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SUMMARY 

EFFECTS OF IONIZING RADIATION ON MODERN !ON EXCHANGE MATE RIALS 

by 

S. Fredric Marsh and K. K. S. Pillay 

ABSTRACT 

We review published studies of the effects of ionizing radiation on ion 
exchange materials, emphasizing those published in recent years. A brief 
overview is followed by a more detailed examination of recent developments. Our 
review includes !;tyrene/divinylhenzene copolymers with cation-exchange or 
anion-exchange functional groups, polyvinylpyridine anion exchangers, chelating 
resins, multifunctional resins, and inorganic exchangea·s. In general, strong-ucid 
cation exchange resins are more resistant to radiation than are strong-base anion 
exchange resins, and polyvinylpyridine resins arc more resistant than polystyrene 
resins. Cross-linkage, salt form, moisture content, and the surrounding medium 
all affect the radiation stability of a specific exchanger. Inorganic exchangers 
usually, hut not always, exhibit high radiation resistance. Liquid ion exchangers, 

which have heen used so extensively in nuclear processing applications, also arc 
included. 

We have updated em·Iier puhlished reviews of the effects of ionizing radmtion on ion exchangers, expanding our 

coverage to ret1ect the growing importance of inorganic exchangers, chclating resins, multifunctional resins, and 

liquid ion exchangers. In addition to reviewing the general effects of radiation, we have highlighted studies in 

which specific anion exchangers were suhjected to high levels of in situ alpha particles. Although some investiga
tors have tried to systematically :Hudy the effects of radiation on several new ion exchangers and confirm previous 

findbgs, appreciable gaps remain in our understanding of these radiation-d:unage mechanisms. 

Radiation stability is a particularly important consideration when selecting materials for processing nuclear 

waste. We therefore cite a just-completed evaluation of oO candidate ahsorbers for partitioning Hanford High-Level 

Tank waste. The most promising absorbers identified in that study should he evaluated for their radiation stabili

ties. when such information is not already availahie. 

I. INTRODUCTION 

Ion exchangers have always had a major role in pollution ahatemcnt in nature. Natural ion exchangers, such as 

soils, sand, clays, rocks, and decayed plant materials help protect aquifers by removing a variety of surface con

tmninants. The advent of synthetic ion exchangers just before the discovery of nuclear fission allowed a synergism 

between these two technologies that contributed to significant advances in both fields. Consequently, U1e nuclear 

industry has become a major user of ion exchange technology. 



Major users of ion exchangers within the nuclear industry arc the commercial nuclear power plants and the 
producers of fissile and fertile materials for civilian and defense applications. In pm·ticular. modern organic ion 
exchange resins arc extensively used to purify the aqueous coolant systems of nuclear power plants. Numerous ion
exchanger systems and tcdmologies me used worldwide to maintain the aqueous coolant systems or approximately 
4 1 5 land-based nuclcm power plants and an equal number or nuclear plants used for marine propulsion. The 
stringent requirements of reactor coolant systems make most nuclear facilities lmgc-scalc users of organic ion 
exchange resins. Between 1 0,000 and 25,000 liters of ion exchangers arc used annually for coolant maintenance in 
a typical nuclear facility.' These facilities also usc large quantities of organic and inorganic ion exchangers for 
waste management and pollution abatement. 

A unique pollution abatement application of ion exchangers currently receiving much attention is in the isolation 
or hazardous components or high-level nuclear wastes from fuel reprocessing. Decades of reprocessing irradiated 
fuel from production reactors at nuclcm· dcf�nse sites has left large quantities of highly radioactive wastes in 
underground storage tanks. The US Department of Energy is committed to recovering and concentrating the 
hazmdous components from these wastes to isolate them from the biosphere. Ion exchangers that can function in an 
intense radiation environment arc highly desirable for this application. 

Ion exchangers used in the nuclear industry arc subjected to ionizing radiation fields of varying intensities. 
13ccausc extended exposure to ionizing radiation is known to damage ion exchangers,2J there is great interest in 
understanding the radiolytic thunagc mechanisms and in developing materials that offer greater resistance to such 
hostile environments. Attempts to develop a detailed understanding of the damage mechanisms have been only 
partially successfuL Nevertheless, properties of radiation-resistant substrates have been identified and used to make 
improved ion exchangers for the nuclear industry. Such changes in the molecular design of organic resins have 
improved their radiation resistance, which in turn has resulted in superior materials for specialized applications. 

During the past six decades, many hundreds of ion exchange materials have been synthesized and tested. Few, 
however, have achieved industrial importance. 13ccause the nuclear industry relics heavily on synthetic organic ion 
exchangers, this is the type most cxtensi vely studied for radiation effects. However, improved new ion exchangers 
of other types arc also needed for applications requiring intense radiation exposures and corrosive chemical 
environments. In recognition of this need, new materials arc continually being exmnined for a variety of nuclem· 
process environments . 

Ion exchange materials used in nuclear material processing arc not only subjected to ionizing radiation, they 

often encounter a hostile chemical environment as well. This combination of aggressive conditions can degrade 

many ion exchange materials. 13ecause the behavior of ion exchangers subjected to ionizing radiation in typical 

processing media greatly interests chemists. it has been the subject of many published studies. Three major surveys 
have reviewed this literaturc.2·�.4 A concise tabulation of the key features of these studies is presented in a compan
ion publication to one of these surveys.5 

The objective of our review is to examine this expanding knowledge base and to highlight new developments 
relevant to radiation effects on ion exchangers. This report is prirnm·ily organized by generic types of ion exchang
ers. Because few in situ irradiation experiments have been published, we devote a separate section to some unique 
in situ experiments and their results. 

II. SIGNIFICANT RECENT STUDIES 

To locate significant new information, we examined experimental studies and literature reviews published since 

the last comprehensive survcy,4 which extended through JtJX4. Several groups of researchers from the former 
Soviet Union, the Czech Republic, Egypt, and India reported the effects of radiation on ion exchange rcsins.6 D 

Because these studies only confirm previous investigations. we chose not to devote space to them in this review. 
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Recovery operations at the Three Mile Island-Il reactor, however, produced some noteworthy studics.14•15 Those 
investigations were made to determine the maximum permissihlc loading of the resins. The research was necessm
ily limited to the polymeric strong-acid cation exchange resins and the strong-hw.;c, quatemary ammonium-type 
anion exchange resins in use at TM 1-2. The investigators measured resin-related gas generation, physical dmnage, 
increased corrosion of waste containers, and changes in resin pll and now rate. 

An extension of these TMI-2 studies hy McConnel ct al.16 was one of the few puhlished in situ irradiation 
studies. The Epicor-11 prefilters, which consist of a layered mixture of inorganic and organic cation exchangers, 
received approximately 1 MGy" of cumulative dose from mixed fission products during nine years of TMI-2 
cleanup operations. The effects of this in situ exposure were not significantly different from those of exposing 
similm resin to comparable doses of external radiation. 

Other puhlications since 1 (JX4 established the superior radiation resistance of a new macroporous 
polyvinylpyridine anion exchange resin, ReillexTM IIPQ. 17 The effects of in situ alpha particles were measured on 
six strong-hase anion exchange resins, which included ReillexTM IIPQ.1H These studies arc discussed in later 
sections. 

A novel proposal to usc well-characterized ion exchangers to measure very high dose rates, where conventional 
radiation dosimetry is not feasihle, seems worthy of further examination.H Finally, a discussion of radiation stabil
ily19 was included in a review of ion exchange technology in the nuclear fuel cycle puhlished hy the International 
Atomic Energy Agency. 

