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Extraction chromatography provides a simple and effective method for 
the analytical and preparative-scale separation of a variety of metal 
ions. Recent advances in extractant design, particularly the 
development of extractants capable of metal ion recognition or of 
strong complex formation in highly acidic media, have significantly 
improved the utility of the technique. Advances in support design, 
most notably the introduction of functionalized supports to enhance 
metal ion retention, promise to yield further improvements. Column 
instability remains a significant obstacle, however, to the process-scale 
application of extraction chromatography. 

Extraction chromatography (EXC) is a type of liquid-liquid chromatography that 

couples the selectivity of solvent extraction ( I )  with the multistage character of a 
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chromatographic process and the ease of handling associated with ion-exchange 

resins (2). Typically, extraction chromatographic materials are prepared by simple 

immobilization (i.e., adsorption) of an organic extractant onto any of a wide variety of 

inorganic (e&, alumina, silica) or organic (e.& cellulose, styrene-divinylbenzene 

copolymers) supports. In contrast to ordinary partition chromatography, in which the 

partitioning solute undergoes little, if any, chemical change, the sorption of a metal 

ion in EXC involves the complex chemical changes associated with the donversion of 

;I hydrated metal ion into a neutral organophilic metal complex, just as in liquid-liquid 

extraction. This conversion often involves a number of interactions and equilibria, 

manipulation of which affords opportunities for the design of systems capable of the 

efficient and selective separations of a variety of metal ions (3). 

Since its introduction by Siekierski in 1959 (4). extraction chromatography has 

been studied extensively, and a number of reviews (5,6) and monographs (7) have 

appeared summarizing various aspects of the technique. In this chapter, we examine 

recent progress in this field, with particular emphasis on work directed at improving 

the performance of extraction chromatographic materials and broadening their range 

of applications. 

Background 

Conventional extraction chromatographic materials are prepared by the physical 

impregnation of an inert substrate with either an undiluted extractant or a solution of 

the extractant in an appropriate diluent. This impregnation can be accomplished by 

any of a variety of techniques (5-7). Most commonly, a porous support material is 

contacted with a solution of the extractant or of an extractant-diluent mixture in a 

volatile solvent, and the solvent slowly removed by evaporation under vacuum. 

Alternatively, the support is contacted with a solution of the extractant in a mixture of 

an organic solvent and water, the support separated from the soiutidn by filtration, 

and the excess organic solvent removed by water washing. For very hydrophobic 
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extractants, the most satisfactory results (Le., homogeneous impregnation of the 

support) have been obtained by contacting a solution of the extractant in a 

precalculated amount of solvent with a support until all of the liquid has been 

absorbed. Because none of these methods is particularly well-suited to the 

preparation of large quantities of EXC materials, procedures have been *devised by 

which the extractant can be incorporated directly into the support during its 

preparation. The Levextrel resins (8,9), for example, are macroporous styrene- 

divinylbenzene copolymers containing an extractant added to the mixture of 

monomers during the polymerization process. By appropriate choice of reaction 

conditions, the amount of extractant incorporated, the extent of cross linking of the 

polymer, and other resin characteristics (e.g., porosity, surface area) can be varied as 

desired (10). Although in principle this approach could be applied with any 

extractant, in actual practice, only certain types of extractants (e.g., neutral 

organophosphorus extractants, aliphatic amines) have appropriate physical and 

chemical properties (e.g., viscosity, solubility, acidity) for inclusion, as the 

polymerization process is affected by the extractant properties (9). 

Regardless of the method by which an EXC material is prepared, the 

immobilization of the extractant on the support is the result of physical interactions, 

not covalent bond formation between the extractant and the support. For certain EXC 

materials, most notably those employing a polymeric support, the nature of these 

interactions have been the subject of considerable interest. In a recent series of 

studies by Cortina et al. (11-13), for example, the adsorption of various acidic 

organophosphorus extractants (e.g., di-(2-ethylhexyl)phosphoric acid, HDEHP) on 

Amberlite XAD-2 (a non-polar macroporous styrenic polymer) was examined using 

FT IR. Comparison of the infrared spectrum of supported HDEHP to that of the free 

extractant in carbon tetrachloride showed that adsorption is accompanied by only 

small shifts in both the phosphoryl (P=O) and P-0-C stretching bands of the 

extractant and in the various stretching frequencies (e.g., normal modes*of methyl and 

methylene units) associated with Amberlite XAD-2. This indicates that the 
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interaction between the extractant and support is quite weak, consisting of only the 

attractive forces between alkyl chains andor aromatic rings of the ligand and those of 

the support. Much the same can be said of the interactions of other extractants 

studied with the same or related supports (e.g., polyesters) (13-15). Thus, in most 

instances, the immobilization of an extractant on a support is the result of a 

combination of weak adsorption andor physical entrapment of the extractant. 

