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FOREWORD

The North American industry has employed major solvent-extraction processes to
support a wide range of separations including but not limited to chemical, metallurgical,
nuclear, biochemical, pharmaceutical, and petroleum applications. The knowledge
enabling these separations has been obtained through fundamental studies in academe,
government and industry. In recognition of these activities, the International Solvent
Extraction Committee decided at the March 2002 meeting in Cape Town, South Africa to
hold the ISEC 2008 Conference in North America. The ISEC 2008 Organizing
Committee selected Tucson, Arizona as the site because of the mining industry in the
region.

The International Solvent Extraction Conferences have been and continue to be a
major gathering of scientists, engineers, operators, and vendors from around the world,
who present new findings since the last meeting, exchange ideas, make business contacts,
and conduct collegial discussions. Historically, the first solvent extraction conference
was held on nuclear separations at Gatlinburg in 1962. Several ISEC-type conferences
followed at Brussels in 1963, Harwell in 1965, Goteborg in 1966, and Jerusalem in 1968.
The first ISEC organized by the Society of Chemical Industry was held in The Hague in
1971. Since then, ISECs have been held in Lyons (1974), Toronto (1977), Liege (1980),
Denver (1984), Munich (1987), Moscow (1988), Kyoto (1990), York (1993), Melbourne
(1996), Barcelona (1999), Cape Town (2002), and Beijing (2005). It was fitting that
more than two decades after the Denver conference, North America is the host of the
ISEC 2008 in Tucson, Arizona, USA.

The ISEC 2008 program emphasizes fundamentals to industrial applications of
solvent extraction, particularly how this broad spectrum of activities is interconnected
and has led to the implementation of novel processes. The oral and poster sessions have
been organized into seven topics: Fundamentals; Novel Reagents, Materials and
Techniques; Nuclear Fuel Reprocessing; Hydrometallurgy and Metals Extraction;
Analytical and Preparative Applications; Biotechnology, Pharmaceuticals, Life-Science
Products, and Organic Products; and Process Chemistry and Engineering. Over 350
abstracts were received, resulting in more than 260 manuscripts published in these
proceedings. Five outstanding plenary presentations have been identified, with five
parallel sessions for oral presentations and posters. The plenary speakers are truly experts
in their specific fields of solvent extraction and consist of Hans-Jorg Bart, Bernard
Boullis, Gary Kordosky, Franz Schmidtchen, and Hitoshi Watarai. Originally, Georges
Wipff had accepted our invitation to present a plenary lecture but unfortunately was
unable to attend the conference. We elected to retain his contribution in the proceedings
in view of the growing importance of molecular simulations in understanding liquid-
liquid extraction. Hitoshi Watarai was gracious to step forward in this situation to
prepare and present a plenary lecture on a similar topic. Keynote speakers have been



invited to lead each session and two honorary sessions, one recognizing the major
contributions of Henry Freiser over his career and a memorial session for H.R.C. Pratt,
have been organized. The conference papers traverse a broad range of topics at the
highest level of scientific and engineering acumen. For example, of scientific interest,
papers in fundamentals use state-of-the-art molecular dynamic modeling to describe
molecular transport from one phase to and through an interface to the second phase;
whereas, at the other end of the spectrum, in the area of plant operation, process flow-
sheet optimization models are shown to implement extraction kinetics models in
extractor design equations to optimize throughput in existing plants. Also, the resurgence
of interest in nuclear fuels reprocessing is represented in this Conference through
sessions dedicated to this area.

To provide the opportunity for attendees and students to be exposed to the basic
concepts in solvent extraction over a broad spectrum, a preconference Solvent Extraction
Short Course has also been reinstituted at the ISEC 2008. In four sessions on the Sunday
and Monday before the Conference, the topics of Fundamentals, Hydrometallurgical
Extraction, Topics in Extraction, and Equipment Selection have been explored.
International experts in solvent extraction, mass transfer, thermodynamics, and
equipment and plant design presented approximately 14 lectures to the participants.

In addition to the broad-range technical program presented, the Organizing
Committee is pleased to offer a Post-Conference Technical Tour to the participants. The
Copper SX Technical Tour in Arizona features visits to large and small copper SX plants
and a bus tour through the scenic wonders of the Southwest United States desert. This
tour promises to be a highlight of the conference complimenting the many papers dealing
with copper extraction. In addition, local tours of the Tucson area in the beautiful
Southwestern United States are available for spouses and attendees during the week of
the meeting.

The ISEC 2008 would not have been possible without the generous support
provided by our Gold Sponsors and the other major sponsors. The Organizing Committee
thanks them for their recognition of the importance of this meeting through their
financial and other contributions.

I take this opportunity to graciously thank all the members of the ISEC 2008
Organizing Committee, the Editor of the proceedings, the Topical Chairs, the Session
Chairs, the reviewers of manuscripts, the members of the Secretariat, and the Organizing
Committee Administrative Assistant. Their enormous efforts and dedication over the past
six years made the ISEC 2008 a tremendous success. Thanks also are due to the authors,
technical exhibitors, and delegates for their significant contributions to, and participation
in, the Conference.
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I am certain that the ISEC 2008 will have a lasting impact on solvent extraction
through the Conference Proceedings and that the Conference has inspired our
participants to develop exciting contributions for their profession and the next ISEC.

Enjoy the meeting: learn, exchange ideas, describe your products, renew
acquaintances, and make new friends!!

L.L. Tavlarides
Chair: Organizing Committee
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PREFACE

The proceedings of the International Solvent Extraction Conferences (ISECs) and
its predecessor conferences represent an all-inclusive archive of progress in the field of
solvent extraction (SX), and we have attempted herein to maintain this great tradition! As
before, a remarkable diversity of chemical topics is covered. In recognition of the major
role SX plays in the hydrometallurgical and nuclear industries, these proceedings begin
with sections focusing on hydrometallurgy, process chemistry, and engineering. More
fundamental topics follow, including sections on novel reagents, materials, and
techniques, featuring novel applications in analytical and biotechnology areas. Despite
the diversity of topics and ideas represented, however, the primary focus of the ISEC
community continues to be metals extraction. Although extraction of organic compounds
is the topic of a significant number of papers, contributions related to the petrochemical,
pharmaceutical, food, and other industries that employ solvent extraction are, however,
not as extensive as we initially had hoped, especially in view of their economic
importance. Sessions on petrochemical applications, for example, could not be organized,
because of the lack of papers. Perhaps in the future, it would benefit progress in the field
of SX as a whole to find greater synergy between the extraction of metals and organic
compounds, as many of the same principles and techniques apply, and shared insights
may spark unexpected advances.

As a whole, these proceedings serve as a guidepost to future directions in the field
of SX. For the last several decades, SX has been regarded as a mature industrial
technology, and the foundation for this status can be seen in developments especially
since the start of the nuclear era in the 1940s. Historians even find uses of solvent
extraction well into the early 1800s. But if there has been the recent danger of perception
that the field has reached a plateau destined for only incremental improvements, perusal
of these proceedings can lend reassurance that quite substantial advances are occurring,
even ones that might be looked upon as true paradigm shifts. One shift that has already
taken place is the impact of supramolecular chemistry. Highly organized molecules such
as crown ethers and calixarenes, once thought to be prohibitively expensive for
applications other than in analytical laboratories, are now incorporated into both accepted
industrial SX processes for cleanup of nuclear waste and ongoing research for more
efficient reprocessing. Supramolecular chemistry has also unlocked mysteries regarding
the nature of third-phase formation, revealing this phenomenon to be one of self-
assembly of extractant molecules and their complexes into organized structures. In many
respects, the limitations posed by third-phase formation in SX are responsible for the
peculiar structures found to be optimal for extractant molecules and for use of modifiers
in solvent systems, all of which are defining characteristics of the art of SX but without
much fundamental understanding. While the impact of supramolecular chemistry has
actually been unfolding over the 40 years since crown ethers were first reported, a more
recent paradigm shift is occurring in the use of computational techniques. One may find
papers reporting on computations at different spatial and time scales, from molecular
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design to dynamics of metals crossing interfaces to fluid dynamics in equipment to
flowsheet and plant design. It may be expected that future SX practitioners only a decade
from now will approach research tasks at any of these scales or at perhaps all scales in
one comprehensive model with the aid of computational tools to guide and shorten the
path to a research goal previously attained only through inspired but time-consuming
experimental efforts. Finally, evident in many papers is the remarkable energy devoted
by researchers to finding and developing new extractants possessing new types of
selectivity and improved properties, especially as driven by the needs of nuclear,
analytical, and niche applications. This energy has never really abated, as one would
expect for fundamental research, despite arguments at previous ISECs that no new
reagents were needed. Granted, the appearance of new reagents has been slower for
hydrometallurgical applications, owing to more stringent economics, but nevertheless
new reagents continue to be marketed by suppliers and evaluated by researchers.
Certainly, even conservative hydrometallurgists would still have to admit that a new
nickel-selective reagent, still yet to be found, would be quite attractive commercially.

In approaching the daunting task of putting these proceedings together in the
unprecedented timeframe of three months from receipt of manuscripts to delivery of ca.
260 peer-reviewed and edited papers to our publisher, we made some changes more than
methods used in the past. An internet-based system set up by our Secretariat was
employed to collect abstracts and manuscripts, thereby avoiding labor- and mail-
intensive handling of camera-ready hard copies and allowing a rapid means for our
editors and reviewers to electronically access the manuscripts from their locations in
several countries. As before, manuscripts received a rigorous peer review by 1 or 2
independent reviewers. However, we broke with tradition and decentralized the peer-
review process by involving 15 Associate Editors in much the same way that journals
operate. In this way, and taking advantage of the internet, it was possible to obtain
international participation in putting the proceedings together in a short amount of time
without the entire burden falling on a few individuals as has been the case in the past.
Associate Editors each had responsibility for overseeing the distribution of manuscripts
from the central web site to reviewers (almost exclusively by email), returning review
comments to authors, and judging the acceptability of revised manuscripts, which were
then uploaded to a central web site for final editing and electronic transmittal to the
publisher. It may be noted that the completely electronic means of assembling the
proceedings continues to develop from the past few ISECs and will hopefully make this
task easier for future proceedings. In the present case, it was possible to complete the
task in a much shortened timeframe, to involve a wide representation of our SX
community, and to deliver diverse set of papers spanning the state of our art.

I personally thank each of our Associate Editors for their devotion and generous
efforts in coordinating the peer review of the ISEC manuscripts, and I also wish to thank
our reviewers for lending their critical eyes to improving the manuscripts and ensuring
their high quality. Mihaela Gurau is thanked for acting as Editorial Assistant for the
ionic-liquids papers. Becky Maggard of Oak Ridge National Laboratory provided
excellent assistance in the final editing phase and provided the design of the cover and



layout of the front matter. The help and guidance of Ronona Saunders with CIM was
indispensable in the final assembly of the book. Finally, we are indebted to our authors
for their excellent contributions and enthusiastic participation!

Bruce A. Moyer
ISEC 2008 Technical Program Chairman
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ABSTRACT

A solvent-extraction process for metal recovery fits between a feed solution carrying the metal or
metals of interest and one or more metal-effluent streams from which the metal product or
products are produced. The technical and economic success of the total metal-recovery and
production process is dependent on the success of each unit operation and on how well the
chemistry of the leaching and metal-production processes fit with the chemistry of the solvent-
extraction reagent. Metal-recovery processes for copper, uranium, and nickel are examined from
the perspective of how well both the chemistry of the metal-leaching and metal-recovery
processes fit with the chemistry of the existing reagents and what must be done to develop the
total metal-recovery and production process.

INTRODUCTION

The chemical literature has many references for the use of solvent extraction (SX)
as a separation technique in analytical chemistry, and a large amount of fundamental
knowledge in solvent extraction, particularly in the areas of solution chemistry and
organic extractants, comes from analytical chemistry [1]. Solvent extraction as a
technique for the recovery and purification of a metal goes back to at least 1842 when
Peligot extracted uranyl nitrate into ethyl ether [2].

The first reasonably large-size use of SX as a unit operation in hydrometallurgy
was in the Manhattan project for the production of pure uranium using the technique
described by Peligot [3]. In the 1950s, SX was applied on a large scale for the recovery
of uranium from solutions generated by sulfuric acid leaching of uranium ores [4]. Today
many metals are recovered by SX including copper, uranium, molybdenum, vanadium,
palladium, cobalt, and germanium among others, but copper, with about 3.3 million
tonnes production by SX in 2007, is by the far the metal recovered in the greatest
tonnage.

In order to address the development of an SX process for metal recovery, it is
important to understand that SX is only one unit process in a series of unit processes
needed to win metal from ore and other sources. The SX process must therefore be
compatible with, and complimentary to, the leaching process that precedes it and the
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final metal-recovery process that follows (Figure 1). The success of the whole process is
dependent on the success of each individual unit process and on how well the unit
processes fit together.
Solvent extraction as part of an overall metal-recovery and production process
has three main objectives:
1. Purification of a metal(s) from impurities either by extracting the
desired metal(s) from the impurities or by extracting the impurities
from the desired metal(s).

2. Concentration of metals in order to reduce downstream processing
costs.
3. Conversion of the aqueous matrix to a form that simplifies and

allows for more efficient downstream processing.
In any given solvent-extraction process one, two, or all three of these objectives may be
accomplished.

To have a commercially successful metal-recovery process that includes SX, the
metal-containing streams entering and exiting the SX plant and the economics of the
process must be fully taken into consideration. Most commonly, the metal-containing
solution feeding an SX plant, often called the pregnant leach solution (PLS), arises from
a metal-leaching process for ore or concentrate, but scrap metal, recycled material, and
waste streams are also possible sources of metal. The final metal product is most often a
metal, but metal salts are also produced. The aqueous stream exiting the SX plant from
which the final product is produced is often called the pregnant strip solution.

To fully take the metal feed solution entering the SX plant into consideration, the
following should be known about the solution: the concentration and oxidation states of
metals, the anions and their concentration, polar organic contaminants and their
concentrations, the temperature, the suspended-solids content, any remaining leaching
agents such as oxidants, and the pH. In order to take the pregnant strip solution fully into
consideration, the metal-production process and the requirements of this process must be
also known.

There are many technically and commercially successful metal-recovery and
production processes that use SX. Three SX metal recovery processes will be addressed
in this paper; copper recovery, uranium recovery using amines, and nickel recovery. The
total metal-recovery process, from leaching to metal product, is addressed to show how
the particular SX process fits into the overall metal-recovery process. For copper it will
be seen that the SX process fits the overall metal-recovery process extremely well, while
with uranium and nickel the fit is not as good, and one or more of the individual unit
processes has to be adapted to the properties of the available SX reagent.