Ill. GENERIC RADIATION EFFECTS 

Ionizing radiation doses in the range of I 05 Cfy significantly alter the properties of most synthetic organic ion 
exchangers. High ahsorhed doses affect exchange capacity, selectivity, and exchange kinetics. Other physical and 
chemical ch:mwtcristics also change. In general, anion exchangers suffer more radiation damage than do cation 
exchangers. Radiolytic effects on ion exchangers uepend on the nature of the resin itself: its chemical composition, 
ionic form, moisture content, swelling characteristics, and ttw extent of cross-linkage in the macromolecular 
structure. Radiolytic changes m·e also affected hy the type of radiation and the resin environment during the 
irradiation. 

Ionizing radiation acts on synthetic organic ion exchangers in two ways. First, direct radiolytic effects lead to 
the scission of functional groups, the formation of free radicals, and hydrolytic reactions of the species formed. 

Second, interactions occur between the ion exchanger ami highly reactive radiolysis products in t11C surrounding 
medium. 

Investigators have proposed mechanisms for the observed radiolytk effects on synthetic organic resins, hased on 
knowledge of the radiolysis of synthetic polymers in water.2·20- 23 I Iowever, our present knowledge is inadequate to 
evaluate the reaction-rate constants of the controlling radiolytk processes or to develop useful models for radioly

sis in ion exchangers. Many radiation studies have heen confirmed hy investigations of similar types of resins of 
different origin; nevcrlheless, disagreements exist in several areas and some conclusions remain debatable. 

Research with in situ radiation sources is especially desirahle, but such experiments arc especially challenging 
because all post-irradiation measurements must he done on radioactive resin. For this reason, nearly all published 
data arc from resins exposed to external sources, such as x-ray machines, (i()Co, electron accelerators, and in a few 
cases resemch reactors. A separate section of this report discusses experiments in which modern ion exchange 
resins have been suhjected to in situ alpha particles; such studies are particularly relevant hecausc they closely 
simulate the actual processing environment. 

"Gray is the Sl unit of uhsorhcd dose. 1 Gy ::: 1 .J/kg = 100 rad. 



Properties of ion exchange resins and irradiation effects that can he quantified for comparison purposes include 
(a) radiation chemical yield or G-valuc, (h) swelling/shrinkage of thl: resin matrix, (c) weight change, (d) solubil

ity, (e) gas evolution, (f) water content and (g) formation of ionic species. These data and their original references 
arc compiled in the two reviews cited carlier.2..t 

A. Polymeric Cation Exchange Resins 

The commercial importance of polymeric cation exchangers, such as Lhc styrcne-di vinylbenzene-sulfonic acid 
resins, has focused experimental studies on this type. Studies have demonstrated that the radiation chemical 
stability of polymeric cation exchange resins depends on the degree of cross-linkage of their macromolecular 
structure. (The cross-linkage of polymeric resins is defined as the percent uivinylhenz cne used in Lhc resin prepara
tion.) 

E<u·Iy work hy Weuenncycr24 anu Cathers2:'i anu later conlrihutions by Semushin26 and Kiselcva27 are typical of 
studies that demonstrate the relationship between resin cross-linkage and radiation stability. Many other investiga
tors also have conclmlcu that higher cross-linkage increases the radiation stability of synthetic organic ion ex
change rcsins.2H :.7 However, a few exceptions to this generalization, such as those reported by Tulupov,B uo exist. 

1\ common measure of ion exchanger stability is the change in total exchange capacity as a function of radiation 
dose. Many commercial polymeric cation exchangers have hcen evaluated in this way.5 However, very few experi

mental studies of radiation-induceu chemical effects yielu quantitative data that can he cxtcndeu to an entire class 
of synthetic resins. 

Differing results from various experimental studies may partly reflect uitlerences in resin constituents. Such 
differences can stem from common impurities in the polymerization reactants. This was ucrnonstrated hy Wiley and 

coworkers34•3H·39 in their systematic compm·ison of the constituents of commercial divinylbenzene. anu of the 
radiation stabilities of various resins with known constituents. 

n. Polycondensation-Type Cation Exchange Resins 

Cation exchange resins of the polycondensation type me mnre resistant to radiation damage than arc polymeric 
resins, although their chemical, mechanical, h ·1d thermal properties arc significantly worse. This generalization is 
confirmed by experimental studies of many organic resins.2·25.4° 4H Changes in total exchange capacity, swelling, 
weight loss, gas evolution, and the appearance of new functional groups arc common to hoth types of organic 
cation exchange resins; however, a comparable uose causes less change in polycomlensation-type resins. 

Among strong-aciu type cation exchange resins containing cm·bon-sulfur bonds, chemically unstable 
phcnolsulfonic aciu-formaldehyde resin is more stahle to ionizing radiation in many aqueous solutions than arc the 
more chemically stable styrcnc-divinylhenzcnc-sulfonic acid resins. Studies show that weak-ado carboxylic acid 

resins containing carbon-carbon bonds arc more resistant to raoiation than arc strong-acid resins containing carbon
sulfur, carbon-phosphorus, or carbon-oxygen honds.42.43.45 

1\ polycondensation-typc resin hascu on salicylic add and furfural is reported to be more resistant to radiation 
than several condensation-type sulfonic acid derivatives.42 Its exchange capacity and other characteristics arc 
unchangeu after radiation doses of 2 MGy. Shigernatsu anu Oshio43 have confirmed this generalization ahout the 

relati vc radiation stability of weak-acid carboxylic a no phcnolic-hasc cation exchangers. 
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C. Anion Exchange Resins 

Polymeril' resins with quaternary ammonium groups are the most important anion exchangers in the nudear 
industry. These resins have he en the suhject of many studies during the past three decades.2•4•24•32•43•49 CJH llowcver, 
very few of these experimental studies provide useful quantitative data. 

Radiation-induced chemical changes in these resins arc characterized hy darkening of the resin, evolution of 
odorous free amincs, gas evolution, loss of exchange capacity, and degradation of the resin matrix. The resistance 
of anion exchange resins to radiation generally varies little with the basicity of the resin. Those having aromatic 
systems with conjugated honds in the functional groups arc more radiation resistant than other types of synthetic 
organic anion exchangers. 

Most polymeric anion exchangers arc hased on styrenc-divinylhenzcnc copolymers. Although this structure is 
highly resistant to radiation damage, anion exchangers that contain quaternary, tertiary, secondary, or primary 
amino groups do begin to show significant attrition at doses of ahout 0.1 MGy. Dy contrast, cation exchangers, 
hased on a styrene-uivinylbenzene copolymer, generally suffer lillie dmnage from a comparable dose. The atlrition 
of anion exchangers is usually greater in the presence of water or aqueous electrolytes than in otherwise similar 
irradiations of dry resins. 

Data for radiation effects on anion exchangers indicate that rauiation-induccd chemical changes in strong-base 
monofunctional anion exchangers follow a rather complex mechanism. There may be two types of exchange 
groups, whkh differ in their relative stability towm·ll radiation-induced chemical changes.2•56·57 These groups arc 
believed to he attached to the aromatic ring in the ortho or para positions, with the ortho groups being less stahlc 
than the para suhstituents>'i6 

Experiments suggest that quaternary-mnmonium type resins decompose primarily through deamination, which 
breaks the carbon-nitrogen honds that connect the trimethylwninc groups to the benzyl radicals.5354·57 Egm·ov and 
Novikov state in their classic work that anion exchange resins of the quatcnHu·y mnmonium type lose exchange 
capacity primm·iJy hy decomposition of the functional groups.2 These authors suggest that the decomposition 
uep�nds on the nature of the functional groups and the ionic form. 