Given the absence of significant interactions between the extractant and support 

in conventional EXC materials, the complexation properties of a supported extractant 

would be expected to closely parallel those of the same extractant in a liquid-liquid 

system. In fact, qualitatively, this is what is generally observed. Recently, the 

behavior of several extractants supported on various substrates has been examined 

quantitatively by treating EXC materials as an extractant homogeneously dispersed in 

a solid matrix and applying equilibrium models developed originally for liquid-liquid 

systerps in which an extractant is homogeneously dispersed in an organic solvent. 

Kimura (16), for example, studied the uptake of Th(IV) and U(V1) by tri-n-butyl 

phosphate (TBP)-loaded Amberlite XAD4, a high surface area macroporous styrene- 

divinylbenzene copolymer. Measurements of the extractant, acid, and nitrate 

dependencies of the sorption of the two cations by the resin were found to be 

consistent with the extraction of Th(N03)42TBP and U02(N03h.2TBP, 

respectively, in agreement with solvent extraction data. In effect then, XAD-4 

functions as an inert diluent for the TBP (16). In more recent work, Cortina et al. (12) 

examined the sorption of Zn(lI), Cu(II), and Cd(II) from nitrate solutions by HDEHP- 

loaded Amberlite XAD-2. Treatment of the pH and extractant dependence of log D 

(where D is defined as [MIresin/[Mlaq) using Letagrop-distr indicated that the nature 

of the metal species extracted is somewhat different than that reported for extraction 

of the same metals into toluene (Zn) (17) or paraffinic hydrocarbons (Cu. Cd) (18- 

2 4 ,  with the extracted species in the EXC system typically less solvated than in the 

organic solvents. In addition, it was observed that the extractant, which exists largely 

as a dimer in non-polar solvents, is less associated in the support. Also, it was found 



5 

that while the extractability of zinc, copper, and cadmium into organic solvents by 

HDEHP follows the order Zn > Cu > Cd, for the supported reagent, cadmium 

extraction exceeds that of copper. Other recent work by Strikovsky et al. (22), which 

examined copper extraction by the sulfur analog of HDEHP, di(2- 

ethylhexy1)dithiophosphoric acid (DEHTPA), supported on Amberlite XAD-2, 

however, found that the extraction equilibridconstant correspond well with liquid- 

liquid extraction results in n-heptane. Taken together, the results of these and other 

related studies (23) suggest that for many EXC materials, quantitative predictions of 

metal ion retention properties from liquid-liquid extraction data are feasible. 

Nonetheless, in certain instances, even a relatively inert support can have 

unanticipated effects on the physicochemical properties of an extractant. 

Many aspects of the performance of an extraction chromatographic resin are not 

readily predictable from liquid-liquid extraction data, as far more factors are involved 

in a dynamic chromatographic process than in batch (Le.. static) liquid-liquid 

extraction (24). The performance of an extraction chromatographic material is 

normally defined in terms of seven parameters: retention, selectivity, efficiency, 

capacity, stability (physical and chemical), ease of regeneration, and 

reproducibility/repeatability. Like retention, the selectivity of a given EXC material 

is governed primarily by the nature of the extractant and the composition of the 

mobile phase. The selectivity of a given chromatographic system can, however, also 

be altered by the presence of macrolevels of retained elements, by impurities in the 

extractant, and by the presence of active sites on the support material. 

As with all chromatographic processes, column efficiency is of considerable 

importance in EXC, since excessive band spreading (ie., poor column efficiency) can 

render the separation of two metals difficult or impossible. even if the extractant 

comprising the stationary phase exhibits very high selectivity for one of the ions. 