COPPER PRODUCTION BY LEACH/SOLVENT
EXTRACTION/ELECTROWINNING (L/SX/EW)

Copper recovery by SX was commercialized when the Ranchers Bluebird plant
started in March 1968 using the hydroxyoxime reagent LIX® 64 (LIX" is a registered
trademark of Cognis) in the acid leach/solvent extraction/electrowinning (L/SX/EW)
generic flowsheet shown in Figure 1 [5].
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Copper oxide ores are leached with sulfuric acid, because it is readily available
and the lowest-cost mineral acid. Leaching reactions for Malachite and Azurite follow:

CuCO;-Cu(OH), + 2H,S804 — 2CuS0;4 + CO, + 3H,0 1)
(CuCO3),-Cu(OH), + 3H,S04 — 3CuSO4 + 2CO, + 4H,0 )

Leach solutions resulting from leaching copper oxide ores have pH values in the range of
1.1 to 2.2 and contain <1 to ~20 g/L Cu, depending on the leaching characteristics of the
ore, the copper grade of the ore, and the leaching technique used.

Leaching Electrowinning
Pregnant *
Raffinate Leach :I’egt“a:“ ::’e':‘ "
Solution ectrolyte ectrolyte
Y ]
Loaded Organic
Extraction _ Stripped Organic Stripping

Figure 1. Generic flowsheet for the recovery of copper from oxide ores using
acid leach/solvent extraction/electrowinning.

The net reaction for electrowinning copper from an aqueous solution follows:
Cu”" +H,0 > Cu+2H +% 0, (3)

High-quality copper is electrowon from aqueous solutions having ~35 g/L Cu and ~160
to 190 g/L H,SO4. This solution is used to strip copper from the loaded reagent.

A simplified extraction = stripping reaction for the hydroxyoxime copper SX
reagents based on the general structure in Figure 2 is given directly below:

Extract
2RH g + Cu?" + SO,” =———= RyCuyorg + 2H' + SO,” 4)
Strip

Note how well the extraction and stripping reactions for copper solvent extraction
fit the overall L/SX/EW process. Protons generated in electrowinning copper are carried
in the spent electrolyte to the strip mixers, where these protons strip copper from the
copper-loaded reagent. These protons are then carried to extraction by the unloaded SX
reagent molecule, where copper is extracted by the unloaded SX reagent molecule with
concomitant release of these protons to the aqueous raffinate. These protons are then
carried to leaching by the recycled raffinate, where they leach more copper. At the same
time, copper leached from the ore by these protons is carried by the solvent-extraction
reagent from the leaching solution to the pregnant electrolyte from which copper is
electrowon, and in the process, more protons are generated. With respect to copper and
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proton transfer, hydroxyoxime-based copper SX reagents are a perfect fit with the oxide
copper L/SX/EW process. Furthermore, because the extractive strength of these reagents
can be tailored, a reagent can be selected such that the copper extraction-stripping
equilibrium lies well toward extraction under typical extraction conditions and well
toward stripping under typical stripping conditions.

oq NOH R A
Ci2Hos CsHss
A CoHyo C¢Hs
C9H]9 CH3
CoHyg H
R Ci2Has H

Figure 2. General structure for hydroxyoximes used in copper solvent-extraction reagents.

These reagents are also highly selective for copper over most ions present in a
copper leach solution, extracting only molybdenum(VI) and small amounts of Fe*" from
typical copper oxide leach solutions. Iron does not deposit during copper EW, but it does
reduce current efficiency. However, the Fe*"/Fe*" couple keeps the oxidation potential of
the EW solution in a suitable range; thus, in a copper solvent-extraction plant, some iron
transfer from the leach solution to the stripping solution is beneficial. Today’s copper SX
reagents fit this requirement nicely in that some reagents are more selective over iron
than others. This allows plant operators to choose a more-or-less selective reagent
depending on the needs of the particular plant or leach solution. Interestingly, on loading,
copper “crowds” molybdenum from copper SX reagents, and molybdenum is not
stripped by typical copper stripping solutions. Thus, if a small amount of molybdenum is
extracted, that molybdenum simply remains at a minor steady-state concentration in the
organic phase with little effect on the overall copper leach/SX/EW process.

Finally, copper solvent-extraction reagents have less than 1 ppm water solubility,
and they are quite stable in typical copper SX plants. These properties help keep reagent
consumption low, which is important to the commercial success of the process.

The technical and economic success of the copper oxide L/SX/EW process led to
research in leaching secondary copper sulfide ores, and there are now many L/SX/EW
plants operating on secondary copper sulfide ores. Fortunately, the copper and proton
balance across L/SX/EW for secondary copper ores is the same as for copper oxide ores.
The impurities in these leach solutions are also similar to the impurities in copper oxide
leach solutions, and the pH of these leach solutions is in the same range as the pH of the
copper oxide leach solutions.

The copper L/SX/EW process for producing high-quality copper from oxide and
secondary sulfide ores is an example of a great fit between the needs of the process and
the properties of commercially available SX reagents. No doubt this is one of the key
reasons for the technical and economic success of this process and also one of the key
reasons much effort has gone into improving not only copper SX reagents but also the
leaching and electrowinning processes. For example, there are now several plants that
leach copper concentrates instead of sending them to a smelter. Copper electrowinning is
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now common at current densities > 300 amps/m” instead of the 180 amps/m” used in the
Ranchers plant, thus significantly reducing the capital cost for EW per unit of copper
plated. Unfortunately, such a great fit of the reagent properties to the overall metal-
recovery process is rare.

URANIUM PRODUCTION BY LEACH/SOLVENT
EXTRACTION/PRECIPITATION (L/SX/P)

As previously mentioned, metal recovery by solvent extraction was first applied
on a large scale to recover uranium from solutions generated by sulfuric acid leaching of
uranium ores [4]. Di-2-ethylhexylphosphoric acid (DEHPA) was the SX reagent used in
these plants. Within a short period of time, Alamine® 336 (Alamine® is a registered
trademark of Cognis), a tertiary amine made from an approximate 3/2 blend of Cg/Cyy
alcohol, became the preferred reagent for this use and remains so today.

The process starts with a sulfuric acid leach of uranium ore in the presence of an
oxidant, typically oxygen, manganese dioxide, or sodium chlorate, often at temperatures
of 40 to 80 °C and at an oxidation potential of 400-500 mv relative to a saturated
calomel electrode. These conditions result in a relatively aggressive, nonselective leach
for uranium(V1), with the following equilibria governing the uranium species in solution:

U0, +250,7 =U0,(S0,),2+ (5)
U0,(S04),” + S04 = U0,(S04):* (6)

Impurities may include soluble silica, Fe’’, Fe*', chloride, nitrate, phosphate,

thiocyanate, organic acids, and metals such as tungsten, molybdenum, vanadium,
zirconium, thorium, arsenic, and antimony. Some of these metals are present as anions
and some as both anions and cations. The pH typically varies from about 1 to 1.8. Each
of the impurities can bring its own unique problems to uranium production.

The process finishes with the precipitation of a final product that is acceptable to
the market or that can be calcined at the plant to U;Os. In most plants, the precipitate is
ammonium diuranate [(NH4),U,05], often called yellow cake, or UO;.

DEHPA as the Extractant

Under the conditions of the typical uranium leach liquor, DEHPA will extract
uranium, iron(II1), AI(III), vanadium(IV and V), zinc, Mo(VI), and possibly other metals.
Iron loading on DEHPA can be controlled by reducing Fe(III) prior to solvent extraction
with DEHPA, but this is expensive, since more oxidant is needed when the raffinate is
recycled back to leach. While the extraction reaction for uranium is shown as reversible,
stripping uranium from DEHPA with acid is not practical, and the preferred stripping
method used either ammonium or sodium carbonate.

Problems using DEHPA for uranium extraction include the extraction of
impurities, the water solubility of the sodium and ammonium salts of DEHPA, and the
need to use a third-phase modifier such as TBP because of the limited solubility of the
uranium, sodium, and ammonium salts in the organic diluent. In addition, stripping
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uranium from DEHPA with base can result in co-extracted iron and aluminum, forming
insoluble hydroxides. This will cause severe operating problems because of stable
emulsions and crud generation. Simply said, DEHPA was used for uranium extraction
from sulfuric acid leach solutions, because there was no other acceptable extractant
commercially available at the time. This fact drove development of Alamine 336, the
first commercial tertiary amine extractant for uranium from sulfuric acid leach solutions.

Alamine 336 as the Extractant

The recovery of uranium from sulfuric acid leach solutions using a tertiary amine
such as Alamine 336 proceeds according to the simplified protonation and extraction
equations given below:

2R5N(org) + Ha804 = [(RsNH )80, J(org) (7a)
R3N(org) + H2804 = [RsNH'HSO4 Jiorg) (7b)

4[(RNHYHSO; J(org) + UO2(SO4),> =
[(RsNH")3UO(S04)3" Jiorg) + 2H2SO4 + SO~ (8)

2[(RsNH 2804 Jiorg) + UO2(S04)s" = [(RsNH);UO02(SO4)5 J(org + 2804 (9)

Since amine protonation with sulfuric acid is complete at pH < 2.2, the aqueous
solution to be treated by the amine should have a sufficient acid concentration to
protonate all the amine without the pH rising above ~2.2. If the pH of the solution to be
treated rises above 2.2 during extraction, acid can be added to the aqueous solution to be
treated, or a pre-protonation stage can be inserted ahead of extraction to ensure that there
is sufficient acid to fully protonate the amine.

Tertiary amine acid and metal complexes have limited solubility in typical SX
diluents and will form a third phase that usually settles between the diluent phase and the
aqueous phase in the settler. To avoid third-phase formation, a modifier such as
tridecanol is added to the amine organic phase.

Uranium is stripped from a protonated amine in two ways, either with a base that
deprotonates the amine, or by anion exchange with an anion that competes favorably
with uranium for the protonated amine:

[(RsNH);UO2(SO4)3](org) + 4NH3 > 4R3N(org) + UO(SO4),” + 4NH," + SO, (10)

[(RsNH)4UO(SO4)3]org +XA” ==
AR3NH A )org) + UO2(SO4),” + SO + (x-4)A™  (11)

The most common stripping method is deprotonation of the amine with ammonia
gas, which is injected into the mixers of three to five countercurrent strip stages over a
pH range of 3.5 to 5. The first strip stage has the lowest pH, and the pH is gradually
raised in each successive stage. This ensures that pregnant strip solution, which has the
highest uranium content (~25 to 100 g/L U), is in contact with an aqueous solution of a
relatively low pH to limit precipitation of yellow cake during stripping, and that uranium
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strip solution having the lowest uranium content is in contact with an aqueous solution
having the highest pH, thereby ensuring good stripping. If a plant operator wants to
produce a strip solution containing a uranium concentration on the high side while
avoiding yellow cake precipitation in the strip mixer settlers, the pH needs to be
controlled from the first to the last strip stage over the range 3.5 to 4.5. Since a local high
pH must be avoided in all strip mixers, gaseous ammonia used in stripping is diluted with
air.

Under the conditions of a typical uranium sulfuric acid leach solution, the only
other metal normally co-extracted to any great extent by tertiary amine is molybdenum.
Even though most other common metals are either not extracted, or only extracted to a
small extent, many uranium amine circuits will scrub the loaded organic in one to three
stages using a 10 to 20 g/L sulfuric acid solution. The scrub stages help ensure low
carryover of either extracted or entrained impurity metals to the uranium pregnant strip
solution, and as a result, a high-purity uranium product can be produced.

If molybdenum is co-extracted with uranium, the uranium can be selectively
stripped with an acidified chloride solution having 80 to 100 g/L chloride. Molybdenum
is then stripped with ammonia/ammonium chloride or sodium carbonate at pH ~9.5.
Frequently in amine SX plants where molybdenum is co-extracted, a blue-to-green
sludge or crud forms in the extraction settlers. If it forms in large quantities, it can be
very troublesome, as it will tie up significant quantities of amine and may even shut a
plant down until it is cleaned out. The chemistry of molybdenum cruds can be complex
[6].

A third stripping method uses ~400 g/L sulfuric acid. The pregnant stripping
solution can be built to over 150 g/L uranium, with the final strip solution having a g/L
acid to g/L uranium ratio of about 1.5. Some of the acid is recovered and the remainder
neutralized prior to precipitation of high-purity uranium oxide with hydrogen peroxide.

Since the protonated amine is the active extractant, completely deprotonating the
amine will completely strip any metal (e.g., Mo) or any nonmetal anion (e.g., organic
acids) from the amine. This offers an easy and effective way to keep the amine organic
phase in good shape. For this reason most amine SX circuits have an amine regeneration
stage where either all, or a portion of, the stripped organic is contacted with an aqueous
solution at pH about 10.5 to 11.

The fit between the properties of the tertiary amine extractant Alamine 336 and
the requirements of a uranium SX circuit, while not ideal, is still quite good. Tertiary
amines strongly extract uranium under the conditions presented by typical sulfuric acid
uranium leach solutions, and even though the protonated amine is not as selective for
uranium as might be desired, most impurities that are extracted can be removed from the
loaded solvent using wash stages. If molybdenum is co-extracted, uranium can be
selectively stripped using an acid chloride solution. Stripping uranium with aqueous
ammonia is efficient and produces a strip solution from which high-purity ammonium
diuranate product can be precipitated simply by adding excess ammonia. Other stripping
agents, such as acidified chloride or concentrated sulfuric acid, offer flexibility should it
be needed. If sulfuric acid is used to strip uranium, the amine will transfer acid from
stripping to extraction, thereby reducing the amount of acid that needs to be neutralized
prior to precipitating uranium with hydrogen peroxide.
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Alamine 336, which will load about 1.2 g/ U under ideal conditions, has been
used at concentrations up to ~10 vol %. This is a sufficient concentration to handle most
uranium leach solutions. While the acid and metal-loaded amine complexes have limited
solubility in typical SX diluents and will form a third phase, the addition of a
commercially available, low-cost modifier such as isodecanol avoids this problem.

Tertiary amines are quite stable under typical uranium leach solution conditions,
but a high oxidation potential will cause amine degradation. There are certain conditions
under which amine degradation can be very fast, for example, in the presence of nitrate
with some chloride and a high oxidation potential. Fortunately, this condition is rare, and
where it may occur, precautions can be taken [7].

Amine SX circuits tend to be more sensitive to the phase continuity in the mixer
than copper SX plants running hydroxyoxime SX reagents. The reasons for this are
thought to be that the active amine extractant is charged, many uranium leach solutions
contain relatively high levels of solids or soluble silica, and solids may precipitate during
extraction. Specifically, most, but not all, amine circuits need to run organic-continuous
in the mixers in order to achieve good phase separation and low entrainment.

Finally, extraction and stripping kinetics of amines are very rapid; therefore,
small mixers and relatively gentle mixing can be used. Alternatively, equipment such as
columns or in line mixers, where drop size can be controlled, may be used. This could
reduce the capital to build the SX plant and theoretically reduce entrainment, thereby
making the process more economical.