Anion exchangers with quaternary <unmonium hase groups, when irradiated, steadily lose their strong-hase 
exchange capacity. However, some of the strong-hase groups convert to weakly hasic amino groups, which tempo
nu·ily increase the total exchange capacity of the resin.53·57 Irradiation of anion exchangers also reportedly forms 
oxidation-induced cmhoxyphcnolic ami hydroxy groups. /\s with cation exchangers, anion exchange resins with 
high cross-linkage experience less radiation tllunage .2

•24·.'\3 

Also, as with l':ttion exchangers, the salt forms of anion exchangers arc reported to he more radiation resistant. 
Although exceptions exist, the nitrate, chloride, chlorate, and sulfate forms of anion exchangers generally m·e more 
radiation resistant than the hydroxide form.2·32··H.)J.57 59 Nitrate-form resins may be more stable than the rhloriLle 
form hecause nitrate ions can scavenge hydrated electrons, whereas chloride radicals are strongly oxidizing. 

A representative study on the loss of capacity of anion exchange resins49 indicates that the ionic form and the 
environment of the resin during irradiation both influence radiation-imlucctl chemical changes. 

Several investigators characterized the radiolytic decomposition products of anion exchange resins.4954•57 62 

They measured yields of tertiary, sccond:u·y, and primary aliphatic <unines and ammonia. Irradiation of anion 
exchangers having 4uaternmy ammonium groups produces soluhlc amines and <unmonia, with trimethylamine as 
the major product; however, the yields depend in a rather complex manner on the moisture content of the resin. 

The radiation chemistry of polycondensation type resins has been less rigorously explored, and many features of 
their radiolysis remain unexplained. 



IV. POLYVINYLJlYRII>INE RESINS 

Previous radiation stahility studics4•22 have identified anion exchange resins with a pyridine functional group in 
a vinylpyridine-divinylhenzenc copolymer as more resistant to radiation than polystyrene resins. Moreover, these 
polyvinylpyridine resins have greater resistance to attack hy nitric acid, an important consideration in many nuclear 
induslry processes. 

Most conventional strong-hase anion exchange resins arc copolymers of styrene and divinylhenze1ae. Because 
styrene polymers can react violently with nitric acid under certain conditicms, such hazardous conditions must he 
stringently avoided. Potential safety hazards of using ion exchange resins in nitric acid systems have heen ad
dressed hy Calmon/'IJ some actual failures were summarized hy Miles.70 

Vinylpyridine polymers should he more resistant to nitric acid than is polystyrene. Polystyrene is susceptible to 
electrophilic aromatic suhstitution, whereas the electronegativity of nitrogen in the pyridine ring makes 
polyvinylpyridine highly resistant to such substitution. 

More than 30 years ago PermutitTM S K, a gel-type polyvinylpyridine anion exchange resin, was reported to offer 
superior sorption and desorption kinetics 71 and capacity 72 for plutonium, as well as greatly increased stahilily 
against chemkal attackn and radiolytk degratlation.·1 PermutitTM SK (no longer manulactured) is a copolymer of 
2-methyl-5-vinylpyridinc and divinylhcnzene. 

More recently, Zaillutdinov et al.74 studied the gamma-radiation resistance of anion exchange resins hased on 
epichlorohydrin and 2-vinylpyridine or 2-methyl-5-vinylpyridine, hoth dry ami immersed in water. Resins irradi
ated to 2.o MGy were compared with their unirradiated counterparts. The capacities, wet volumes, weights, and 
mechanical strengths of the irradiated resins decreased hy only a few percent in all cases, compared with a 3ocr,1 
swelling and 25% loss of strength for AN-3 1 ,  an industrial anion exchange resin without pyridine functionaJity. 

Several years ago, Reilly Imlustries of Indianapolis, a manufacturer or vinyl(l?,ridinc polymers, hegan producing 
a macroporous polyvinyl pyridine anion exchange resin. This new resin, Reillex 1M I I P<J, is a copolymer of 
l-methyl-4-vinylpyridine and di vinylbenzene. The sorption kinetics of l{cillexTM II P(J were reported to he compa
rable or superior to the hest conunercial anion exchange resin previously idcntified.75 The chemical resistance of 
RcillexTM IIPQ was evaluated hy subjecting this resin to boiling nitric acid under reflux for three hours.75 Al
though a small 4uantity of NO, fumes was ohserved, the dry weight of the resin was essentially unchanged hy this 
severe treatment. The wet resiii volume, however, increased hy ahout l()ffc •. 

The swollen resin provided faster sorption kinetics and a capacity innea\lc of nearly 20%, which indicated that 
some of the divinylhenzene cross-linking groups had cleaved.75 Such cleavage would he expected to relax the resin 
structure and allow the heads to expand, in accord with the ohserved swelliug. The more open structure of the 
expanded heads should make the interior auion exchange sites more accessihle, which would account for the 
increased capacity anti improved sorption kinetics. 

The effects of gamma radiation on RcillexTM II P() were comparell with the effects on four conventional strong
base poly���rene resins, 17 includin� .�el-type DowexTM 1 x 4 and three macroporous resins: DowTM MSA-1, 
Amberlite1 IRA-<JOO, and Lewatit1 MP-500-FK. Each resin, in 7 M nitrk acid, was irradiated with 6°Co to 
seven levels or gamma radiation ranging from I t.o I 0 MCly. All irradiated resins WL'J e measured for changes in dry 
weight, volume in 7 M nitric acid, volume in water, strong-hase ami V'eak-hase chloride exchange capacity, Pu(IV) 
exchange capacity, and thermal stability. Of the resins tested, ReillexTM I lPQ was found to he the most stahle 
against damage hy gmnma radiation, whereas l.ewatitTM M P-500-FK was the least stahle. 

The n.:sistance of ReillexTM I IP() to in Jitu alpha particles also was compared to that or five other strong-hase 
anion exchange resins. IK This study included the five resins used in the cited gamma-irradiation study plus one 
more resin, LewatitTM UMP-<J50, which replaced the discontinued LewatitTM MP-500-I·'K. Etich resin was irradi
ated in 7 M nitric acid hy sorhcll DHpu to doses of approximately 5, H, II, and 14 M< ly. The resins were measured 



for all properties cited in the preceding paragraph, except thermal �;lability. 1\s in the gamma-irradiation study, 
RcillexTM lfP(J provided the greatest stahility against alplw particles, whereas LewatitTM MP-500-I:K was the least 
stahlc of the resins tested. 

V. IN S/Tl' ALPHA-PARTICLE IRRADIATIONS 

Most investigations of the effects of rauiation on ion exrhange resins use an external source of gamma rmliation, 
generally 6°Co. Experiments that involve in situ alpha-particle irradiations are relatively rare. /\n extensive compi
lation hy Clangwer ct al.1 lists hundreds of irradiations of ion exchange resins hy a variety of external sources 
including gamma rays, x-rays, accelcrateu electrons, and spent reactor fuel. Of the cited studies, however, none 
involving anion exchange resin and only two involving cation exchange resin used in situ alpha particles. The 
investigators' preference for external somces is undcrstandahle. Because external sources leave no residual radio
activity in the resin, suhsequent measurements of the resin can he made using henchtop procedures, rather than 
requiring the complication and inconvenience of glove-hox operations. 

