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EVALUATION OF INORGANIC SORBENT TREATMENT FOR 
LWR COOLANT PROCESS STREAMS 

I. W. Roddy 

ABSTRACT 

This report presents results of a survey of the literature and of experience at 
selected nuclear installations to provide information on the feasibility of replacing 
organic ion exchangers with inorganic sorbents at light-water-cooled nuclear 
power plants. Radioactive contents of the various streams in boiling water reactors 
and pressurized water reactors were examined. In addition, the methods and per-
formances of current methods used for controlling water quality at these plants 
were evaluated. The study also includes a brief review of the physical and chemi-
cal properties of selected inorganic sorbents. 

Some attributes of Inorganic sorbents would be useful in processing light 
water reactor (LWR) streams. The Inorganic resins are highly resistant to damage 
from ionizing radiation, and their exchange capacities are generally equivalent to 
those of organic ion exchangers. However, they v e more limited in application, 
and there are problems with physical integrity, especially in acidic solutions. 
Research is also needed in the areas of selectivity and anion removal before inor-
ganic sorbents can be considered as replacements for the synthetic organic resins 
presently used in LWRs. 

1. INTRODUCTION 

In the early 1940s, water was selected as the coolant for the first large-scale nuclear reactors 
in the United States. Since that time, its many advantages and disadvantages have been well 
documented. Liquid water has been shown to be an effective heat-transfer medium, moderator, 
and shield, as well as being inexpensive and easy to handle. It also provides some lubrication. 
However, in addition to these useful attributes, water has some properties that detract from its 
value as a coolant. In its role of transporting heat from source to sink, the fluid carries solids and 
gases throughout the reactor system. Many of these are undesirable radioactive species that result 
from neutron and proton capture. Also, water's useful absorption of radiant energy is accom-
panied by dissociation reactions, and water has the troublesome habit of reacting chemically in 
reactors with the materials of construction. This last characteristic has spawned a new area of 
research that comprises the field of modern LWR coolant technology (Cohen, 1980). 

Various chemical engineering techniques have been adapted to reduce the concentrations of 
radioactive nuclides in plant liquid-waste streams to levels that may be released to the environ-
ment under controlled and monitored conditio , in accordance with current laws. Among the 
techniques employed for the treatment of liquid streams are: ion exchange (demineralization), fil-
tration, reverse osmosis, evaporation, scavenging, precipitation, and centrifugation. 
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Ion exchange has been used extensively in the removal of trace amounts of radionuclides 
from nuclear power plant liquid wastes (Clark, 1978). In nearly all rases, a resin containing a net-
work of styrene-divinylbenzene copolymers with appropriate active functional groups Is used for 
thin purpose (Applebaum, 1968). Strong-acid itlon (H+ form) and strong-base anion (OH~ form) 
resins, with 8 to 12% divinylbenzene cross-linking, are the dominant types UBed In nuclear power 
plants. Their serviceability has been exceptional but, in some plants, the material appears to be 
more friable than the regular-grade forms for nonnuclear uses. As both regular and nuclear 
qrades have the Bame basic structure, it is possible that the observed breakage and attrition are 
caused by much longer service life, radiation damage, and higher temperature in the nucloar 
than in the nonnuclear service. 

The purpose of this study was to gather information from a comprehensive literature survey 
and from experts In the field on the applicability of inorganic sorbents for the removal of metal 
ions from LWR coolant process streams. Special emphasis was placed on the feasibility of replac-
ing organic resins with equally efficient but more stable inorganic materials. This survey does not 
generate new data but relies on other reports in which specific liquid waste streams were 
analyzed. Since many of the treatment systems ai LWRs are Interrelated and modifications in one 
of them may affect others, a summary of current practices ls included. Also, a brief discussion of 
the characterization of the more common inorganic sorbents, including clays and zeolites, ls 
presented. Many monographs, reviews, summaries, and books have been written on various 
aspects of clay and zeolite technology and usage, but the books by Amphlett (1964), Breck 
(1974), Barrer (1978), and Scott (1980) have proved to be especially useful for this report and are 
highly recommended to the reader as excellent sources of ad itional information. 

An attempt was made to Identify pertinent published data quantifying the composition of 
LWR water process streams. The computerized literature search facilities were used to access the 
Energy Research Abstracts, Nuclear Science Abstracts, Nuclear Safety Information Center Data 
Base, and Chemical Abstracts (DIALOG). To augment these sources and to reduce the possible 
omission of important records, a routine search was made of the various publications of abstracts. 
Several of the non-English articles were unavailable for translation, and the Information reported 
here is summarized from the abstracts. 



2. CONTAMINATED LIQUID STREAMS IN LWRS 

The major classes of light-water-cooled nuclear power plants are the pressurized-water reac-
tors (PWRs) and the boiling-water reactors (BWRs), which differ mainly in the manner in which 
they generate steam that drives the turbine for power production (Lish, 1972; Kuljian, 1968). 
Although the reader may be familiar with the general nature of the two reactor types, their 
characteristics and design parameters related to coolant technology problems are described 
briefly. 

2.1 PRESSURIZED WATER REACTORS 

In the pressurized water reactor, borated water is used as both primary coolant and modera-
tor (Fig. 1). This water, which ls kept under a pressure of 16 MPa (2300 psi) to maintain ite liquid 
state at the operating temperature of 315°C, flows through the core between the fuel elements 
and inside the reactor vessel walls to absorb heat. The heated water is recirculated by pumps 
through a system of stainless steel pipes to the tuha side of counterflow shell-and-tube steam gen-
erating units. The primary coolant releases heat to evaporate feedwater being pumped through 
the shell side of the steam generating unit. This steam is part of the secondary coolant system, as 
shown in Fig. 1. Primary coolant pressure is maintained by a circulating pump and is regulated 
by means of a pressurizing tank that contains a two-phase mixture of water and steam at saturation 
temperature. Water in the pressurizer tank is heated to this temperature by electric immersion 
heaters, causing steam to form in the upper half of the tank. During positive surges of pressure, 
additional system water enters the tank and is passed through spray nozzles in the steam dome to 
condense steam and thus limit the pressure increase. During negative surges, water flows from 
tank to system and evaporates, maintaining system pressure. It is apparent that the steam system 
(secondary coolant system) can be kept free from radioactivity if the steam generators can be kept 
free from leaks. 

There are several liquid streams that may become contaminated with radioactive constituents 
and need to be prc ;essed—the actual treatment method varying to some degree from plant to 
plant. Recently, the U.S. Nuclear Regulatory Commission (NRC) has initiated a program designed 
to obtain measurements of radioactivity distributed in liquid and gaseous systems within a plant 
during three phases of the reactor fuel cycle—prior to refueling, while refueling, and after refuel-
ing (Mandler et al., 1981). A major objective of the NRC study is to examine the performance of 
liquid treatment system components (a typical system is shown in Fig. 2) throughout an operating 
cycle. They anticipate obtaining data from two plants for each of the three major PWR vendors. 
Results from their studies of four nuclear power stations are currently available (Mandler et al., 
1981), and the remainder of our discvosion will draw extensively from this information by describ-
ing briefly each of the streams sampled and the radioactivity contained therein. In addition, sev-
eral other surveys have been published that present data on the radiochemical composition of 
feed solutions to ion exchangers in reactor coolant cleanup systems and on other liquid streams at 
PWRs. This information will be used to supplement results from the NRC study. In Sect. 3, the 
unit operations commonly used in the purification of liquid process streams will be discussed, and 
the efficiency of each process, if measured, will be noted. 
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Fig. 2. Process diagram of a PWR chemical and volume control system. 
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2.1.1 primary Coolant 

Large pumps recirculate water containing boron through the oore to remove heat that Is 
transferred to a secondary system through tubus In a steam generator. A pressurizer system con-
trols the pressure in the coolant loop and also provides some volume control. The primary loop 
has stainless steel in contact with the primary coolant; hence, there may be corrosion products 
composed of elements found in this material (Fe, Cr, Ni, etc.). Also, there is a possibility that the 
coolant will become contaminated with material from components used in construction of the 
reactor system, from additives to the aqueous uystem, and from activation products of the corro-
sion elements. 

Since nuclear reactors have excessive activity when originally assembled, and since this activ-
ity varies with operating temperature and power level, control methods must be provided. Ini-
tially, assemblies (control rods), constructed of materials with high neutron cross-sections, are fully 
inserted into the core and then withdrawn as required for operation of the reactor at the desired 
level of reactivity. In addition, a soluble neutron absorber, normally boric ncid, is dissolved in the 
reactor coolant to furnish supplementary control. By varying the concentration of the absorber in 
the coolant, compensation can be made for changes in reactivity resulting from (1) changes in 
moderator temperature from a cold shutdown condition to a hot, zero-power, operating condition, 
(2) the buildup of xenon and samarium concentrations in the core, and (3) fuel depletion 1 the 
buildup of long-lived fission products other than xenon and samarium. 

The primary coolant is the medium from which radioactivity can be released via liquid path-
ways. Mandler et al. (1981) have measured the concentrations of all detectable gamma-emitting 
radionuclides present In the coolants of six reactors at four plants. They have compared their 
values with those calculated from information given in ANSI N237-1976 (American Nuclear 
Society, 1976) and from the PWR-GALE Code (Nuclear Regulatory Commission, 1976). The cal-
culated values are based on estimates by the Standard Committee Working Group ANS-18.1 of 
the American Nuclear Society. 

In most cases, there Is a wide disparity between the measured and calculated values (Table 
1). The concentrations of four of the radionuclides are within 50% of the reference N237 values, 
while the measured values for eleven others are more than 200% higher than the calculated 
references. The data on which the N237-1976 standard was based were limited and contained 
several inconsistencies. Some of the data were averages of measurements that exhibited wide vari-
ations for different reactors, and some were calculated assuming a fixed percentage of failed fuel. 
The standard is currently being modified to reflect more recent data, and the resulting concentra-
tions will be in better agreement with the measured values shown in Table 1. Analyses of samples 
from the primary pressurizer showed no discernible differences in concentration from those found 
for the primary coolant. 

Occasionally, the concentrations of certain radionuclides (e.g., iodine, cesium, and crud-
formlng materials) exhibit dramatic increases (i.e., spikes) following abrupt changes in reaotor 
power. Mandler et al. (1981) investigated a limited number of these phenomena in their studies 
and observed that most of the erratic behavior can be characterized by using three parameters for 
each measured radionuclide: (1) time from power disruption to peak concentration (T), (2) time for 
concentration to return to half its peak value (HL), and (3) the ratio of the peak concentrat* n to 
the prespike level (R). The maximum concentrations reached during these transitions (Table 2) are 
much higher than the normal operating levels; these must be considered if changes are to be 
made in the current treatment systems. 

