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A brief historical perspective covering the most mature chemically-
based metal ion separation methods is presented, as is a summary of
the recommendations made in the 1987 National Research Council
(NRC) report entitled “Separation and Purification: Critical Needs and
Opportunities”. A review of Progress in Metal Ion Separation and
Preconcentration shows that advances are occurring in each area of
need cited by the NRC. Following an explanation of the objectives
and general organization of this book, the contents of each chapter are
briefly summarized and some future research opportunities in metal
ion separations are presented.
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Physical and pyrochemical processes for the separation and purification of metals
have been employed for thousands of years; however, the ability to selectively
partition metal ions using chemical means is a more recent development. Selective
purification and concentration of metals in solution has primarily been achieved using
liquid-liquid extraction and ion exchange. These techniques have achieved a high
level of success on the analytical, preparative, and process-scales and, consequently,
hold an important place in the hierarchy of metal ion separations methods.

More than a century has passed since liquid-liquid extraction, more commonly
known as soIvent extraction, was first used on an analytical-scale to partition
mercuric chloride from an aqueous solution into ether ( 1). In 1942, after the potential
of nuclear weapons and energy was recognized, solvent extraction was employed on a
preparative-scale for the separation of plutonium from uranium targets for studies of
its chemical and nuclear properties (2-4). Shortly thereafter, ether extraction for the
purification of uranium was transferred to the industrial-scale for weapons
development (1,S). The effectiveness of tri-n-butyl phosphate as an extractant for
uranium and plutonium was recognized in 1949 ((j, and the first PUREX @lutonium-
uranium I&ecoveryand Utraction) processing canyon was constructed at the United
States’ Savannah River site in 1951 (7). The success of solvent extraction in the
production of high purity metals for the nuclear defense and energy programs,
together with the development of a variety of selective metal ion extractants, has led
to the widespread application of solvent extraction in hydrometallurgical separations
(8-10) and in nuclear reprocessing and waste treatment applications (5,6,11,12).
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Nearly a century has also passed since Tswett’s initial use of CaC03 in a
chromatographic mode to separate biological pigments, work which paved the way
for the preparation of the first ion-exchange resins in 1935 (13) and their subsequent
characterization and application. Ion-exchange chromatography was so well
developed by the 1950s that it was employed as the sole method of chemical
confirmation in the initial report of the discovery of mendelevium (4,14).

By the 1970s, the design and synthesis of ligands showing metal ion and/or
molecular recognition had begun to attract considerable attention. This work was led
by the pioneering efforts of Pederson, Cram, and Lehn and has had an immeasurable
impact on separation science.

Membrane-based (15-1 7) and supercritical fluid (18-20) processes for metal ion
extraction are newer developments and are the subjects of intense research interest.
Numerous applications for these techniques have been proposed, and many are likely
to receive considerable attention in the future.

Despite these advances, it has long been apparent that certain research needs in
separation science have remained unmet. Ten years ago, the National Research
Council (NRC) published a report entitled “Separation and Purification: Critical
Needs and Opportunities” (21) in which the current status and future directions of
separations science were discussed. Various shortcomings of existing methodologies
were noted, and several broadly applicable generic research needs were identified
(21,22):

(1) Improved Selectivity
(2) Selective Concentration from Dilute Solution
(3) Study of Interracial Phenomena
(4) Improvements to Processing Rates and Capacity of Separation Systems

to Minimize Capital Equipment Costs
(5) Development of New Process Configurations and Integration
(6) Improvement of Energy Efficiency

Many of these proposed needs are interdependent, and advances in one area often
effect improvements in others. The principal advances in metal ion separations over
the last 10-20 years have occurred in the realm of improved selectivity, cited by the
NRC committee as a vital need. Indeed, enhanced selectivity in virtually any
separations process can favorably affect process operation, efficiency, and economics.