Column efficiency is generally expressed in terms of height equivalent to a theoretical 

plate (HETP) or simply, plate height (H), and is a complex function 6f a number of 

system characteristics. In EXC systems, efficiency is determined primarily by three 
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factors: flow phenomena, diffusion in the stationary phase, and extraction kinetics 

(25). The contribution to the plate height due to flow phenomena is given by the 

following equation: 

/ \ - I  

where hi and Wi are parameters related to the bed structure and velocity inequalities of 

the mobile phase in the interstitial space, d, is the diameter of the support particle, 

DM is the diffusion coefficient of the ion in the mobile phase, and V is the interstitial 

mobile phase velocity. The contribution to the plate height arising from stationary 

phase diffusion is given by equation 2: 

k' d2v H = q o  ~ 0 L 
(I+k')* Ds 

where q is a configuration factor which depends on the shape,of the stationary phase, 

k' is the capacity factor (the number of free column volumes to the peak maximum), 

dl is the depth of the stationary phase, and Ds is the diffusion coefficient of the metal 

ion-extractant complex in the stationary phase. Finally, the band spreading resulting 

from extraction kinetics is given by the equation: 

V 
0 -  

2k' H =  
(1 + I c ' ) ~  koa (3) 

where koa is the first-order rate constant for the extraction of the solute ion from the 

stationary phase into the mobile phase. The relative contributions of each of these 

three factors to column efficiency depends on the specific chemical system, the 

particle size and porosity of the support, the operating temperature, the extractant 

loading, and the mobile phase flow velocity. The predominant factor for a particular 
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EXC system can be determined by measuring the plate height as a function of mobile 

phase flow velocity for materials of various particle sizes and extractant loadings at 

several temperatures (25). This type of study, although essential in obtaining a full 

understanding of the parameters governing band broadening in a given EXC system, 

has only rarely been carried out. 

Since extraction chromatography has most frequently been applied in analytical- 

scale separations (vide infra), the capacity of EXC materials has typically been 

regarded as being of secondary importance. In preparative or process-scale 

applications, however, capacity can become an important consideration. The 

maximum capacity of an EXC material for a particular metal ion will depend on the 

total amount of extractant that can be loaded onto the support. This, in turn, is 

dependent on the nature of the support. ' Clearly, to maintain a given capacity, the 

extractant loaded onto the support must be satisfactorily retained; that is, the EXC 

material must exhibit adequate physical stability. Given the absence of strong 

interactions between the extractant and the support in a typical extraction 

chromatographic material, it is not surprising that loss of extractant into the eluent is 

often cited as the major limitation of EXC. Although loss of extractant can 

sometimes be minimized by careful control of eluent composition ( e g ,  pH) or by 

presaturation of the mobile phase with extractant, these are not always viable options. 

Although most compounds employed as stationary phases in EXC have been 

selected on the basis of prior satisfactory application in liquid-liquid extraction, and 

are thus expected to have adequate chemical stability, the possibility of chemical 

degradation of the extractant during use must also be considered. Taken together, it is 

the physical and chemical stability of a particular EXC system that determines the 

feasibility of its regeneration, as well as the reproducibility of the results obtained 

upon repeated use of a given column. 
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Recent Developments 

Extractants. Recent advances in molecular design and synthetic methodology have 

led to a wide array of new extractants, among them crown ethers (26), cryptands (27), 

calixarenes (28), and bifunctional organophosphorus reagents capable of stronger and 

more selective binding of a target ion (particularly in acidic media) than many of the 

extractants traditionally employed in EXC (e.g.. TBP, HDEHP). The availability of 

such extractants has led to the development of extraction chromatographic sorbents 

exhibiting strong, and often, quite selective retention of a number of metal ions from 

aqueous solution. The effect of improved extractants on the performance of EXC 

materials is especially evident in the development of EXC methods for the separation 

and preconcentration of the radionuclides 241Am and from environmental and 

biological matrices and nuclear waste samples for subsequent determination. 