Despite the adued difficulty of working with in silll alpha particles, such studies arc necessary to realistkally 
simulate the radiatiou environment of ion exchangers in actiniue separation processes. 

Kazanjian and l lorrell71' compared the cfl'ects of gamma rays and alpha p:u·ticles on DowexTM SOW x 4 cation 
exchange resin. They condudetl that the ion exchange sites were similiu·Jy afferted, hut that alpha particles caused 
greater damage to the polymer matrix. 

Specht et al.77 exposed DowcxTM SOW x H cation exchange resin to dose rates of 0.025, 0.10, O.lHS MCJy per 
hour of in situ alpha p:u·tides from sorhed 2-t2( 'm, and also to gamma dose rates of 0.10 and 0.1 H5 MGy per hour 
from an operating nuclear reactor. The strong-acid capacity of the resin was decreased ahout 50% hy a 20-MGy 
dose of either alpha pm·ticlcs or gmnma radiation. This decrease was attributed to sulfonic acid functional groups 
being split off. For a given tntal dose of either alpha partides or gamma rays, the capacity loss was highest at the 
lower dose rates. 

Paraml.nova ami coworkers 7H evaluated the effects of alpha particles from sorhed plutonium on A V -23M ani�m 
exchange resin, a copolymer of 2-methyl-5-vinylpyridiue cross-linked with 7r;;, 1Jjvinylbenzene. This resin retained 
<J I r7:-, of its initial capacity after alpha-particle exposures 2.57 MC iy. Although resin weight loss was not reported, a 
dose of .1.42 MCiy delTeased the resin cross-linkage to 1.Yik 

Ahrens 79 measured the effects of alpha particles on DowexTM 1 x 4 in nitric acid, and compm·eJ his results wilh 
those of another investigator who had previously studied the cfferts of gamma radiation on that resin. The capacity 
loss caused hy 1.00 MCiy of alpha particles was less than half thai caused hy a comparahk gamma dose. 

The effects of alpha and gamma radiation were compared in a dissertation hy /\hmed.H0 Ahmed founu the 
capacity loss for sulfate-form anion exchange resin was 2 to 2.5 times greater from gamma radiation than from a 
comparahlc dose of alpha ran�des. 

MarshH 1 compared the effects of in situ alpha part ides to those of external gamma radiation on five strong-hase 
anion exchange resins: ReillexTM liP<.), a polyvinylpyriLline resin, and four conventional strong-hasc polystyrene 
resins, which included gel-type DowexTM 1 x 4 and three macroporous resins (DowTM MS /\-1, 1\mherlitcTM IRA-
1JOO, anu LewalitTM MP-500-FK). Each resin, in 7 M nitric add, was irradiated with 6°Co to seven levels of gamma 
radiation ranging from I to 10 MGy, anu also to alpha doses of S, H. II, and 14 M(ry from sorhed VHPu. (The 
alpha-irradiation study 1 H included one additional resin, LcwalitTM lJMP-950, which replaced discontinued 
LewatitTM MJ>-500-FK.) 
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All irradiated resins were measured for dwnges in dry weight, volume in 7 M nitric acid, volume in water, 
strong-hase and weak-hase chloride exchange capacities, Pu(IV) exchange capacity, and thermal stability. Of the 
tested n:sins, ReillcxTM J IPQ was the most stahle to gamma radiation and alpha particles, whereas LewatilTM MP-

500-FK was the least stable. 

All of these resins survived alpha particles better than gmnma radiation. Weight losses were substantially higher 
from gmnma radiation than from an equivalent exposure to alpha particles. A remarkable 97% of the initial weight 
of ReillexTM IIPQ resin survived even the highest alpha dose of 14.3 MGy. Plutonium(IY)-capadties of these smne 
resins from 7 M nitric add during a 15-miaute uynamic contact confirmed that all resins were significantly less 
umnaged hy alpha particles than hy a comparable dose of g:unma radiation. 

Resin uamagc from alpha partidcs was generally less than half that caused hy an equivalent dose of gamma 
rays. Much of the resin damage was attrihutcd to secondary reactions between the resin and radiolysis products of 
nitrk aciLI. This is consistent with differences in experimental conditions, wherehy a larger quantity of nitric add 
was exposed to radiation in the gamma-irradiation study .1H 

VI. CIIELATIN<; RESINS 

Myasoedova and SavvinH2 presented a comprehensive review (with 247 references) of chclating sorhents and 
their uses in analytical chemistry. Millar ct al.'n reviewed approximately 50 commelTial dwlating resins and stated, 

"� ... only a few arc in fact commercially viable. and none even approaches the original criterion (of hcing selec
tive)." Sengupta and ZhuH·t have suggested applications for several chelating polymers with nitrogen donor atoms. 
Green and I lancockH.'i studicLI pyriuyl-imH.Jazolc and pyriuyl-methyl-imidazolc resins. Eccles and ClreenwoodH6 

recently reviewed past and future applications of chelate ion exchangers. Although many chelating exchangers 
appcm· suilahlc for removing radionuditles from waste streams, relatively few ltavc hecn studied for radiation 
stahility. 

An extensive review of the action of ionizing rauiation on ion exchangers hy Egor.ov and Novikov ? puhlished 
nearly �0 years ago, devoted several pages to carhoxylk cation exchangers. These authors reported that this type of 
exchanger is cxtensi vcly damaged hy doses of less than 0.1 M(Jy. and that most carboxylic resins cannot he used at 
doses ahove 1 M(Jy. They concluded ( 1) higher cross-linkage increases the radiation stahility, (2) hyurogen-form 
resins irradiated dry or in water-swollen form exhibit diffcreut radiation stahilities, (3) resins irradiated in their salt 
forms me much more susceptible to radiation damage, and (4) phenol-formaldehyde resins, copolymers of acrylic 
add, and styrcne-DYD copolymers arc more resistant to raLliation than those based on methacrylic acid. 

More recently, Murt / 7 measured the effects of gamma radiation on carhoxylic add exchangers Zcocarh-226, 
IRC-.)0, and lndion-2�6. These resins were irradiated in the hydrogen, ammonium, and sodium forms; either air
dried, or in aqueous slurries of demineralized water or of 1: I ethanol-water mixtures. Arter 1.2 MGy , at a dose rate 
of�() Cly per minute, no major differences among the three resins were ohscrvcd. However, the resin form and the 
irradiation medium both affect the loss of exchange capacity. i"<lr dry irradiations, hydrogen-form resins arc 
generally more stahle than sodium-form resins, which in turn arc more stable than ammonium-form resins. In 
aqueous solutions, the radiation damage to hydrogen-form re.,m is similar to that of a dry irradiation (hased on very 
limited data); however. the damage to sodium- and ammonium-form resins is increased. The damage to sodium
and ammonium-fonn resins in an ethanol-water mixture is less than that incurred in water aloue. 

Pfreppcr et ai.HH studied the resistance of Wor MC 50 Chelon exchanger to 0.1 to 2 MGy of gmnma ratliation. 