2.1.2 Primary Coolant Purification 

The primary coolant system must be maintained at a high level of chemical purity to allow the 
reactor to operate for any appreciable length of time. The systems used for this purpose (Fig. 3) 
have various names, e.g., the chemical and volume control system (CVCS), the letdown system, or 
the make-up and purification system—the exact name varying with the individual reactor vendor 
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Table 1. Radionuclide aetlvitios measured in PWR primary coolant 

Activity OiCl/mL) Activity OtCl/mL) 

Nuclidn Measured" N237 valueb Ratio0 Nuclide Measured" N237 valued Ratio0 

131 j 5.4E-2 2.7E-1 0.2 ^Sr 1.6E-4 3.5E-4 0.46 )32j 8.8E-2 1.0E-1 0.88 ^Sr 2.1E-6 1.0E-5 0.21 133j 9.7E-2 3.8E-1 0.25 91Sr 1.7E-3 d d 
134] 1.2E-1 4.7E-2 2.55 "Zr 2.8E-4 6.0E-5 4.67 133j 9.5E-2 1.9E-1 0.50 95Nb 1.7E-4 5.0E-5 3.40 
88Rb 2.3E-1 2.0E-1 1.15 "Mo 2.8E-3 8.4E-2 0.03 
S9Rb 5.5E-2 d d 103Ru 9.8E-5 4.5E-5 2.18 
134Cs 7.4E-3 2.5E-2 0.3 106Rh 5.0E-5 1.0E-5 5 00 
l36Cs 7.1E-4 1.3E-2 0.06 l24Sb 5.7E-5 d d 
137Cs 9.0E-3 1.8E-2 0.50 >23Sb 1.1E-5 d d 
128Cs 1.9E-1 d d l31Te 7.0E-3 1. IE—3 6.36 
139Ca 3.0E-1 d d l39Ba 3.8E-2 d d 
24Na 8.5E-2 d d 140Ba 4.6E-4 2.2E-4 2.09 
51Cr 2.3E-3 1.9E-3 1.21 140La 8.2E-4 1.5E-4 5.47 
54Mn 7.2E-4 3.1E-4 2.32 14 'Ce 9.2E-5 7.0E-5 1.31 
ssFe 1.8E-3 1.6E-3 1.12 l43Ce 2.6E-4 4.0E-5 6.50 
59Fe 3.6E-4 1.0E-3 0.36 144Ce 1.5E-4 3.3E-5 4.55 
57Co 5.1E-4 d d IS4Eu 4.0E-6 d d 
^Co 6.5E-3 1.6E-2 0.41 158EU 3.0E-6 d d 
60 ̂ o 5.0E-4 2.0E-3 0.25 185W 3.6E -3 d d 
63Ni 9.5E-5 d d 139Np 2.2E-3 1.2E-3 1.83 
63Zn 7.0E-4 d d d d d d 

"Measured values are averages for six reactors at four plants [J. W. Mandler et al., 
NUREG/CR-1992 (1981)]. 

"Reference radionuclide concentrations, as defined in ANSI N237-1976. 
cRa -o « (measured)/(N237 value). 
^Radionuclide not treated in ANSI N237-1976. 
Source: I. W. Mandler et al., In-Plant Source Term Measurements at Turkey Point Station-Units 

3 and 4, NUREG/CR-1629 (1980). 

(Paddleford and Stoyanoff, 1977). The main purpose of these cleanup systems te to lemove pro-
ducts of corrosion and fission products so as to control overall plant radioactivity levels. The sys-
tems also provide such supplementary benefits as (1) a volume for expansion during plant startup, 
(2) a means to supply and regulate the concentration of boric acid in the primary coolant for 
long-term reactivity control, (3) a means to adjust coolant pH by addition of lithium hydroxide, (4) 
a method for regulating the coolant's oxygen content by the addition of hydrazine, (5) control of 
the radiolytic decomposition of the coolant by hydrogen saturation of the coolant as it passes 
through the volume-control tank, and (6) a supplementary water supply for plant shutdown and 
for pump seals. For emergency situations, the pumps normally used to charge purified water from 
the cleaning system to the primary coolant system may be used as high-pressure safety injection 
pumps or as stand-by pumps for emergency injection of boron. 

In a typical operation, coolant from the reactor's primary system flows [at a rate of ~ 2 to 7.5 
L/s (30 to 120 gpm)] from a regenerative heat exchanger through an orifice to a second heat 
exchanger and through a pressure letdown valve, as illustrated in Fig. 2. It then passes through 
mixed-bed demineralizers where radioactive ionic impurities are removed, through filters that 
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Table 2. Parameters describing spikM in reaotor coolant 
radionuclide concentrations 

Reactors tested 

Nuclide Parameter4 Zion Turkey Point Rancho Seco 

131] T 6 5 10 
HL 11 11 11 
R"'b 13 8 15 
R 15 30 
R 2° 5° 

134Cs T 6 5 10 
137Cs HL 16 16 

Rb 5 5 5 
R 8 

50Co T 3 5 10 
^Co HL 3 7 7 

R6 20 4 15 
R 4 100 

aT •» time (hours) alter power change when spike reached 
its maximum; HL ™ half-life (hours) of radionuclide after the 
peak activity has been reached; R -» ratio of peak concentra-
tion to prespike level. 

hFor shutdown or startup of a spectfic unit. 
cFor power dip. 
Source: I. W. Mandler et al., In-PJant Source Term Meas-

urements at FourPWR's, NUREG/CR-1992 (1981). 

remove minute solids, and through spray nozzles into a volume control tank containing a hydro-
gen atmosphere. Gaseous fission products are retained within the volume control tank until 
removed by periodic venting to the waste disposal system. Charging pumps return the purified 
water from the volume control tank through the regenerative heat exchanger to the primary cool-
ant system. Pump seals receive —2 L/s (30 gpm) of water that bypasses the heat exchanger. The 
CVCS also has a cation-bed demineralizer downstream oi the mixed-bed unit for use in control-
ling the cesium activity and/or removing excess 7Li produced by the neutron reaction with 10B. 

As mentioned previously, it is necessary to reduce gradually the concentration of boron in 
the water to maintain the desired reactivity as the fuel is depleted. This is accomplished by divert-
ing flow from the volume control tank to a deborating demineralizer (Bosholm and Scheffler, 
1979). Periodically, water is diverted to a holdup tank, then passed consecutively through a cat-
ion demineralizer (to remove lithium hydroxide and cesium), a gas stripper, a filter, and finally 
into a boric acid evaporator, as illustrated in Figs. 2 and 4. The condensate is cooled and passed 
through a Hemineralizer and filter into a monitoring tank. The water can then be recycled through 
the demineralizer (if it contains appreciable radioactivity), sent to a primary coolant storage tank, 
or discharged along with the turbine-condenser cooling water to the environment. 

2.1.3 Secondary Coolant System 

The malor components of the secondary coolant system include: steam generators, high- and 
low-pressure turbine units, gland seals, a moisture separator reheater, steam-jet air ejectors, a 
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Fig. 4. Simplified block diagram of a boric acid removal and radwaste 
treatment system. 

main condenser, condensate pumps and storage tank, feedwater reheaters and pumps, and a 
chemical injection system. The secondary coolant system will be free of radioactivity as long as 
there is no transfer of material from the primary system. The tube walls in the shell-and-tube 
steam-generating units serve as the barrier between the prir >iry coolant, containing the radionu-
clides, and the secondary system fluids. If the tubes are breached, then the higher-pressure (—16 
MPa) primary coolant will leak into the lower-pressure (—5 MPa) secondary coolant system. 

To determine the expected concentrations of radionuclides in »'.e secondary system, one 
must estimate a nominal leakage rate for primary coolant into the secondary system. Several stu-
dies have been made using tritium (occurring as tritlated water and originating in the primary 
coolant) as the indicator. Also, the radioactive isotopes of iodine, sodium, and cesium have pro-
vided complementary data. Mandler et al. (1980) have collected such data for the Turkey Point 
Station, including the losses due to decay, precipitation, and surface plating. Their values, given 
in Table 3, Indicate the average leakage rate for Unit 3 was found to be 5 g/min (5 gal/h) at a 
steam generator blowdown of 4.2 kg/s (33,000 lb/h); the leakage for Unit 4 was 2.8 g/mln (2.7 
gal/h) at a blowdown of 5.3 kg/s (43,000 Ib/h). Power disruptions were found to have a dramatic 



11 

Table 3. Primary to secondary coolant leakage rat* at Turkey Point Station 

Power Steam generator Leakage rate® (L/h) 

Unit 
l eve l 
( % ) 

b l o w d o w n 
(t/h) 3H 131] 133] 130] 24Na 134Cs 137Cs 

3 50 3.8 29 12 17 17 24 28 
3 100 5.4 17 26 19 
3 100 1.4 17 26 25 18 20 25 
3 100 5.4 19 25 21 21 17 23 22 
o 90 5.0 15 22 0 17 
4 100 6.8 5 4 4 4 3 4 3 
4 100 6.8 5 5 5 6 5 5 5 
4 100 6.8 6 6 5 ^ 5 6 5 
4 100 6.8 14 15 15 17 12 13 12 
4 100 6.8 11 17 17 17 16 12 17 
4 100 6.8 19 22 22 23 16 12 16 
4 b 5.0 62 114 123 80 51 92 62 
4 b 4.5 59 96 99 69 51 76 59 
4 b 6.3 64 143 118 109 90 107 64 

"As measured with specified radionuclide. Precision ™ ± 10%. Leakage rate 
measurements with tritium (3H) were made by plant personnel. 

^Fluctuations in power level. 
Source: J. W. Mandler et al., In-PJant Source Term Measurements at Turkey Point 

Station-Units 3 and 4, NUREG/CR-1629 (1980). 

effect on the leakage rates, as indicated by the six-fold increase detected in Unit 4 (Table 3). The 
rates obtained by the two methods were generally equivalent, indicating that there is little (if any) 
less of iodine, sodium, or cesium in the secondary system. 

In another series of tests, the radionuclide concentrations were measured in steam generators 
for Units 1 and 2 at the Zion Station (Dyer et al., 1979). Two sets of samples were taken from all 
four steam generators, with a six-month Interval between sampling. There was significant varia-
tion in the values obtained for many of the isotopes. However, only minor leakage from the pri-
mary to the secondary steam generator was found during each of the measuring periods. For 
example, the radionuclide concentrations of iodine and sodium for Unit 1 were estimated to vary 
between 1.4 and 250 g/d and between 3.6 and 360 g/d for Unit 2. The investigators surmised 
that the radionuclides reached the steam generator in the makeup waters that were recycled from 
the distillates of the radwaste system evaporators, rather than from any primary to secondary leak-
age. In nearly all cases, the measured concentrations are at least two orders of magnitude less 
than the maximum values estimated from the N237-1976 standard (American Nuclear Society, 
1976). It is interesting to note that the coJe values are based on a primary to secondary leakage 
rate of 31.5 g/mln (100 lb/d), which is several orders of magnitude higher than any measured 
leakage. 

2.1.4 Boric Acid Recovery System 
The boric acid recovery system is used to remove boron from the plant letdown flow, fuel 

pool, and other boron-containing streams. It also reduces the radioactivity of streams prior to their 
discharge to the monitoring tanks. The basic components of the system (Fig. 4) include: (1) holdup 
tanks, (2) a base-cation demineralizer, (3) an evaporator, (4) a condensate demineralizer, (5) a fil-
ter, and (6) monitoring tanks. Primary coolant-quality water, which has been held for —5 to 6 d to 
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permit short-lived radionuclides to decay, is normally treated in this system. Hence, the water pro-
cessed contains relatively long-lived radioisotopes and high boron concentrations. 

Extensive analyses of six boric acid recovery system streams at the Turkey Point Station have 
been made by Mandler et al. (1980), and some of their results are presented In Table 4. The loca-
tions of the sampling points were: (1) the inlet to the base cation demlnerallzer, (2) the base-cation 
demlner.jllzer effluent (also feed to evaporator), (3) the inlet to the condensate demlnerallzer, (4) 
the evaporator bottoms or concentrate, (5) the condensate deminerallzer effluent, and (6) the con-
densate demineralizer filter effluent. From data collected at these sampling stations, Investigators 
were able to calculate the efficiencies of each of the treatment systemb. Selected values will be 
discussed in Sect. 3. 