The development of such methods for 90Sr separation and preconcentration is 

complicated by two factors. First, a number of procedures for the determination of 

radionuclides in biological or environmental samples (e.g., urine, feces (29), soil (30)) 

involve a preliminary digestion or leaching of the sample with acid, producing a final 

sample solution often several molar in nitric acid. Thus, any proposed separation 

method should be effective for highly acidic samples. Strontium sorption from acidic 

media (Le., mineral acid solutions) is further complicated by the chemistry of the ion 
itself. That is. because of its large ionic radius and low charge, Sr(II) has a relatively 

low charge density. As a result, the energy associated with bond formation between it 

and the functional groups of many organic extractants is insufficient to completely 

dehydrate both the cation and the anions that must accompany the strontium into the 

organic (stationary) phase to maintain electrical neutrality. Thus, sorption of 

strontium from acidic media requires the transfer of a complex bearing a number of 

associated water molecules into an organic phase. As would be expected, the net 

result is generally very poor strontium extraction. 
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During the 1960’s and 1970’s, several extraction chromatographic systems were 

devised for the separation of strontium from other alkaline earth cations or from 

various other elements (31-34). All of these systems, however, suffered from serious 

shortcomings, among them insufficient selectivity over calcium, inadequate retention 

of strontium (particularly from solutions containing high concentrations of mineral 

acids), and the need for cumbersome sample treatment. Recent work by two of the 

authors (MLD and EPH) has shown that the use of a crown ether-based extraction 

chromatographic material can provide a means of overcoming all of the limitations 

associated with previous EXC systems (35-37). Crown ethers possess a macrocyclic 

ring whose dimensions can be tailored to provide a good fit for the cation of interest, 

thereby yielding selective complexation. Earlier work directed at the development of 

methods for the removal and recovery of strontium-90 from nuclear waste streams led 

to a process known as SREX (for StRontiurn =traction), capable of selectively 

extracting strontium from solutions containing even high (2 3 M) concentrations of 

nitric acid: 

Sr2+(aq) + N03-(aq) + Crown Ether * Sr(N03)2(Crown Ether) 

The process solvent used, which consists of a 0.2 M solution of bis-4.4’ (5’)-[rerr- 

butylcyclohexano]-l8-crown-6 (Figure la) in 1-octanol, provides a solution to the 

charge density problem (noted above) by combining the crown ether with a solvent 

capable of dissolving a substantial amount of water (38-40). In such a system, 

extraction involves the transfer of the strontiumlcrown ether complex from aqueous 

solution into a water-like, yet water-immiscible, organic medium. The result is 

greatly improved extraction efficiency. In subsequent work (35-37), it was shown 

that impregnation of an inert polymeric support (e.g., Amberlite XAD-7) with a 1 M 

solution of this same crown ether in I-octanol yields an extraction chromatographic 

resin that retains all of the favorable properties (e.g., strontium selectivity) of the 

corresponding liquid-liquid system. 

. . . . . . . - 
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Figure 2 shows the nitric acid dependency of the uptake of alkali and alkaline 

earth cations (expressed as k', the number of free column volumes to the maximum of 

the elution band) by the new resin (Sr resin). As can be seen, strontium is well 

retained at acid concentrations exceeding - 2 M. Under these same conditions, 

barium is the only other alkali or alkaline earth cation that exhibits appreciable 

sorption. Barium interference is easily dealt with, however, by loading the sample at 

sufficiently high acidity. The selectivity of the resin over calcium is particularly 

noteworthy. In fact, calcium concentrations of up to 0.5 M do not appreciably 

decrease strontium sorption. Also noteworthy is the significant decrease in strontium 

retention as the nitric acid content of the mobile phase is reduced. Thus, sorbed 

strontium can be recovered simply by rinsing the resin with dilute acid or water. The 

ability to recover strontium in water simplifies subsequent processing and analysis of 

the sample and minimizes waste generation. Table I summarizes the elution behavior 

of 35 elements on the Sr resin. As shown, most of the elements, many of which are 

common constituents of environmental, biological, or geological samples, are 

essentially unretained by the resin. Only lead is retained as well as strontium. 

As is the case for strontium, the development of EXC methods for 241Am 

separation and preconcentration is complicated by the high concentrations of mineral 

acids often present in samples, either as a result of pretreatment steps (e.g., soil 

leaching) or the nature of the sample itself (e.g., nuclear waste solutions). Moreover, 

the concentration of most or all other sample constituents generally exceeds that of 

americium by several orders of magnitude. During the 1960's, several extraction 

chromatographic procedures for americium separations, particularly from other 

actinides (41-43) or rare earth elements (44), were described. The separation of Am 

from complex matrices such as environmental samples, however, involved 

cumbersome procedures requiring combinations of solvent extraction and ion- 

exchange (45). 