Nickel Production by Leach/Solvent Extraction/Nickel Reduction (L/SX/NR)

Nickel production by SX/NR was commercialized in 1971 when SEC
Corporation used SX to recover nickel from a copper refinery bleed stream followed by
electrowinning nickel from the pregnant nickel strip solution [8]. Refinery bleed stream
was diluted with water and then subjected to copper solvent extraction using pH control
with ammonia. The copper-free raffinate was taken to pH ~8 to 8.5 with gaseous
ammonia, and after settling and filtration of iron and aluminum hydroxides, the nickel
was extracted using LIX 64N. The loaded organic first passed to a wash stage controlled
at pH ~5.5 with sulfuric acid to remove ammonia and then to nickel stripping with spent
electrolyte solution containing >80 g/L Ni and 5 g/L free sulfuric acid. A pregnant strip
solution containing ~1 g/L free acid and about 83 g/L Ni was produced. The pregnant Ni
strip solution advanced to electrowinning to produce Ni metal. While this small plant was
technically and economically successful, today some 37 years later, Ni solvent extraction
is still not widespread. There are several reasons for this, one of the most important being
the lack of a solvent-extraction reagent for nickel that fits well with the various
hydrometallurgical routes to recover nickel from ores and to produce high-quality nickel
product.

Nickel is found in nature as either an oxide (laterite ores and sea nodules) or a
sulfide. Cobalt is usually found with nickel, often at ~10% of the nickel concentration, so
any nickel solvent-extraction circuit always includes some consideration of cobalt
solvent extraction. There are a number of ways to put nickel, along with cobalt and other
metals, into solution from either oxide or sulfide ores. Examples include high-pressure
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sulfuric acid leach (HPAL) of laterite ores, autoclave leaching of nickel sulfide
concentrate or high-grade nickel sulfide ore, ammonia leaching of nickel sulfide
concentrate, reductive roasting of nickel laterite ore followed by ammonia leaching, heap
leaching of NiS ore, and heap leaching of nickel laterite ores with acid. The leach
solutions resulting from these leaching techniques often go through various process steps
to remove iron, aluminum, and other metals if possible, depending on the ore and the
metals dissolved in the leaching process. Interestingly, the use of any of the leaching
techniques above followed by Fe and Al removal on the leach solutions results in only
two aqueous solutions from which nickel needs to be recovered and concentrated, a
dilute sulfuric acid solution at pH about 2.5 or an ammonia solution.

The final nickel products of greatest acceptance produced by hydrometallurgy are
high-purity nickel metal and high-purity nickel oxide (NiO). Nickel metal is produced
from an aqueous solution by either hydrogen reduction or electrowinning. In either case,
the aqueous solution from which nickel is reduced must be of very high purity, contain a
relatively high concentration of Ni (>70 g/L), and have virtually no free acid (pH > 3.5).
Protons generated by hydrogen reduction of nickel must be neutralized as they are
produced or nickel reduction will cease. This is normally done with ammonia; thus, a
nickel plant producing nickel metal by hydrogen reduction also produces an equimolar
tonnage of ammonium sulfate. Protons generated in Ni electrowinning at the anode must
be kept out of the cathode solution. This is done using a diaphragm in the electrowinning
cell. NiO is obtained by pyro-hydrolysis of a high-purity, high-concentration nickel
chloride solution or by roasting NiCOj; in a kiln. NiO can be reduced to produce Ni
metal.

A nickel solvent-extraction circuit should produce one of three high-purity
solutions, an aqueous sulfate solution containing at least 70 g/L Ni at pH >3.5, an
aqueous ammonia solution containing a high nickel concentration (~80 g/L) from which
nickel carbonate can be precipitated by distilling the ammonia, or an aqueous acid
chloride solution containing a high nickel concentration (~80 to 110 g/L Ni).

Therefore, an ideal nickel solvent-extraction reagent would:

1. Strongly and selectively extract nickel in the presence of copper, zinc,

cobalt, manganese, and calcium from either a sulfate solution at pH ~ 2.5
or from an ammonia solution.

2. Be stripped to produce one of the three high-purity nickel solutions

mentioned above from which nickel metal or nickel oxide are produced.

The fact that one wants an ideal reagent to do certain things does not mean that it
is possible for a reagent to do those things. For example, extracting Ni from a solution at
pH ~2.5 and stripping nickel from this reagent with sulfuric acid to obtain a Ni solution
having a nickel concentration of >70 g/L at pH ~3.5 does not seem possible. However,
extracting Ni from a dilute ammonia solution and then stripping Ni with sulfuric acid to
obtain a concentrated Ni solution at pH 3.5 is not only possible, it has been run
commercially in the SEC plant and in the Cawse nickel project in Australia [9].

Consider the commercially available reagents that extract nickel. Organo
phosphoric, phosphonic, and phosphinic acids extract many metals more strongly than Ni
including Fe*', Zn, Cu, Co, Mn, Ca, Mg, and Cd, and nickel is not fully extracted until
the pH reaches the 5 to 6 range [10]. The organothiophosphinic acid Cyanex 301 extracts
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Cu, Zn, and Fe*" more strongly than Ni. Co is extracted under about the same conditions
as Ni, but significantly, Ni and Co®" are extracted more strongly than Mn, Mg, and Ca
[10]. Versatic acids extract Fe’*, Cu, and Zn more strongly than Ni, while Cd, Co*" and
Mn*" are extracted over a similar pH range as Ni, but Versatic acids are selective for Ni
over Ca and Mg [11]. Oxime copper extractants extract Cu and Fe’" more strongly than
Ni, while they extract Co”" at about the same pH as Ni. They do extract Zn and Mn at a
higher pH than Ni [12]. Combinations of some of the above reagents with certain other
reagents are synergistic with respect to the extraction of Ni and Co, thus allowing
selective extraction of these metals over Mn, Mg, and Ca, but usually not over Fe*’, Cu,
and Zn [13]. Depending on the combination of reagents and synergist, pH may or may
not need to be controlled during extraction. These synergistic reagents have not been
applied on a commercial basis and will not be further discussed.

It is obvious that none of the reagents mentioned above have all the properties of
an ideal nickel extractant. In fact, most of them have very few of the properties of an
ideal nickel extractant.

Organo Phosphorous-based Reagents

With the organophosphorous-based acid extractants, Fe**, Cu, Zn, Co*’, Ca, and
Mg need to be removed prior to Ni extraction, and nickel extraction must be pH-
controlled at 5 to 6 to achieve high nickel recovery. The only advantages of these
extractants are that they can produce a strip solution from which Ni** can be reduced to
Ni metal or from which pyro-hydrolysis could produce NiO, and they are commercially
available. These types of extractants have been used to remove metals such as Zn, Co*",
Cu, Mn, and Fe’" ahead of Ni solvent extraction, but they have not been used as the
primary Ni extractant [14].

Cyanex 301 extracts Ni and Co at relatively low pH (pHso about 0.9), so this
reagent can be used without pH adjustment to obtain high Co and Ni recovery from
sulfate leach solutions at pH 2.5. However, Ni is not extracted selectively over Co*", and
stripping is only accomplished with a relatively high acid concentration; thus, this
reagent will not produce a strip solution from which high purity Ni can be electrowon or
hydrogen-reduced. In addition, this reagent extracts iron and Zn more strongly than Ni or
Co®*, and it irreversibly extracts copper at very low pH. In spite of these shortcomings,
Cyanex 301 has been incorporated into the Goro flowsheet for co-extraction of Ni and
Co followed by four stages of stripping with ~6 M HCI at about 60 °C to produce a
solution containing 80-110 g/L Ni, 6-10 g/L. Co, ~1 g/LL Zn and very low levels of Mn,
Mg, and Ca [15]. This stripping solution will advance to Co extraction with tri-isooctyl
amine prior to Ni recovery by pyro-hydrolysis to produce NiO as product and HCI for
recycle to stripping.

Versatic Acids
Versatic acid has been used commercially for Ni extraction coupled with Ni EW,

but it is certainly not an ideal nickel extractant [14]. Cu, Zn, Fe*’, Co®’, and Mn need to
be removed from the aqueous solution prior to Ni extraction, and Ni extraction must be
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pH-controlled at 6.5 to 7 in order to achieve high nickel recovery. Because Versatic 10
acid reagent is somewhat water soluble at the extraction pH, the raffinate is pH-adjusted
to about 2 and then the Versatic acid is recovered for the raffinate using diluent in one
stage of extraction. On the positive side, Versatic acid extractants are commercially
available, and they can produce a strip solution from which metallic nickel can be
produced or from which pyro-hydrolysis could produce NiO. Versatic 10 has been used
as a primary nickel extractant, where, as expected, most metals were removed from the
leach solution ahead of nickel extraction [14].

Ketoxime Reagents

Ketoxime-based copper solvent-extraction reagents have been used to extract Ni
from ammonia leach solutions at several Ni plants [8,9]. LIX 84-INS, a relatively strong
extractant for Ni from ammonia leach solutions having little free ammonia, and from
which a sulfate strip solution containing <150 g/L Ni at pH 3.0 to 3.5 can be produced, is
the reagent of choice for this application. LIX 84-INS can be modified with tridecanol or
other modifiers to allow stripping of the Ni with an ammonia solution containing about
210 g/L ammonia and 180-200 g/L carbon dioxide to produce a strip solution containing
about 80 g/L Ni. Thus, the use of this reagent for Ni extraction from an ammonia leach
solution offers the plant a choice to produce either Ni as metal or as NiO.

Unfortunately, the above-described solvent-extraction process is not trouble free
for several reasons. Co®" present with Ni in the leach solution will be extracted and
stripped with Ni. However, some of the extracted Co”" oxidizes to Co®" which does not
strip with Ni, and over time cobalt will poison the reagent, thus lowering the Ni transfer
capacity of the organic phase [9]. For this reason, all the Co®" in an ammonia leach
solution needs to be oxidized to Co®" prior to Ni extraction. Cobalt(IIl) can be removed
from the organic phase by reduction with a more active metal (Zn or Fe powder) in the
presence of dilute acid, but this process is messy and results in some reagent degradation.

Cu®" in an ammonia leach solution is very strongly extracted by ketoxime-based
reagents, and the Ni stripping method dictates how the copper must be dealt with. In a
circuit with a concentrated ammonia strip for nickel, copper will build up in the solvent
to a steady-state concentration, and any copper that loads above this level will then report
to the Ni pregnant strip solution. If the copper level in the Ni pregnant strip solution is
too high, it must be removed from this solution prior to producing the final Ni product. In
a circuit with an acid strip, where a solution from which Ni metal can be electrown or
hydrogen-reduced is produced, no measurable copper is found in the nickel pregnant
strip solution. The copper concentration in the organic phase is controlled by taking an
appropriate bleed of the Ni-stripped solvent to a copper strip stage where some Ni also
strips. The copper can be electrowon to produce a nickel-free, high-quality copper
cathode, while the Ni is returned to the overall metal-recovery circuit somewhere ahead
of solvent extraction by bleeding the copper strip solution.

Fresh LIX 84-INS is highly selective for Ni over Zn. However, degradation
products, which reduce Ni selectivity over Zn, build over time in the organic phase, and
zinc that loads during Ni extraction from an ammonia solution must be dealt with. In Ni
SX circuits, where Ni has been extracted from an ammonia solution and where a sulfuric
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acid strip is used to strip Ni, a pH-controlled wash stage is always present to remove
ammonia from the organic phase and thus limit ammonia transfer to the pregnant strip
solution. About 50 to 60% of the loaded zinc will be removed in this wash stage. If too
much loaded zinc passes through the wash stage, it will report to the nickel pregnant strip
solution from which it will need to be removed. Typically, this is done by ion exchange
or solvent extraction with one of the organophosphorous based reagents.

On the positive side, LIX 84-INS transfers protons in the nickel ammonia system
from stripping to leaching in an analogous way to proton transfer in the copper oxide
leaching system. Consider the ammonia leaching of Ni(OH),, which is one intermediate
product resulting from acid leaching of Ni laterite ores, and the leaching of Ni metal
according to the equations below:

Ni(OH), + 2NH,4" + 4NH; — Ni(NH3)s> " + 2H,0 (12)
Ni + 2NH;" + 4NH; + % O, = Ni(NH;)s> ™ + H,0 (13)

Now consider the chemical equations for extracting Ni from an ammonia solution
and for stripping Ni with either sulfuric acid or a concentrated solution of ammonia and
carbon dioxide:

Ni(NH3)s>" + 2RHorg) == RoNi(org) + 2NH," + 4NH; (14)
RoNi(org) + H2SO4 == NiSO4 + 2RH(org) (15)
RoNi(org) + 4NH; + 2[NH;HCO3] == Ni(NH3)s>" + 2HCO; + 2RHprgy  (16)

Note that protons generated by electrowinning Ni, or by the formation of ammonium
carbonate in a concentrated solution of ammonia and carbon dioxide, are transferred
from stripping to leaching by the reagent during the extraction and stripping operations.

While ketoxime-based reagents will extract Ni from acid solution at pH ~4 they
are not used for this purpose because of slow extraction kinetics.

CONCLUSIONS

No matter the metal to be recovered, building a flowsheet incorporating solvent
extraction always involves understanding the metallurgy of the desired metal or metals
and the accompanying impurities, along with understanding the properties of the
available solvent-extraction reagents.

The fit between the properties of the available extractants and various metal
recovery processes can range from the near-ideal fit of the copper hydroxyoxime-based
reagents to the reasonable fit of tertiary amines for uranium recovery to the very poor fit
with reagents for nickel recovery. In the case of copper, a great deal of research and
development has gone into finding ways to put copper into solution so as to take
advantage of copper SX with the available copper SX reagents and the very high-purity
cathode copper that is produce in EW. The same certainly cannot be said for nickel. In
many cases, a company selects the Ni product to be produced and then builds a flowsheet
around producing that product from the ore that is available. Or a company builds a
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flowsheet around an ore resource using processes they have experience with. Because of
the variety of nickel ores, the various leaching methods, the impurities that report to the
leach solution, the final desired product, and the lack of a nickel extractant that fits well
with a wide range of nickel recovery technologies, there are almost as many
hydrometallurgical nickel-recovery flowsheets as there are hydrometallurgical nickel
plants.

As an additional note, the solvent-extraction community needs to understand that
it is likely more effort in the future will go into finding ways to fit commercially
available extractants into metal-recovery flowsheets than to developing new extractants
that fit the metallurgy as well as oxime copper extractants fit the L/SX/EW flowsheet for
copper. The reasons for this are economic: the high cost to develop new reagents and the
manufacturing process for a new reagent, the high cost to register new chemicals, and the
lack of metals that have the potential to be recovered by hydrometallurgy in the
quantities that copper and uranium are recovered. Perhaps zinc would be a good target,
but are there any others?
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ABSTRACT

This paper reviews the progress in column design in comparison to the state of the art using
pseudohomogeneous dispersion or backmixing models. The use of standardized lab-scale cells
for determination of droplet rise, breakage, and coalescence as well as mass transfer on single-
droplet versus continuous mini-plant experiments will be discussed. Combined with droplet-
population balancing, the small-scale experiments serve as basis to replace pilot-plant
experiments by computer simulations. Finally it will be shown that coupling of CFD and
population balances gives independence from geometrical constraints and is only limited by the
computational costs. It is a way to a more straightforward and saver design of industrial-size
columns and allows one to evaluate costs of process design in an early stage.