2.1.8 Liquid Radwaste System 

Waste waters from drains, sumps, collecting tanks, and, on occasion, water from the primary 
coolant system via the reactor coolant drain tank are cleaned in this Bystem. The typical com-
ponents (Fig. 4) include: (1) several holdup tanks, (2) an evaporator, (3) a mixed-bed condensate 
demlneralizer, and (4) a filter. The radwaste system normally has a shorter holdup time than the 
boric acid recovery system, because it has only one tank which can accept feed during the pro-
cessing. The radwaste water sometimes contains high chromate concentrations, but the chemical 
makeup is variable. At times the radwaBte system is used to process reactor coolant water. When 
water from the primary coolant system is processed, the radwaste system may contain more short-
lived radionuclides and variable boron concentrations. 

Mandler and his group (1980) examined two radwaste processing systems at the Turkey Point 
Station. In the first series of tests, the evaporator was used extensively. Later a filter-deminerallzer 
system was installed, and the evaporator was used less frequently. Although their primary goal 
was to study the earlier, evaporator system, the group did obtain some samples from a batch run 
(45,5 m3 or 10,000 gal) processed by the demineralizer. Their results are presented in Table 5. 
The influent and effluent concentrations for the condensate demineralizer are listed in Table 6. 

2.1.6 Spent-Fuel Pool 
Periodically, nuclear reactors must be refueled by replacing certain irradiated fuel assemblies 

in the reactor core with fresh fuel. The spent fuel is normally stored at the reactor site in a storage 
pool constructed specifically for this purpose. Since the fuel assemblies should be free of leaks, 
the main requirement of a storage pool is to provide cooling. A typical ccoling system (Fig. 5) 
consists of a pump, heat exchanger, filter, and mixed-bed demineralizer. The pump draws water 
from the storage pool, (total volume of 1365 m3 or 300,000 gal), circulates it through the heat 
• exchanger, and returns it to the pool. Nominal flow through the cooling loop is 0.13 m3/min 
(2000 gpm). To maintain clarity and to remove radioactive contaminants, ~ 5 % of the cooling 
loop flow i: diverted through the filter and the mixed-bed demineralizer. 

The Turkey Point spent-fuel storage pool and associated purification system were monitored 
over a period of ~ 6 months (Mandler et al., 1980). The treatment loop for the cooling system 
contains three 25-/xm, flushable filters and the mixed-bed demineralizer, which is a cylinder 1.7 m 
(5.5 ft) deep and 0.9 m (3 ft) in diameter, with a volume of 0.85 m3 (30 ft3). A summary of the 
radionuclide activities found in their Btudy is presented in Table 7. 

2.2 BOILING WATER REACTORS 

The industrial boiling water reactor (BWR) was developed and is marketed by the General 
Electric Company (GE) and has undergone several modifications since its initial conception (Lish, 
1972). With each major improvement in their reactor system, GE has used a specific designation 
for the type or class of reactor (Mark 1-6). The remainder of this section gives a generic descrip-
tion of a BWR resembling a Mark 4, the type of BWR most prevalent in the United States at this 
time. 



Table 4. Average activities of selected radionuclides in the boric acid recovery system at Turkey Point Station 
131I 134Cs 137Cs t^Co 

Sample A' Cb A C A C A C A C 

Influent to cation 7.0E-5 3.3E-3 1.2E-4 9.0E-4 1.8E-3 1.5E-3 1.7E-4 2.0E-2 1.1E-4 4.6E-3 
demineralizer 

Effluent from cation 2.9E-6 2.1E-3 I.1E-6 <lE-6 3.4E-6 C5.2E-6 5.8E-5 8.3E-4 3.7E-5 2.4E-4 
demineralizer 

Bottoms from evaporator 2.9E-6 4.2E-5 7.4E-8 9.6E-8 1.1E-7 4.7E-8 2.4E-7 1.1E-6 3.9E-7 7.9E-7 

Effluent from condensate 2.3E-7 4.2E-6 6.2E-8 1.0E-7 9.8E-8 2.2E-7 2.6E -7 1.2E-6 1.5E-7 2.9E-7 
polishing demineralizer 

Effluent from condensate 2.1E-7 4.0E-6 7.3E-8 5.8E--8 4.1E-8 1.6E-7 9.3E-9 1.3E-6 4.9E-8 5.8E-7 
polishing demineralizer 
filter 

"Activities OtCi/mL) found in samples passing through demineralizer A. 
Activities OiCi/mL) found in samples passing through demineralizer C. 

Source: J. W. Mandler et al., In-Plant Source Term Measurements at Turkey PoirJ Station-Units 3 and 4, NUREG/CR-1629 
(1980). 
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Tabl* S. Rang* of radionuclide aotlvitiM in influent and effluent 
streams for deminaralizer of liquid radwaate system 

Influent activity (/iCi/mL) Effluent Activity (nCl/mL) 

Nuclide Minimum Maximum Minimum Maximum 
131] 7.3E-5 4.6E-4 <4.0E-8 1.1E-7 
132] a 8.1E-6 a <5,0E-7 
133] 1.2E-5 l.SE-4 a <2.0E-7 
134] a 1.6E-5 a <3.0E-6 
133] a 6.4E-5 a 6.3E-7 
134Cs 8.BE-5 2.0E-4 a <6.3E-7 
l»Cb <7.6E-7 7.2E-6 <9.0E-8 <2.0E-6 

1.5E-4 3.6E-4 5.2E-8 1.0E-6 
24Na 1.1E-6 1.6E-5 <3.0E-8 <4.0E-7 
31Cr 1.1E-5 7.8E-5 < 1.0E-7 <2.0E-6 
S4Mn 2.0E-5 1.0E-4 < 1.0E-7 7.9E-7 
S9Fe 7.4E-7 3.1E-5 a <4.0E-7 
97Co 8.4E-7 8.3E-6 3.8E-8 <3.0E-7 
38Co 2.4E-6 1.4E-3 3.4E-7 2.7E-6 
s°Co 2.4E-4 1.6E-3 <2.0E-7 6.1E-6 
65Zn 1.7E-6 1.3E-5 a <4.2E-7 
9sZr 2.6E-6 1.4E-4 <8.0E-8 <4.0E-7 
95Nb 5.7E-6 7.7E-5 a <4.0E-7 
"Mo 1.4E-6 3.4E-5 a <6.0E-7 
103R u <7.6E-7 6.1E-6 a <2.0E-7 
106R u <6.0E-6 4.7E-5 a <4.0E-6 
110Ag a 9.6E-5 a 8.8E-7 
124Sb 4.7E-6 2.8E-5 4.4E-8 1.9E-7 
125Sb 1.3E-5 6.1E-5 7.8E-8 4.6E-7 
140Ba a 1.8E-5 a <8.0E-7 
140U 2.0E-6 1.3E-5 <4.0E-8 <6.0E-7 

"Not detected. 
Source: J. W. Mandler et al., In-Plant Source Term Measurements at 

Turkey Point Station-Units 3 and 4, NUREG/CR-1629 (1980). 

In the single-cycle (or direct-cycle) BWR s/Btem, water is boiled within the reactor vessel to 
produce steam that passes through internal separators and dryers before proceeding into the tur-
bine (Fig. 6). The steam enters the high-pressure turbine caaing at about 6.7 MPa (1000 psi) and 
285°C (545°F). Steam leaving the high-pressure casing then passes through combinad moisture 
separation units (including steam reheaters) before admission to the lower-pressure casings. The 
condensate undergoes deaeration in the main condensers, followed by demineralization prior to 
entering the feedwater heaters. 

The power cycle uses a conventional regenerative feedwater system in which the temperature 
and the number of feedwater heaters are selected in accordance with normal power plant con-
siderations of power cycle performance and economics. The required heat transfer is achieved, 
and the proper steam void content is maintained, through the use of external recirculation pumps 
and internal jet pumps. 

Since the coolant is allowed to boil in the reactor, a BWR does not have a secondary system. 
However, the circulating water/steam system has several aspects that are similar to those of a 
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Table 6. Maximum radionuclide activities in influent and 
effluent for radwaste condensate demineralizer 

Activity OiCl/mL) 

Nuclide Influent Effluent 
131 j 2.6E-5 4.9E-6 
133j 8.6E-8 <2E-7 13-lj 2.9E-6 a 
134Cs 1.7E-7 7.5E-7 
137Cs <2E-7 1.3E-6 
3H 3.2E-2 3.1E-2 
14C 5.8E-7 5.6E-7 
5ljVln 5.0E-7 <2E-7 
' 'Fe a 1.2E-5 
5''Co 1.7E-7 <8E-8 
58Co 2.5E-5 <2E-7 
^ C o 5.2E-6 <lE-6 
63Ni <7E-8 5.0E-7 
^Sr 6.0E-8 <lE-*8 
^Sr 2.5E-8 1.1E-8 
91 y <6E-8 1.4E-8 
103Ru 5.1E-8 <lE-7 

"Not detected. 
Source: J. W. Mandler et al., In-Plant Source Term Measure-

ments at Turkey Point Station-Units 3 and 4, NUREG/CR-1629 
(1980). 

PWR. These Include: (1) recirculation, (2) condensate and feedwater, (3) reactor water cleanup, (4) 
storage-pool cooling, (5) closed-loop cooling, and (6) liquid radwaste and service water systems. 
Since several of these systems have the possibility of becoming contaminated with radioactivity, 
the water must be purified. Although BWRs have been commercially available for several 
decades, the number of publications detailing the amounts of radioactivity in BWR streams is very 
limited. The U.S. Nuclear Regulatory Commission, (NRC) has recently extended its study of 
radioactivity in reactor process streams to those of BWRs (Lee, 1982). However, they were unable 
to supply any preliminary data for inclusion in this report. 

2.2.1 Recirculation System 
The recirculation system, providing forced circulation of water through the reactor core, con-

sists of two separate, parallel, pump loops that operate simultaneously, yet independently, as illus-
trated in Fig. 6. Each loop contains a recirculation pump driven by a variable-speed motor and 
several (usually 10) jet pumps, along with the necessary valves, piping, and instrumentation. The 
entire system is located within the primary containment. The jet pumps are inside the reactor ves-
sel, between the core shroud and the vessel wall. The recirculation pumps obtain water from the 
vessel annulus area and discharge it into a manifold containing several risers (usually 5) per recir-
culation loop. Each riser in turn penetrates the vessel and supplies the driving flow for two jet 
pumps that mix the high-velocity (driving) water with the reactor (suction) water from the annulus 
area between the vessel wall and the core shroud. The mixture of driving and suction water 
enters the bottom head of the reactor vessel and is circulated through the core. Water from the 
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Fig. S. Block diagram of a spent-fuel cleanup system. 

moisture separators, dryers, and feedwater system returns to the annulus area and Is recycled by 
the jet and recirculation pumps. 

2.2.2 Condensate and Feedwater System 

This system is an Integral part of the conventional regenerative cycle, and its main purposes 
are to (1) condense the expanded steam from the turbine, (2) remove impurities by the use of 
full-flow demineralizers, and (3) heat and pump the feedwater to the reactor vessel via feedwater 
spargers. The system components include several condensers (main, steam-jet air ejector, steam 
seal, and offgas), pumps (condensate, condensate booster, and reactor feedwater), feedwater 
heaters (both low- and high-pressure), and condensate filters and demineralizers. 