One of the objective of this book is to present an overview of the state-of-the-art
in metal ion separations, thereby permitting a comparison of the past decade’s
progress with the perceived needs presented in the NRC report. A review of Progress
in Metal Ion Separation and Preconcentration shows that many of the proposed
needs are being addressed and that significant advances in each of the generic
research areas are occurring. The development of ion-selective extractants and
separations processes is well represented in this book, as are separations from dilute
solutions, studies of interracial phenomena and extraction kinetics, and the
development of new separation systems that promise minimal adverse environmental
impacts and improved energy efficiencies.

Separation science has been described as a mature field of study (23), and the
ubiquitous scientific and industrial needs for purity and, hence, chemical separations
have long been recognized. As separation science matures, however, so to do
technology and societal priorities; thus, new needs are continually being created. For
example, the significant current research thrusts in environmental remediation,
pollution prevention, and the preparation of ultrahigh-purity metals for technology
industries have demanded that new and highly selective separation and purification
processes be developed. Given that chemical separations are involved in nearly every
major industrial process, there will continue to be increasing regulatory and economic
incentives to improve efficiencies, incorporate pollution prevention strategies, and
minimize adverse environmental impacts. Separations science must advance to meet
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these needs, and a review of the ongoing research in this field indicates that it is
indeed evolving to meet its economic, regulatory, and societal drivers.

Due to the multitude of techniques available to the separation scientist, a detailed
discussion of the factors influencing metal ion separations and their applications is
beyond the scope of this chapter. Furthermore, these topics have been adequately
covered in general texts on separations science (24,25) and in more focused treatises
on solvent extraction (26-30), ion exchange (28,31-33), membrane-based processes
(15-17), and supercritical fluid extraction (18-20). Some understanding of the
unifying themes common to most metal ion separations is useful, however, as it will
aid in describing the organization of this book.

Giddings has defined the process of separation in the most general terms: “... a
group of components, originally intermixed, are forced into different spatial locations
by the process of separation” (24). This definition is depicted in Figure 1, in which a
mixture of cationic and anionic components and unspecified matrix species are
segregated by an arbitrary separation method. Numerous means of separating metal
ions using such a broad definition exist, and each obviously has thermodynamic and
kinetic aspects. Other features common to many separation processes include the role
of the solvent matrix (most often aqueous) and its constituents; extractant design,
synthesis, and incorporation into a diluent or a polymeric support; and application-
directed testing. These quite general but common features have provided the platform
upon which this book is organized. Chapters 2 and 3 are overviews of the status of
metal ion separations in nuclear energy and defense-related systems and are followed
by chapters discussing the role of the aqueous phase in separations (Chapter 4) and
the use of aqueous two-phase systems for metal ion separations (Chapter 5). The
focus then turns to the design and synthesis of ion-selective extractants in Chapters 6-
8 and to development and testing of various liquid-liquid (Chapters. 9-10) and solid-
Iiquid (Chapters 11-18) separation modes. Finally, specific techniques including
membrane filtration (Chapters 19-20), countercurrent and centrifugal solvent
extraction (Chapters 21 and 22, respectively), and separations using supercritical
fluids (Chapter 23) are presented. Such an organization proceeds from the influence
of the often encountered aqueous phase to extractant design and preparation, and
culminates with fundamental and application-directed studies, For the topical reader,
this “modular” organization permits the independent study of major research areas.
For example, solid-liquid-based separations of metal ions are grouped together and
are categorized by cation and anion exchange, extraction chromatography, membrane
disks, and biologically-derived solids. Our goal was to provide a timely account of
advances in the field of metal ion separation and preconcentration and for this work to
serve as a resource for both the novice and experienced practitioner.

Overview of Chapters

Chapter 2 by Choppin provides a historical perspective on the origin of the most
significant radioactive wastes in the United States Department of Energy inventory.
These wastes were generated primarily from uranium ore processing, isotopic
enrichment by gaseous diffusion, and chemical separations of fissile plutonium from
irradiated uranium targets. Factors motivating the remediation of such wastes include
the hazards associated with long-term tank storage of radioactive liquids and the
realization that the nation’s facilities for the storage of spent fuel elements and the
associated wastes (e.g., fuel ponds, cooling water, etc.) from energy uses are reaching
capacity. This latter point is of particular relevance considering that the Department
of Energy is slated to begin accepting spent fuel rods from civilian reactors in the
very near future. The factors important in the design of actinide-specific ligands and
various facets of actinide chemistry (e.g., oxidation/reduction and complexation
chemistry) important to their separations chemistry are discussed.