When this resin, which has aminoacetic acid and iminodiacetic acid functional groups, was air-dried or immersed 
in water or I M nitric ado during the irradiations, the main reaction was decarboxylation, with a G-valuc of 13. 
Irradiations in nitric aciLl solutions of 7 M or higher concentration resulted in rapid oxidative hreakuown of the 
functional groups, in addition to radiation-induced decmhoxylation. 



Egorov and Novikov7 reviewed the status of' phosphated cation exchangers of Soviet manufacture in the mid-
I 1)(l0s. J·:Jcctron-heam inadiations of Rl; resin (with a phosphate functional group) to 2H M< iy, in water and in 
aqueous electrolytes, caused inneased swell ill!! hut little change in capacity. Irradiation of KF-1 (another phos
phate cation exchanger) to 45 M<iy in water, lactic add, and acetic add caused little change in swelling or capw:
ity. Those reviewers conduded, from limited experimental data, that resins containing phosphate functional groups 
were the most radiation-resistant resins known at that time, and could he used at doses greater than 10 MCiy. 

( iribanova et al.c,H evaluated the radiation, chemical, and mechanical stability of porous organophosphorus 
exchangers irradiated hy r'0('o in air, water, and 2 M nitric acid. The stahility of the porous phosphonic add 
exchangers was considerably higher than that ,,r nonporous exchangers. hH· resins polymerized with varying ratios 
of iso-octane and divinylhen:t.cnc, the radiation resistance increased with the degree of cross-linkage. Resins 
coutaiuing at least 10'/r. divinylbenzene and 60'1t· iso-octanc were essentially unaffected hy do11es to ttJ4 MCiy in 
any of the three irradiat iou media. 

Tulopov et ai.K'> synthesized a cation exchanger basco on the bis-2,2'-chloroethy1 ester of vinylphosphonk acid 
ami divinylhent.ene. The ester groups were saponified in one vmiation of' their study to l'onvert the arylphosphonk 
acid groups to alkylphosphonic add groups. Exposures in water to doses of 1, 2, and 3 MOy, in water. resulll.!d in 
capacity losses of 3.4. 4.1, and 5.71lt·. respectively, for the arylphosphonic acid resin; capacity losses were H.5, 
15.0, and 16.V1t,, respectively, for the alkylphosphonic acid resin. The chemical stabilities of these two resins in 
1 M or I 0 M nitric arid were comparable. 

Niknlaev amlroworkers'JO studied the effect or gamma radiation on a series of diallyJ and triallyl esters of 
phosphouic acid. These esters were diallyl phosphate, triallyl phosphate, triallyl methylphosphonate, diallyl 
butylphosphonate, diallyl isopentylphosphonate, and diallyl allylphosphonate. Each resin, sealed in a glass tube 
with disti lied water, was irradiated hy 6°Co to a total dose of 0.9 M( iy, at a dose rate of 6 Uy per second. After the 
irradiations. the experimenters measured changes in exchange capacity for sodium and uranyl ion, and resin 
swelling in water and ethanol. All resins cxl·ept the diallyl phosphate gained capacity for sodium, whereas all resins 
lost capacity for tJ(VI). Resin swelling decreased in water ami in ethanol. The decreased swelling and decreased 
capacity for the large uranyl ion were both attributed to a radiation-induceu increase in cross-linkage of all resins. 
Moreover, these investigators proposed that the sorption mechanism was changed as a result of irradiation. 

VII. MULTIFUNCTIONAL RESINS 

Soviet researchers have prepared multifunctiPnal anion exchangers from either tetraglyciuyl-4,4'-thiotlianiline or 
tetraglyddyl-4,4'-oxydianiline. combinrd with polyethylcnepolyamine or polyethyleneiminc.'JI The radiation 
stability of these exchangers depends on the moisture content, rather than the hasidty of the amine groups. Electron 
irrauiation of tetraglycidyl-4,4'-thiodianilinc:polyethylcnepoly;unine to 1.1J MCiy caused a capacity loss of ::\1Jf;7,, 

when the exchanger contained 51.2c:1, water, whereas the loss was only I 1J.4"/c. when the water content was 1 � .:1%. 

Kiselcva and coworkers'>2 studieu vinylpyridine-carhoxylic acid ampholyte VPK. whose functional group is 
picolinic add. The properties of VPK depeutl on the meuium; in alkaline solutions it is a cation exchanger, whereas 
in add solutions the protonated nitrogen behaves as an anion exchanger. In 11eutral and weak add solutions the 
predominant intnunolccuJ:u· salt form exhibits a weak swelling that inlluences radiolysis. 

The principal radiolytic degradation processes for VPK resin arc decarboxylation, rupture of cross links, anu 
oxidation of the resin.10 Sodium nitrate protects the VPK macromolcculm skeleton against radiation damage, hut 
increases the Ci value for decomposing the c:u·hoxylic acid from 1.2 to 2.0. 



In another study, Tabakova et al.93 used VPK resin loaded with Sr(II), Pr(JII), or U02(II). The VPK was irradi
ated in water to doses of 2 to 10 MGy with 6°Co. No metal ions were released into solution during any of these 
irradiations. Metal complexes appeared to protect the carboxyl groups against decomposition, but increased the 
rupture of cross-links. VPK resin that was completely saturated with metal ions lost no exchange groups in the dose 
range of 2 to 6 MGy. Distribution coefficients for Sr(II) on irradiated VPK consistently decreased;94 however, 
distribution coefficients for Pr(III) increased when VPK was irradiated in acetate buffer, but decreased when VPK 
was irradiated in acetate buffer that also contained sodium nitrate. 

The difference in the radiolytic stability of VPK, with or without sorbed Sr(II), was explained in terms of 
electron density. In an mnpholyte completely loaded with Sr(II), the electron density is similar to that of benzene 
because the complex involves not only the carboxylic acid group, but also by a slight withdrawal of electrons from 
the nitrogen. This shift of electron density in the ampholyte increases the reactivity of the radiolysis products with 
the Jess stable cross-links and heterocycles of tJlC VPK, while it suppresses their reactivity with the carboxylic acid 
group.95 A separate study with Ni(II) concluded that the resistance to radiation damage of VPK complexes is in the 
order Ni(II) > U0/11) > Pr(III) > Sr(II)_96 

Other interesting multifunctional resins have been prepared and tested with various metal ions. Unfortunately, 
the radiation stabilities of these resins have not yet been evaluated. Because some of these arc especially attracti vc 
candidates for radionuclidc removal, however, we will discuss a few of them. We strongly encourage the develop
ers of these sorbents or other investigators to determine their radiation stabilities. 

Alcxandratos and coworkers97 synthesized and tested a series of dual-mechanism bifunctional polymers 
(DMBPs). ·rhcse DMBPs have a hydrophilic cation-exchange ligand that provides access into the polymer network, 
coupled to another ligand whose reactivity determines the observed specificity. The second ligand provides a 
recognition mechanism based on reduction, coordination, or precipitation. 