The condensate demineralizers treat the full flow of condensate from the main condenser to 
remove dissolved and suspended solids that result from corrosion in the condenser and associated 
piping systems and from leakage of cooling water into the main condenser. In a typical plant, 
eight oi the demineralizer units are in service, while a ninth is on standby. Each vessel is 1.8 m (6 
ft) in diameter and 2.0 m (6.5 ft) high. At design conditions for full load, condensate is supplied to 
the system at 38°C (100°F) and 0.7 MPa (100 psig). The filter/demineralizer vessel contains 
many woven nylon filter elements with a total surface area of 74 m2 (800 ft2); these are coated 
with a mixture of powdered cation- and anion-exchange resins (in the hydrogen and hydroxyl 
forms, respectively). This uniform coating serves the dual functions of filtration and ion exchange. 
A finely divided cellulose filter aid is sometimes included in the coating. A strainer, designed to 
stop particulates that might leak through in a failure of one or more filter support elements, is 
located in the effluent line from each vessel. Flow regulation is provided to assure an equal flow 
rate [0.211 m3 /s (3350 gpm)] through each unit. A filter/demineralizer unit is removed from serv-
ice when its pressure drop exceeds 0.17 MPa (25 psi) or when the effluent conductivity exceeds 
1 i&/cm. 
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Table 7. Range of radionuclide activities in influent and effluent 
streams of spent-fuel atorag* pool demlneralizer 

Influent activity (*iCi/mL) Effluent activity (^Ci/mL) 

Nuclide Minimum Maximum Minimum Maximum 
131 j 5.3E-8 4.7E-6 1.2E-10 2.5E-8 l'i-ij 1.1E-6 o.2E-5 6.9E-10 7.0E-9 
137Cs 2.2E-6 7.0E-5 9.9E-10 1.8E-8 51Cr 1.3E-5 3.3E-5 3.GE 7.7E-7 
54Mn 2. IE-6 2.8E-5 . 2.0E-10 4.1E-8 
S9Fo 1.7E-7 5.5E-6 1.7E-10 3.8E-8 
S7Co 2.1E-6 6.5E- 6 1.6E-10 1.5E-8 
58Co 5.1E-4 1.6E-3 8.8E-9 3.1E-6 
mCo 5.5L-4 9.7E-4 2.4E-9 1.6E-6 
bSZn a 3.6E-6 a 1.2E-8 
95Zr 8.2E-8 7.1E-6 4.3E-10 7.1E-6 
9sNb 8.0E-7 1.3E-5 8.9E-10 1.4E-7 
103Ru 9.5E-7 6.4E-6 5.1E-10 5.5E-8 
106Ru a 1.3E-6 8.3E-10 7.3E-8 
110Ag 6.1E-7 6.2E-6 7.1E-11 1.6E-8 
124Sb 5.3E-6 3.3E-5 6.2E-10 1.8E-6 
l23Sb a 6.0E-5 a 1.2E-6 
129Te a 9.8E-6 a 1.0E-6 
14lCe 5.2E-7 1.8E-6 a 2.5E-8 
l44Ce 1.9E-6 7.3E-6 1.1E-10 1.5E-7 

"Not detected. 
Source: I. W. Mandler et al., In-Piant Source Term Measurements at 

Turkey Point Station-Units 3 and 4, NUREG/CR-1629 (1980). 

2.2.3 Reactor Water Purification System 
Filtration and ion exchange are used to maintain the purity of the recirculating water in the 

reactor vessel and recirculation lines. High purity is required to reduce the deposition of water 
impurities on the fuel surface (thus minimizing any effect on heat transfer) and to reduce second-
ary sources of beta and gamma radiation by removing the corrosion products, crud, and possible 
fission products from the primary system water. In addition, these purification systems remove 
water from the vessel during plant startups or Hiiring level transients that follow a reactor emer-
gency. 

The components of a typical system include pumps, regenerative and nonregenerative heat 
exchangers, filter/demineralizers, return lines, blowdown controls, and flow-control and isolation 
valves. The purification process is normally continuous during all phases of reactor plant opera-
tion, including startups, shutdowns, and refueling. During plant startups or changes in reactor 
vessel water levels, it is necessary to drain excess or impure water from the vessel by means of the 
blowndown system; the cleanup system is then utilized for drainage to the condenser hotwell or to 
the radwaste system. 

Impurities are removed from the reactor water by the filter/demineralizers, (preasure-
precoated type), which utilize finely ground, mixed, ion-exchange resins. There are two separate 
systems operating in parallel, each designed to process 50% of the total reactor water. A strainer 
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is installed on the outlet ol oach unit to prevent resins from entering the reactor in the event ot a 
renin support failure. Each unit is designed to handle 30.2 t/h (66,650 lb/h) al a temperature of 
66°C (150°F). The effluent conductivity is usually <0.1 /iS/cm, and the undissolved solids con-
centration is usually <0.01 ppm. 

A few references were found that listod measurements of radioactivity in BWR streams. The 
most useful data were reported by Clark (1978) in a survey describing ion exchange treatment of 
LWR liquid breams. In his study, questionnaires were submitted to operators of BWRs and PWRs 
to gather information on their experiences in processing operations. Data on the radiochemical 
composition of feed solutions \o Ion exchangers in the reactor coolant cleanup system were 
obtained from a number of sites. Fewer data were reported on the pool coolant and the various 
liquid radwaste streams. Data for individual nuclides are raroly available, largely because of the 
cost and difficulty of obtaining reliable radiochemical analyses. The concentration values given for 
Influent to the reactor water cleanup systems (Table 8) are taken from Clark's survey of the 
LaCrosse and Pilgrim BWRs. 

Table 8. Radionuclide activities in BWR 
reactor coolant water 

Activity (AtCl/mL) 

Nuclide LaCrosse Pilgrim 

131] 1.7E-2 1.5E-2 
132] 2.2E-2 2.8E-1 
133] 3.0E-2 1.6E-1 
135] 2.0E-2 4.2E-1 
S8Co 1.8E-2 6.1E-3 
S4Mn 1.8E-3 1.8E-2 
^Co 8.4E-4 3.4E-2 
24Na 6.9E-4 2.1E-2 
l34Cs 4.0E-4 9.0E-4 
137Cs 8.8E-4 1.4E-3 

Sourcer. W. E. Clark, The Use ol Ion 
Exchange to Treat Radioactive Liquids in 
Light-Water-Cooled Nuclear Reactor Power 
Plants. ORNL/NUREG/TM-204 (1978). 

2.2.4 Liquid Radwaste Bystem 

All liquid streams passing through a BWR have the potential of becoming contaminated with 
radioactivity. The treatment method is determined by the type and level of contamination. The liq-
uid radwastes are classified, collected, and treated as either high-purity, low-purity, chemical, or 
detergent wastes. The terms high-purity and low-purity refer to conductivity, rather than radioac-
tivity. The liquid radwaste system, which is used to collect, process, store, and dispose of all 
radioactive liquid wastes, is subdivided into several systems so that the wastes from various 
sources may be segregated and processed separately. Connections between the subsystems pro-
vide additional flexibility for processing wastes by alternative methods. 

High-purity (low-conductivity) liquid wastes are collected and processed through the waste fil-
ter and demineralizer; the treated water is then pumped to waste sampling tanks for testing. If sat-
isfactory for reuse; the liquid is transferred to the condensate storage tank as makeup water. 
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Low-purity (high-conductivity) liquid wastes generally have low concentrations of radioactive 
impurities; therefore, processing consists only of filtration and subsequent transfer to a tank for 
sampling and analysis. The liquid can then be batch-transferred to a canal for dilution and dis-
charge offslte, or sent io the waste evaporator (the preferred route). The concentrates from the 
evaporator are packaged, and the distillate is collected for use as makeup water. 

Chemical wastes are of such high conductivity as to preclude treatment by ion exchange. 
Their radioactive concentrations are variable and are generally low enough to meet d.dcharge 
limits (after dilution). Thus, these wastes may be processed by filtration and dilution in the same 
manner, and with the same equipment, as the low-pur'.ty wastes. 

Deterqent waste liquids are primarily from decontamination operations in which detergent 
solutions have been used. Because the detergents would foul ion-exchange resins, these waste 
liquids are kept separate from others. Because of their low radioactivity, these streams usually 
require only filtering prior to being discharged into the canal for subsequent release. 

Since plant operators are primarily concerned with meeting the requirements for grosB activity 
and specific limiting activities (In cases where these are applicable), they are not usually con-
cerned with the influent concentrations in various process streams. The measurement of influent 
radiochemical compositions tends to be dispensed with, as long as overall effluent requirements 
are maintained; therefore, published d-.ia on influent activities are rare. However, Clark (1978) 
presented information on radwaste streams, and his review Is summarized in Table 9. 

Table 9. Radionuclide activities in BWR 
liquid radwaste systems 

Activity (ftCi/mL) 

Nuclide LaCrosse Pilgrim 
24Na 2.1E-2 
s lCr 4.2E-C d 
54Mn 8.3E-6 1.8E-2 
58Co 1.1E-3 6.1E-3 
^Co 7.8E-5 3.4E-2 
65Zn 1.1E-5 a 
^ r 5.8E-6 a 
^ r 2.8E-6 a 
131] 1.2E-4 1.5E-2 
133] a 1.6E-1 
134Cs 9.4E-5 9.0E-4 
I37Cs 1.7E-4 1.4E-3 
140Ba 5.7E-6 a 

aNot detected. 
Source: W. E. Clark, The Use of Ion 

Fxchange to Treat Radioactive Liquids in 
Liquid-Water-Cooled Nuclear Reactor Power 
Plants, QRNL/NUREG/TM-204 (1978). 



3. TREATMENT METHODS USED AT LWRS 

Many treatment methods are currently being used at reactor stations to minimize operating 
problems resulting from the burden of radioactivity acquired by the coolant solution. The sources 
of the radioactivity includa fiBsion products, activated plant- and core-material corrosion products, 
and impurities in the makeup water. The treatment methods thai are most highly developed and 
widely used in the nuclear industry are filtration, evaporation, and ion exchange. There has been 
some limited application of reverse osmosis and ultrafiltration. 

3.1 FILTRATION 

Filtration may be defined as the separation of solids from liquids by passing a suspension 
through a permeable medium that retains the solids. In order to obtain fluid flow through the filter 
medium, a pressure drop must be applied across the medium. This may be accomplished by the 
driving force- of gravity, a vacuum, applied pressure, or centrifugation. 

Thei j are two basic types of filters in use, Surface filters are used for "cake" filtration, so 
named because the solids are deposited In cake form on the upstream side of a relatively thin fil-
ter medium. Depth filters are the second type and are used for "deep bed" filtration, in which par-
ticle deposition takes place inside the medium. These filters are used for situations wherp cake 
deposition on the surface may be undesirable. 

The surface filter medium has a relatively low Initial pressure drop, and the particles retained 
on the filter medium can compress, wedging into the openings to create smaller passages that 
remove smaller particles from the fluid. A filter cake is thus forried that, in turn, functions as a fil-
ter medium for removing even smaller particles. To prevent blockage, filter aids are used to form 
an incompressible, initial layer (a precoat) on the medium. Even so, some penetration of fine solids 
is often inevitable. Surface filters are most efficient when used for suspensions with solids concen-
trations > 1 % by volume; this avoids the binding of the medium (or of the precoat) thai occurs In 
the filtration of dilute suspensions. Sometimes the problem can be avoided by an artificial increase 
in the input concentration or by adding a porous f'lter aid to irr.piove the permeability of the 
cake. 

In deep-bed filtration, the solid particles are smaller than the depth-filter openings. The fil-
tered particles proceed through relatively long and tortuous pores, where they are collected and 
attached to the medium by molecular and electrostatic forces. The initial pressure drop across the 
depth filter is generally higher than that across a surface filter of comparable efficiency, but the 
increase in pressure drop as particles arc collected is more gradual for a depth filter. Deep-bed 
filtration is commonly used for clarification, i.e., for the separation of fine particles from very dilute 
suspensions (<0.1 % by volume). 

The types of filters that have been used at nuclear power plants may be categorized in a num-
ber of ways (Brooks and Chow, 1975; Harding, 1978; Kurihara et al., 1980). An excellent review 
has been done by Kibbey and Godbee (1978), in which filters are classuied in terms of their 
disposabllity (cartridge, screen, and bag) or reusability. This latter group is further divided into 
filters without precoat (porous metallic, porous ceramic, and stacked etched-disc), filters with pre-
coat (vertical pressure-tube, centrifugal-discharge, flat-bed, and clamshell), and other types (deep-
bed, magnetic, and electromagnetic). 

