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Introduction 

Extraction chromatography (EXC) or reverse-phase partition chromatography utilizes a polar, 

typically aqueous, mobile phase and a hydrophobic stationary phase.[1] The stationary phase in 

EXC contains a hydrophobic extractant, similar to the organic phase in solvent extraction, 

adsorbed, but not chemically bonded to a porous inert solid support. The EXC stationary phase 

may also contain a diluent or phase modifier to enhance certain extraction properties.  

EXC materials combine the selectivity and versatility of solvent extraction, imparted by the vast 

number of available extractant systems, with the ease of use and resolution of 

chromatography[2,3]. Additionally, EXC often provides some advantages over classic separation 

methods, such as sublimation, fractional crystallization, coprecipitation, solvent extraction and 

ion exchange, including rapid separations, increased purity, the use of less hazardous chemicals, 

and the generation of less waste. EXC also has some limitations, including relatively low capacity 

and suitability only to aqueous samples. However, when combined with the proper sample 

digestion, dissolution and preconcentration techniques, EXC can be applied to a wide range of 

sample types. 

EXC materials have been used for over 70 years for the separation of a wide range of chemical 

compounds [4-6] and metal ions.[7-10] Early applications of EXC resins for metal ion separations 

included the preparation of alpha backscatter sources for the analysis of the lunar surface [11], 

the search for new transuranic elements in accelerator beam-stops[12] and debris from nuclear 

detonations[13], and the separation of rare earth elements[7,8], uranium[10], and plutonium [9]. 

EXC resins have also been utilized to prepare samples for isotopic measurements by mass 

spectrometry for applications including geochronometry and nuclear forensics,[14-20] and are 

increasingly being utilized in the purification of high purity nuclear medicine isotopes and 

compounds.[21-36]  

One of the largest applications of EXC materials in the last 25 years has been in the development 

of rugged, high quality analytical methods for key radionuclides in important environmental, 

biological and urban matrices.[37-42] The success of the application of EXC materials to this wide 

range of sample types can be attributed to several key developments, including the discovery of 

selective extractants, the application of diluents and phase modifiers, the development of 

chemically stable polymeric supports, and the integration of EXC materials into robust methods 



with rugged sample dissolution, sample preconcentration, and techniques to prepare samples 

for analytical measurements. 

 

 

Extractant Structure Resin Common Applications

TBP TRU/RE phase modifier

DA[AP] UTEVA U(VI)

TOPO UTEVA3 U(VI), Th(IV), Pu(IV)

HDEHP LN Light Rare Earths

HEH[EHP] LN2 Lu, Yb

H[DTMPP] LN3 Y(III), Sc(III), Zr(IV)

CMPO TRU/RE U(VI), Am(III), Cm(III), Rare Earths, Fe(III)

TODGA DGA, Normal Ac(III), Am(III), Cm(III), Rare Earths, Po

Aliquat·336 TEVA Pu(IV), Np(IV), Th(IV), Tc(VII)

DtBCH18C6 Sr/Pb Sr, Pb, Po

1R = 2-ethyl-1-hexyl, 2R = 1-octyl, 3R = pentyl, 4R = 2,4,4-trimethyl-1-pentyl.

Table 1. Common Extractants and Applications for EXC
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Extractants 

Extractants, combined with the mobile phase chemistry (mineral acid concentration, salting out 

agents, and aqueous complexants) provide the primary selectivity in EXC systems. Significant 

effort has been dedicated to the study of hydrophobic extractants with unique selectivity in 

solvent exctraction and EXC systems. Extractants are chosen primarily for their selectivity 

properties, typically imparted through polar groups which interact strongly with metals ions, 

drawing them from the aqueous mobile phase onto the EXC resin. The polar donor groups are 

attached to hydrophobic substituents which limit loss of the extractants to the mobile phase and 

can tune selectivity via electron donation or withdrawal from the donor groups[43] and steric 

effects.[44] The choice of substituents must be balanced to impart enough hydrophobicity to 

achieve stable EXC materials, but not so much hydrophobicity that the EXC resins exhibit poor 

extraction kinetics or cannot be effectively mixed with the aqueous mobile phase (wetted). 