By the mid-l970's, efforts to improve available processes for the removal of 

actinides from acidic nuclear waste solutions demonstrated that tetra- and hexavalent 
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actinides could be extracted from wastes containing a wide range of acid 

concentrations by any of a variety of acidic or neutral organophosphorus reagents. In 

contrast, trivalent species such as 241Am(III) were far less efficiently extracted. 

Moreover, the available extractants often showed poor selectivity over other waste 

constituents, required a salting-out agent to enhance extraction efficiency, or suffered 

from third phase formation problems (46). In the mid-l980's, work by Honvitz and 

co-workers on the fundamental chemistry of neutral bifunctional organophosphorus 

extractants (47) culminated in the development of the TRUEX Process (for 

mansuranium =traction) (46,48). With this process, which employs a mixture of 

octyl(pheny1)-N, N-diisobutylcarbamoylmethylphosphine oxide (CMPO, Figure 1 b) 

and TBP in a paraffinic hydrocarbon, americium (as well as tetra- and hexavalent 

actinides) can be efficiently extracted from aqueous solutions containing a wide range 

(1-6 M) of nitric acid concentrations. In addition, the process exhibits excellent 

selectivity for actinides over many of the other inert and fission product Constituents 

of typical waste solutions. Subsequent work by two of the authors (MLD and EPH) 

has shown that TRUEX Process chemistry can provide the basis of a versatile 

extraction chromatographic material capable of the efficient uptake of 24'Am and 

other transuranium elements from acidic nitrate media (49,50). 

Figure 3 shows the nitric acid dependency of the uptake of Am(III), Pu(IV), 

Np(IV), Th(IV), Np(V), and U(V1) by an EXC resin consisting of a 0.75 M solution 

of CMPO in TBP sorbed on Amberlite XAD-7. As shown, Am is reasonably well 

retained from solutions containing 1-6 M nitric acid. Under these same conditions, 

few other ions (e.g., lanthanides, Fe(III), Bi(1II)) are appreciably sorbed. In fact, of 

the common major constituents of environmental and geological samples (Na, K, Ca, 

Fe, and Al), only Fe(III) significantly reduces Am sorption. Reduction of Fe(II1) to 

Fe(I1) by addition of ascorbic acid, however, eliminates this effect. Since its 

introduction, the TRU resin (as it has come to be called) has found application in 

actinide determinations in a variety of complex matrices (51-54). In the'course of this 

work, however, certain limitations of the material have become evident. Americium 
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retention, for example, while better than that seen with any previous EXC materials, 

is still inadequate for certain applications. That is, satisfactory Am separation 

generally requires acidification of the sample to 2 1 M nitric acid. For a large volume 

sample, (e.g., natural waters) such acidification is not always feasible, as it generates 

substantial waste. Although this problem can be partly overcome by the use of n 

largcr column, the additional cost makes this an unattractive option. 

In the early 199O’s, work at Argonne National Laboratory on the use of water- 

soluble complexants as masking or stripping agents led to the development of a series 

of substituted methane diphosphonic acid derivatives capable of forming highly stable 

complexes in acidic media with a variety of metal ions in the tri-, tetra-, and 

hexavalent oxidation states (55). It has been shown that by replacing two of the four 

hydrogen ions with an alkyl group, lipophilic dialkyl substituted diphosphonic acids 

can be prepared which can serve as powerful actinide extractants from highly acidic 

solutions (56). Work by two of the authors (MLD and EPH) has shown that if an 

inert polymeric support is impregnated with one such compound, di-(2- 

ethylhexy1)methanediphosphonic acid (Figure 4), abbreviated H2DEH[MDP], an 

extraction chromatographic resin capable of extraordinarily strong retention of 

actinides, particularly americium, is obtained (57). Figure 5 shows the acid 

dependency of k’ for various actinide species on an EXC resin (now known as Dipex) 

consisting of 40% (w/w) of the undiluted extractant supported on beads of 

Amberchrom CG-7lms acrylic ester resin. As shown, the retention of all of the 

actinides is extraordinarily high, a result consistent with prior studies in the liquid- 

liquid mode (56). Especially noteworthy is the strong retention of Am(II1): k‘~,,, 

exceeds that obtained using the TRU resin under the same conditions by more than 

four orders of magnitude. This makes possible the preconcentration of Am from large 