21 
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Although PWRs and BWRs have dlfierences In filter applications, both types of reactors use 
filtere in conjunction with deminerallzers. The most frequent usage ls in collecting resin fines by 
placing the filter immediately after the demineralizer (Elmlger et al., 1978). Occasionally, fllteis 
are also placed prior to the demlnerallzer, to prevent crud particles from entering and blocking 
the purification unit. The various types of disposable cartridge filters are more prevalent In PWRs, 
while the backflushable tubular and stacked etched-dlsc filters seem to have wider use In BWRs. 

A convenient term for expressing the effectiveness of treatment systems In removing offending 
material from streams ls called the decontamination factor (DF). It is normally defined as the ratio 
of the concentration of a substance in the entering solution to that In the filtrate at any time, t. 
This may be expressed by the relationship; 

(DF)/ - Cp/C/, 

where C p ~ the amount (mass or quantity) oi a specific component present in the Inlet/stream 
(pei unit volume) as removable material at time t, and C/ •• the amount of the specific compo-
nent present in the filtrate (per unit volume) as removal material at time t. 

Klbbey and Godbee (1978) obtained operating data and design descriptions for the filters 
used at 28 reactors and gathered Information from vendors of nuclear steam systems, architect-
engineers, and suppliers of filtration equipment. Their calculated values for DFs In BWR process 
streams are given in Table 10. Mandler et al. (1981) measured the inlet and outlet concentrations 

Table 10. Decontamination factors for filters 
in BWR streams 

High-purity Low-purity 

Gross /? 1.4-5.9 1.1-10 
Gross 7 1.3 1.5-5 
131 j 7.8 120 
l34Cs 12 33.3 
l37Cs 16 40 
24Na 9 150 
w C o 5 35 
SSa 3-40 35 

aSS ™ suspended solids. 
Source: A. H. Kibbey and H. W. Godbee, The 

Use of Filtration to Treat Radioactive Liquids in 
Light-Water-Cooled Nuclear Reactor Power Plants, 
ORNL/NUREG-0141 (1978). 

at three PWRs (Fort Calhoun, Turkey Point, and Rancho Seco). iheir data summary is presented 
in Table 11. 

The decontamination factors measured for several LWRs (Table 10) vary from ~0.1 to ISO. 
Several of the minimum DFs observed by Mandler et al. (1981) had values <1, which is a theoret-
ical impossibility. Some explanations for these values might be: (1) leaching or dissolution of pre-
viously trapped material because of changes in temperature, pH, or other factors, (2) release of 
previously trapped particles to the filtrate, and (3) excessive differential pressure across the 
medium Mandler et al. (1981) reported that precise analyses were difficult when measured 
radionuclide concentrations were extremely low. Also, sampling conditions in their study were 
not as closely controlled as they could have been. 
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Table 11. Decontamination factor* for filters 
in PWR streams" 

Filler location 

Nuclide CVCS" SFSP6 BAE° 

131] 1.0-1.4 1.0-1.2 0.9-1.1 
134Cs 0.9-1.4 0.6-1.9 1.1-8.2 
137Cs 1.0-1.3 0.6-1.0 0.7-8.0 
•'"Cr 0.6-8.9 0.3-1.3 <1.7-9.3 
54Mn 0.4-3.8 0.03-10 <1.7->3.2 
"Fe 0.2-6.6 0.07-1.9 d 
58Co 0.1-4.6 <0.11-3.8 0.5-2.5 
^ C o 0.3-2.5 <0.45-7 0.1-20.9 

aCVCS ~ chemical volume and control sys-
tem, 

bSFSP — spent-fuel storage pool. 
CBAE — boric acid evaporator condensate 

demineralizer. 
dNot detected, 
Source: J. W. Mandler et al., In-PJant Source 

Term Measurements at four PWR's, NUREG/ 
CR-1992 (1981). 

3.2 ION EXCHANGE 

Ion exchange is the reversible interchange of ions between a jolid phase (ion-exchange mate-
rial) and a liquid phase, under conditions such that no permanent change in structure occurs in 
either phase. The cations and/or anions in solution are interchanged for those in the medium, 
while both the solution and the exchange medium remain electrically neutral. For example, if a 
calcium cation (Ca2+) is removed from the solution to the exchanger, two hydrogen cations (H+) 
must transfer from the exchanger to the solution. 

When an aqueous solution is treated with Loth a hydrogen-form cation exchanger and a 
hydroxyl-form anion exchanger, the solution is demineralized. Although the ion-exchange process 
removes only the dissolved ionic mineral impurities, the suspended and colloidal matter may also 
be removed by physical sorption on the exchanger bod. 

The major ion-exchange materials used in demineralization are natural and synthetic inorganic 
polymers such as aluminosilicates (zeolites, Sect. 4.2) and synthetic organic polymers (-esins). The 
most frequently used organic compounds are styrene and divinylbenzene, which are formed into 
long-chain copolymers and then sulfonated to make strong, acid-type, cation-exchange resins. 
Strong, base-type, anion-exchange resins are formed from long-chain copolymers with quaternary 
ammonium functional groups. 

Since the resins are used directly in the form produced by the manufacturer without subse-
quent washing and regenerating, a special, high-purity, nuclear grade of resin must be used to 
prevent the introduction of undesirable impurities into the primary water loops. This material must 
meet three requirements: a small amount of leachables, uniform bead size, and a high degree of 
conversion to the desired ionic form. The organic leachables are trapped in the interstices of the 
beads during synthesis and are washed out by solvents at the factory. The bead size is controlled 
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so that the amount oi itnes (<50-mesh) Is <0.3%; thus, high pressure drop and resin leakage are 
avoided. For adequate exchange capacity, the maximum size oi the cation beads Ls 0.45 mm and 
that oi the anion beads is 0.6 mm. A high degree of conversion to the desired Ionic form ls 
accomplished by using sufficient quantities of acid and alkali regonerants at the resin factory. 

The dominant method for using inn exchangers in treating radioactive liquid wastes at LWRs is 
via column operations ucing mixed-bed resins. This mixed-bed system contains a stationary bed of 
mixed anion and cation resins (Tittle et al., 1981). The liquid ls passed through the bed to effect 
the ion exchange, and the system is used continuously until sufficient quantities of ionic contam-
inants ap oar in the effluent. T' s eithor regenerated with appropriate solutions or 
discarded jud replaced wills m.. beds provide a much higher DF than do the sep-
arate cation and anion beds. Neveru. parate bed may be used for specific applications, 
such as preceding a mixed bed. In . i position it would act as a filter and reduce the 
exchange load on the mixed bed. Cation resin is much less expensive than anion resin, so its use 
in such cases can reduce the operating costs for resin replacement. 

Decontamination factors for four PWRs have been reported (Mandler et al., 1981) for five cat-
egories of demineralizers: (1) primary coolant (letdown), (2) pra-evaporator, (3) evaporator, (4) con-
densate, and (5) spent-fuel pool. Wide ranges in DFs are found at the various stations; the values 
for Turkey Point Station are presented In Table 12. Since the DFs are based on an average from 
a limited number of samples, caution should be used in applying these to a system over its service 
life. To assist in such application, Mandler et al. (1981) analyzed the letdown demineralizer data 
using a theoretical model of ion exchange developed by Cohen and Taylor (1961) and by Kesten 

Table 12. Decontamination factors for demineralisers at LWR» 

DF values for 
BWR stream 

DF values for PWR stream demineralizers9 demineralizers*' 

Nuclide CVCS-M0 CVCS-Brf Radwaste® BAE/ SFSP» RWPSA 

24Na i i i i i 72 
^Mn i i i i i 439 
^Co 2-4 0.1-160 18-1100 0.1-5 27-1800 30 
^ C o 2-3 0.1-130 12-52 0.6->22 58-400,000 510 
131] 3-66 0.4-1.9 2.5-17 2.6-38 2-40,000 72 
132] i i J i i 125 
133] i i i i i 91 
135] i i i i i 137 
l34Cs 27-270 l->20,000 0.2 0.1-2 1-80,000 79 
,37Cs 14-130 3~>40,000 0.1 0.1-5 27-20,000 23 

'Source of data: I. W. Mandler et al., In-Plant Source Term Measurements at Turkey Point 
Station-Units 3 and 4, NUREG/CR-1629 (1981). 

^Source of data: W. E. Clark, The Use of Ion Exchange to Treat Radioactive Liquids in 
Light- Water-Cooled Nuclear Reactor Power Plants, ORNL/NUREG/TM-204 (1978). 

rCVCS-M ~~ chemical volume and control system, mixed bed. 
dCVCS-B ™ chemical volume and control system, base cation. 
"Radwaste "" radwaste evaporator condensate unit. 
'BAE — boric acid evaporator condensate unit. 
®SFSP spent-fuel storage pool. 
ARWPS — reactor water purification system. 
'Not analyzed. 
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(1960). The time required for a column to become Ineffective for Iodine removal (DF<10) was 
determined, and this Information was used to calculato equilibrium DFs. Good agreement 
between measured and predicted values was obtained for two of the stations, but the predicted 
DFs are much smaller than the lowest measured for the other two stations, Insufficient data 
prevented the application of this model to other cases, 

Demlneralizere were found to be very effective lllters for the removal of insoluble material 
(crud), which often Is carried Into the bed with the liquid feed. However, crud has been found to 
migrate through the resin bed, reducing the DF. Reactor coolant samples, filtered through a 
0.45-jum filter medium, showed that >50% of the total activity at both Zion units was in particulate 
form; at Fort Calhoun, <50% was particulates (Mandler et al., 1981). The Zlon units are used as 
supplementary power plants, which may account for the higher amounts of particulates there. 

All deminerallzers are affected by differing feed solution characteristics, but data are not suffi-
cient to show a positive correlation between DFs and Influent chemical parameters. 

3.3 EVAPORATION 

Evaporation is used in such diverse reactor equipment as boilers, cooling towers, dryers, and 
humidifiers. In the chemical engineering sense, evaporation Is the method of concentrating non-
volatile components In a solution or a dilute slurry by \aporizing the solvent. The process Is 
applied in the nuclear industry to concentrate aqueous solutions containing nonvolatile radioac-
tive nuclides and to obtain relatively pure water for recycle to process usage or for acceptable 
discharge to the environment. 

Radioactive material can be transferred from the concentrated solutions to the vapor in an eva-
porator by four major mechanisms: (1) entrainment, (2) splashover, (3) foaming, and (4) volatiliza-
tion. Entrainment Is the process by which liquid is carried to the vapor as fine suspended dro-
plets, and splashover is the transport of large masses of liquid to the vapor as a result of violent 
boiling. Foaming leads to an increase in entrainment by raising the effective liquid level and by 
supplying bubbles that can be carried in the vapor. Volatile radionuclide species can also be 
vaporized from the liquid. Under carefully controlled conditions, splashover and foaming can be 
minimized, so entrainment and volatilization are usually the primary mechanisms of activity trans-
fer. 

Evflporators are used expensively In LWRs and are even more widely used In the PWRs, 
where they have proven to be very effective in concentrating boric acid during the boron recov-
ery portion of the primary coolant purification system. The primary coolant, which may contain 
boron concentrations from 30 to 2000 ppm and at pH varying from 4.5 to 10, is the feed to the 
recovery evaporators. Other elements usually in solution are: sodium (<0.005 ppm), lithium 
(<0.01 to 2 ppm), chloride, (0 to 0.15 ppm), and fluoride (0 to 0.1 ppm). 