INTRODUCTION

Chemical, pharmaceutical, and related industry is driven by a "fast-time-to-market"
pressure, which is a problem with long-term planning and extensive operation on pilot-
plant scale. In the distillation field, this has been accomplished when apparatus and
process layout in an early stage (feasibility studies, etc.) are dominated by "in-silico"
design on the computer using only a thermodynamic database or little experimental input.
A "go-stop" decision for a process development comprising distillation compared to an
extraction is thus usually easier achieved.

Additionally, there is some reluctance of process people to apply extraction, since
there is the disadvantage of the usage of a solvent, where phase losses always result in
discussions about product purity. An advantage with solvent extraction is the possible
usage of reactive carriers, which counterbalances the disadvantages of using solvents
(entrainment, emulsion formation, etc.). Chemical reactions enhance selectivity
dramatically and intensify process performance. Commercial liquid ion exchangers (one
binding site) can be used to extract anions, cations, and even neutral compounds [1,2]. In
order to enhance selectivity, chelating ion exchangers (two binding sites) are known, and
chiral carriers (three-dimensional carriers, including three and more binding sites) allow
affinity separations according to the “host-guest” principle (molecular recognition) [3].
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The engineering apparatus design work is strongly dominated by tedious and costly
pilot-plant experiments with extraction columns at about 150 mm in diameter. The pilot
data are analysed on the basis of the HTU-NTU concept taking dispersion effects into
account. The height of a dispersion unit, HDU, can be related to a dimensionless
Bodenstein number [4], being derived from the dispersion model, first proposed by
Langmuir [5]. An alternative is the usage of the backflow model, where again one
backflow parameter accounts for axial dispersion, giving an equivalent description [6].
The flow is resolved only in axial direction and a pseudo-homogeneous dispersed phase
is characterized by a mean Sauter droplet diameter. This is a hydraulic diameter, which
will not reflect if the droplets are rigid, circulating, or oscillating. These hydrodynamic
simplifications make it necessary to rely on correlations specific for any column
geometry in mind. This also leads to problems in the further scale-up procedure to
industrial-size columns (diameter > 0.5 m), since local flow conditions (local hold-up,
velocities, droplet-size distribution, etc.) will change with increasing column diameter.
Generally spoken, the models are too simple to depict the real hydrodynamic behavior.
This is one of the reasons why with the installment of a process using extraction columns
costly continuous pilot-plant experiments are a must.

DROPLET POPULATION MODELLING

The ongoing call by industry for a more straightforward, reliable, and money-
saving design procedure can be met when using droplet-population balance models
(DBPM), with their origin in crystallization [7]. The population balance so far has been
used to model the complex hydrodynamic behavior of the dispersed phase of different
types of agitated extraction columns [8-11]. The population-balance equation for a
differential height, 0z, of an extraction column was first formulated by Casamatta [12]
based on a droplet-volume distribution:

oP) , AP _ 2 () 3P
o ' o ‘az[ Pe )*R()ﬂs(z 2y S (V) (1)

Dy, is the axial dispersion coefficient, f{v) is the volumetric inlet distribution, and the
source term R represents the net droplet volume production due to coalescence and
breakage per unit time as first formulated by Valentas and Amundson [13] and given
here in terms of a droplet volumetric distribution:

VI!\'IX

R(V) _ '[a)(v V P(V v ) P(V ) d o v I a)(V, V’)i‘})i‘j)d\/
V—= V 0 Vv Vv
formation by coalescence loss by coalescence (2)

+ I SOV, (v|v')l“(v')i‘:,)dv’ - T'(WMPW)
%

%f_J
loss by breakage

Jormation by breakage



INTERNATIONAL SOLVENT EXTRACTION CONFERENCE 2008 19

In the above Equation 2, /" and @ are the frequency functions for breakage and
coalescence respectively, S is the daughter droplet distribution resulting from the
breakage of a mother droplet having volume v', and 4 is the number of daughter droplets
formed by breakage.

Similar solute balances are also written for the dispersed and continuous phases
[14,15]:

PO __quPO) |, of ) PO
P e + &[Dd % }+R{P(c)}+

RO
1%

kP(c,~mc,) + dz—z,,, f)3c,~c,)  (3)

The new variable P(c) is given by P(c)=c, P(v), where ¢ is the average solute

concentration of all the droplets having volume in the range (v,v+dv) at any level z in the
column, k. is the overall mass-transfer coefficient, ¢, is the solute concentration in the
continuous phase, S is the surface area of droplet of volume v, and m is the distribution
ratio for the solute between the two phases. The source term R is similar to that in
Equation 1, but it is modified to include mass-transfer and thus has a more complex form.
The solute balance for the continuous phase reads:
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where ¢ is the hold-up of the dispersed phase that is given by:

.‘/:TUX
¢= [ R ®)
‘/;Tin
and D, is the dispersion coefficient of the continuous phase. Note that viin and vy are
the minimum and maximum droplet volumes. The above system of equations, with the
appropriate initial and boundary conditions derived by special balances at both ends of
the column, completely define the hydrodynamics and mass-transfer in a liquid-liquid
extraction column. The equations are quite general and could be easily modified to
special types of columns by only modifying the set of geometrically dependent functions
such as droplet-rise velocity, mass-transfer, and the axial-dispersion coefficients.

In order to complete in an early design stage with other unit operations, fast and
reliable column simulations are mandatory. In a network research activity of RWTH
Aachen, TU Miinchen, and TU Kaiserslautern, this has been demonstrated, when using
DPBM for simulating pilot-plant column behavior in silico. Columns of different types
and sizes could be successfully simulated based on correlations for droplet rise and
breakage, etc., determined in standardized laboratory cells (see Figure 1) [16]. Using
DPBM, one now can easily simulate the hold-up, Sauter diameter, and the concentration
profiles along the column height. The result is either in optimal operating conditions for a
certain separation problem or in optimized apparatus internals for a specific separation
task (see Figure 2). This approach brings fast judgement of pilot-plant behavior without
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being subject to approval of any governmental agency, and additionally only a low
amount of chemicals and feed material is necessary. This saves time and costs
considerably and is recently validated with industrial examples [17].

A short review will be given here to identify the different design steps and
parameters necessary during the design procedure. As with any separation problem, one
basically needs information for phase equilibria and if necessary for mass transfer,
reaction kinetics, and chemical equilibria. So far, these parameters are also needed in a
conventional design.

The state of the art to characterize two-phase flow in extraction columns is the
slip-velocity concept after Gayler et al. [18]. Correlations are available to correct the
predictable terminal velocity of a single droplet in an empty tube taking into account the
influence of average hold-up and column-internals geometry. For backmixing, droplet-
size-dependent parameters were evaluated by Garthe for pulsed and stirred columns [19].
Fortunately, dispersion coefficients approach similar values for both phases and become
independent on droplet-size at high specific throughputs and power input [10,20], which
simplifies calculations.

The most sensitive parameter for column performance is the droplet size, which
strongly depends on breakage and coalescence. DPBM allows the calculation of droplet
and hold-up profiles with numerical methods either based on moments or droplet classes
[10,21]. The breakage in agitated columns depends on the physicochemical system
properties, the geometry of the internals, and the energy input. The breakage mechanism
is either due to oscillatory breakage when colliding with turbulent eddies [22,23] or due
to shear stress [24-26].

Following the approach of Gourdon et al. [10], the breakage frequency required
in the DPBM can be calculated from the droplet-residence time in a compartment t,, and
the breakage probability p (d), derived from the model:

u(d) _ p(d)

L(v)= P(d)T

(6)

m

The coalescence rate @(v,v') in fluid systems is either from empirical or semi-empirical
models [27], where in the latter it is a product of coalescence efficiency A(v,v") and
coalescence rate i(d, d):

o(v,v)=h(v,v")-A(v,V") @)

The collision of droplets is affected by local turbulences, circulating flows, and different
droplet velocities and physicochemical parameters, like surface tension, density, charge
of the surface, etc. and mass-transfer direction [10]. Analogous to the kinetic gas theory,
the collision rate of two droplets can be set proportional to the mean-square fluctuation
velocities [23]. The coalescence efficiency is high if the kinetic energy of the colliding
droplets is higher than the surface energy (energy model) [28] or if the droplet contact is
sufficiently long for film drainage between the drops (drainage model) [29,30]. The most
recommendable model is from Coulaloglou and Tavlarides [23], where two coalescence
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parameters have to be estimated experimentally. They can be determined in a
standardized lab-scale apparatus containing usually five column compartments to reduce
inflow/outflow effects (see Figure 1c). Since backmixing and breakage are known from
experiments or correlations, the deviation from simulated droplet-size distribution is due
to coalescence effects, which allows parameter estimation through a mean least-square
sum-of-errors optimization procedure [31].

If we sum up at this point, we do have all equilibria and mass-transfer
information from literature data banks or experiments, droplet motion from correlations,
and droplet breakage and coalescence from correlations or small lab-scale experiments.
As shown in Figure 3, with a Windows-based computer program called liquid-liquid
extraction column module (LLECMOD), a user-friendly input/output can be generated
for different column types and working conditions [32]. A screenshot is given in Figure 3,
and predicted column profiles compared with experimental data are given in Figure 4, as
discussed in detail by Schmidt et al. [33]. The mean relative error between predicted and
measured Sauter diameter and hold-up is at about 15%. A higher deviation of about 20%
was with the concentration profiles, which are very sensitive to the concentration jumps
at the inlet, which are difficult to measure (see Figure 4).
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Figure 4. Concentration profiles (RDC DN8O [19], DN100 [34]).
THE ALTERNATIVE APPROACH

When processing a totally new design task, it is difficult to cover all effects in a
solvent-extraction column induced by change in wetting performance, enrichment of
impurities, crud formation, etc. As a rule, continuous pilot experiments are performed
prior to industrial installation of a new process. The alternative is to use lab-size mini-
plant extraction-column experiments for the detection of the coalescence parameters and
long-term process stability. Additionally the mass-transfer-efficiency can be already
validated by the DPBM approach at this scale, and small product samples can be
obtained. The mini-plant replaces the coalescence cell (see Figure 1d), and the
performance of a pilot-scale column can be computed "in silico" (see Figure 2). The
computed results are then the basis of the industrial design.

Steinmetz [35] showed, that a scaling from mini-plant to pilot-plant scale is
possible when using DPBM. However, the value held constant was droplet distribution
and hold-up, which is not easy to achieve. As state-of-the-art, either the stirrer tip
velocity or otherwise the specific power input is recommended to be held constant. The
first approach scales rpm to the first power, the latter to the third power. He found that
the same specific energy distribution, where the rpm are squared, is the adequate scaling
condition. Errors in the predicted concentration profiles in the best case of less than 5%
and worst case of less than 20% could be obtained [33] under the assumption of similar
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specific throughputs and a variation in compartment geometry (as is compartment height)
to achieve the same droplet residence times 7, and thus same droplet breakage
probabilities. The coalescence rate is the same in the pilot- as in the mini-plant, since we
have similar hold-up and droplet-size distributions. This methodology has been proved
with several industrial examples [36] and is currently validated by industry.

WHERE DO WE GO?

Local specific energy dissipation can be resolved by CFD (Computational Fluid
Dynamics) methods. Current research in the last years tried to improve the predictability
of the PBM when coupling it with CFD [37]. The link can, on the one hand, eliminate the
simplifications and shortcomings of the dispersion model by giving a local resolution of
the two-phase flow and, on the other hand, save at least some of the small lab-scale
experiments. The pseudo-homogeneous conditions can be removed and, therewith, also
the simple dispersion model, since CFD can account for hydrodynamics and turbulence
of the fluid. The models for coalescence and breakage of the droplets usually need the
local turbulence, more precisely the turbulent energy dissipation, which can be applied
by the turbulence model, also locally resolved. There is no longer the need to use
averaged values [36], as with DPBM relying on the dispersion model formulation for any
droplet class and the continuous phase. Additionally, this linkage of CFD and DPBM is
totally independent from geometrical constraints and will allow a detailed 3-D simulation
of industrial-sized columns, insofar as the computational load is bearable.

However, the coupling of these two methods encounters obstacles and limitations
to be overcome. First, publications have adopted this approach with simplifications when
only using a one-way coupling. This means that only the result of the flow simulation is
used for the calculation of the drop-size distributions, while the influence of the drops on
the flow field is neglected. A multi-block approach, where the investigated geometry is
subdivided into subregions, is another alternative in that respect [38]. These
simplifications in the coupling procedure can be reduced by implementing the
population-balance equations in a CFD code [39]. As an example, the velocity profile in
the middle of a RDC compartment is given in Figure 5. Iso-optical fluids were used to
validate the CFD calculation of two-phase flow with PIV (particle image velocity)
measurements. The realizable £k —& model in the CFD calculations gave quite good
accordance also at other measuring positions [40]. Figure 6 depicts the local hold-up for
the same conditions as in Figure 5, and in Figure 7 is a qualitative comparison for 10%
hold-up in the toluene/water system. For better visibility, the organic droplets are marked
out, and a good accordance with CFD calculations can be seen.
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Figure 5. CFD vs. PIV at 85 L/h heptane, 180 L/h iso-optical fluid, and 150 rpm
(measuring plane: solid line at half-distance rotor-stator).
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In a final statement, we may draw the following conclusions:

Standardized lab-scale cells allow monitoring of single-droplet behavior.
Mini-plant extraction-column experiments resemble pilot-plant-scale effects.

The gap between single-droplet/mini-plant scale to pilot scale can be closed with
DPBM modelling.

A decisive parameter is local energy distribution in the scale-up of columns.

A combination of CFD and DPBM is a promising way to analyze and predict
industrial-scale column behavior.

CFD can resolve two-phase flow and local energy distribution in any geometry.
Droplet breakage and rise can be predicted from CFD results.

Predictive droplet coalescence models exist already but need further refinement.
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NOMENCLATURE
concentration Greek letters
axial dispersion coefficient, m* s B daughter droplet distribution, m™
diameter, m ) Dirac delta function
inlet distribution, m™ 9 number of daughter droplets
column height, m r breakage frequency, s
collision rate, m’s™ A coalescence efficiency
mass-transfer coefficient, m s ) hold-up
distribution ratio T residence time, s
probability function, m™ ) coalescence frequency, m’ s
breakage probability Indices
source term, m 57 c,x  continuous phase
arca, m d,y dispersed phase
time, § m  mean
velocity, ms™! max maximum
droplet volume, m’ min  minimum
height, m n number

sup. superficial
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ABSTRACT

Solvent extraction has played, from the early steps, a major role in the development of nuclear
fuel cycle technologies, both in the front end and back end. Today’s stakes in the field of energy
enhance further than before the need for a sustainable management of nuclear materials.
Recycling actinides appears as a main guideline, as much for saving resources as for minimizing
the final waste impact, and many options can be considered. Strengthened by the important and
outstanding performance of recent PUREX processing plants, solvent-extraction processes seem
a privileged route to meet the new and challenging requirements of sustainable future nuclear
systems.

INTRODUCTION

Nuclear energy—it’s day after day more obvious—should play an outstanding
role in the future. Many facts (economics, fossil-resource possible rarefaction, fears about
climate change, etc.) lead us today to consider that nuclear energy should bring a
significant, a reliable, and a sustainable contribution to meet the drastically increasing
energy needs of the global community.