Alcxandratos ct a1.9H developed a bifunctional phosphinic acid resin specifically for lantl1anides and actinides. 
More recently, Alexandratos ct al. synthesized a trifunctional resin known as Diphonix, which has two phosphonic 
acid groups chemically bonded to a single carbon atom, and also has sulfonic acid and carboxylic acid functional 
groups in its styrenic-based polymer matrix. Although its radiation stability has not yet been determined, this resin 
has been proposed by its developers as a sorbent for actinides and other radionuclidcsYlJ 

VIII. INORGANIC ION EXCHANGERS 

The term "inorganic ion exchanger" was first used by Amphlctt, who published the earliest surveys of these 
materials. 100•101 Vcsley and Pekarek later prepared an exhaustive review of inorganic ion exchangers (with 869 
references) for tl1e period 1965-1970.102• 103 Clearfield 104 and Qureshi and Varshncy 105 also compiled extensive 
reviews of inorganic exchangers and their applications. Because the composition and degree of crystallinity of 
these mmerials greatly affect their sorption properties, their preparation is still being studied.104 

The number of natural and synthetic materials classified as inorganic ion exchangers has increased greatly 
during the past four decades. I lowever, because inorganic ion exchange is accompanied hy other phenomena such 
as molecular sieving, physical adsorption, and precipitation, the exact scope of the term "inorganic ion exchanger" 
js difficult to define. 

For much of the past 50 years, inorganic ion exchangers have been proposed for sorbing radionuclidcs, based on 
claims of higher mechanical strength and better resistance to heat, radiation, and oxidation than organic polymers. 
Many of these claims should be viewed with caution, however, because they �ue not always supported by published 
studies. Another advantagt; claimed for inorganic exchangers is that some can be directly incorporated into the 
glass or ceramic materials proposed for long-term storage or radioactive waste. 
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Of t11e many publications about inorganic ion exchangers, relatively few address radiation stability .104 Among 
those tlmt do, many omit U1e irradiation medium and ot11er important experimental conditions. Because the applica
tions of inorganic ion exchangers in nuclem processing operations have been limited, systematic examination of the 
effects of radiation on tJ1ese exchangers also have been few.106--112 

Hooper113 discussed the broad classes of inorganic ion exchangers: natural inorganic exchangers, synthetic 
zeolites, oxides and hydrous oxides, acidic salts of multi valent metals, and cyanoferrates. Hooper et al.114 then 
reviewed the published literature on inorganic exchangers in an excellent 121-page survey with 316 references. 
Based on U1is review, hydrous titanium oxide, manganese dioxide, titanium and zirconium phosphates, 
polyantimonic acid, and copper hexacyanoferrate were selected for experimental evaluation. 

The efrects of gamma radiation on these six sorbents were determined for exposures to 1 0  MGy.115 These 
exchangers generally showed high resistance to iJTadiation to this maximum dose. Manganese dioxide and copper 
hexacyanofcrrate were unaffected by irradiation, whereas polyantimonic acid showed decreasing performance with 
increasing dose. The performance of zirconium phosphate, titanium phosphate, and titanium oxide decreased up to 
a total dose of 2.19 MGy, but then appeared to recover at higher doses. Hydrous titanium oxide was the most 
affected hy radiation; moreover, the effects differed for the sorption of different radionuclides, suggesting that the 
dmnage mechanism involved a loss of exchange sites resulting from the loss of hydrated water. 

Hydrous titanium oxide was irradiated in its hydrogen and sodium forms hy Inoue and Tsuj i.116 Because they 
used a low-intensity source of gamma rays. it took l.S yems to attain the full exposure of 5.2 MGy. The capacity of 
the hydrogen-form exchanger decreased to ahout half its inithl value in l .S years, whether it was irradiated or not, 
which indicates that the change was due to aging. The capacity of the sodium-form exchanger was unchanged after 
an identical l .S-year irradiation. 

Sodium titanate, reported to he selective for strontium, was shown to he highly resistant to gmnma radiation.117 
Essentially no change was observed in its structure or specil'ic surface area after exposure to 10 MGy from 60Co. 
I lowever, Kenna 108 reported a SO% decrease in the strontium capacity of sodium titanate synthesized at Sandia 
National Laboratories after a gmnma dose of 20 MGy. 

Dosch 10 6  studied the properties of titanate. niohate, and tantalate salts. The capacity of sodium titanate powder 
for strontium remained unchanged to gamma doses of 0.3 MGy (from 6°Co), hut decreased to SO% of its initial 
capacity after 20 MGy. This capacity loss was attributed to heating during the irradiation. When sodium titanate 
was incorporated into an organic polymer resin, however, its capacity remained unchanged to S MGy, hut de
creased to 30% of its initial capacity after 20 MCiy. Anion exchange resins loaded with sodium niobate or sodium 
tantalate exhibited comp;u·ahle sorption properties for strontium, hut greater stabilities in acids. These improve
ments, however, were not considered sufficient to justify the higher preparation costs of the niohate and tantalate 
salts. 

Dyer and J<unil11H tested six inorganic anion exchangers: hydrated zirconium oxide, ferric ferrocyanille, hy· 
drated titanium oxioe, hydrated aluminum oxide, lead sulfide, and mercarhide [(C I Ig/))

11
11+(N03)11n ], as prepared 

hy Weiss and Weiss. 119 These anion exchangers were irradiated, both wet and dr;, to a total dose of I MGy. The 
mercarbide and lead sult'ide, when irradiated wet, showed a significant increase in ,;_:apacity for pertechnetate, 
whereas the other exchangers lost essentially all of their anion exchange capacity. Dyer et al.120 inserted 
phosphorus(V) into an aluminosilicate zeolite to convert it from a cation exchanger to an anion exchanger; how
ever, the radiation stahility of this material was not tested. 

Murthy et al.121 studied ammonium phosphomolyhdate, polyantimonic acid, manganese dioxide, and zirconium 
antimonate for sorhing cesium. strontium, cerium, and sodium. respectively. in an unspecified acid from 0.2 to 1 0  
M. Measurements before and after gamma irradiations o f  approximately 1 MGy showed almost no change in 
capacities and only slight changes in distrihution coefficients. 
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The e x change capaci t y  and e lu t i on hehavior of zircon i u m  arse nophosphatc 1 22 and anHmony(V)  s i l i ca tc 1 23 arc 
h igh l y  res i s tant  to gwnma doses of 1 to 3 MCi y . Thoriu m  phosphosi l icatc  was onl y  s l i gh t l y  affected by s imi lar 
i rrad ia t ion s . 1 24 The exchange c apaci t ies  of stan n ic  fcrrocyani de ,  zirconium ferrocyanidc,  eerie an t imonatc , t i t an i um 
ant i rnon ate ,  and eerie t u ngsta te  were essent ial l y  u n changed hy a gmn ma dose of 1 0  MGy ,  a l thou g h  Dowex 50W x 8 

and Amhcrli te I R- 1 20 lost 2 5 %  of t he ir capac i t y  d uring s imi lar i rradi at ion s . 1 25 

When Zr( I V ) ,  S n( I V ) ,  and Cr( l l l )  an t imonates were e x posed to 9 M G y  of gmnma radia t ion from a shut-down 
n uclear reac tor, h owe v er,  the i r  e xc hange c apac i t i e s  decreased hy 36.6%, 1 6 . 8 % ,  and 3 1 . 2 % ,  respc c t i vel y . 1 09 

I n  another s t udy hy di fferen t  i nvest igators ,  1 1 1  z irconium phosphate,  ceriu m  phosphate,  and ceri um arse nate were 
i rradiated to 1 0  M Gy i n  a n ucl ear reactor core s i x  days a fter sh u t -dow n .  No change i n  the s tructure of crys tal l i ne 
z ircon i u m  phosphate was observed ; the s truc t ure ami other propert ies of cerium arsenate changed,  and t he crys tal 

la t t ice  of cerium phosphate was complete l y  dest royed, causing the m aterial  to hecome amorphous .  The d ifference 
het ween gcun ma irrad ia t ions from 6°Co and t hose i n  a shu �-down reactor were a t tri h uted t o  the presence of n e u trons  

i n  the l at ter case . 