Both PWRs and BWRs frequently use evaporators to process the miscellaneous radioactive »r.d 
chemical wastes. A measure of evaporator efficiency may be expressed through the use of DFs. 
A survey by Godbee and Kibbey (1978) on evaporator practices at LWR nuclear power plants 
gives pertinent data on measured DFs and volume reductions for 28 reactors operating at the end 
of 1976. This survey is summarized In Table 13. The researchers concluded that an average sys-
tem DF of —104 can be expected for nonvolatile fission and corrosion products in natural- and 
forced-circulation evaporators, while an average system DF of —103 can be expected for iodine. 
They further showed that spray film and submerged U-tube evaporators produce values that are 
—5 to 10 times lower. The waste evaporators for both types of LWRs give similar DFs. 

In a more recent survey, Mandler et al. (1981) reported the results of DF measurements for 
evaporators used in the boric acid recovery and miscellaneous radwaste systems at four PWRs 
(Table 13). There are significant differences between these results and those reported by Godbee 
and Kibbey (1978). A contributing factor is the wide variability of the feed composition and the 
attendant difficulty in regulating pH. In addition, more problems with "orroeion and plugging of 
the heating tubes have been experienced in older systems. 
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Table 13. Decontamination factors for evaporator* at LWRs 

DF values 

Reactor Stream Type Iodine Cesium" Cobalt* 

Turkey Point" (BAE)0' PWR 2.6E+1 4.2E+1 3.6E+2 
Rancho Seco0 (BAE) PWR 2.6E+1 >1.5 1.6E+3 
Zion0 (BAE) PWR 4.9E+0 3.1E+2 >l ,0E+2 
Turkey Point0 (MWE)6 PWR 2.4E+1 >1.0E+3 4.6E+2 
Rancho Seco0 (MWE) PWR 4.9E+2 >1.0E+2 3.9E+4 
Fort Calhoun0 (MWE) PWR 3.4E+3 2.1E+3 3.8E+3 
Oconee' (MWE) PWR 9.0E+2 9.0E+2 4.0E+3 
Palisades' (MWE) PWR 3.0E+1 8.0E+1 1.5E+1 
Yankee-Row' (MWE) PWR 9.0E+2 1.1E+3 8.0E+3 
Oyster Creek' (MWE) BWR 1.1E+3* 3.0E+3A i 

aAlso fission products. 
''Also corrosion products. 
°Source of data: J. W. Mandler et al., In-Plant Source Term Measurements 

at Four PWR's, NUREG/CR-19y2 (1981). 
dBAE — boric acid evaporator. 
®MWE — miscellaneous waste evaporator. 
'Source of data: H. W. Godbee and A. H. Kibbey, The Use of Evapora-

tion to Treat Radioactive Liquids in Light-Water-Cooled Nuclear Reactor Power 
Plants, ORNL/NUREG-O141 (1978). 

'Value is for gross j8. 
AValue is for gross a. 
'Not analyzed. 

3.4 REVERSE OSMOSIS 

The reverse osmosis process, also known as hyperfiltration, u> based on the passage of solvent 
molecules through a dense membrane from a concentrated solution to a dilute one. Since this 
process is opposed by osmotic pressure, the pressure drop across the membrane must be suffi-
cient to overcome it. The feed solution, which is pumped over a membrane held on a permeable 
support, is separated into the solvent and concentrate streams. The osmotic pressure increases 
with concentration, and the rate of solvent permeation diminishes as the concentrate thickens until 
it becomes no longer economically viable to continue the concentration. 

This treatment method is being used, or has been evaluated, in a number of LWR plants in the 
United States. Laundry waste is being treated by this method at the R. E. Ginna Nuclear Power 
Plant. A 0.13-L/s (2-gpm) pilot plant was tested at H. B. Robinson, Unit 2, leading to the installa-
tion of a 3.2-L/s (50-gpm) full-scale unit at the Brunswick Steam Electric Plant for treating floor-
drain wastes (Kibbey and Godbee, 1980). The Idaho Chemical Processing Plant has used a 
1.6-L/s (25-gpm) unit to remove suspended solids from the fuel-storage pool water. 

Mound Laboratory has evaluated a pilot-plant reverse osmosis system for removing fission pro-
ducts from aqueous streams. The system was demonstrated to be effective in removing large per-
centages of "'Co, 12SI, and a mixture of 137Cs, "'Co, and 12SI from two types of aqueous streams 
(Roberts and Colvin, 1980). The effectiveness of three membrane porosities, giving 0, 50, and 
97% salt rejection, was explored with each isotope. The membrane with 97% salt rejection was 
the most effective in each experiment. Removals of as much as 97.5% of the cobalt, 92.9% of the 
iodine, and 95.1 % of the combined isotopes were achieved. 



4. PROPERTIES OF INORGANIC SORBENTS 

The Initial systematic studies on inorganic Ion exchangers were carried out on naturally 
occurring materials such as the clay fractions of soil, which were investigated as long ago as 
1850. The first Industrial applications of synthetic ion exchangers for water softening also 
employed Inorganic materials in the early years of this century. Tne recent revived interest in 
inorganic exchangers stems largely from the fact that they are more stable than the organic resins 
under conditions such as high temperature and ionizing radiation. New types possessing greater 
stability than the early alumlnosllicate exchangers have been developed and are, in some cases, 
highly selective towards certain ions. This section presents general information on the structure 
and exchange properties of clays and zeolites and a number of other inorganic exchangers. 

4.1 CLAYS 

Clay minerals are fine hydrous aluminosilicates which develop plasticity when mixed with 
water (Barrer, 1978). The chemical, mineralogical, and physical characteristics vary widely, but a 
common characteristic is their layered structure. They are composed of electrically neutral alumi-
nosilicate layers which move readily over each other, giving rise to such physical properties as 
softness, soapy feel, and easy cleavage. All clay minerals are of secondary geologic origin; that is, 
they were formed as alteration products of aluminosilicate rocks in an environment in which water 
is present. Most ck". minerals are the products of weathering and sedimentation, but they may 
also be formed by hydrothermal activity. 

4.1.1 Crystal Structure 
The structures of the common clay minerals are based on combinations of an (Si20s)n layer of 

Si04 tetrihedra joined at the corners with an AlCXOHfe layer of alumina octahedra. These struc-
tures are illustrated in Fig. 7. If the oxygen ions projecting from the Si20s plane are built into the 
AlCXOH)2 plane, the layers can be combined to give Ihe composition Al2(Si20sX0H)4, which is 
the most common clay mineral, kaolinite. The other basic clay mineral structure is that of the 
montmorillonite clays typified by pryophyllite, Al2(Si20s)2(0H)2. In this structure, there are SijOs 
sheets both above and below a central A10(0H)2 layer. 

4.1.2 Ion Exchange Properties 
Various clay minerals result from variations in the layer combinations and the associated 

cations. Isomorphorus substitution of cations is common, with Al3+ (and sometimes Fe3+) taking 
the places of some Si4+ ions in the tetrahedral network, and Al3+, Mg2+, Fe2+, and others substi-
tuting for each ether in the octahedral network. These isomorphous substitutions lead to a net 
negative charge oi» the structure, which is balanced by potassium ions in the mica structure. 
Occasional substitutions which lead to a negative charge are balanced in the clay minerals by 
loosely held positive ions on the surface of the particles or between the layers. These ions are 
readily exchanged and are responsible for the observed "base-cation capacity." For example, a 
natural clay containing absorbed Ca2 + can react with sodium silicate to form insoluble calcium sil-
icate and the sodium clay: 

Clay-Ca + Na2Si03 - Clay-(Na)j.-l- CaSi03 . 

27 
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Fig. 7. Atomic arrangements of Si2Os and A10(0H)2 layers. Patterns (a) and (b) are 
idealized; patterns (c) and (d) are the distorted arrangements found to occur in kaolinite and 
dickite, respectively. 

These reactions are particularly important in determining the properties of aqueous suspensions of 
the clay minerals. 

In the kaolinite clays, the forces between the individual units in the direction of the c-ar's are 
weak Van der Waals and hydrogen-bonding forces; consequently, the minerals are readily 
dispersed in water, although flocculation may occur in salt solutions. Isomorphous substitution in 
the octahedral layers, as in the montmorillonite clays, together with the introduction of cations into 
the interlayer spaces, increases the strength of bonding along the c-axis by the electrostatic forces 
produced, although these forces are partially screened by the intervening tetrahedral layers. 
These clays do not disperse readily in water, but they swell on immersion in aqueous solutions, 
the degree of swelling (and therefore the c-axis spacing) depending upon the size of the cation 
entering the structure. The swelling is normally reversible, but if the cation is too large, the attrac-
tive forces are overccme and the clay swells irreversibly (it is said to be deflocculated). This type 
of behavior occurs in the bentonites, the montmorillonite clays, and fuller's earth. 

When substitution occurs in the tetrahedral k era, as in lllite and muscovite, the electrostatic 
forces between the negatively charged backbone and the balancing cations are much stronger 
than in the montmorillonite group. Consequently the structure resists expansion on immersion in 
aqueous solutions, and there is usually little change in the c-axis spacing. The resistance to swel-
ling generally leads to a low rate of exchange, and large cations may even be excluded on steric 
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grounds. It is noteworthy that the cations present in naturally occurring minerals of this class arc 
the smaller ones, such as potassium. 

Unlike the zeolites, clays exhibit nonBtoichiometrlc ion exchange, and the capacity may vary 
appreciably among minerals having similar structures but showing different degrees of isomor-
phous substitution. A careful distinction must be made among saturation capacity, equilibrium 
uptake, and rate of exchange. The saturation capacity depends upon the chemical composition of 
the clay and, for cations, decreases in the order montmorlllonlte>lllite>kaollnite. The uptake ls an 
equilibrium property and depends upon the exchange thermodynamics and the solution composi-
tion and concentration. The cation chosen and the cationic form of the clay with which it ls equili-
brated will affect the uptake. The rate of exchange is a kinetic property, which depends upon the 
surface area of the solid and the rate of diffusion of cations from solution into the solid and back 
to solution. Because of the properties discussed here, the cation exchange rates follow the order 
kaolinite>montmorillonite>illlte. 

4.2 ZEOLITES 

Zeolites were first recognized by Cronstedt (in 1756) as a group of minerals consisting of 
hydrated alumlnosilicates of the alkali and alkaline earths (Breck, 1974). Natural zeolites are often 
found in the cavities and amygdules of basaltic and diabasic igneous rocks. Bulk compositions of 
the mineral tend to relate to the parent rock, where the aluminum-rich zeolites are associated with 
rocks deficient in silica, and the silica-rich zeolites are associated with rocks high in silica. Massive 
deposits of the mineral have been formed by the action of alkaline solutions on volcanic ash 
deposited in lakes. More than 40 naturally occurring zeolites have been found, although some are 
variants of similar topologies. 

4.2.1 Crystal Structure 
Tetrahedral Si04 and A104 are the fundamental building units in natural zeolites (Fig. 8). 

Zeolites are tectosilicates; that is, they are formed by the linking together of these tetrahedra to 
give three-dimensional anionic networks in which each oxygen of a given tetrahedron is shared 
between this tetrahedron and one of four others (Fig. 9). Thus, there are no unshared oxygens in 
the frameworks. This means that the metal (Al + Si) to oxygen atom ratio is 1:2 in all tectosilicates 
(zeolitec, feldspars, and feldspathoids). The two metals are interchangeable and not generally dis-
tinguishable. For every Si4+ ion that is replaced in the framework by an Al3+ ion, a negative 

Fig. 8. Basic building blocks of zeolite crystals: tetrahedra with a silicon atom at 
th* center and an oxygen at each apex (left). The silicon may be replaced by an aluminum 
and an additional metal ion (right). 