 

Figure 1. Retention of U(VI) and Th(IV) on EXC Resins Containing Alkyl Phosphorus Ester 

Extractants from HNO3. 

A number of extractants commonly used in radioanalytical applications of EXC are shown in Table 

1, along with some common applications of each extractant. TBP, the extractant utilized in the 

PUREX process for recycling uranium from spent nuclear fuel, has been used to separate U(VI), 

Th(IV), Pu(IV) and trivalent rare earths and actinides.[45] Modifications to the TBP extractant 

have led to more favorable properties in EXC, such as decreased extractant loss to the aqueous 

phase by adding longer hydrocarbon chains, improved selectivity for U(VI) over Th(IV) and Pu(IV) 

by introducing steric hinderance with branched hydrocarbon chains[44], and stronger metal ion 



retention by replacing the phosphorous oxygen bonds with direct phosphorous carbon bonds, 

forming phosphonates and phosphine oxides (Figure 1).[46]   

Similarly, while TBP[7,8] and quaternary amine anion exchangers[47] can be utilized to separate 

trivalent rare earths and transplutonium actinides, the separation can be difficult due operational 

requirements. Typically, relatively high pH, very high concentrations of nitrate salting out agents, 

or non-aqueous mobile phases are required (Figure 2). These conditions are not practical for 

processing spent fuel which had been dissolved in high concentrations of nitric acid. The CMPO 

compounds utilized in the TRUEX solvent extraction process were developed to more efficiently 

separate Am(III), Cm(III) and trivalent rare earths from acidic nitrate media typically employed in 

spent nuclear fuel reprocessing.[48] When applied to EXC resins, CMPO provided an efficient 

resin for the separation of trivalent actinides and rare earth elements from a wide range of 

environment, biological and building material samples.[49] 

While CMPO was demonstrated to be very effective in a wide range of applications, the retention 

of Am(III), Cm(III) and rare earths is lower than many other metal ions (Figure 2), including U(VI), 

Th(IV), Pu(IV), and Fe(III), leading to poor recoveries from certain sample types. The diglycolamide 

extractants (DGA) were developed to improve trivalent Am, Cm and rare earth retention, while 

rejecting Fe(III) and exhibiting much lower retention of U(VI), Figure 2.[50] DGA based EXC 

materials have received particular attention for the separation of trivalent actinides and rare 

earth elements from difficult sample matrices and the separation of nuclear medicine isotopes 

including 225Ac, 47Sc and 44Sc.[21,27,31]   

 

Figure 2. Retention of Selected Metal Ions on EXC Resins Containing a. Akyl Quaternary 

Ammonium Salt (Aliquat·336) b. CMPO in TBP c. N,N,N′N′ tetraoctyldiglycolamide (TODGA) 

from HNO3. 



While EXC materials prepared with HDEHP provide some of the highest separation factors for 

adjacent trivalent rare earth elements and actinides, the high acid concentrations required to 

recover the heavy rare earth elements, trivalent actinides, and some other strongly retained 

metal ions was not ideal. Therefore, the weaker acid phosphonic acid and phosphinic acid 

derivatives of HDEHP were developed to enable the recovery of elements such as Yb, Lu, Y, and 

Sc with more dilute acid concentrations, while maintaining the high separation factors of HDEHP 

based materials.[51,52] Applied in EXC systems (Figure 3), these acidic organophosphorus 

extractants have been used extensively to separate adjacent rare earth metal ions and trivalent 

actinides. 