volume samples using only a small EXC column. Figure 6,  for example, shows the 

effect of the sample volume to bed mass ratio on the uptake of Am by the Dipex 

resin. As can be seen, Am sorption is quantitative until a ratio of 4OOO:T is reached, 

meaning that a 250 mg column would be adequate for the treatment of 1 L of sample. 
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Supports. The extraction chromatography of metal ions, unlike the partition 

chromatography of organic substances, only infrequently involves the separation of 

substances with very similar properties. In most instances, an extraction 

chromatographic column is employed as a “sorption filter” on which the species of 

interest is retained while others are not (58). Extraction chromatographic separations, 

therefore, often require only that the sorption of the species of interest be much 

stronger than that of other sample constituents. Not surprisingly then, the majority of 

work to improve EXC materials has focused on improved extractants, because it is 

the extractant that normally governs the selectivity of the system. Despite this, there 

has been growing awareness of the potential importance of the physical and chemical 

properties of the support in determining certain aspects of the effectiveness of an 

EXC system. 

A variety of different materials have been employed as EXC supports, among 

them cellulose. silica gel, diatomaceous earth, alumina, and a variety of polymers 

(e&. polyethylene, polytetrafluoroethylene) (58). Several of these (e.g., silica) are 

generally considered unsuitable for use without preliminary treatment to render their 

surface hydrophobic and to reduce or eliminate functionalities capable of ion- 

exchange. In the early 1970’s, Warshawsky (59) noted the advantages offered by a 

then new series of macroporous, high surface area styrene-divinylbenzene- and 

acrylic ester-based polymers (marketed by Rohm and Haas under the designation 

“XAD”) as EXC supports. These supports display good wettability by most 

extractants, do not swell appreciably as the solution composition changes, exhibit 

good mechanical stability, and are relatively inexpensive. As a result, most recent 

research activity in extraction chromatography, including the little work directly 

concerning the influence of support properties on EXC performance, has involved 

these and other related polymeric materials impregnated with various extractants. 

(Note that although extractant-impregnated polymers have been referred to as 

“solvent impregnated resins”, there does not appear to be any compelling reason why 



14 

these materials should be distinguished from other extraction chromatographic 

materials.) Parrish (60) compared the sorption of copper ions by a series of XAD 

resins impregnated with Kelex 100, a commercially available chelating extractant 

based on a high molecular weight derivative of 8-hydroxyquinoline, to that observed 

for similarly impregnated silanized and unsilanized silica gel and diatomaceous earth. 

The rate of copper uptake on the XAD resins was somewhat slower, although 

differences in particle sizes and loading levels among the resins made strict 

comparisons difficult. The XAD resins, however, offered the advantage of not 

requiring silanization prior to use. Parrish noted that the rate of copper sorption did 

not correlate with either the specific surface area or the average pore diameter of the 

resins. Instead, this rate was found to increase with increasing water regain by the 

resin. These results appear to contradict those of a previous study of the effect of 

support geometry on the uptake of europium by HDEHP-loaded silica, which showed 

that the europium distribution coefficients, the total capacity of the resin for 

europium, and the kinetics of europium uptake were functions of median pore 

diameter and pore size distribution (61,62). Recent work by Jerabek et al. (63) 

suggests that the uptake of certain species (e&, methanol) is indeed affected by the 

support morphology (e.g., pore size distribution) for XAD resins, but the relationship 

of these observations to the performance of the extractant-loaded resins as metal ion 

sorbents has yet to be determined. Additional work in this area is clearly warranted. 

As already noted, an extraction chromatographic support is typically chosen to 

function as an inert “reservoir” which can be filled to the desired capacity with an 

extractant. A few studies, however, have described the use of an “active support”, 

defined here as a substrate which interacts with the extractant through other than the 

weak adsorptive forces typical of EXC materials or one that actually participates in 

the metal ion uptake process. Several authors, for example, have examined the metal 

ion sorption properties of EXC materials prepared by impregnating an anion- 

exchange resin with an extractant containing an anionic functional group (64-71). 

Tanaka et al. (65,67-69) evaluated a series of resins in which the sulfonic acid 
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derivative of dithizone (65), thiopyrine (azothiopyrine sulfonic acid, ATPs) (67), or 

tetraphenylporphine (68) was sorbed on Amberlite IRA-400, an anion-exchange resin. 