O R N L - D W G 8 1 - 2 2 4 
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Fig. 9. Th* type of tetrahedral interactions characteristic of zeolites. 

charge is created which is neutralized by an electrochemical equivalent of cations. Additionally in 
zeolites, but not in feldspars or some feldspathoids, the framework (Fig. 10) is sufficiently open to 
accommodate water molecules as well as cations. Therefore, these ions exchange readily with 
other cations; and the water molecules can be removed or replaced in a continuous manner, 
often reversibly. 

The structural formula for the crystallographic unit cell of a zeolite may be expressed as: 
Mx/y[(A102),(SiOj,].wH20 , 

where M is the cation of valence y, w is the number of water molecules, and the ratio z:x usually 
has values of 1 to 5, depending on the ' ucture. The sum of x + y gives the total number of 
tetrahedra in the unit cell. The expression shown in brackets represents the framework composi-
tion. As an example, the composition of chabazite is: 

Ca4I(A102)8(Si02)161.26H20. 
The Si:Al ratio, varying between 2 and 2.6, produces an aluminosilicate framework best 
represented in terms of sheets or layers of linked rings of tetrahedra. The larger cavities in cha-
bazite [Fig. 11(a)] are roughly ellipsoidal, linked by distorted, eight-member rings with dimensions 
of —0.44 X 0.31 nm. Upon dehydration, the framework distorts as the calcium ions migrate from 
the large cavities into the hexagonal prisms. The measured void volume of ~50% is quite com-
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Fig. 10. The stacking of the 14-hedron structure of type I (sodalite cases) in 
eightfold coordination, giving tha sodalite structure (Barrer, 1978). 

jxion for zeolites. Although other ions can fit the tetrahedral sites on the basis of size and charge, 
they are not found (except in rare cases) in natural zeolites. 

Erionite [Fig. 11(b)] has a hexagonal structure with parallel arrangements of the (Al, SifeO^ 
rings. In order to diffuse from one cavity to another, molecules must pass through an eight-
member ring aperture into an adjacent cavity in the original column. Continuous diffusion paths 
are available for molecules of appropriate size. Erionite readily adsorbs normal hydrocarbons that 
have a minimum diameter of 0.43 nm. 

4.2.2 Ion Exchange Properties 
The cation exchange behavior of zeolites is a function of (1) the nature, size (both hydrated 

and anhydrous), and charge of the cation species; (2) the temperature; (3) the concentration of the 

O R N L - D W G 8 1 - 2 2 7 
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Fig. 11. Drawings of (a) the chabaxite 20-hedron structure capped by hexagonal 
prisms, and (b) the erionite 23-hedron arrangement (Barrer, 1978). 
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cation species In solution; (4) the anion species associated with the cation in solution; (5) the sol-
vent (usually water, although some work has been done in organic solvents and molten salts); and 
(6) the structural characteristics of the particular zeolite. Cation selectivities In zeolites are not typi-
cal of those evidenced by other inorganic and organic exchangers. Zeolite structures have unique 
features that lead to unusual types of cation selectivity and sieving. The three-dimensional struc-
tures of most zeolites and feldspathoids (Fig. 10) do not change significantly with ion exchange; 
however, the two-dimensional structures of clay minerals may undergo swelling or shrinking. 

Cation exchange In zeolites is accompanied by dramatic alterations of stability, adsorption 
behavior and selectivity, catalytic activity, and other Important physical properties. Since many of 
these properties depend on controlled cation exchange with particular Bpecies, detailed informa-
tion on exchange equilibria is Important. Extensive studies of the Ion exchange processes In some 
of the more useful natural and synthetic zeolites have been conducted. 

4.3 OTHER INORGANIC SORBENTS 

There are many other materials in nature that will remove ions from aqueous bolutlone. A 
review by Amphlett (1964) summarizes some of the earlier work on the sorption properties of 
heteropolyacid salts, hydrous oxides, and Insoluble salts. In recent years, renewed Interest has 
beon shown in their use as solidification matrices for radioactive wastes. 

Many heteropolyacids may be represented by the formula HaXYijOu-nHjO, where X may 
be one of several elements including P, As, and Si, and Y is a different element such as Mo, W 
or V. X-ray studies of ammonium tungstophosphate reveal a structure in which phosphate tetrahe-
dra are surrounded by 12 linked tungstenate octahedra to form an approximately spherical anion, 
sharing oxygen atoms in a manner resembling the aluminosillcate structure of the zeolites (Fig. 8). 
The crystal lattice contains many such spheres, with cations and water molecules situated in the 
cavities between them. Both cations and water molecules are free to move within these cavities if 
size permits, thus allowing exchange of cations between the crystal and external solutions. In this 
respect, these exchangers bear a strong rebemblance to the zeolites. Ammonium ions and the 
large monovalent cations (K+, Rb+, Cs+, Tl+, and Ag+) are large enough to contribute stability 
to the structure and lower the lattice energy sufficiently to form an insoluble crystal. Salts contain-
ing other alkali metal cations are much more soluble and are unsuitable for exchange purposes. 

Many hydrous oxides exhibit reversible ion exchange equilibria; the sorption may involve 
either the bulk of the solid or its surface. Freshly precipitated trivalent metal oxides, sui~li as 
hydrous ferric oxide and ferric hydroxide, readily adsorb alkaline earth cations according to the 

* law of mass action, with other bivalent cations being adsorbed at pH >7. There Is evidence to 
suggest that, while the alkali metals and alkaline earths are adsorbed on the surface and are read-
ily eluted, more highly charged cations (Ce3+, Y3+, Pm3+, Ru3+) are sorbed in bulk and eluted 
only with difficulty. There is probably little exchange involved, since such ions would be copre-
cipitated on the oxide. Amphoteric oxides such as hydrous alumina may adsorb either cations or 
anions, depending upon the pH of the solution. Mixed oxides have been prepared in which a 
second cation of higher charge than the parent cation is introduced into the structure. The result-
ing net positive charge is balanced by the presence of anions other than oxide and hydroxide, 
and many of these are found to exchange the balancing anions reversibly. Examples of such 
materials include Zn(OH)2, in which Zn2+ is partially replaced by Al3+, and Al(OH)3 that contains 
Si4+, Ti4+, or Zr4+. The general formulas for these substances would be Zni_nAl„(OH)2Xn and 
Al[_nM(OH)3X„, where M is a tetravalent cation and X a monovalent anion. 

A number of salts have been tested for their sorption properties. Some of the insoluble salts 
of polybasic metals have been studied extensively. These include zirconium phosphate, arsenate, 
tungstate and molybdate, and phosphates of thorium and titanium. The ion exchange in these 
materials involves replaceable hydrogen atoms, such as those in acid phosphate groupings, which 
play a role analogous to that of the sulfonic acid groups of strong-acid cation exchange resins. 
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The acidity of Ihe phosphoric acid groups is intermediate compared to the iully ionized sulfonic 
groups of strong-acid resinB and the very weakly acidic carboxylic groups in weak-acid resins; 
i.e., zirconium phosphate behaves as an efficient cation exchanger in acidic solutions, whereas 
weak-acid resins function only at pH >7. In acidic solutions, the release of hydrogen Ions from the 
treatment of zirconium phosphate with a salt solution is equivalent to the cations adsorbed; In alka-
line solutions the hydrolytlc reaction prevents the attainment of such a balance. The capacity 1b 
independent of particle size and depends only on the mass of material. A study of the uptake as a 
function of concentration for pairs of cations shows that the law of mass action is obeyed. 
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8. DECONTAMINATING PROCESS STREAMS WITH INORGANIC SORBENTD 

The possibility that inorganic sorbents could be used directly for the removal of ionic impuri-
ties from water at the high temperatures characteristic of coolant circuits in LWRs has been 
considered for many years (Amphlett, 1964), Studies were made in the late 1950s on the 
exchange properties of zirconium phosphate and zirconium oxide for the removal of cesium, 
strontium, and iodide (Nelson et al., 1964). These sorbents were found to be ineffective in the 
removal of cesium from alkaline solutions containing relatively large concentrations of lithium. 
However, they removed nearly all of the strontium (>99.9%) and the cobalt (97%). Iodide was 
absorbed initially but was gradually leached upon further elutlon. In the 1960s, as commercial 
purification systems based on organic ion-exchange resins were established, many of these studies 
were curtailed. 

A waste management program was initiated in the early 1960s to provide maximum flexibil-
ity and economic use of the facilities at Hanford, Washington, for processing their radiochemical 
wastes. Many studies were made examining possible processes for fission product separation from 
aged high-level supernatant wastes [Roddy, 1"981 (bibliography)]. Ion exchange, with inorganic 
zeolites, was chosen as the separation method. High cesium loadings were obtained with AW-400 
(a Linde product from Union Carbide Corporation) but poor quality of tho binder was experi-
enced. Optimum loading conditions were obiained with a flow rate of one to two column volumes 
of actual waste per hour, with a 20-50 mesh exchanger at 250°C. Under practical conditions, i 
Cs/Na decontamination factor (DF) of 103 was obtained. 

Zeolites have been used at the Idaho National Engineering Laboratory (INEL) near Idaho 
Falls, Idaho, and in the General Electric Company (GE) operations near Morris, Illinois, to decon-
taminate low-level ra lioactlve wastes from irradiated fuel storage basins. Both systems utilize a 
synthetic zeolite (Zeolon) manufactured by the Norton Company. In preliminary testing at INEL 
(Rhodes, 1981; Wilding and Rhodes, 1976), a 2.4-m-high by 0.9-m-diam column filled to a depth 
of 1.1 m with 680 L of 20-50 mesh Zeolon 900 (a synthetic mordenite) absorbed 75 Ci of 137Cs 
from 2.2 X 107 L of water. About 3200 column volumes were discharged before a 1% break-
through was observed. The GE process utilizes a canister containing 2 kg of Zeolon 100 (also a 
synthetic mordenite). The canisters, although containing only about 28 Ci of 137Cs, were changed 
at 3-4-week intervals because of pressure-drop problems (Denio et al., 1977). 

Evaporator overheads and miscellaneous wastewaters have been treated at the Savannah 
River Plant neir Aiken, South Carolina, with a column of AW-500 (a naturally occurring chabaz-
ite marketed by the Linde Division of Union Carbide Corporation) to remove ,37Cs (lacobsen et 
al., 1974; Wallace, 1980). The concentration of total dissolved solids varies from 0.1 g/L in the 
overheads to 10 g/L in the miscellaneous wastes; the radioactivity from 137Cs approaches 0.1 
mCi/L. The wastewater is pumped through a 304 stainless steel column containing 140 kg of 
zeolite at a flow rate of 20 to 40 L/min. When the cesium breakthrough reaches 1%, the flow is 
stopped and the zeolite is discharged to a storage tank. Drastically reduced flow rates have been 
experienced when processing solutions with high pH (12 to 12.5). Flushing the column with 50% 
NaOH is all that has been required to regenerate the zeolite. 

The waste-tank farm at Hanford, Washington, utilizes a cartridge containing ~0.28 m3 of 
Zeolon 900 to treat the condensate produced from self heating during the storage of processing 
waste solutions (Buckingham, 1981). Although the unit has treated an estimated 4 X 106 L of 
condensate, it has never had problems or been replaced. 

In the 1970s, Swedish researchers investigated the possible use of zeolites and iitanates as 
solidification matrices for radioactive wastes (Forberg et al., 1981). The purpose of the work was to 

3 4 



» 35 

reduce the radlotoxlcity of spent organic resins to a matter of short-term concern (a few decades), 
and to Bolidify extracted radioisotopes in stable Inorganic substances. In their study, a complexing 
agent contained in a circulation system was used to elute the organic resinB, and the ionic 
radioactivity was removed with an inorganic ion exchanger. They were able to remove 99.9% of 
the strontium and cesium from the organic resin. Mordenlte removed all of the cesium, and 
titanate proved very effective in removing strontium (>99.9%), cobalt (80%), and zinc (90%) 
from the eluate. 