Nuclear energy encompasses both nuclear power plants and the associated fuel
cycle, with many diverse steps, from mining to final waste management. And the fuel-
cycle policy, the management we decide for nuclear materials, is a key point when we
address either near-term development or obviously long-term sustainability issues. The
front end of the nuclear fuel cycle has focused a lot of work, notably in order to optimize
enrichment technologies. And we do observe today a renewed interest into the
preliminary steps of mining, milling, uranium extraction, and purification, as a strong
“nuclear renaissance” is expected to be confirmed in the next decades, drawing increased
needs for fresh nuclear fuels.

But it’s mostly the back end which has been on the spot in the recent years, in the
last decade! And this has been drawn by both waste concerns and resource issues. It
appears rather clearly now that long-lasting nuclear options should be actinide recycling
options.
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The stakes, the driving forces appear more and more distinct: on one hand, saving
uranium resources leads to recycling uranium and plutonium into reactors able to take
full advantage of these elements; and on the other hand, decreasing the amount, long-
term toxicity, and residual heat of the waste constitutes an important stake that calls for
actinide recycle, too [4]. The general direction appears rather clear, but still many options
are open:

. Recycle which actinide? Only major ones? Or all actinides?

. Recycle actinides, how? Diluted in the fuel, in a homogeneous

mode? Or for some of them in dedicated devices? In dedicated
fuels, in a dedicated strata?

. And what processes to recover actinides from spent fuel? Solvent
extraction has been from the fifties up to now the leading
technology in this field (PUREX is the reference for spent-fuel
processing worldwide); and it seems very likely it will be the same
in the next decades, even if heavier actinide separation gives rise to
specific issues and thereby could bring up innovative processes.

Thus, many relevant answers are possible to these questions, depending both on
the respective weight given to the different criteria to be taken into account or on the
timescale looked at. We propose here to try to give a brief overview of the main
guidelines for fuel-cycle development, starting from today’s status (and mentioning as an
example the French experience in the field), and to highlight some technical or scientific
challenges to be surmounted.

RECYCLING URANIUM AND PLUTONIUM INTO LIGHT-WATER
REACTORS

Reprocessing uranium oxide (UOX) spent fuel unloaded from light-water reactors
(LWRs) has been proving up to now a very efficient way to allow a rational development
of a fleet of nuclear power plants.

If we consider the French case, where more than 75% of the electricity supply is
nuclear electricity, we can measure the benefits of a recycling policy. Uranium oxide
spent fuels (about 850 metric tons per year) are reprocessed in the La Hague plants, and
the total amount of recovered plutonium is reused as MOX fuel, successfully loaded (and
burned) into 20 power plants within the French fleet (see Figure 1).

Reprocessing and recycling operations can be seen today as mature, efficient,
safe, clean, and cost-effective technologies. This is testified by the feed-back from more
than fifteen years of operation of the La Hague and MELOX plants, where thousands of
metric tons of spent fuel and tenths of tons of plutonium oxide have respectively been
reprocessed and recycled. In the La Hague plants, where an advanced form of the
PUREX process is operated (see Figure. 2), both recovery yields and purification levels
are very high (up to 99.9% of uranium and plutonium recovered and decontamination
factors about 10° or more). The amount of technological secondary waste, the level of
radioactivity released, the worker’s radiation exposure have all been drastically lowered
during the last two decades, although at the same time throughput was increased a lot!
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Figure 1. The closed nuclear fuel cycle.

Reprocessing UOX spent fuel and recycling plutonium into MOX fuel for LWRs
provide significant benefits:

. Natural uranium savings (possibly up to 15%, compared with the
“once-through” option).

. Enrichment energy savings.

. It drastically decreases not only the volume amount but also the

long-term radiotoxicity of the final waste (spent-fuel radiotoxicity
after some centuries is mainly borne by its plutonium content).

o It opens the way to waste-form optimization: immobilization of
fission products and minor actinides into glass canisters is today an
international standard for high-level and long-lived waste
conditioning. And recent studies performed in France for the
assessment of deep repository of these glass canisters in clay
confirm a very late and very low impact (residual estimated dose
three orders of magnitude less than the natural radioactivity level,
and not before a hundred thousand years!).

. It provides effective burning of fissile plutonium.

This confirms we have today an available, quite modern, well-proven technology,
which can be considered in several respects (diverse criteria, either economical or
ecological ones) as the state-of-the-art option for the back end of the nuclear fuel cycle.
We will probably have to face, if the so-called “renaissance” of nuclear energy (as very
probably) comes to be confirmed during the next decades, a large amount of unloaded
spent fuel that we will have to make sure we will be able to manage efficiently and
safely. It seems maybe important in this respect to avoid worldwide spent-fuel
accumulation, and reprocessing and recycling already appears as a relevant strategy,
mature at industrial scale.

Moreover, these “today well-proven technologies” have in the recent past years
been subject to improvements. This is the case for light-water reactors: “Generation 3”
will bring first improved safety, but it has also been designed, too, in order to burn more
efficiently and to a larger extent plutonium-bearing MOX fuels.
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This is the case for PUREX process, too: the COEX concept, based on the co-
processing of both uranium and plutonium all along the recovery operations (from
dissolution, followed by joint extraction, to co-conversion and solid new fuel from
solution) could bring significant simplifications and an improved resistance, too, vs.
plutonium-diversion risks. To a large extent, the basic technologies remain unchanged,
and only the way we combine them is different from the previous well-proven process.

MULTI-RECYCLING URANIUM AND PLUTONIUM

The sustainability issue is obviously a key issue when addressing the long-term
perspective: the need to optimize the use of available natural resources, for instance,
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becomes more acute again. This emphasizes the need for recycling options as an absolute
necessity at this farther horizon; but it points also to some changes in the different
components of the recycling strategy. The main point is that we have to evolve from
today’s light-water reactors to new reactors, able to take advantage at best of the
energetic potential of the initial uranium.

Only less than 1% of the total potentiality of uranium is efficiently burned in
LWRs, even after plutonium recycle in MOX fuels. Fast neutron reactors (FR) could be
far more efficient. from the same initial quantity of natural uranium, one could get, by
recurrent recycling of plutonium and uranium, more than fifty times more energy than
from today’s LWR fuel cycle. This seems to be the main guideline for future nuclear fuel
cycles: go on recycling uranium and plutonium (using, for instance, the COEX process)
into fast reactors able to burn with an increased efficiency the recycled materials.

RECYCLING MINOR ACTINIDES TOO?

Recycling options could be completed into a more sophisticated way to meet other
requirements or challenges. Recycling minor actinides (neptunium, americium, and
curium) in order to make easier the management of the final waste has been focusing a
large amount of research work in several countries during the last decade, for example,
the UREX concept in the United States [5-6] and the NEXT process in JAPAN [7]. It’s
well established now that the PUREX solvent, based on tri-n-butylphosphate, is able to
extract neptunium with uranium and plutonium, and reprocessing flowsheets can be
modified in order to recover it [1]; but almost no potentialities exist for americium and
curium recovery. In France, too, additional steps to PUREX or COEX, using innovative
extracting molecules, were designed and successively tested some years ago at the
laboratory scale. These complementary steps, so-called DIAMEX (for both actinide and
lanthanide co-extraction) and SANEX (for actinide from lanthanide separation), could
open the way of minor-actinide recovery for recycle [2-3]. And transmutation
experiments have been launched, often within an international frame, to check the ability
of fast reactors to burn these elements, too.

But many questions, many options are here still opened, as for instance:

o  Which actinide do we need to recycle and why? Minor actinides, if
immobilized into glass, according to French studies, don’t move in a
significant way through a clay repository (but we know that it can be
quite different for other repositories under oxidizing conditions, where
neptunium, for instance, is more mobile and can be a significant dose-
contributor). The incentives for minor-actinide recycle could be
decreasing long-term (1000-10,000 years) radiotoxicity (due first to
americium and then to curium) (see Figure 5) or decreasing heat
emission during the first millennium (due mainly to **' Am) (see Figure
3) or decreasing accessibility to recycled uranium and plutonium (by
adding other radioactive emitters?).

o And how to recycle the selected minor actinides? Altogether, with
plutonium and uranium in a homogeneous mode (but with drawbacks
on the downstream operations to be further analyzed)? Or in dedicated



34 PROCEEDINGS OF ISEC 2008 - VOLUME I

fuels or targets, disposed in an appropriate manner in the fast reactors?
(Heavier technical issues, but on a small part of the fuel)? Or into
dedicated transmutation systems (see Figure 6)?
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Figure 4. Minor-actinide recovery via the CEA general flowsheet.

These questions call for further investigations, need further research in order to assess the
different options and to finalize the best technical solutions. In France, we intend to
perform pilot-scale experiments in the future “fast-reactor prototype,” whose project is to
be commissioned by 2020 using new fuel-cycle facilities to be built at La Hague (for core
and experimental, minor actinide-bearing, assemblies fabrication).
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Figure 5. Final waste radiotoxicity.
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But we can present the following guidelines for the R&D about the diverse
possible options: There are some incentives for removing all the minor actinides from the
ultimate waste, but it‘s questionable that neptunium, americium, and curium should
inevitably be seen as a whole. When neptunium’s potential mobility isn’t an issue,
americium seems to be the first main target, because a) its potential radiotoxicity is far
above the others; b) americium is the main contributor to residual heat after a century
(obviously if plutonium has been removed!); and ¢) curium, whose long-term toxicity is
not so high (even if we have to take into account an increased amount of curium
following americium recycling), seems maybe more difficult to handle in the near term.

If the goal remains to recycle all actinides, it may appear simpler and, to some
respect, more efficient to manage and recycle them all together in a “homogeneous” way.
This has been the basis of recent developments in the U.S. (UREX concept [4-5]) or in
France (GANEX concept [3]). With such concepts, all the transuranics and a part of
uranium are managed as a whole all along the processes, from recovery steps to recycling
steps, and this can be seen as providing an increased resistance to proliferation risks by
decreasing the “accessibility” to fissile materials. But such options, if they are probably
the most elegant ones in a very long-term prospective, also present some drawbacks in
the nearer term. Namely, they would need, if deployed, a significant “reset” of the
reprocessing processes and cannot be simply added to a pre-existing uranium and
plutonium recycling option. Another possible drawback could be difficulties to deliver
recycled new fuel for both thermal and fast reactors, which probably will still be present
all through this century in “symbiotic” nuclear fleets.

o So, a possible option could be a “heterogeneous” recycling of the

minor actinides, where uranium, plutonium, and possibly neptunium
go into the core fuel and americium and curium go into dedicated
“targets,” which could be multi-recycled. These targets could also
be in fact the uranium “blankets” around the core of fast reactors
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without any added inert material, allowing the possibility of
efficient breeding under safer conditions, considering the
proliferation concerns, and efficient burning for minor actinides,
both core and blankets being processed for recycle in the same plant
(see Figure 7).

o And another option could be to separate completely into two
distinct strata, on one hand the electric power generation (with only
uranium and plutonium recycle) and, on the other hand, the long-
lived waste-burning operations (with dedicated minor-actinide
bearing fuels, dedicated reactors—for instance, accelerator driven
systems—and dedicated processing and recycling devices).
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Figure 7. MA recycle in blankets.
WHAT KIND OF SEPARATION PROCESSES?

Up to now, solvent-extraction processes have been the “reference technology” for
fuel processing at commercial scale, and this has been true for about fifty years. Why
such a long-lasting success? Many reasons could be presented, but the main ones seem to
be the following:

. First, as testified by PUREX operation experience, solvent-

extraction processes are able to provide, in the nuclear field as in
other fields, extremely high separation yields, considering both
recovery and purification yields.

. Second, as seen in modern PUREX plants, these high yields are
obtained without generating an important amount of secondary
technological waste. And this is obviously very important in the
nuclear industry.

Besides the above “intrinsic” attractive properties of solvent-extraction processes,
one must mention the fact that a very heavy work has been achieved up to the recent
decades in order to better master the technology and large-scale operation. And even if
alternative processes are thinkable, are surely possible options for future nuclear-fuel
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processing plants, and provide in some cases very encouraging results, it will be a very
long road to bring them from laboratory to commercial-plant scale. So, starting from this
“state-of-the-art” solvent-extraction technology, able today to recover and recycle
uranium and plutonium from spent oxide fuels unloaded from water reactors, how can we
progress in order to meet tomorrow’s requirements?

We have seen above that many management options are still open for actinide
recycle, opening the way to many process options with either complementary steps or
quite new extraction processes. Here, we find many examples in what is studied and
proposed by many research teams all around the world. But there is another key factor for
the design of fuel-cycle processes: it’s the nature of the fuel itself! And here we could
observe some changes, maybe important ones, in the next decades, leading to changes in
the processing media (molten salts have been already experimented for metallic fuels, up
to pilot scale!) or maybe in the nature of the process itself! But there is really no evidence
that solvent extraction would not be the best option again, owing the reasons detailed
above.

A very abundant work has been undertaken in many countries in order to design
new extractants able to selectively recover americium and curium [2-7]. These
extractants have to cope with many requirements and constraints: affinity, selectivity,
(obviously), easy reversibility (for an operable process), stability (both chemical and
radiological), favorable kinetics, harmlessness of byproducts, easy on-line removal, etc.

Thus, plenty of innovative molecules have been designed, synthesized, and
checked. Among this large diversity, some main guidelines emerge: as trivalent actinide
cations are “harder” than lanthanide ones, soft-donor ligands are used for actinide-from-
lanthanide separation, especially nitrogen-bearing extractants in order to selectively
extract actinide ions or selective aqueous complexants in order to keep actinide cations
unextracted, while lanthanide ones are extracted. Many difficulties are encountered, like,
for instance, competition of actinide cations with protons, requiring low acid
concentrations in the aqueous phase for an efficient selectivity. Various such difficulties
lead to rather sophisticated flowsheets involving, for example, accurate operation
parameters and reagent needs for buffers, salting-out reagents, and synergistic mixtures
of extractants, solvating or acidic ones. And such a complexity, added to the fact that
some of the fission products could present a parasitic effect on the operation, leads
generally to proposed two-step processes (see Figure 4):

. A first step, using hard-donor ligands (CMPO, diamide, etc.) to co-
extract and then co-back-extract both trivalent actinide and
lanthanide ions (and thus to get rid of other fission products);

. A second step, using soft-donor ligands (e.g., bispyridinyltriazines
as actinides-specific extractants, HEDTA as actinide-specific
aqueous hold-back complexant, etc.) in order to achieve under
“cleaner” chemical conditions the actinide-lanthanide separation.

As it is seen, the goal of minor-actinide-selective recovery implies today rather
complex processes. The recent experiments performed in diverse countries show that it is
achievable, with high yields and satisfying correctly most of the requirements. But there
still is a real incentive, a real need for further improvements, in order to try to simplify
today’s proposed flowsheets and to optimize them with respect to the diverse recycling
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goals we could have (all actinides or part of them, homogeneous or heterogeneous, etc.).
A big challenge is to design a “one single-cycle process,” allowing directly from
selective actinide recovery; attempts are ongoing for this purpose, already with
encouraging results (see Figure 8). But there is obviously room for further progress and
even for real breakthroughs maybe in the near future.