Similarly, Lee et al. (66) evaluated a resin consisting of Dowex 1-X8 impregnated 

with a sulfonated 8-quinolinol derivative. Subsequent work by Sarzanini et al. (70) 

employed pyrocatechol violet, a chelating agent whose structure contains a sulfonic 

acid functional group not involved in metal ion coordination, sorbed on AG MP- 1, a 

macroporous anion-exchange resin. In each of these studies, the extractants were 

found to be strongly bound by the ion-exchange resin, most likely by a combination 

of simple physical sorption and ion-exchange. For ATPs on IRA-400, this sorption 

was sufficiently strong that the extractant was retained even in the presence of 0.5-1 

M HCI or 1 M NaOH (using a vo1ume:mass ratio of 100: 1). The sorption of the metal 

ion(s) of interest, mercury (64,65,67-69), aluminum (70), copper (64,66,68), and lead 

(66) was generally found to be satisfactory, although there were indications that 

immobilization reduced the binding ability of certain ligands (70). In addition, the 

metal ion uptake capacity of certain of the resins was less than that expected from the 

amount of chelating agent loaded on the support (66). Despite these problems, the 

use of a support capable of anion-exchange, in conjunction with an extractant bearing 

an anionic functionality, may represent a step toward significant reduction of 

extractant loss from EXC materials. 

Moyer et al. (72) have examined the use of cation-exchange resins as supports in 

extraction chromatography. In their work, a series of polystyrene-divinylbenzene- 

based cation-exchange resins (among them the commercially available Dowex 50W- 

X8) were impregnated with several weight percent tetrathia-14-crown4 and the 

sorption of copper(I1) by the resin from sulfuric acid measured. While neither 

unfunctionalized polystyrene-divinylbenzene resin nor the same resin loaded with the 

macrocycle extracted any detectable copper, impregnation of the cation-exchanger 

produced a 10-100-fold enhancement in the observed copper distribution ratio vs. the 

cation-exchanger alone. This enhancement was attributed to a syriergistic effect 

involving coordination of the copper by the mobile macrocycle and cation-exchange 
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by the polymer-bound sulfonic acid functional groups. Although such synergistic 

effects are common in liquid-liquid extraction systems involving mixtures of crown 

ethers and liquid cation-exchangers (73, Moyer's results represent the first 

demonstration of synergism in an EXC material involving a functionalized support. 

Such supported synergistic systems appear to offer a wealth of opportunities for the 

development of new EXC materials exhibiting enhanced metal ion uptake and 

selectivity. 

Applications 

The earliest extraction chromatographic materials employed as the stationary phase 

compounds originally developed for use as liquid-liquid extractants in the 

reprocessing of spent nuclear fuel (7). Not surprisingly then, until relatively recently, 

the major portion of the published applications of EXC involved nuclear/radioactive 

materials, particularly their small-scale separation and purification or analytical 

determination. During the last decade or so, there has been growing interest in the 

nonnuclear applications of extraction chromatography and in the possible use of the 

technique for industrial-scale metal ion separations. Of particular interest has been 

the potential of EXC in the recovery and/or purification of metals which are valuable 

(e.g., gold) or of some strategic importance (e&, rare earths, platinum group metals) 

from both dilute solutions (e.g., dump leaching solutions) and the more concentrated 

solutions arising from hydrometallurgical processing. Also of interest has been the 

possible application of EXC materials in the removal of hazardous or toxic metals 

from industrial effluents (6). Table I1 summarizes much of this research activity in 

process-scale extraction chromatography. As can be seen, a variety of both supports 

and extractants have been investigated in an effort to develop large-scale EXC 

systems. Despite some success, these systems have typically been plagued by one 

major problem: the leakage of extractant into the column effluent and the concomitant 

changes in column behavior. In an examination of TBP-Levextrel resin for the 
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removal of uranium from nuclear reprocessing solutions, for example, Krochbel and 

Meyer (8) observed a loss of 0.163 g of TBP per liter of solution processed, an 

unacceptably high loss. Similarly, in an evaluation of zinc removal from cobalt 

solutions by HDEHP on XAD-7 or Levextrel OC1026, Warshawsky (74) noted that 

the low concentration of HDEHP leaking into the column effluent created difficulty 

in subsequent electrowinning. A study of copper removal from dilute solution using 

LIX-64N-impregnated XAD-4 yielded similar results. Reagent losses, although low 

(I 30 mg/L processed), were still deemed unacceptable. Given the weak interaction 

between extractant and support characteristic of EXC systems, extractant loss in these 

systems is not surprising. Until extractant losses are reduced, however, EXC is 

unlikely to achieve its full potential as a process-scale metal ion separation technique. 