A l !Jwu g h  ne u trons arc prod uced hy (a, n) reac t ions and by spontaneous fiss ion even i n  a s h u t -down reactor, we 
q ues t ion whether  the ne u tron fl uencc e x pla ins  the reported d i fferences . S pecht  c t  a l . 7 7  u sed an operat i n g  nuc lear 
reacto r  as a source of h i gh- in tensi t y  gamma radia t ion and conc l u ded that the  fas t  neu tro n  n u x ,  e v e n  i n  an operat ing  

reac tor, was  neg l i g i h l e  for the  t wo reac tor pos i t i ons that  he use d .  

The h igh sc lec t i  v i ty  a n d  res i stance to rad io lv t ic  degradat ion o f  certain na tural zeol i tes  h a v e  made them q u i te 

useful  for t he separat ion and purificat ion of 1 3 1
C s  and 90Sr from the m i l l i ons of gal lons o f  h i g h l y  rad ioac t i ve waste 

st ored on t he H anford reservat ion i n  Was h i n g ton statc . 1 26 The deve lopme n t  of synthet ic  zeol i tes hy the Un ion 
Cm·hide Corporat ion in 1 'J65 and the J iu·ge-scalc m anufact ure of these materials led to the separat ion and puri fica

t ion of 1 3 7Cs and 90Sr at  H anford , using synthet ic  Zcolon-CJOO, c l i nopt i lol i t c ,  and Decalso.  S y n the t ic  zeol i tes were 
also used to immobi l ize  these rad i onuc l ides d uri n g  sh i pment from H anford to o ther parts of the country . 1 2 7- 1 29 

I3 ccause of i n herent  d i tTicu l t ic s  in s t uu y i n g  rad iat ion at high dose rates and very h igh to ta l  doses,  h i gh -dose 
e ffec ts  arc oft e n  e x t rapolated from low cr-uose c tlec ts . t . : w  Zeol i tes ,  being i norganic crys tal l ine  m ateri als ,  were 
assumed to have a high resis t ance to rmlia t ion u n t i l  I 9 6 1 ,  when Ful lerton u 1 p u b l ished the firs t  s t udy of the e ffects  
of  gamma rau iat ion on cl inopt i l o l i t e .  A l thou g h  e x perimental  l im i tat ions al loweu o n l y  changes  i n  the basic crystal
l ine struc t u re to he e x amined,  the cal c i um dis tri b u t ion coeffic i e n t  decreased hy 40% ,  and sod i um dis tr ibut ion also 

changed s i gn ificant l y .  

Fe w sys tema t i c  s tudies  o f  t h e  e ffec ts o f  radia t ion o n  zeol i te were done before 1 979 .  A ft er t h e  Three M il e  I sland

I I  ( TM I - 2) acci dent  on Mm·ch 2 X ,  I CJ 7 (J ,  numerou s studies were performed u s i n g  commerc ia l ly  a va i lable s yn t h e t ic 

zeol i tes .  I n  one s uch s t udy,  W al lace and I3 i hler 1 32 measured the effec ts of h igh dose rates  and h igh total doses on 

Ion S i vTM I E-95 ,  pre v iously cal led Linde A W -500.  They claimed that  h igh doses of gmn m a  radia t ion from 6°Co 

had l i t t le  e ffect on tl1c crystal s truct ure of Ion S i vTM I E -95 and that t he d is tr ib u t ion coe ffic ie n t  for ces i u m  remained 

u n d i m i n i shed a fter total e xposure s  of more t han 1 00 MGy. r :n This is at  odds  w it h  systemat i c  s tudies  by Pala u , 1 1 2 

who reported d ecreased ces i u m  e xchange capaci t y  of I on S i vTM I E-9 .'i a bo ve total  doses of 50 MGy .  

Komare n i  e l  a l . 1 3 3 reported t h a t  e x posure o f  I on S i vTM I E - CJ 5  and i t s  analog ues t o  h i gh doses of gamma rad ia t ion 
caused a s l i gh t  i ncrease in  the desorpt ion of ces i u m  and sod i u m  from the zeol i t e  and a measurab le  i ncrease in t he 

l eachab i l i t y  of the pol l uc i le .  H owever, a related s t udy hy Rei l l y ,  c t  al . ,  1 34 of zeoli t e s  recovered from t he damaged 

TM I-2  reactor, repor ted no e v idence of radiat ion effects  on the crys t al s truct ure or ces i u m  e x change capac i t y ,  e ven 

aft er in situ exposures of I 00 MG y .  The ob v ious  u iscre pancies among these res u l t s  me at tri h u t ablc  to  the i nh eren t  

d iffi cu l t ie s  o f  measuri ng dose and rau iat ion e ffec ts  a t  h igh exposure s .  
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IX.  LIQUID ION EXCHANGERS 

Liq u id ion exchange i s  a special case of sol vent  e x tract ion,  in wh ich t he sol ute i s  se l ec t i v e l y  transferred between 
t wo i mm isc ib le  phases. Whereas solvent  c x t rac t �on i n vol ves the  format ion o f  a neu tral  spec ies (e i ther a chelate or 
an  ion pair ) ,  l i q u id ion e xchange invol ves only ion pairs . L'\.� Liq u id anion exchangers arc based o n  h i g h -molecu lar
weight primary,  secondary,  and tert iary am i ncs ,  a n d  on q uaternary ammoni u m  sa l t s .  Liq u id cat i o n  exchangers 
i nc l ude organ ic compou nds w i t h  s u l fonic,  c •u·bo x y l il: ,  pho s phoric,  1 1hosphon i c ,  or phosphorous ac id g roups . 1 36 

A l though t h e  fun c t ional groups of some of these cat ion exchangers m ay a lso  be considered as che la t ing  agents  
because they c oord i nate d irec t ly to the  m e t al ion ,  t he compounds arc commonly  c lass ified as l iq u i d  ion  exchangers . 
Overlap c lear l y  e xi s t s  be t ween the  l i q u id ion e xchangers and c h c lat i n g  resin s .  I n  t h i s  rev ie w ,  we u sc ass ignments  
tha t  re tlect  common pract ice ,  as w e l l  as whether t he exchange r i s  l iq u i d  or so l i d .  

M echa n i s m s  i n vo l v i n g  l iq u i d  i on exchangers ge nera l l y  resemble  t h o s e  of i o n  exchange res ins .  I lowe ver, because 
l iq u i d  ion exchangers req u i re no polymer b ackbone , they o ften perm i t  h i gher concentra t ions of the fun c tional 
group,  w h ich provide h i g her capac i t i e s .  The l iq u id state of the exchanger a lso s i m pl i fi e s  the des i g n  of cou n tercur
ren t  processe s .  

M oreo ver, t h e  conce n trat i on o f  fun c t i o n al g ro u p s  i n  a l i 4 u i d  e xcha n ger c a n  eas i l y  he modi fi e d  b y  d i l u t ion,  which 
i s  not feas ih le  w i t h  a cross- l inked po lymer res i n .  Li4uid  e xchangers a lso offer greater selec t iv i t y ,  fas t e r  e xchange 
k i ne t ics,  and more t o lerance for suspended sol ids ,  t han do pol y meric e x chan gers . D ?  

