesium and strontium after calcium

and magnesium have been removed from the feed by chemical precipitation.

Although the cesium and strontium loading capacities on clinoptilolites

are about one-half as large as those for the materials selected for use in

Figure 5, the flowsheet is significantly simplified, and only one sorbent

waste is generated. The process (like Figure 4) also eliminates liquid

LLW.

The above flowsheets were developed using experimental and full-

scale data, when available, to predict the plant operating conditions at

9.45 L/s. An average feed composition of 4000 Bq/L 9(^Sr and 400 Bq/L

^•"Cs was used. Maximum effluent concentrations were limited to 10 3q/L

for '^Sr and 40 Bq/L for l^'Cs. These values were based on the respective

10 CFR 20 limits of 11.1 and 740 Bq/L (Office of the Federal Register,

1981) for each individual ion. The limit for mixtures states that the
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summation of the fractional releases should not exceed 1. The flowsheets

were developed for a train of four 3.7-nr columns in series for the

nonregenerable sorbents, while two 1.34-m3 columns run in parallel were

assumed for resins which would be regenerated (as presently exist in the

PWWS). The mean residence time through each column would be 6.5 min for

the 3.7-m-̂  columns and 4.7 min for the 1.34-m^ columns.

The experimental breakthrough data were fitted by means of the model

described above assuming R - 1. The parameters N and T were determined

for each set of experimental data by iteration using Eqs. 5 and 6 (Tan,

1984). Most of the curves are approximately linear when plotted on

probability paper, and the models fit the data well. A linear

relationship between column length and residence time was used to predict

the performance of regenerable columns at full-scale conditions.

Additional calculations were needed to determine the replacement rate of

nonregenerable columns.

In order to maintain the desired effluent concentrations in each

series of nonregenerable columns used in the flowsheets, the operating

method would need to include removing the first column in the series at

some point, moving the remaining columns one position forward

(countercurrent to the water flow), and placing a fresh column in the last

position in the series. Repetitive cycles of this type of operation were

modeled using a numerical analysis solution of the Thomas equation

developed by R. M. Wallace (Collins et al., 1986).

Calculations of this type were made for each set of nonregenerable

columns in Figures 4—7. The replacement frequency of the first column in

the series was set at the value required to maintain the maximum effluent

concentration (at the end of a cycle) equal to the limiting 90Sr
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concentration. The resulting frequencies of column regeneration or

replacement are shown in Table 7, along with the total amount of waste

that would be generated under these conditions. The generation rates of

liquid LLW were based on actual plant experience, but the sludge

generation was based on both laboratory- and full-scale data. The data

for the two previous treatment processes used in the PWWS are included in

Table 7 for comparison.

The results indicate that the chabazite, weak-acid resin, and

clinoptilolite flowsheets are significant improvements over the previous

processes, while the strong-acid resin flowsheet produces approximately

the same amount of waste as the SPIX process. Slightly less total waste

would be produced by not regenerating the IRC-84 resin in the weak-acid

resin flowsheet. The chabazite flowsheet generated the least amount of

waste, but the waste generated by the chabazite, weak-acid resin, and

clinoptilolite flowsheets are so similar that pilot-scale testing and

economic analyses will be required to determine which process should

ultimately be used.

Note that the flowsheet that generates the lowest amount of total

waste utilizes a chabazite zeolite which has a relatively low distribution

coefficient for ^Sr. The sludge generated in the other flowsheets is 1

to 2 orders of magnitude greater than the amount of waste sorption

material and offsets gains made by increased resin efficiency. These data

also indicate that errors due to estimation of resin performance should

have little bearing on the overall outcome of flowsheet analyses.



Table 7. Waste Generation By Proposed Flowsheets

Flowsheet Description Regeneration or Replacement Rate, bv Waste Generation Rate, LIL Water Processed

Flowsheet

Presoftenlng Clarlfier Postsoftening
Sorbent Type Sorbent

Presoftenlng Postsoftenln»
Sorbent Sorbant

Presoftenlng Sludge Postsoftenln* Liquid Low- Total
S o r b € n t Sorbent L.v.l Waste Wastes

Chabazlte PDZ-300

Weak-Acid Resin2 PDZ-300

Weak-Acid Reslnb PDZ-300

Strong-Acid Reslna POZ-300

Clinoptlloli te

SPIX

FIX

none

Caust ic

Caustic

Scav. Prec.

Caus. Soda

Scav. Prec.

Scav. Prec.

1RC-84

IRC-84

HCR-S

PDZ-140

CS-100

HCR-S

4850

23800

23800

23800

0

0

0

0

12500

30600

3260

13750

2000

400

2

4

4

4

0

0

0

.08E-04

.22E-05

.22E-05

.22E-05

.OOEtOO

.OOEtOO

.OOEtOO

0.OOEtOO

1.71E-04

1.71E-04

2.85E-04

1.71E-04

2.85E-04

0.OOEtOO

0.OOEtOO

4.74E-06

3.32E-05

9.01E-06

7.31E-05

3.23E-05

9.01E-05

0. OOEtOO

4.17E-05

0. OOEtOO

7.02E-05

0.OOEtOO

5.69E-05

6.17E-04

2.08E-04

2.60E-04

2.46E-04

4.06E-04

2.44E-04

3.74E-04

7.07E-04

aResin regenerated.