Conclusions 

Extraction chromatography provides a simple and effective means of performing 

a wide variety of metal ion separations. Recent advances in extractant design, in 

particular the development of extractants capable of metal ion recognition or of strong 

complex formation even in acidic media, have substantially improved the utility of 

the method. Advances in support design, most notably the introduction of 

functionalized ("active") supports to enhance metal ion retention or to increase 

column stability, promise to yield further improvements. 

Any efforts to improve extraction chromatographic materials must recognize that 

there are a number of measures by which EXC performance is assessed, some of 

which cannot be simultaneously improved. Gradual loss of column capacity due to 

extractant loss to the mobile phase is presently the sole remaining obstacle to large- 

scale application of EXC materials. Clearly then, stability is the aspect of EXC 

performance which now most warrants additional research effort. 
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Table I. Elution Behavior of Selected Elements on the &*Specific 
Chromatographic Resin" 

Elution Volumeb Element . 
c5 

< 10 
< 20 M O O  
c 25 Ba 
c 30 Hg 
> 30 Sr, Pb 

Li, Na, Rb, Cs, Mg, Ca, AI, Cr(VI), Mn(II), 
Fe(III), Co(II), Rh(III), Pd(II), Cd, La, ELI, 

K, Ra, Tc(VII), Ag 

aColumn parameters: resin particle diameter = 50-100 pm; bed volume = 1 mL, bed height = 5.0 
cm; 1 free column volume = 0.60 mL. 
bElution volume refers to the number of free column volumes required to elute = 99% of the 
indicated element. The eluent was 3 M nitric acid10.01 M oxalic acid. 

. 7 .e--- ." 
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Table 11. Extraction Chromatographic Systems Evaluated for Possible Process-Scale Application 

Target Ion Mah-ix ExtractanVSupport Comments Reference 
U Leachate of slimes remaining from Alamine-336 on silicone-treated fine Extractant loss of 7.1 mgkg r e s i d  (5) 

Au extraction clay processed 

Au Dilute cyanide solutions Triakylammonium compounds in 8 mgiL bed capacity (5) 
decyl alcoholkerosene on 
granulated polyethylene 

U Reprocessing solutions TBP-Levextrel Extractant loss of 0.163 g TBPL (8, 79) 
processed 

electrowinning 
zn Co electrowinning solution HDEHP on XAD-4 Reagent leakage interferes with ( 74) 

cu Dilute solution containing divalent LJX-64N on XAD-4 Extractant loss of ca. 30 mgL ( 75) 

Am Waste solutions from nuclear fuel di-n-hexyl-octoxymethyl phosphine (76) 

s c  Sc-bearing waste solutions HDEHP on polystyrene (77) 

and trivalent cations processed 

reprocessing oxide 

Am, Pu, U Acidic nuclear waste solutions CMPO-TBP, CMPO alone, and Little change in CMPO-TBP column (78) 
(Hanford) diamyl amyl phosphonate on performance noted after 36 cycles 

Amkrlite XAD-7 or XAD-16 



Figure Captions 

Figure 1. a. Bis-4,4'(5')-[terr-butylcyclohexano]-18-crown-6. 

b. Octyl(pheny1)-N, N-diisobutylcarbamoylmethylphosphine oxide. 

Figure 2. Nitric acid dependency of the retention of alkali and alkaline earth elements 
on the strontium selective resin. (Adapted from ref. 3.) 

Figure 3. Nitric acid dependency of the retention of actinides on the TRU resin. 
(Adapted from ref. 3.) 

Figure 4. Di-(2-ethylhexyl)methanediphosphonic acid (HzDEH[MDP]). 

Figure 5. 

Figure 6. Effcct of samplc volumc to rcsin mass ratio on thc uptake of Am(II1) by 

Nitric acid dependency of actinide retention on the Dipexm resin. (Adapted 
from ref. 57.) 

Dipexm resin from Des Plaines River water. (Adapted from ref. 57.) 
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