Besides these main guidelines, many other developments are in progress. One is
to recover some fission products, especially Cs and Sr, to decrease the final waste
residual heat, using for instance functionalized calix-crowns [8]. Among other
developments is to optimize the conversion of the recovered actinides from solution to
solid new fuel (mainly oxide but other metallic or ceramic forms also).

A very strong advantage of hydro-processes is that we can say, as testified by
modern PUREX plant operation, that operating the solvent-extraction technology at
commercial-plant scale for nuclear-fuel processing purposes is today well mastered,
thanks to the huge work performed in the field until now. And this huge experience is
directly applicable to the design of minor-actinide recovery facilities. In a schematic way,
the challenge here, aiming at industrial facilities and starting from PUREX, is to design
new molecules and new processes at laboratory scale. The transposition to larger
throughputs shouldn’t be so difficult of an issue.

And here is a big difference with other processes, like for instance pyro-
processes, using high-temperature molten salts. The principle of such processes is, in
some cases, for some fuels or some global strategies, very attractive: very low radio-
sensitivity of the reagents and compactness in the principle. There is precedent in
successful checks at laboratory and, for some of them, at pilot scale [9]. But operating
commercial plants addresses specific issues, and there are still many questions about
some important items, like for instance generation and management of technological
waste. This requires heavy development work, and pyro-commercial plants shouldn’t be
seen within the same time schedule as solvent-extraction based plants.
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Figure 8. A possible “single-cycle” flowsheet.
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A NEED FOR BASIC RESEARCH

If we are able to design a lot of interesting, maybe outstanding, processes, it’s
evident that we haven’t fully understood the basic mechanisms involved! And this could
be an important drawback for future developments. Some recent results can illustrate this
above assumption.

The DIAMEX process can be seen as a success of nuclear research in recent
years, where an extensive work has been done to select and to optimize the malonamide
extractants. And a large series of hot runs with genuine spent fuel testify to the validity of
the process. But experiments using small-angle X-ray scattering drastically changed the
picture we had in mind about extraction mechanisms. Solvates seem not to be
homogeneously dispersed in the organic phase at the concentrations used in the process
but rather form aggregates with a polar core containing metallic ions. This result was
quite new, and even if here not directly correlated with extraction results, it’s very
important in order to understand and then to anticipate potential “third-phase” formation.
Recently, Yaita et al. published interesting results about another diamide extractant, the
so-called TODGA (TetraOctylDiGlycolAmide), which is a very promising extractant
because it presents very high distribution ratios, especially for trivalent cations [10].

Here again, aggregates in the organic phase have been observed. But, in addition,
this seems clearly related to the distribution ratio of americium. So, solvation
phenomena, which are essential for solvent-extraction processes, seem to be in such cases
not so well mastered. And this situation points out the interest, the importance, of
performing more basic research in the field, even if efficient processes have already been
designed.

Another example, about what can be seen as the key point in partitioning, is
selectivity. The goal is to extract one or some elements among many others, sometimes
with very close chemical properties, a situation that distinguishes nuclear reprocessing
from other hydrometallurgical separation problems. And, as mentioned above, it’s for
instance difficult to separate trivalent actinides from lanthanides, which has been
focusing a very important part of the research in minor-actinide partitioning programs,
and many new molecules were designed and tested.

When Kolarik discovered in 1998 (in the frame of the EU “NEWPART” research
project) the fantastic properties of bis(triazinyl)pyridine molecules (BTPs), this was a big
surprise [11] (see Figure 9). Before that, we had experimented with many other pyridinic
compounds, with some results concerning selectivity, but otherwise rather poor results in
that very low nitric acid concentrations were required together with the obligatory use of
a lipophilic anion to get a synergistic effect. Such a gap remains today not fully
explained, and investigations following various routes have been undertaken.
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Figure 9. Actinide/lanthanide separation factors for BTPs and other extractants.
CONCLUSIONS

Nuclear fuel-cycle options are of major importance for the future of nuclear
energy. Actinide recycling appears as a main guideline for the design of sustainable
roads.

Starting from today’s available technologies, it could be possible to evolve to
different processes, designed to fit different strategic options (uranium and plutonium co-
processing, minor-actinide recycling, all-actinide grouped management, etc.). This could
give us a very welcome flexibility, probably necessary for fuel-cycle plants that should
have to serve symbiotic reactors fleets. And such a progressive approach for the
improvement, the completion of today’s well-proven technologies should be very
valuable to adapt, at each time, recycling processes to the evolution of recycling needs.

Many routes will probably be explored, taking obviously into account the
possible changes in the nature of the fuel itself. But solvent extraction will surely hold a
great role. It has proven for decades its ability to recover very efficiently diverse
elements from spent fuel, at commercial plant scale, in a very reliable way and with a low
amount of technological waste. And these can be seen as key points when thinking to
future processes.

New strategies, probably new recycling needs, innovative fuels, and new
constraints will obviously require important developmental work in order to improve, to
complete, and to adapt existing solvent-extraction processes. And this calls both for a
better in-depth understanding of the basis of partitioning processes and for an exploration
of new promising concepts: herein lie important scientific and technical challenges.
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ABSTRACT

Classical molecular-dynamics "MD" simulations of ions, extracting ligands, their complexes, and
their counterions at liquid-liquid interfaces provide dynamic pictures that can be viewed as
realistic nanoscopic models or, at least, as stimulating mental pictures that allow us to better
understand "what happens at the interface" in assisted ion extraction. An important expected
outcome is the high surface activity of most partners involved in the extraction process, leading
to locally enhanced concentrations at the nanoscopic level. Furthermore, there is a deep
relationship between the surface activity and the tendency of aggregation in water, with marked
counterion effects in both cases. The case of classical molecular organic liquids, SC-CO,, or
ionic liquids as receiving phases will be considered.

INTRODUCTION

Much of what we know of the structure of liquids and of their solvation
properties comes from computer simulations, mainly of the molecular-dynamics "MD"
type [1]. Earlier, we have been interested in the modelling of solvation in the context of
ion complexation in host-guest supramolecular systems, a field of choice to test and
develop state-of-the-art computational methodologies that are also used to study
recognition processes in bigger and more complex systems (e.g., in biology) [2]. The
simulations showed that the solvent determines the conformation of macrocylic
extractants, like 18-crown-6, the 222 cryptand, or calixarenes, and markedly contributes
to their recognition properties towards cationic or anionic guests [3]. The question of ion
extraction was first addressed by simulating these species in "oil" solutions, where oil
was modelled by chloroform. A next step has been to simulate ligands and their
complexes in biphasic water/oil systems to see whether they spontaneously partition as
anticipated from the experimental observations, that is, towards the oil phase [4].

It was, however, a puzzling discovery to us that they in fact did not partition to
the bulk organic phase, but instead adsorbed at the interface, as found first with
calix[4]arenes and their Cs’ complexes [4]. Even the "spherical" cryptands and cryptates
that lack the amphiphilic topology were found to be surface active [5]. Meanwhile,
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computational evidence of their surface activity has been accumulated, based on the
comparison of different solvent models, different initial situations (e.g., juxtaposed
liquids versus randomly mixed liquids) [6], or the calculation of the free energy AG
profiles for interface crossing by the complex or the ligand [7]. Experimental data (e.g.,
kinetic models, surface-tension measurements, surface spectroscopy, and electrochemical
data) also support the view that extractant molecules and their complexes are surface
active. In this paper, we illustrate some recent directions for computational research and
modelling in the field of ion extraction, involving salts, ligands, additives (see Figure 1
with the acronyms of ligands and ions) in binary water/oil solutions. More details about
each system can be found in the cited references.
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Figure 1. Acronym of simulated species: cryptand 222, TBP, BTP (i-Pr derivative), CalixC6,
picrate Pic”, chlorinated dicarbollide CCD™, the "Cs-3" modifier, BMI", and Tf;N™ ions (ionic
liquid).

METHODS AND COMPUTATIONAL FEATURES.
Nanoscopic Representation of Binary Systems

Typically, biphasic systems are built from adjacent "cubic" boxes of water and oil
(of ca. 5 nm side each) into which the solutes are immersed. The resulting box is
simulated with 3D periodic boundary conditions, that is, surrounded by 26 identical
boxes obtained by translation, as are the unit cells of crystals. Thus, the juxtaposed
liquids are represented as alternating slabs of ca. 5 nm width, and simulated in selected
thermodynamic ensembles, like the (NV'T) ensemble where the number of particles N, the
volume V, and the temperature 7 are maintained constant.
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Molecular Dynamics

The trajectories of all particles (N atoms) are assumed to be governed, like those
of macroscopic objects, by the Newton's equation of motion F; = m; a; = -grad; U. Their
calculations require an "accurate" representation of the potential energy U, from which
the force F; acting on each atom 7 can be calculated. In practice, U is described by an
empirical force field, based on a ball-and-stick representation of the system. Atoms are
"soft balls" connected by harmonic springs, and their noncovalent interactions are
described, for example, via pairwise additive 1-6-12 potentials (coulombic + van der
Waals interactions). This model implies that the number of "covalent bonds" remains
constant during the simulations, and thus, bond-formation or -breaking processes cannot
be simulated. The atomic charges are generally determined by quantum-mechanical
"QM" calculations, and their performance can be tested by comparing force field to QM-
calculated small prototypes, or by simulations on condensed phases (e.g., pure liquids).
The treatment of "long-range" forces is an important issue, especially in the case of ionic
solutes or ionic liquids. Whereas the first MD studies were achieved with an abrupt cut-
off distance to calculate these interactions (typically 12 to 15 A), the more recent ones
use more satisfactory procedures, like the Ewald summation or the Reaction Field
correction at the boundaries.

In practice, due to computer-time limitations, a reasonable compromise has to be
found between the size of the system to simulate, the simulated time ¢, and the
"accuracy" of the representation of the potential energy U. For instance, accounting for
polarization effects scales up the computer demands by a factor of ca. 5 to 10. Methods
based on a QM representation of U, like the Carr-Parrinello CPMD method are limited to
small systems (e.g., 18-crown-6 and its hydrates) [8] for ca. 5 to 100 ps. Our first MD
simulations on interfacial systems involved ca. 5,000 atoms, and were run for 10 to 100
ps, requiring ca. one month of CPU on supercomputers. Today, one can simulate
solutions with 30,000 atoms for 1 to 100 ns in a few days or weeks with a cluster of PCs.
The simulation times have to be long enough to allow for an efficient sampling of the
configurations of the solution and thus depend on its nature, relaxation time, and
diffusion coefficients. For instance, a binary water-oil mixture, initially randomly mixed,
separates in less then 1 ns with chloroform as oil component but is still incomplete after
10 ns or more when octanol [9] or an hydrophobic ionic liquid constitutes the oil phase
[10]. Big and heavy solutes (e.g., metal complexes, CCD™ anions) also diffuse more
slowly than small and light ones and require longer simulations.

SOME RESULTS

Each study corresponds to consistent sets of computer MD experiments on model
systems, generally of increasing complexity, allowing us, via pair-wise comparisons, to
observe some specific effects. In essence, the systems are dynamic, complex, and quite
difficult to display. The few pictures presented are selected snapshots that are
representative of the statistical distributions. These are often quite poor representations,
however. In the future, it will be desirable to deposit the trajectories in databases, to
allow the user free examination on interactive computer-graphics systems.
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The Neat Water-""Oil" Interface with Different "Qil" Liquids

A first important computational result concerns the water/oil binary mixtures and
the characteristics of the liquid-liquid interface, where oil is an organic liquid-like alkane
or aromatic derivatives.[11] For instance, a "randomly mixed" nanosolution of water and
chloroform has been found to demix in less the 0.5 ns, leading to a well-defined biphasic
system where the two phases are separated by a narrow interface (less than 1 nm) [6].

Comparisons with MD results with other liquids like supercritical fluids (SC-
CO,), organic liquids like nitrobenzene [12], octanol, or hydrophobic ionic liquids [13]
reveal that the size, the polarity of the interface, and properties like solvent ordering at
the interface and intermiscibility of the two liquids, are modulated by the nature of the oil
phase. Generally speaking, the more polar the oil phase is, the more hygroscopic it is,
and the slower is the simulated demixing of the "randomly mixed" liquids (see Figure 2
with octanol and the hydrophobic [BMI][Tf;N] ionic liquid as "organic" liquids that all
form a distinct phase with water at the macroscopic scale). The demixing simulation of
the [BMI][Tf,;N]/water "random mixture" takes ca. 50 to 100 ns, depending on the
theoretical representation of the ionic liquid [10,14]. With octanol as the organic
component in a 50:50 volumetric ratio with water, the phases separate in ca. 15 ns,
forming in fact octanol bilayers alternating with water nanoslabs. Other octanol patterns
can be found, depending on the box shape and solvents ratio and thus on the confinement
of the solution [9].

An important conclusion from these simulations is that, in reality, water and oil
do not mix at the microscopic level but delineate liquid-liquid interfaces. Interfaces do
not only concern liquids at rest, but also their metastable mixtures formed, for example,
in agitation conditions, or in the course of mechanically driven separation processes
(centrifugation, gravitational forces), and therefore containing oil-in-water or water-in-oil
droplets, or microemulsions.

Recent Developments on the Cs* Complexation and Extraction by CalixC6

Extraction of Cs" NO;_ by CalixC6 to Chloroform: Why Does the Solvent Modifer "Cs-
3" Promote Extraction [15]?

Most academic studies on solvent extraction use lipophilic counterions like Pic’,
but real solutions (e.g., irradiated nuclear fuel dissolved in nitric acid) may contain large
amounts of hydrophilic anions like NOs, requiring the addition of co-solvents like the
fluorinated alcohol "Cs-3" (Figure 1) to promote extraction. MD simulations of CalixC6
and its Cs'NO;~ complex provide microscopic views that may explain the synergistic
effect of Cs-3. First, simulations of the chloroform + Cs-3 mixture show that Cs-3
enhances the solvation of all partners, and especially of the NO3;~ counterion, via strong
hydrogen bonds (Figure 3). Furthermore, the calculations predict that NO3;™ should be co-
extracted as loose contact ion pairs, rather than dissociated ion pairs.

Looking at the water/oil interface, one sees that Cs-3 molecules are surface active
and concentrate at the aqueous interface (either flat or curved interface; see Figure 3),
thereby lowering the interfacial pressure and facilitating the interface crossing by the
complexed ion. Also note that the asymmetrical structure of the Cs-3, compared, for
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example to octanol, prevents the formation of interfacial layers ("films") that would
hinder interface crossing. The same behavior is found at "flat interfaces" and at the
surface of spherical water droplets formed during mechanical agitation in an oil-rich
system.[15]

Extraction of Cs' by CalixC6 to a Room Temperature Tonic Liquid "IL"

Why is extraction with an IL more efficient than with chloroform? What is the origin
of the Cs" versus Na' extraction selectivity [16,17]?