L i q u i d  ion e x c h angers have many prove n app l i ca t ions i n  inorgan ic  analys i s . 1 3H B e ca u se l i4 u i d  ion e x changers 
have also bee n u se d  e x t e n s i ve l y  for n uclear  mater i a l s  process i n g .  the radiat i on s t ab i l i t i e s  of many of t hese com
pounds have heen i n ve s t igate d .  

Contar ini e t  a l . D'J s t u d ied t h e  e x trac t ion o f  u ran i um,  p l u toni u m ,  a n d  fi ss ion prod ucts  b y  A l i q u a t - 3 3 6 ,  after 
e x posure to 0 . 24 ,  0 . 3 8 ,  and 0 . 57 MGy of  g cunma radiat ion . Al though l o w  ex posu res genera l l y  decreased the 
e x t ract ions ,  h i gher  e x pos ures increased the ex tra c t ions .  A l thoug h  hack - e x tract ion o f  fis s ion prod ucts  was re la t ive ly 
unallected b y  gamma e x pos u re ,  hack-ext rac t ion of p l u ton i um became more d iffi c u l t  as  t h e  dose i ncre a sed . The 
ui tlc rence he t ween these res u l t s and those of  pre v ious  st u d ies  w as at t ri h u ted t o  the  fac t that  these researchers 
i rrad iated the A l iq uo t - 3 3 6  in  contac t with n i tric ac i d .  

Tri lau ry lamine ,  i n  con tact w i t h  n i t ri c  ac id sol u t ions t h a t  con tained 2 m g  o f  P u ( I V )  per  m l , was i rradi ated w i th 
r'°Co to d oses of 1 0  k(Jy and 20 kOy . 1 40 The corre lat ion between the q u an t i t y  o f  une x tracte d  p l u t o n i u m  in the 
a4ueous phase and the gamma dose w as a t t ribu te d  to the for ma t ion of s t ron g  aqueou s-so l uble  comple xes  of p l u to
nium w i t h  u n ident i fied rad i o l y s i s  prod ucts . 

The T R A M EX p rocess ,  Jeveloped at Oak R iJ g e  Nat i onal Laboratory ,  sel ect i ve l y  ex t racts  tri val e n t  ac t i n ides 
from con ce n t ra ted l i th i u m  ch l or ide  sol u t i o n  i n to J\ lam i n e - 3 36 i n  d i - i sopropy l henzene . 1 4 1  Nei ther the e x trac t ion and 
s t rip p i n g  of c ur i u m ,  nor the phys ica l  behav ior of  t he process were impaired by a radia t ion  dose rate of I 0 W / l i ter 
and a to ta l  e x posure of  I 00 W -hr/l i ter . 1 42 The o n l y  unde s i rable e ffec t ,  a loss of h ydroch loric  ac id (CJ = 1.4 ) , w as 
e l iminated hy add i n g  of 1 0  v o l u me percent  methanol , aft e r  which the solu t ion was s tahle  to a dose ra t e  of I R  W/ 
l i ter for 25 days . 

Tachi m ori  and coworkers s tud ied the radiolys i s  prod u c ts of d i - ( 2 -e t h ylhe x y l )  phosphoric ac i d  ( DE I I PA )  and 
the i r  effects on t he e x t rac t ion o f  lanthanid e s 1 4� and amer i c i u m . 1 44 I n  both c ases ,  the i n i t ia l  increase i n  e x trac t ion 
was a t t r i buted to the  format ion of mono- (2-c thy lhexyl )phosphoric ac id (M E I I PA ), and t he s u bsequent decre as e  to 
the decompos i t i on of the D E H PA and M E I I PA to phosphoric ac id, wh ich forms nonc x t ractahle com pJcxes  w i th 
t hese tr i vale n t  cat ions . 
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Tachimori et a1 . 1 45 also studied the e ffects of radiati on on the separation of lanthanides and transpluto n i u m  
cleme nts i n  the TALS PEAK process. TA LS PE A K  pre fere ntially extracts lanthanides into DE I IPA while the 
trivale nt actinides remai n  in an alj u eous phase of lacti c  acid and dicthylen ctri cuninepe ntaacctic acid (DTPA). 
Irradiation was fou nd to increase the extracti on h ut to decrease the separation factor, due to radiolytic decomposi
tion of DTPA and fonnati on of MEIIPA . The presence of lactate, which suppressed the degradation of DTPA and 
DEli PA,  allowed the syste m to operate successfully to an ahsorhcd dose up to 200 W-hr/l iter .  Bond and Leuze14r) 
also ohserved ME I IPA as a radiolysis product of DEI IPA, hut found that this impurity favors the aq u eous phase , 
which provides for "self-cleaning "  of MEI IPA i n  an operating TALSPEAK process. 

Tachimori ami Nakmn u ra147 llescrihed general  considerations and calculations i nvolved in esti mating the 
ahsorhed dose for organic e xtractants heing considered for partiti on i n g  acti nides and fission products from high
level liqu id waste . 

The radiolysis of D E I IPA-ccu·hon te trachlori de m i xtures was studied in the presence and abse nce of aq u eous 
solutions.14H The decomposition o f  DEI IP 1\ was enhanced hy the presence of carhon tetrachloride. The yield of 
hydrogen chloride was i ncreased hy contact with aqueous solution , and i ncreased eve n more when the two phases 
were sti rred duri n g  i rradiation.  Corros i on of stai nless steel hy the radiolytic hydrogen chloride was reported. 

The e ffects of gamma radiation on the e xtraction of Am (I  II) hy several dialkyphosphoric and monophosphoric 
acids were studied and comparell.149 D i (hexoxyethyl) phosphoric acid (Dl loEP/\) ,  the strongest e xtractant, was the 
most susccpt i hlc to radiation. The radiation stahility of di-(isodecyl) phosphoric acid (DIDPA), which e xtracts 
lanthanides more strongly from acid sol ution than docs DEI I PA, is nearly eq ual to that of D E I IPA. Although 
DEI IPA was the weakest Am(lll) extractant, it  was the most stahlc to radiation . MEJ IPA was highly suscepti hlc to 
radiolytic deg radation ami was also che mically unstable. Radi olytic degradation o f  D IDPA, D l l oEPA, and ME H PA 
was increased hy contact with n i tric aci d  during gamma i rradiation . 

X. G ENERAL 

R eliable partitioning agents a nd technolog ies arc needed to ren1cdiatc the large q u antities of hazardous waste 
stored in u ndergro u n tl tanks at the I Ianford Reservation i n  Washington State. To address this  need, a screening 
study at Los Almnos National Lahoratory 1 50 m easu red the distrihut ion of 14 clements on 60 d ifferent ahsorhers 
from sim ulant solutions that represented arid-dissolved sludge and alkaline supernate from Han ford High- Level 
Waste Tank I 02-S Y .  The selected cle me nts represented fission products (Cc,  Cs, Sr, Tc, and Y ) ;  actinides (U,  Pu , 
and Am); and matrix clements (Cr, Co,  Fe , M n ,  Z n ,  and Zr). The ahsorhers i nclu ded cation and anion e x change 
res i ns, inorganic exchan gers, composite ahsorhers, and a series of liq u id c xtractants sor hcd on porous  heads. 

B ecause the effect of radiation is an important factor when selecting mater ials to process radi oactive waste 
solutions, the e ffects of radiation on the most promisi ng  absorbers identi fied hy the Los Alamos study 1 )0 should be 
measured, when such i n formation is n ot already av:! ilahlc. 
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