Resiti disposed of as solid waste.

Scav. prec. = scavenging precipitation softening process

Caustic = scav. prec. without iron

Caus. soda x caustic-soda ash process.
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LARGE-SCALE TESTING

The strong-acid flowsheet shown in Figure 6 has been implemented at

full-scale at ORNL using existing equipment from the previous SPIX Fig. 7

process. The scavenging-precipitation softening process is being used

because the precipitator design requires a fluffy floe for proper

operation. Sludge is dewatered to 50% solids using a plate and frame

filter press with diatomaceous earth filter aid and is stored for

permanent disposal. The resin columns are run until calcium begins to

break through the column which occurs prior to the "^Sr breakthrough. The

columns are loaded with -4.4E-10 g ^°Sr per g resin at that point.• This

process has reduced the total waste generation rate from 184 m3/year of

liquid LLW to 122 m3/year of LLW, of which only 23 m
3/year is liquid

waste.

The chabazite flowsheet shown in Figure 4 is also being tested at

pilot and full scales (Collins et al., 1987). Skid-mounted equipment is

being leased from Chem Nuclear Company to test this flowsheet and to

develop techniques for operating a series of sluicible columns. Two

columns, each containing 3.7 m3 of Ionsiv IE-95 zeolite, were used in

series to treat 6700 m3 (1810 bv) of PWW until 90Sr effluent

concentrations reached 10 Bq/L, yielding an instantaneous decontamination

factor of 400. No 1 3?CS breakthrough was detected at this point. The

columns were loaded with 4.1E-10 g 90Sr and 3.7E-10 g 137Cs per g of resin

at shutdown. These data confirmed the efficiency for ^ S r removal

(distribution coefficient of 1700) that had been obtained in the small-

column tests.

Since the zeolite was not loaded to capacity at shutdown, a more

efficient flowsheet for Figure 4, consisting of a series of smaller
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columns, is being tested. The 10% plant-scale equipment contained the

inexpensive natural chabazite, PDZ-300. The performance of this sorbent

(90Sr distribution coefficient of 6500) is much better than that obtained

with IE-95 and is better than the predicted values based on laboratory-

scale data. This improved performance may be due to slower diffusion

through the natural material and indicates that equilibrium may not have

been reached in the small-scale column tests using PDZ-300.

Tests are planned to evaluate the other promising sorbents and to

develop treat:-^nt and packaging processes of the spent sorbents for

permanent disposal. The zeolites are a nonhazardous aluminosilicate clay

that can be treated with heat to reduce the volume by a factor of -2 and

to reduce the leachability of the 90Sr and 137Cs (Kultgren et al., 1981).

The sludge can easily be solidified in concrete (Vanura and Konecny, 1984)

for disposal.

SUMMARY

Improved treatment processes are being developed at ORNL to treat

slightly contaminated PWW. A number of zeolites have been found to be

excellent sorption materials (with distribution coefficients up to 23,000)

for 1^'Cs from unsoftened process water. Chabazites have the best

sorption capacity for Sr under the same conditions, but the kinetics are

relatively slow. Treatment with chabazites alone would require the use of

a number of columns operated in series. Several materials prove to be

good sorbents for 90Sr when the feed has been softened to remove calcium

and magnesium ions. For example, clinoptilolites and weak-acid resins

have loading capacities of 10,000 to 25,000 bv.
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Improvements made at ORNL based on these data have already reduced

the LLW generated by treatment of PWW to 66% of the original volume.

Proposed processing methods could eliminate all liquid LLW and reduce the

solid waste by an additional one-third.
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NOTATION

C - concentration of solute in effluent, g-mol/cm^.
Co - concentration of solute in feed, g-mol/cm^.
f - flow rate through column, cnr/s.
Ka - mass transfer coefficient, 1/s.
Kd - distribution coefficient, dimensionless.
K£ - distribution coefficient, cm^/g.
N - number of mass transfer units, dimensionless.
q - concentration of solute in solid, g-mol/g.
q - concentration of solute in solid at equilibrium, g-mol/g.
qv - concentration of solute per unit volume of sorbent bed,

g-mol/g.
R - separation factor, dimensionless.
T - throughput parameter, dimensionless.
V - effluent volume, cm .
v - sorbent bed volume, cnr .
X - concentration of solute in fluid phase, dimensionless.
Y - concentration of solute in solid phase, dimensionless.

Greek Letters

Pb - bulk density of sorbent, g/cm .
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FIGURE CAPTIONS

Figure 1. '^Sr breakthrough curves for unsoftened process wastewater.

Figure 2. '^Sr breakthrough curves for process wastewater softened by the
scavenging precipitation process.

Figure 3. Effects of radionuclide feed concentration on Ionsiv IE-95
breakthrough curves, a) Breakthrough curves, b) Variable feed
concentration; constant feed concentrations are 3500 Bq/L for 90Sr and 440
Bq/L for 1 3 7Cs.

Figure 4. Proposed chabazite flowsheet for wastewater treatment.

Figure 5. Proposed weak-acid resin flowsheet for wastewater treatment.

Figure 6. Proposed strong-acid resin flowsheet for wastewater treatment.

Figure 7. Proposed clinoptilolite flowsheet for wastewater treatment.