 

Figure 3. Retention of Rare Earth Metal Cations on EXC Resins Containing Bis(2-ethyl-1-

hexyl)phosphoric Acid (HDEHP), 2-ethyl-1-hexylphosphonic acid mono 2-ethyl-1-hexyl ester 

(HEH[EHP]), and 2,4,4-trimethyl-1-pentylphosphinic acid (H[DTMPP]) from HNO3. 

Classic separation techniques for Sr and Pb often included coprecipitation utilizing hazardous 

chemicals such as fuming nitric acid or hydrogen sulfide, requiring multiple stages to achieve the 

desired purity and generating large volumes of chemical waste.[53] The development of crown 

ether extractants, such as 4,4′(5′)-di-t-butylcyclohexano 18-crown-6, utilized in the SREX process, 

allowed the extraction of Sr and Pb from relatively low concentrations of nitric acid, efficient 

separation from alkali and alkaline earth metal ions, while providing much safer operating 
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conditions and producing less waste.[54,55] Applied to EXC resins (Figure 4), crown ethers have 

enabled highly efficient rapid analytical methods for 89/90Sr, 210Pb, and 210Po[56], isotopic lead 

measurements by ICP-MS[19], and the production of nuclear medicine isotopes such as 90Y[25] 

and 82Sr(82Rb).[29]  

 

Figure 4. Retention of Selected Metal Ions on an EXC Resin Containing 4,4′(5′)-di-t-

butylcyclohexano 18-crown-6 in 1-octanol (Sr Resin) from HNO3. 

Diluents and phase modifiers 

Ideally, the combination of donor groups and hydrophobic substituents will lead to an extractant 

which has the desired selectivity, is a relatively low viscosity liquid which can be evenly coated 

on the solid support, and remains on the solid support to produce a stable EXC material with 

rapid extraction kinetics. However, in some cases, additional components may be required to 

improve the physical or chemical properties of the resin.  

For example, the (CMPO) extractant in the TRU and RE resins exhibits high selectivity for actinides 

and trivalent rare earths. However, CMPO is a solid, leading to less than optimal performance 

when utilized undiluted in and EXC system. Dissolving the CMPO in tributyl phosphate (TBP) 

allows the extractant to be evenly coated on the solid support and improves the extraction 

kinetics and metal ion retention properties.[57]  
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Similarly, the 4,4′(5′)-di-t-butylcyclohexano 18-crown-6 extractant in Sr and Pb resin exhibits high 

selectivity for Sr and Pb, but is either a highly viscous liquid or waxy solid. Dissolving the crown 

ether in 1-octanol or 2-decanol improves extraction kinetics and facilitates Sr and Pb extraction 

through improved transfer of nitrate and water from the aqueous (mobile) phase into the EXC 

resin.[58] 

Solid Support 

The chemical composition and physical structure of the solid support affect the performance of 

EXC materials. Early applications of EXC utilized porous inorganic supports, such as diatomaceous 

earth (kieselguhr) or silanized silica, which offered high stability to applied pressure and ionizing 

radiation, but could leach undesired metal ions into the acidic aqueous phases typically used in 

metal ion separations. Additionally, these supports limited the application of certain mobile 

phase eluents (such as hydrofluoric acid), and often did not have uniform particle and pore size 

distributions, and were non-spherical, leading to less than ideal elution bands.[59]  

 

Figure 5. Resolution (Theoretical Plates) of Eu Elution on an EXC Resin Containing Containing 

Bis(2-ethyl-1-hexyl)phosphoric Acid (HDEHP) Versus Particle Size of Porous Methacrylate Solid 

Support and Temperature. 

Polymeric supports, such as styrene divinylbenzene (SDVB), fluorinated hydrocarbons (TEFLON) 

and methacrylate, may be less stable to ionizing radiation, but are resistant to acidic solution and 

are ideal for most analytical applications. Supports based on SDVB and TEFLON may be difficult 

to wet in aqueous solution leading to poor extraction kinetics, while methacrylate supports offer 
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a good balance between extractant retention and wettability. Modern polymeric and silica 

supports are also widely available in spherical shape and tight particle size distributions, leading 

to improved elution band shapes. 