Tonic liquids like [BMI][Tf;N] based on the butylmethylimidazolium cation BMI"
and the Tf,N anion ((CF3S0,),N") can be used as receiving phase in ion extraction with
higher efficiency compared with classical organic solvents [18,19]. Inspired by the
experimental studies of Luo et al. [20], we simulated the free M alkali ions, the ligand L
(CalixC6) and its Cs" complex in the [BMI][T;N] IL, as well as at the IL/water interface.
These simulations reveal important features:

e All species, and especially the NO;  counterion and the complex, are better

solvated by the IL than by an organic molecular solvent like chloroform.

e At the water/IL interface, some M" (Na" or Cs’ ions) or NO; ions come into
contact with IL ions of opposite charge (Tf;N~ and BMI', respectively) and are
therefore close to the extractant molecules at the interface. When chloroform is
the receiving phase, such ions are "repelled" by the interface, preventing their
complexation via a least-motion pathway with free ligands adsorbed at the
interface.

e At the interface, a few BMI  cations of the IL migrate to water, which is
favorable for a cation-exchange mechanism (BMI™ for M"), precluded with a
neutral molecular solvent.

AGeI

Ly +Na'yqy ——> LNa'p Ly +Na'y _AGa LNa';p
AGs3pyar l l AGyn AGsu1 l l AGyr
AGeZ AGC
Lyp+Cs'ya —> LCs'p L +Cs — 5 LCs'1
Scheme 1 Scheme 2

e The question of ion-extraction selectivity was addressed via the stepwise
"alchemical mutation" of Na' to Cs” in their free states in water (AG3,4) and in
their complexed states in the IL receiving phase (AGy). The corresponding
changes in free energies were calculated using the thermodynamics perturbation
theory. The extraction selectivity, determined experimentally as AAG=AG,;-AG,,,
has been obtained computationally via the thermodynamic cycle (Scheme 1) as
AAG=AG3pa-AGanr, correctly predicting that Cs™ will be better extracted than
Na'. Likewise, calculations predict that M" complexation by the calixarene L in a
monophasic IL system (Scheme 2) would also favor Cs', as in pure water. In a
chloroform solution, however, the selectivity would be inversed, according to the
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simulations, Na" being preferred over Cs'. Thus, although inherently polar, the IL
behaves as chloroform as receiving phase but more like water as far as
complexation in a single phase is concerned [16,17].

Tests with an Improved Methodology

We have reconsidered the case of Cs' extraction by CalixC6 to chloroform, using
improved treatments of electrostatics, namely including polarization of the solvents and
solutes, and accounting for long-range interactions. The results confirm our conclusions
drawn 10 years ago on the surface activity of the Cs CalixC6 complex and of its Pic”
counterion at the chloroform/water interface, be it flat (50:50 water:oil ratio) or curved
(90:10 oil:water ratio) [21]. Likewise, simulations of single ions at aqueous interfaces
show that accounting for polarization effects enhances the surface activity [22]. These
results thus validate those obtained with the less expensive methodology based on 1-6-12
potentials without polarization and confirm the importance of interfacial adsorption in
processes like ion extraction or phase-transfer catalysis [23].

Hydrophobic Ions Are Surface Active and Also Tend to Aggregate in Water with
Marked Counterion Effects: The Case of Dicarbollide Anions and of 222 Cryptates

Surface Activity
It was early shown by MD simulations that anions like Pic™ that are commonly

used in extraction systems are surface active and tend to stack in water and at the
interface [24]. The case of chlorinated cobalt dicarbollide CCD™ anions is interesting,
because they are very hydrophobic, nonprotonatable, stable under radiolysis, and have
been used as synergistic agents in conjunction with classical extractant molecules to
extract cations like Cs”, Sr*", and trivalent actinides An** or lanthanides Ln** [25]. They
can be used as additives or covalently linked to complexing moieties (crown ethers,
phosphoryl containing groups like CMPO, and calixarene derivatives).

When simulated at the water/chloroform binary system, CCD™ anions are found to
concentrate at the interface, thereby attracting their counterions (M, UO,*", and Eu’")
close to the organic phase (see Figure 4) [26]. Thus, again, although lacking the classical
amphiphilic topology, they behave like surfactants, and their surface activity is
modulated by the hydrophilic/hydrophobic balance of their counterions. For instance, the
salts are more surface active with Cs' than with Na" as counterion [26].

Cation complexes can be viewed as big hydrophobic ions and, according to the
MD simulations, are also surface active, with marked counterion effects. For instance,
the K'c 222 cryptates, although quasi "spherical,” adsorb at the water/SC-CO; interface,
and their surface activity increases when the X counterions evolve from CI to Pic™ and
CCD [27]. The same feature has been found computationally for model spherical ions
(of ca. 5 A radius) [28], or for tetrahedral ions like AsPh;" or BPhy [29]. The smaller
ClO4 anions, although less hydrophobic, also approach closer to the interface than the
NO; or CI” ones [30], and this is in keeping with their tendency to promote third-phase
formation. A fortiori, less "spherical" complexes formed with, for example, calixarenes,
are more surface active. Likewise, we anticipate bulky hydrophobic ions (e.g.,
polyoxometallate anions) to be also surface active, with marked counterion effects. Even
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Figure 5. The Eu(BTP);*",3NO; complex in the presence of 12 CMPO + 12 BTP ligands at the
nitrobenzene-water interface, without CCD’s (left) and with 12 CCD™ H;0" added ions (right).
From top to bottom: Initial and final views (15 ns), with typical snapshots of the Eu(BTP);*"
complex adsorbed at the interface (/eff) or extracted (right).
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(iii) as co-solvent (improving the solvation of the extracted complexes). The modelling
of such systems points to the importance of correctly accounting for the complexity of
the system and for concentration effects that deeply modify the characteristics and the
supramolecular organization of the solution.

Acidic solutions are more difficult to model by classical MD, because this would
require an a priori knowledge of the nature and concentration of the different forms of
the acid. Furthermore, the pKa is stressed to be different in the interfacial region, the
organic phase, and in bulk aqueous solution. Our approach with nitric acid has been to
consider an equimolecular mixture of the HNO3 and H;0" NO; forms, showing that the
former is highly surface active and partitions more, as expected, to the organic phase [49].
Furthermore, in the case of uranyl extraction by TBP, we have found that the acid
induces local mixtures of "oil," acid, water, and UO»(NO3),(TBP), complexes, which can
be viewed as the early step of third-phase formation [49].

PERSPECTIVES

There is always something to be learned from "in silico" computer experiments
on ion extraction, where solvents are explicitly represented. Some results seem obvious
to experimentalists, others remain somewhat provocative or seem irrelevant, because the
simulated system is too simple in terms of constitution or representation. Modelling does
not merely consist of applying computational techniques but first requires one to analyze
a complex process, and to decide and test to which extent it can be simplified and
reduced in terms of complexity, size, time scale, and empirical representation of its
energy. Ideally, one could dream of starting the simulation like the real experiment with
the salts in water and the extractants in the oil phase to see whether complexation will
occur and whether the complex will finally be extracted. This is presently hardly feasible,
because it would require excessively long simulations as well as to activate the process
along some selected "reaction coordinate" (see, for example, the complexation pathway
of CI” into a macrocylic host in water [52]). One exception concerns the case of uranyl
nitrate extraction by TBP from acidic water to chloroform or to SC-CO, [53]. During the
demixing simulation of a random mixture of solvents, TBP, and UO»(NOs3), molecules,
we have indeed observed the spontaneous formation of the UO,(NO3),(TBP), complex
and its partitioning in the oil phase. This occurred, however, only when the TBP
concentration was high enough, as achieved experimentally [53], pointing to the
importance of the complexity of the system, which is supramolecular in nature. As in the
case of charged amphiphiles, the concentration and the medium (counterions and
additives) determine the nature of the assemblies and of its function. Extracted
complexed ions are in essence hydrophobic and surface active, and we believe that
computer simulations of related complex heterogeneous solutions will contribute to
improve our understanding of the deep relationship between the surface-active character
of the complexes and of their counterions, the third-phase formation in solvent extraction,
and the Hofmeister's classification of salts [54].



INTERNATIONAL SOLVENT EXTRACTION CONFERENCE 2008 51

Ba®'c222,2Pic” cryptates with divalent cations are surface active, partly due to the
concentration of Pic™ anions at the interface (Figure 4). Also noteworthy is the case of
acids that are often present in extraction systems. Simulations have correctly predicted
that nitric acid is surface active (in its neutral form HNOs3) [31] and that other acids (like
carboxylic acids) should be a fortiori more surface active, possibly promoting the
extraction of M"" by exchanging their protons and stabilizing the co-extracted anion via
hydrogen-bonding interactions.

Implications Concerning the Mechanism of Assisted Ion Extraction
The fact that the studied extractant molecules and their complexes are surface

active strongly suggests that the ion complexation takes place "right at the interface,” that
is, in a very thin domain (of the nanometer size) of the solution. It is thus crucial that
highly hydrophilic species (e.g., M>" cations) can approach close enough to the interface
to meet the ligand, and this may be facilitated by suitable counterions that are
hydrophobic and surface active enough to induce a locally enhanced concentration of
cations. The importance of the liquid-liquid interface in solvent-extraction chemistry has
been pointed out in the literature based, for instance, on surface-tension measurements
[32,33], the interpretation of kinetic results [34-37], interfacial electrochemistry [38-41],
or surface spectroscopic results [42-44] on various systems. The MD simulation results
are fully consistent with this view and provide detailed nanoscopic representations of the
interfacial landscape.

Hydrophobic Aggregation of lons in Water

When simulated in pure water, the CCD™ anions do not disperse, but tend to
aggregate, due to "hydrophobic attractions,” with again clear counterion effects; for
example, there is more aggregation with Cs' than with H;O" as counterion [26]. The
simulated aggregates are dynamic in nature, and their size, on the order of 2 nm,
fluctuates with time, involving some anion exchanges between the "cluster" and "bulk"
water domains. These results are fully consistent with those of light-scattering studies on
aqueous solutions of concentrated sodium and cesium dicarbollide salts [45]. It was
concluded that about 80% of ions form large aggregates (of up to 115 nm), and a small
fraction of molecules dissolve molecularly or form small aggregates. The behavior of
nanoaggregates is fairly complex and depends on the concentration and aging of the
solutions and on the counterions. Computational and experimental results, although
dealing with systems of different sizes, are thus consistent with each other.

With big cationic solutes (K <222 cryptates), one also observes a clear tendency
for aggregation in water, and this is more pronounced with Pic than with Cl as
counterion, in keeping with the self-aggregation of the Pic™ anions themselves in water
[46]. Divalent cryptates like Ba'c222, 2Pic” also make short contact in water, because
the complexed cations act as counterions of negatively charged (Pic")” columns (Figure
4). When the liquid is not polar enough to solvate the salt well, the cryptates and their
counterions collapse into a big droplet of "molten salt" type [46]. This has indeed been
observed computationally with K'<222, Pic™ cryptates [46], as well as with the CCD™
Cs' salt in chloroform [26]. In more polar solvents, the ions dilute more randomly; see,




52 PROCEEDINGS OF ISEC 2008 - VOLUME I

for example, the simulations of the Cs'CCD™ salt in nitrobenzene [12] or octanol
solutions [9], and of monocharged cryptates in acetonitrile [46].

Importance of the Nature of the Organic Phase and of Synergistic CCD™ Anions in
the Eu(IIl) Extraction by BTP Ligands

The case of cation extraction by BTP ligands is important from the experimental
point of view, because these ligands display an interesting actinide(III)/lanthanide(III)
extraction selectivity [47]. The Eu(BTP);’" extracted complex has been characterized
experimentally by various structural methods and by titration, showing that the cation is
well shielded from the solvent by the three BTP ligands. Experimentally, extraction takes
place in acidic conditions, using for example, TPH (a mixture of branched alkanes) and
octanol or pure octanol as receiving phase and is markedly enhanced when dicarbollide
salts are added to the system. Aromatic solvents like nitrobenzene can also be used for
academic experiments but not for industrial processes. We have simulated biphasic
water/oil solutions containing some key solutes involved in that process, modelling the
cation by Eu(III), similar in size as Am(III) or Cm(III). We wanted to investigate under
which circumstances the complex, once formed, partitions towards the oil phase: what is
the influence of synergistic CCD™ anions, and how important is the choice of the organic
phase from the practical as well as from the computer-modelling points of view. Most
simulations have been performed with three solvents, chloroform, octanol, and
nitrobenzene, as receiving phase, with different amounts of added CCD™ counterions.
The main results have been published [9,12], and selected snapshots are shown in Figure
5.

With the three tested organic solvents, the Eu(BTP);*" complex is found to
strongly adsorb at the interface, attracted by water dipoles. It can thus hardly be extracted
to either of the studied organic phases. Even when its three NO; counterions have been
replaced by three CCD™ anions, it remains trapped at the interface with its counterions,
without undergoing migration to the oil phase. This contrasts with the case where CCD™
anionss are in excess: the complex has lost any contact with the water phase at the
microscopic level and can thus be considered as "extracted". The key issue is to quit the
interface, and the simulations clearly show that this process is promoted by the CCD™
anions when they are in excess. That is, they partition between the interface and the
organic phase and surround and neutralize the Eu(BTP)s;*" complex, whose hydrophobic
periphery is mainly solvated by organic molecules (octanol or nitrobenzene), without
attracting water. With chloroform as organic phase, no extraction takes place in the same
simulated conditions, presumably because this solvent is not polar enough to properly
solvate the complex and its counterions. It thus becomes clear that synergistic agents like
CCD™ anions have to be concentrated enough to promote extraction. The same feature
has been found by MD simulations on uranyl extraction by diketonate ligands to SC-CO,
[48] or on uranyl extraction by TBP to chloroform or SC-CO, [49-51]: a high
concentration of TBP has to be added to the solution (both experimentally and
computationally) because, according to the simulations, TBP acts (i) as ligand or co-
ligand of the metal (making the complex more hydrophobic), (ii) as a surface active
amphiphilic species (promoting the formation of microemulsions and interfaces), and
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(ii1) as co-solvent (improving the solvation of the extracted complexes). The modelling
of such systems points to the importance of correctly accounting for the complexity of
the system and for concentration effects that deeply modify the characteristics and the
supramolecular organization of the solution.

Acidic solutions are more difficult to model by classical MD, because this would
require an a priori knowledge of the nature and concentration of the different forms of
the acid. Furthermore, the pKa is stressed to be different in the interfacial region, the
organic phase, and in bulk aqueous solution. Our approach with nitric acid has been to
consider an equimolecular mixture of the HNO3 and H;0" NO; forms, showing that the
former is highly surface active and partitions more, as expected, to the organic phase [49].
Furthermore, in the case of uranyl extraction by TBP, we have found that the acid
induces local mixtures of "oil," acid, water, and UO»(NO3),(TBP), complexes, which can
be viewed as the early step of third-phase formation [49].