An overview of candidate treatment options covers aqueous processing
techniques including solvent extraction and ion-exchange strategies, while the
discussion of nonaqueous processes is limited to volatility-based separations and
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pyrochemical processes. The use of natural sequestering agents, which continues to
attract attention, is also reviewed.

Horwitz and Schulz address the status of solvent extraction in the processing of
radioactive acidic liquid wastes in Chapter 3. Flowsheets that have been tested for the
separation of U, Np, Pu, Am, and Cm (the latter for civilian reactor wastes) and
processes for the removal of the ‘OSrand 137CSfission products are presented.

Dialkylphosphoric acids, neutral bifunctional carbamoylmethylphosphine oxides,
and neutral bifunctional malonamides have all been tested for actinide removal from
acidic wastes or representative simulants. The advantages and disadvantages of each
process are discussed in both fundamental chemical and engineering terms. In
general, the limiting criterion for success of processes employing these extractants is
the distribution ratio for Am3+, and a comparison of D~ vs. [HN03] is presented for
the favored extractants in the Chinese, French, Russian, and American flowsheets.

Solvent extraction processes for the removal of 90Sr and 137CSfission products
are limited to cobalt dicarbollide and crown ether-based flowsheets. The advantages
and limitations of each are addressed, as are their compatibility with subsequent
actinide separation systems.

The influence of the aqueous phase on metal ion separations is discussed by Nash
in Chapter 4. The thermodynamic and kinetic factors affecting the transfer of a metal
ion from an aqueous to an organic medium are generalized for application to liquid-
“liquid, extraction chromatographic, and solid-liquid extraction systems. The overall
focus is on separations of f-elements, and their hydrolysis and complexation
chemistries are discussed. Ion solvation and short and long-range water structuring
are presented in the context of metal ion extraction and, often, dehydration upon
transfer to an organic phase. Use of soft donor ligands and/or aqueous phase
complexation in the separatio~ of lanthanides from trivalent actinides provides the
framework for discussion of the fundamentals of aqueous phase complexation.

Chapter 5 presents work by Rogers et al. aimed at identifying the major factors
influencing solute partitioning in polyethylene glycol-based liquid-liquid and solid-
liquid aqueous biphasic extraction systems. Once these factors are identified and
their relative contributions understood, models capable of predicting the partitioning
of solutes in these systems can be developed. The authors discuss the role of polymer
molecular weight, salt type, and ion hydration thermodynamics (AGhYd) in
partitioning and have extended these concepts into predictive instruments.
Partitioning of the pertechnetate anion (Tc04-) has been successfully correlated with

the AGhYd of the salt-phase forming components and with specialized phase
incompatibility parameters. Similarities in the partitioning mechanism between
liquid-liquid aqueous biphasic separations and solid-liquid aqueous biphasic
extraction chromatography (ABEC) are also discussed.

The section on extractant design and synthesis commences with Chapter 6 by
Hay, in which the correlation of macrocyclic Iigand strain energies with metal ion
binding affinities is presented. A general algorithm accounting for energy changes
due to confirmational rearrangement upon complexation is discussed and tested for
five series of ligands. The primary differences within each series of ligands are the
location, regiochemistry, and/or type of alkyl substituent, while the chelate ring size
and donors generally remain identical. Complex formation constants, extraction
constants, and distribution ratios are correlated with ligand strain energies in a series
of oxygen donor macrocycles with different alkyl groups and rigidities. In each case,
correlations of the Iigand reorganization energies “,vithmetal ion affinities and/or
distribution are observed. The importance of Iigand preorganization in initiating
complexation and confirmational change within the ligand during coordination to the
metal ion are discussed for each series of ligands.