The amount of extractant that can be coated onto the solid support is proportional to pore 

volume. Therefore, supports with high pore volume (40-55%) typically exhibit higher capacities. 

It is important not to exceed the capacity of the solid support by overloading with extractant. 

Overloading can lead to EXC materials with poor kinetics, leading to very broad elution peaks. 

The trade-off for higher capacity is lower resolution, as the diffusion of metal ions into the pores 

of the support leads to somewhat broader elution peaks. Conversely, low porosity or solid core 

supports typically exhibit low capacity, but can produce very narrow elution peaks and high 

resolution.[58] When necessary, elution peak width can also be narrowed through the use of 

smaller particle size supports and increasing the temperature of the mobile phase (Figure 5).[22] 

Method integration 

While EXC resins can be used to efficiently separate a wide range of metal ions, their application 

is restricted to aqueous mobile phases, as organic solvents will remove the hydrophobic 

extractants from the solid supports. Furthermore, organic or solid material dispersed in aqueous 

samples can foul the resins leading to hindered flow and poor kinetics during the extraction or 

analyte recovery stages. Therefore, for effective analytical method development, it is important 

to integrate the EXC resin separation with suitable sample dissolution and preconcentration steps 

which will convert solid or non-aqueous samples into aqueous form and effectively destroy 

organic content and solid materials. 

Ideally, solid samples will be completely dissolved to ensure complete recovery of analytes 

utilizing techniques such as digestion with mineral acids or fusion with solid salts. However, in 

some cases, leaching techniques may be sufficient. Additionally, organic content in samples may 

be destroyed through techniques such as combustion at high temperature and reaction with 

hydrogen peroxide, mineral acids or other oxidizing compounds, such as Fenton’s reagent.[60] 

Once solid samples have been dissolved, organic compounds destroyed, and solid material 

filtered from aqueous samples, desired analytes may be preconcentrated and separated from 

many matrix constituents by coprecipitation. Coprecipitation is particularly useful for large 

volume samples and samples containing high concentrations of dissolved solids that could 

adversely affect subsequent separations by EXC. Many compounds with limited aqueous 

solubility have been utilized for the preconcentration of analytes. Ideally, reagents utilized for 

precipitation will have low aqueous solubility, efficiently carry the desired analytes, reject 

unwanted impurities, and are easily dissolved for further processing. Some commonly utilized 

precipitation carriers are provided in Table 2., along with the metal ions they will carry and some 

important metal ions that are rejected.[61] 



 

In analytical methods, EXC separations are often included following dissolution of the precipitate 

used to preconcentrate the desired analytes. The precipitate is normally dissolved in a mineral 

acid, typically HNO3, while Al(NO3)3 may be added to increase nitrate concentration and reduce 

the impact of complexing anions such as phosphate and sulfate. Additionally, boric acid may be 

added to complex fluoride, which can adversely impact retention of metal ions on EXC resins, and 

oxidants and reductants may be added to ensure that metal ions are present in the desired 

oxidation states. The resulting aqueous solution may then be filtered or centrifuged to remove 

undissolved particles. The sample is then loaded onto column(s) of the appropriate EXC resin(s), 

and various elution conditions are used to remove impurities and sequentially recover desired 

analytes. Having obtained the desired analytes in high yield and purity, samples are finally 

prepared into geometries and chemical forms suitable for the desired measurement technique. 

Summary 

For over 70 years continuous developments of EXC materials and application methods have led 

to improvements in analytical and preparatory separation methods for essentially the entire 

periodic table of metal ions. Key improvements in EXC include the development of new 

extractants, application of diluents and phase modifiers, new solid support materials, and 

integration of EXC into efficient complete separations processes. The utility and flexibility of EXC 

makes it a powerful tool for continuing to help future meet separations needs in a wide variety 

of fields. 
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