Buckingham (1979) developed a process for the removal of cesium from acidic waste streams 
using a zeolite material such as Zeolon 900 or AW-500. The pH of the feed solution had a slight 
effect on the capacity of the zeolite, (i.e., the lower the pH, the high:r the capacity). Loading of 
ihe zeolite ranged between 60 and 100 /xmol of cesium per mL of ion exchanger. Degradation 
detected in the exchange studies was thought to be caused by complexants attacking the amor-
phous material (sodium aluminates and sodium Bilicates) used to bind the zeolite crystals together. 

During the accident at the Three Mile Island-Unit 2 Nuclear Power Station in March 1979, 
approximately 3000 m3 of water was contaminated with radioactive materials (Campbell et al., 
1980). The largest portion of this high-activity-l» vel water, about 2650 m3, spilled onto the floor of 
the Reactor Containment Building (CB) and collected there. The remaining liquid was circulating 
cooling water contained in the closed-loop Reactor Primary Coolant System. The activities of the 
major radiochemical components are listed in Table 14. Analyses also indicated the presence of 
minimal concentrations of undissolved strontium and cesium in Loth the coolant water and the CB 
water. A flowsheet was developed . lich used a mixture of zeolites (Ionsiv IE-95 and Linde 4A) as 
the sorbent. A cesium removal DF of 104 was achieved for the CB water for at ! <ast 1000 bed 
volumes. The operating procedure, using three zeolite beds in series and moving the beus 
countercurrent to the water flow after every 2400 bed volumes of throughput, made possible a 
DF of 103 for strontium. 

Table 14. Radionuclide activities in contaminated water 
at TMI-Unit 2 Nuclear Power Station 

(Values are corrected for radioactive decay to July 1, 1980) 

Coolant water® CB water* Total water0 

activity activity activity 
Nuclide (/iCi/mL) OiCi/mL) (Ci) 

3H 0.17 l.C 2,500 
"Sr 5* 0.53 3,000 
^ r 25b 2.3 14,000 
106Ru 0.1 0.002 40 
125Sb 0.01 0.02 50 
134Cs 10 26 67,000 
137Cs 57 160 410,000 
l44Ce 0.03 0.0005 10 

"Volume of contaminated water in the reactor coolant sys-
tem = 350 m3 (90,000 gal). 

^Volume of contaminated water in the containment build-
ing (CB) = 2650 m3 (700,000 gal). 

cTotal volume of contaminated water — 3000 m3 (790,000 
gal). 

Source of data: D. O. Campbell et al., Evaluation of the 
Submerged Demineralizer System (SDS) Flowsheet for Decontam-
ination of High-Activity-Level Water at the Three Mile Island 
Unit 2 Nuclear Power Station, ORNL/TM-7448, (1980). 



6. SUMMARY 

AH through the development and growth ol the nuclear industry, ion exchange materials 
have been an integral part ol radiochemical process applications, particularly in the cleanup ol 
low-level aqueous waste streams. The use of organic ion exchangers in feed water preoaration, 
coolant purification, activation and fission product removal and waste management at LWRs is 
extensive, and considerable resources are invested In ion exchange systems at all nuclear pt wor 
plants. The manufacturers of ion exchangers have successfully produced several new forms of 
resins to meet the engineering needs and water quality requirements at such stations. E"en 
though they are extremely useful, these exchangers have several limitations in process applica-
tions. Numerous procosc-related incidents associated with the use of nitric acid and ,!her oxidiz-
ing agents have been reported, and the damage to organic ion exchangers caused by ionizing 
radiation is a serious problem. These typet; of problems ha. e revitalized the interest In inorganic 
sorbents for LWR usage, but such a substitution must be considered on the merits of radiation sta-
bility, degradation, selectivity, < uctiveness, and the capacity of inorganic vs organic sorbent sys-
tems. 

6.1 RADIATION EFFECTS 

The effects of ionizing radiation on zeolites and zeolite-like materials have been studied lor 
more than two decades by exposure of small samples to irradiation scurc" (^Co gamma facilities 
and research reactors) (Roddy, 1981). No deleterious effects, as measured by x-ray diffraction, 
hydraulic behavior, differential thermal analysis, and (with one possible exception) distribution 
coefficient determinations, have been noted for cumulative exposures i»or.. 1 V 10® to 1 X 10l° 
rads (Fullerton, 1961; Wallace, 1980). The exception was a modsst H-crejiw in the rate of 
exchange of calcium ion (but not of sodium, cesium, and barium) for all irradiated samples of the 
clinoptilolite. Since the cifect was independent of radiation dosage, this suggests the influence of 
a factor other than irradiation. 

Mony government-operated nuclear facilities have routinely used zeolites for the removal, 
concentration, shipping containment, storage, and purification of fission products from various 
waste streams. No serious problems have ever been detected that could be attributed directly to 
radiation exposure. 

Radiation effects on organic ion exchangers are directly related to both dose rate and total 
absorbed dose (Egorov and Novikov, 1967). It is also recognized that in situ radiation exposures 
cause more damage to ion exchange resins than similar doses from external radiation sources 
(Gangwer et al., 1977). Most of the synthetic organic ion exchangers now being used in the 
nuclear process industry exhibit recognizable radiation damage at 107 rads of absorbed radiation, 
with rapid degradation at greater dosages (Clark, 1978; Lin, 1973). The anion exchangers gener-
ally undergo a faster rate of degradation than cation exchangers. Tho radiation effects within a 
particular resin vary with moisture content, pH, temperature, dose rate, and chemical environment 
of the resin. The total exchange capacities of all organic ion e 'changers are known to decrease 
with absorbed dosage. The direct consequence of this in waste manaoement is the release of 
radionuclides from the solid phase to the environment. 
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6.2 DEGRADATION 

Any material that is proposed for use in thf» treatmont of LWR process streams Should popsess 
excellent physical integrity during its lifetime, Also, if there is any degradation of the 'jorbent, the 
resulting materials must not plug pipes and orifices or damage pumps. In the survey by Clark 
(1978) In which questionnaires were sent to nuclear powor plants, architect-engineering firms, 
and equipment suppliers, resin attrition was not listed as a major problem at any plan). Stations 
experiencing difficulties from resin fines had eliminated them by installing downstream Mere. 

There have been reports of drastically reduced pr blocked flows in columns of zeolites used 
for removing fission producto from waste streams generated at U.S. government installations. In 
two cases, the feed to the exchanger contained traces of complexants which appeared to attack 
the zeolite binding material, resulting In loss of Integrity and production of fines (Buckingham, 
1981). In another case, drastically reduced flow rates were experienced when solutions with high 
pH (12-12.5) were processed (Jacobsen, 1974; Wallace, 1980). In the Three Mile Island 
application, fines were a nuisance in column preparation and initial loading but not in actual per-
formance (Campbell et al., 1080). Although these problems appear minor, they could cause an 
operational catastrophe in an LWR. However, the judicious placement of filters, as Is now standard 
practice in such plants, could control this problem. In addition, accelerated research in zeolite 
formulations and the development of more rigid sorbents could ameliorate this problem. 

Zeolites have limited use in acidic solutions, where their chemical stability is marginal (Sher-
man, 1977). At pH <6, proton exchange occurs and the aluminum framework is slowly hydro-
lyzed, with gradual loss of exchange capacity and, in rare instances, collapse of the crystal struc-
ture. However, there are some special formulations which have been used at pH values approach-
ing 2. 

6.3 SELECTIVITY AND EFFECTIVENESS 

Each sorbent provides a different pattern of ion exchange selectivity (Sherman, 1977). Com-
mon organic resin cation exchangers generally select ions of higher charge and are relatively 
ineffective for univalent ions (l37Cs) unless used in a demineralization mode so that competition 
from other ions is eliminated. This is also true of many of the zeolites. However, some zeolites 
FHOW marked selectivity for some monovalent cations over common divalent cations and even for 
Cs4 over Na+. Most of the zeolites exhibit aelectlvitios for Ag+, Tl+, and Pb2+ exchange, and 
many also selectively exchange other nonferrous metal cations (e.g., Cd2 + , Zn2+, and Cu2+). 

Decontamination factors (DFs) achieved in ion exchange treatment of radioactive waste 
liauids vary with the type and composition of the stream, the radionuclides in the liquid, the type 
of exchanger, the regeneration methods, and the operational procedu -es (Sect. 3.2). With syn-
thetic organic resins, Dfrs ranging from 1 to 105 have been reported. However, average DFs dre 
usually in the 102 to 103 order of magnitude. Inorganic sorbents, since they have not been 
designed for versatility, are more limited 'n their application. They exhibit excellent DFs for alkali 
and alkaline earth elements (comparable to those obtained by synthetic organic resins); in the 
presence of significant concentrations of competing ions, inorganic exchangers can even be supe-
rior. Nevertheless, additional studies are needed to optimize systems for the removal of other fis-
sion products and to develop materials that adsorb anionic species effectively. 

6.4 EXCHANGE CAPACITY 

Ion exchange capacity c< i be defined as the milliequlvalents of ions that can be exchanged 
from a given solution per gram of resin. As th<» capacity of the resin is depleted, either by the ion 
being sought or by competing ions, the DF diminishes. Thus, it is important to distinquish between 
the instantaneous DF on freshly regenerated sorbent and the average DF obtained over the entire 
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cycle before regeneration and throughout the entire life of the renin. II the resin bed ls operated 
until breakthrough occurs, the average DF will be less than if only a fraction of the bed capacity 
ls used. The unused capacity, of course, means that a smaller volume of liquid will have been 
treated. Capacity of the resin decreases during long usuge, resulting principally from chemical, 
radiological, and mechanical degradation ol the surbent. Gradual loading o! th-' lorbent with 
nonelutlng impurities may also be a factor. 

Under laboratory conditions, organic cation exchangers usually have total capacities of —4.5 
meq/g (dry) or 2.5 meq/g (wet) vs about 3 to 3.5 meq/g (dry) and 1.7 ro?q/g (wet) for anion 
exchangers. In commercial applications, however, most resins are installed on a volume basis, 
which results in total capacities ol 1.7 tc 2.1 meq/mL for cation and 1.0 to 1.4 meq/mL for anion 
resins. The actual capacities under operating conditions dre usually about 75% of these commer-
cial values. 

The capacity of a zeolite Ion exchanger is a function of the silicon oxide/alt mjnium oxide 
mole ratio, since each AIO4 tetrahedron In the zeolite framework provides a single cation 
exchange site (Sherman, 1977). On a weight basis, the exchange capacities of the most common 
zeolites vary from 2.4 to 7.0 meq/g, based on an anhydrous sodium form. Not all the exchange 
capacity is available to all ions. In zeolites where portions of the internal void space are accessible 
through smaller pores, the total ion exchange capacity may be available only to the smallest ions. 
A comparison of a zeolite with an organic ion exchange resin shows that their capacities are gen-
erally equivalent on either a weight or volume basis for many of the cations of interest. 

6.S CONCLUSIONS 

In summary, inorganic sorbents possess many desirable attributes that would be useful in pro-
cessing LWR streams. They have high resistance to damage from ionizing radiation, and their 
exchange capacities are comparable to those of synthetic organic ion exchangers for many oi the 
common cations. However, there are problems with physical Integrity, and much research is 
needed in the areas of selectivity and anion removal before inorganic sorbents can be Berlously 
considered as replacements for the synthetic organic resins presently used in daily operations at 
LWRs. 
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