Chapter 7 by Sachleben and Moyer discusses the many variables involved in the
design of 14-membered macrocyclic ligands selective for Li+. From the development
of novel synthetic strategies for 14-crown-4 derivatives to uptake and molecular
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modeling results, the influence of Iigand substituents, solvation, and diluent effects
are detailed. The monomethyl and tetracyclopenty l-substituted 14-crown-4
extractants show enhanced uptake and selectivity for Li+ over other alkali metal
matrix cations. The importance of diluent effects on solvation and distribution of
metal ions and metal-extractant complexes is addressed, with a particular focus on
their importance in ligand design. Correlation of metal-crown ether complex stability
with Iigand strain energies calculated by molecular mechanics is discussed and
presented as a useful tool in extractant design studies.

Chapter 8 by Bradshaw et al. presents the synthesis and solution thermodynamic
properties of a series of nitrogen-containing macrocycles, cryptands, and
hemispherands. The synthetic methodology generally involves reaction of an
azamacrocycle with formaldehyde and methanol followed by coupling with Lewis
base donor-substituted aromatic compounds. This aminomethylation route simplifies
the synthesis of N-aryl-functionalized Iigands by using existing azamacrocycles and
regioselective addition to aromatic donors. The synthesis of a series of aryl -
substituted 15- and 18-membered macrocycles and bi- and tricycles containing
various nitrogen and oxygen donor arrays is detailed. The complex formation
constants for aza- 15-crown-5, aza- 18-crown-6, diaza- 18-crown-6, and their various
N-aryl-substituted analogs are presented. One group of compounds, differing only in
the point of attachment of the aryl substituent to the macrocycle and the resulting
location of donor atoms in the aryl arm, shows marked differences in formation
constants and quite different selectivities over alkali and alkaline-earth matrix cations.

Development and testing of separation systems begins in Chapter 9 by Bartsch
with a description of alkali metal ion extraction using proton ionizable lariat ethers.
The importance of electroneutrality in solvent extraction and the difficulty often
associated with co-ion transport has motivated the development of macrocyclic
extractants possessing acidic functionalities: carboxylate-containing lariat ethers in
this case. Combining an acidic functionality with the trademark size selectivity of
crown ethers has resulted in enhanced extraction and selectivity in alkali cation
partitioning into chloroform. Examples of the role of macrocycle cavity size, spacer
length separating the acidic group from the macrocycle, site of attachment of
lipophilic groups, macrocycle rigidity, and the nature of the acidic moiety in the
extraction of alkali metal cations are addressed.

The concepts of redox-recyclable extraction and recovery processes are
introduced by Strauss in Chapter 10. At the center of such systems are transition
metal-containing extractants capable of undergoing one-electron oxidation or
reduction and exhibiting stability at the pH extremes common to many process waste
streams. The general mechanism of extraction involves oxidation or reduction of the
extractant followed by ion exchange with the solute. Stripping is effected by a redox
reaction converting the charged extractant back to a neutral moiety that subsequently
releases the extracted solute to a new aqueous phase. Several separation systems
using substituted ferrocenes and lithium-intercalated MoS2 operating in liquid-liquid,
physisorbed or extraction chromatographic, or solid inorganic ion-exchange modes
are presented.

Structure/function relationships in inorganic ion-exchange materials are
discussed by Clearfield et al. in Chapter 11, in which the coverage of solid-liquid
separations begins. Several tunnel-type titanosilicates and the related
pharmacosiderites have been structurally characterized in both the acid and alkali
metal-substituted forms. Structural features including bond distances, ionic
diameters, and tunnel cavity sizes have been used to explain the observed
stoichiometries and metal ion uptake properties of these materials.. The titanosilicates
exhibit strong binding and good selectivity for Cs+ and K+ over Li+ and Na+, but the
observed capacity for Cs+ is only = 25% of the theoretical value. Structural analyses
show that the low capacity is due to a combination of steric, bonding, and
electrostatic repulsion interactions that impede diffusion of Cs+ into the tunnels of the
ion-exchange material. The development of such structure/function relationships has
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proven useful in understanding the uptake properties of these ion exchangers and is
important in the design of new materials.

In Chapter 12, Bartsch and Hayashita describe metal ion separations using lariat
ether cation-exchange resins. These materials are prepared using condensation
polymerization techniques wherein dibenzo polyethers are copolymerized in the
presence of formaldehyde and acid. Alkali metal selectivity and uptake by a series of
acyclic and cyclic polyethers are compared, and the influence of n-alkyl substitution
on the carbon atom geminal to the lariat functionality is discussed. Dramatic
differences in selectivity and uptake are observed when the sterics of the alkyl group
force the acidic functionality to reside over the macrocyclic cavity, thereby favoring
complexation. Separations of alkali, alkaline earth, transition, and main group cations
by lariat ether carboxylic, phosphoric monoester, and sulfonic acids are discussed.

Chapter 13 describes the development of novel ion-exchange resins. In this
work, Alexandratos and Hussain summarize early studies of ion-exchange resins that
have provided the foundation for more recent developments in this field. Separations
with traditional organic ion-exchange resins are often plagued by a lack of selectivity
and the inability to adequately retain the target solutes in the presence of high
concentrations of matrix ions or at pH extremes. Advances in resin design and
preparation have largely overcome these obstacles, primarily by the development of
chelating resins and by the incorporation of phosphorus acids into resin beads. The
phosphoric acids, whose pKa values are intermediate between the strong stdfonic and
the weak carboxylic acids, offer enhanced selectivity and good uptake at intermediate
to low pH values. Chelating diphosphonic acid-based resins, which provide
exceptional uptake and selectivity even at low pH, are discussed as are the design of
new reactive and dual bifunctional polymers. The latter materials possess improved
uptake mechanisms that allow more rapid penetration of ions into the resin matrix and
offer oxidation/reduction, ion-exchange, or precipitation reactions to immobilize the
sorbed species.

Chapter 14 by Horwitz and Chiarizia et al. describes the diversification of the
Diphonix class of chelating ion-exchange resins to include inorganic substrates and
new cation- and anion-exchange functionalities. The cornerstone gem-diphosphonic
acid moieties present in the sulfonated polystyrene-divinylbenzene copolymer, termed
Regular Diphonix, have been grafted to a silica-based substrate to yield a resin
somewhat more resistant to radiation damage and better suited to radioactive waste
treatment applications than its precursor. Phenol-formaldehyde copolymer chains
have been added to Regular Diphonix to yield Diphonix-CS, which effectively binds
Cs+ and Sr2+ for potential alkaline radioactive waste treatment applications.
Incorporation of both N-methylpyridinium and diphosphonic acid moieties into a
polymeric backbone provides another unique material capable of both cation and
anion exchange. The major process-scale application of the Diphonix resins is Few
removal from copper electrowinning bleed streams, and this application and its
process chemistry are presented.

Separation of TC04- from alkaline radioactive wastes by columns of Reillex-
HPQ anion-exchange resin is detailed in Chapter 15 by Ashley and Schroeder et al.
The origin and initial uses of the N-methylpyridinium-containing resin are discussed

99Tc04- separations from alkaline media.and lead into the testing of this resin for
Factors important to the use of Reillex-HPQ resins specifically for alkaline
radioactive waste treatment are also discussed. Batch uptake kinetics studies were
used to determine column residence times and flowrates for subsequent column
efficiency and cycling experiments. Technetium is reductively stripped from the
column using a combination of Sn2+, ethylenediamine, and NaOH. This approach is
extremely effective, yielding 99.4910of the reduced technetium in 1.5 bed volumes
with an overall recovery of > 98%.

Advances in the development and application of extraction chromatographic
resins are discussed by Dietz et al. in Chapter 16. Background details on the nature of
the extractant and diluent interactions with the support are accompanied by a
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discussion of the factors controlling the efficiency of extraction chromatographic
systems.

Recent developments have derived largely from the adaptation of new non-
specific extractants, originally designed for use in solvent extraction, to the extraction
chromatographic mode. Several specific examples including radiostrontium
separations using crown ethers and actinide separations using organophosphorus
extractants are detailed. The influence of the support in extraction chromatographic
systems is discussed with respect to its “inertness” (i.e., lack of participation in the
extraction reaction, as for polystyrene divinylbenzene copolymers) or “active” (e.g.,
an extractant impregnated in an ion-exchange resin) role in such separations. Current
applications of extraction chromatography are limited to analytical-scale separations,
as loss of extractant and/or diluent to the mobile phase results in performance
irregularities that preclude its use on the process-scale.

Chapter 17 by Izatt et al. describes the development and application of
commercial ion-selective disks and cartridges. A variety of disks and methods for
Hg2+, Pb2+, Sr2+, and Ra2+ analyses have been developed. High selectivities over .
commonly encountered matrix ions have been achieved, and interference levels for
these systems are discussed. Separations using the ion-selective disks are amenable
to a variety of quantitation methods, as the solutes may be stripped and analyzed or
the disks themselves may be counted if the analytes are radioactive.

The use of metal ion sorbents derived from biological materials is discussed in
Chapter 18 by Rayson et al. Variables important in the design and use of separations
employing biosorbents as well as the reactions influencing metal ion uptake by living
and nonliving materials are covered. One such biosorbent, Dattira innoxia, has been
studied in the solution and solid states, and as.a solid distributed on various organic
and inorganic supports. Details regarding the number and type of binding sites have
been derived from pH variation studies, chemical deactivation of specific binding
sites, EU3+ luminescence measurements, 113Cd and 27A1 NMR, and affinity
chromatographic experiments. Datura innoxia was shown to exhibit a range of
mono- through tridentate carboxylate coordination modes and possibly some
participation from native sulfonate groups.

Coverage of membrane filtration methods begins with Chapter 19 by Taylor and
Scamehorn et al., where the technique of ligand-modified micellar-enhanced
ultrafiltration (LM-MEUF) is presented. Incorporation of the 4-
hexadecyloxybenzyliminodiacetic acid ligand into MEUF systems containing the
cationic surfactant ZWhexadecylpyridinium”chloride has led to enhanced retention and
selectivity for CU2+over Ca2+. The influence of several variables, including the feed
compositions of Cu2+ and Ca2+ and the Iigand and surfactant concentrations, were
studied. From this data, the metal:ligand stoichiometry was determined and optimal
conditions were defined for selective retention of a copper chelate complex over
calcium ions in the matrix.

Smith and Jarvinen et al. present an overview and detailed applications of water-
soluble metal-binding polymers coupled with ultrafiltration techniques in Chapter 20.
The various modes of ultrafiltration, their operating parameters, and variables
pertinent to process scale-up are discussed. The applications range from analytical

and bench-scale separation and concentration of actinides to pilot-scale gross ~

concentration from radioactive liquid waste streams. Net ct activities were reduced
from >105 pCi/L to e 30 pCi/L in this demonstration. Two industrial applications are
under development, including electroplating waste processing for both cations and
anions and treatment of acid mine run-off, including that from the Berkeley Pit in
Butte, MT.

In Chapter 21, Spivakov et al. discuss the design and development of
countercurrent chromatographic (CCC) systems for metal ion separations. In addition
to describing the chemical properties of the solvent systems (extractant and diluent),
the important physical parameters affecting stationary phase retention in CCC
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separations are introduced.. These factors affect the separation efficiency, as they
relate to the volume of stationary phase that can be employed (influencing loading
capacity). Several applications are presented in which separation and/or
preconcentration of analytes is carried out. Isolation of lanthanides and yttrium from
geological samples by stationary phases containing organophosphorus extractants
show reasonable selectivity and good recoveries. Trivalent lanthanide and actinide
separations; concentration of Zr, Hf, Nb, and Ta; and Cs and Sr separations from
terrestrial matrices by a variety of organophosphorus, crown ether, and other
chelating extractants are described.

The fundamental kinetic aspects of centrifugal partition chromatography (CPC)
are detailed by Muralidharan and Freiser in Chapter 22. Separations of platinum
group metals by anion exchange or trialkylphosphine oxide solvating extractants,
Ni(II) by chelating Iigands possessing different interracial surface activities, and
Ianthanide cations using acylpyrazolones are characterized in terms of their extraction
kinetics, mechanisms, and chromatographic efficiencies in CPC. It is shown that the
efficiency of the CPC separations of these metals is limited by back extraction
kinetics occurring both in the bulk aqueous and interracial regimes and that the
reduced plate heights correlate with the half-lives of the rate-determining chemical
reactions.

Chapter 23 by Wai et al, is devoted to the supercritical fluid extraction (SFE) of
f-element chelates. Factors important in the extraction and stripping of solutes from
liquid and solid phases and the variables important to SFE of metal ions are
addressed. Extraction of U022+ from citric acid media by tri-n-butyl phosphate in
supercritical C02 is shown to proceed similarly to its extraction into the hydrocarbon
diluents used in PUREX processing. Intralanthanide separations using SFE with C02
and alkylphosphoric acids are also described. Extraction. by di-(2,4,4-
trimethylpentyl) phosphoric acid (Cyanex 272) shows the expected increase in
extraction efficiency that accompanies an increase in the lanthanide atomic number.
The mono- and dithiophosphinic acids (Cyanex 302 and Cyanex 301, respectively)
show appreciably greater extraction for Dy-Lu than for La and Ce-Tb. An interesting
potential application of metal ion separations using SFE involves the leaching of
U022+ from solid mine tailing samples by thenoyltrifluoroacetone.

Future Prospects

Identification of prospective research areas in the field of metal ion separations is
complicated by the fact that the future needs are intimately related to technological
advances in other fields, many of which cannot be readily foreseen. It is evident,
however, that while certain goals of the 1987 National Research Council report on
separations have been achieved, much remains to be accomplished. For example, the
opportunities identified in the NRC report must now be balanced with the need for
environmentally sustainable technologies. New industrial processes must weigh the
need for improvements in efficiency with requirements for pollution reduction.
Clearly, an opportunity exists for metal ion separations to play a major role in future
pollution prevention strategies.

More recently, the Technology Vision 2020 statement (34) has identified a
number of separations-related issues facing the chemical industry, but its goals of
environmental stewardship are applicable to any manufacturing industry. This report
asserts that environmentally sustainable technologies are not only a desirable goal,
but an achievable one. Separation science will continue to play a major role in
environmental remediation, but perhaps the most significant future challenges come
from utilizing separations science in pollution prevention.

More focused fundamental investigations and application-directed studies also
await the attention of separation scientists. For example, many chemical separation
processes comprise the steps of extraction, rinse/scrub, and stripping or regeneration.
The extraction stage has received the greatest attention to date, as the fundamentals of



9

extractant design, synthesis, and studies of metal ion uptake properties are involved.
Stripping and regeneration have received considerably less attention, despite the fact
that they are often the major source of energy consumption in large-scale separations.
Thus, efforts targeted at easing the demands of back extraction or regeneration would
yield separations with significantly enhanced energy efficiencies.

Along these same lines, an understanding of the fundamental behavior of a given
separation medium is often obtained using idealized or convenient laboratory
conditions. To permit an accurate performance assessment and achieve efficient
large-scale separations, the evaluation must be extended to more realistic process-
specific conditions. That this transition is often difficult is demonstrated by the
observation that advances are still to be made in the design of selective separation
processes effective at high acidities (e.g., on sulfuric acid leach solutions in
hydrometallurgy), and at high ionic strengths (e.g., alkaline radioactive wastes and
solutions from certain environmental remediation operations). Fundamental
speciation studies and an understanding of the behavior of extraction systems at high
metal loading (which most industrial-scale separations approach before stripping or
regeneration) are also required for existing processes to meet continually increasing
economic and energy efficiency standards.

Finally, increasingly stringent environmental regulations dictate that the number
of separation systems generating minimal or nonhazardous secondary waste streams
be expanded. Specifically, improvements are needed to reduce process solvent
entrainment in aqueous raffinates, decrease resin or process solvent attrition rates,
reduce energy and chemical consumption during all separation stages, and decrease
waste byproduct formation.
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Figure Captions

Fimre 1. Schematic representation of a generic separation
pr~posed by Giddings’ definition (24).
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