PERSPECTIVES

There is always something to be learned from "in silico" computer experiments
on ion extraction, where solvents are explicitly represented. Some results seem obvious
to experimentalists, others remain somewhat provocative or seem irrelevant, because the
simulated system is too simple in terms of constitution or representation. Modelling does
not merely consist of applying computational techniques but first requires one to analyze
a complex process, and to decide and test to which extent it can be simplified and
reduced in terms of complexity, size, time scale, and empirical representation of its
energy. Ideally, one could dream of starting the simulation like the real experiment with
the salts in water and the extractants in the oil phase to see whether complexation will
occur and whether the complex will finally be extracted. This is presently hardly feasible,
because it would require excessively long simulations as well as to activate the process
along some selected "reaction coordinate" (see, for example, the complexation pathway
of CI” into a macrocylic host in water [52]). One exception concerns the case of uranyl
nitrate extraction by TBP from acidic water to chloroform or to SC-CO; [53]. During the
demixing simulation of a random mixture of solvents, TBP, and UO,(NO3), molecules,
we have indeed observed the spontaneous formation of the UO,(NO3),(TBP), complex
and its partitioning in the oil phase. This occurred, however, only when the TBP
concentration was high enough, as achieved experimentally [53], pointing to the
importance of the complexity of the system, which is supramolecular in nature. As in the
case of charged amphiphiles, the concentration and the medium (counterions and
additives) determine the nature of the assemblies and of its function. Extracted
complexed ions are in essence hydrophobic and surface active, and we believe that
computer simulations of related complex heterogeneous solutions will contribute to
improve our understanding of the deep relationship between the surface-active character
of the complexes and of their counterions, the third-phase formation in solvent extraction,
and the Hofmeister's classification of salts [54].
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ABSTRACT

Tuning selectivity in two-phase extraction necessitates command over the individual preferences
of the ions in focus for their molecular environment. On this terrain, a bold threshold is set by the
interaction with the solvent, which extends not only to the direct mutual enthalpic stabilization
experienced by all compounds in condensed phases. Rather, solvation encompasses also the
structural rearrangements felt in the solvent and surfaces as the observable entropy, which
frequently dominates the overall energetics in associations. These solvation influences need to be
overcome and differentially outmatched by additives acting as molecular ligands (i.e., hosts).
Traditionally, the design and construction of such hosts took the maximization of attractive
interactions with the guest species (the ions) as the prime goal (cf. the fit, as in the lock-and-key
metaphor), which included the dedicated preorganization of the respective anchoring
functionalities within the host structure. Though such structuring also touches on the entropic
aspects of binding, it addresses only some fraction of the overall effect. The present lecture
focuses on the role of entropy in molecular associations and its accounting and implementation
into the design of molecular hosts

INTRODUCTION

Molecular interactions resulting in the trade of energy and momentum between
molecules are ubiquitous and unavoidable. Art comes into play when such interactions
are to be guided to afford a preference over what must be expected anyway as a result
from such fundamental energetic exchange. In fact, the governance over these processes
is at the heart of all chemical sciences and spans from the choice of simple solvation
conditions (“similia similibus solvuntur”; lat.: like dissolves like) to the erection of
highly sophisticated supramolecular networks (e.g., the DNA doublehelix, folded
proteins, membranes, ribosomes, the cytoskeleton, light-harvesting antennae, molecular
machinery, etc.) that constitute and characterize all living matter. Inspired by these
examples, the focus of scientific attention currently shifts from the classic construction of
covalently connected frameworks, which have arrived at a respectable level of
maturation already, to the elaboration of noncovalent assemblies [1]. The promiscuous
ambivalence, fragility, and sensitivity towards reversible rearrangements in such systems
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present demanding challenges, which are well recognized, indeed [2,3], but not at all
solved to any reasonable satisfaction.

Of prime concern towards this goal is the development of dedicated structures
that would interact selectively with a certain molecular target to perform a peculiar
function such as to effect its transfer across a liquid-liquid phase boundary. We will call
such compounds molecular hosts irrespective of their chemical nature, size, mode of
action, or preparation. The common denominator just refers to the reversibility of
interaction with the binding partner in a dynamic and kinetic sense, which limits its
absolute magnitude to a regime <80 kJ mol™ and to a selectivity feature characterizing
the capacity of the host to determine the fate of the specific guest, leading to its
discrimination over all potential competitors. In this respect the mere host-guest
association event in the thermodynamic ground state constitutes a necessary prerequisite
defining a binding selectivity that may, however, only set the stage for a subsequent
kinetic process. The kinetic selectivity emerging from the latter step need not necessarily
enforce the discrimination seen in the binding step but may follow a different pattern [5].
Thus, it is rational to treat both steps distinct from one another.

This article concentrates on the initial binding process and the options to
influence the selectivity outcome by designing the host structure. Of course,
thermodynamics will ultimately dictate the selectivity facet, yet it is important to discern
two divergent goals requiring distinctly different energetic signatures in realization:
Thermodynamic selectivity may target the maximization of the binding free energy
leading to high affinity systems as they are required, for example, in drug development in
the blocking of enzyme active sites. The precise molecular layout there is of minor
concern as long as the uptake of the substrate into the active site is efficiently prevented.
Alternatively, the molecular association could aim at the generation of a unique host-
guest complex structure. A well-defined structural platform is indispensible, for instance,
in the build-up of molecular architectures in nanotechnology or for catalyses requiring
fixed stereoelectronics. For purposes of extraction from aqueous solution, the structure to
be attained is one that presents a hydrophobic exterior of the associated complex
ensemble to the solvent environment. The outer lining should be devoid of sites capable
of interacting with water molecules that would otherwise impede the “pushing out” of the
complex from the aqueous phase. As a corollary, then, the first decision in host design
must address the function envisaged. The result of this decision then defines a pattern of
thermodynamic state functions suggesting a strongly negative association enthalpy
concomitant with a negative entropy component for creating structural uniqueness.

More relaxed enthalpy requirements along with positive entropies are desirable
for optimizing affinity (see below). A collateral incidence of such signatures is the
prediction that the association-dissociation kinetics is likely to possess a steeper
temperature dependence in the former case owing to a larger AH’ of activation necessary
in the more robustly structured system to escape from the deep enthalpic well founding
the host-guest complex. Aside from kinetics, the absolute and relative stability (with
respect to potential competitors) of this complex was in the focus of supramolecular
chemistry even decades before this term was coined [6]. Following an intriguing pictorial
metaphor introduced by Emil Fischer more than a century ago [7], generations of
chemists looked upon host-guest binding as an act of recognizing geometrical
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complementarity (and much later also complementarity of charges, chemical functions,
etc.) between the interacting partners in much the same way as a mechanical key fits into
a corresponding lock, enabling selective entrance to the keyholder. Despite the fertility
and success of this idea for the explanation of a plethora of association phenomena, the
exclusive emphasis on the enthalpy (attraction/repulsion) of the interaction partners in the
lock-and-key model promotes a misleading perspective of host-guest binding in general
[2,3,8]. An unbiased view of the simple complementarity models of host-guest
association will immediately trace their failures (examples of which are presented later in
this review) to the omission of the entropy component that, according to fundamental
thermodynamics, must contribute to the observed affinity, yet is either totally dropped
from consideration in the original model or only fractionally incorporated in the more
elaborate “induced-fit” model of molecular recognition [9].

One can speculate on the origin of such obvious disregard. Major reasons may be
“the low level of common intuition about entropy” in the chemical community [3,10] or
the easier and more straightforward division of enthalpy into dominant and negligible
contributions. This is hard to achieve with the entropic state function, as all components
of the associating system including solvent background electrolytes, counterions,
solubility adjuvants, or others are intimately involved. At present, we are still unable to
quantitatively account for individual entropic contributions required as input parameters
in the rational design of host compounds. However, we realize the necessity to expand
the current conceptual models by including at least some aspects of entropy. The recent
progress of computational and experimental calorimetric methods foster our hope to put
entropic reasoning on a solid quantitative footing in the foreseeable future.

SOME FUNDAMENTALS

Host-guest chemistry for the sake of selectivity must address the high-end regime
of molecular interaction energetics, because the free-energy differences AAG°(A,B) = RT
In K.,(B)/K.4(A) on binding substrates A or B to a host compound can only become large
if the individual association free energies AG°(A) and AG°(B) are even greater. For
isothermal binding processes depicted in Scheme 1, the position of the equilibrium, as
transmitted by the association constant K., is governed by two fundamental equations (2
and 3) which can be combined to give Equation 4.

[dcw]

Scheme IA/V (AW} K=" (1a)
B [{BcW}]

BcW K (B)=_2<="i 1b

(BW} =l (1)

Interestingly, this rearranged form of the familiar Gibbs-Helmholtz Equation 3
reveals the affinity of the two binding partners as a consequence of balancing two
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entropy components: The entropy change in the system AS° and the entropy change in the
rest of the universe AH®/T. The latter term denotes the heat reversibly exchanged with the
environment divided by the temperature of the isothermal process as defined for an
entropy change. There is no better way to illustrate the importance of entropy in
molecular association than by Equation 4.

AG°=-RT K, )
AG°=AH®° — TAS° 3)

0
Rk, = ase - 2

“

Traditionally, this notion has been underappreciated, as the subject of host design
was focused on discovering the strongest binding partner for a given guest, which is
equivalent to finding the most enthalpically stable host-guest pair. Except for the exotic
situation of studying binding near absolute zero temperatures (7' AS° — 0) or the
adventitious case where AS° equals zero, such approaches can be severely misleading,
because entropy as an essential component of the energetics is deliberately disregarded.
Even the most simple associative process between molecular species in the gas phase
does involve a nominal decrease in entropy, since three degrees each of translation and
overall rotation are sacrificed to form a rigid complex [11]. However, the extent to which
the system’s entropy suffers from this effect can vary within vast limits [12]. Incomplete
arresting of relative motions between the bound partners and the initiation of novel
vibrational modes in the complex could counterbalance the expected entropy loss. On
top, it is conceivable that entropy is even produced on guest association if a gain in
molecular flexibility (i.e., conformational entropy) outmatches the translational/rotational
restriction of binding. For instance, a well-organized host could diminish or partially lose
its structural integrity on guest association, furnishing a more positive entropy
contribution than was required to make up for the putative loss occurring on merging two
independently moving particles into one. Examples suggesting such an explanation have
been observed in ligand binding of
some proteins. A  corresponding A B
design would open a novel target for f
tailoring the entropy component in aH
artificial host compounds.

Beyond doubt, interaction —1_—
enthalpy is an important contribution =
to overall host-guest affinity, yet it
may not be the decisive one. Figure 1
qualitatively illustrates two extremes
for the dependence of enthalpy on a

structural parameter in the complex . - reaction coordinate  ———
(distance, a dihedral torsion, or the Figure 1. Illustration of the different shapes of
’ ’ enthalpy wells.
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like). Optimizing the enthalpic interaction AH would target the deepest enthalpic well
(A), whilst the shallower, yet broader, enthalpy dip B characterizes a host-guest pair that
is inferior to A with respect to enthalpy but outmatches this complex in binding free
energy AG, due to a much more favorable entropy component. Affinity maximization
using an energy-minimization strategy fails to return the correct candidate in this
scenario [13]. We conclude that host design following common docking procedures [14],
even if guided by X-ray crystal structures showing a concrete supramolecular interaction
motif [15], does not rightly address the essence of host-guest recognition. The design of
molecular hosts based on enthalpy alone is at risk to fall victim to oversimplification.

Some remedy can be expected from the regard of entropy in design
considerations. The step to take involves a translation of the quite abstract macroscopic
state functions into a molecular context [16]. Ludwig Boltzmann built a bridge that
allows crossing this gap by a formula relating the entropy S (based on the 3™ law of
thermodynamics, this is the entropy change from zero Kelvin to the temperature of
measurement AS) to the number of energetically accessible microstates W (Equation 5)
[17], namely the number of ways to distribute the total energy onto the energy levels held
by the system’s components.

S = Rlnw )

There is little doubt that ## is dramatically dependent on the structural context.
However, backtranslation, the deconvolution of W or its representation AS into a set of
concrete structures is not possible. For all real systems, the number /¥ and also its change
in binding processes is intractably huge. A good reflection of entropy that is handier to
supramolecular chemists is the dynamics of the system, namely the positional,
configurational, conformational, and vibrational space visited by the components in time.
The space is filled with enthalpic wells of varying deepness and shape separated by
barriers of different heights, and this rugged landscape is populated by the system’s
atoms. At equilibrium, the populations of the individual wells and their interconversion
rates contain information about some facets of the total entropy that are relevant in host
design and can be accessed using, for example, specialized NMR techniques [18].

INSPECTING THE BARE BONES OF MOLECULAR ASSOCIATION:
THE LOCK-AND-KEY MODEL

A first approximation to the qualitative estimation of entropy could take the
sketch depicted in Figure 2 as a basis. The host and guest partners generally interact in
multiple ways to form a variety of one-on-one aggregates featuring various
conformations of the partners interacting in a variety of topologies (binding modes). In
addition, depending on concentration, higher-order complexes are formed consisting of
more than one copy of the same partner binding to its counterpart or even including
another molecular species (counterion, specific solvent molecule, buffer species, etc.).
Many of these host-guest configurations will be of low and comparable energy (<10 £T)
and thus will be populated side by side at equilibrium to create a structural ensemble.
Other configurations are only transiently visited or exhibit a weak correlation of enthalpy
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and structure (they float on a flat or very shallow extended area on the potential-energy
surface). Whether a single spatial arrangement represents a distinct host-guest complex
or just a transient variant of some parent configuration is arbitrary to some extent and
depends on both the kinetic barrier separating them and an energetic threshold value
corresponding to the thermal energy available. Viewed from the point of host design, the
latter is an input parameter dictated by the prospected function and thus is not subject to
deliberate tailoring. The sketch in Figure 2 illustrates the simple notion that the number
of accessible microstates (the entropy) increases with the number of host-guest spatial
arrangements and consequently with the diversity of the structural ensemble.

A logical O\
consequence to boost 4 S
host-guest affinity would ¥ 2{}&2 NN
call for the accumulation + —
of identical binding sites,
each one interacting with + %&5 /\
a monovalent guest with I
the same noncooperative =% + h
affinity. Simple statistical %’6 ¥ ) = %\A\g\ AH
reasoning (see Equation + A
5) leads to the conclusion Mf\) N
that the presentation of <, * &}
five identical anchor sites %@

on one host molecule
augments guest affinity Figure 2. An illustration of the structural ensemble arising from

host and guest association (shaded platelets) sorted according to

by an order of magnitude
enthalpy.

over the individual parent
interaction. Of course, the precise topological correspondence of host and guest structure
is lost unless host symmetry leads to structural degeneracy in the complexes. The general
strategy “enforce stickiness by means of fuzziness” is solely based on entropy and
exceedingly successful in biology (e.g., in viral cell adhesion, streptavidin-biotin click
connection, or even in sexual mating), however, it is not particularly efficient in terms of
atom economy or synthetic expenditure, two important cornerstones in host design.
Furthermore, the overall selectivity is not enhanced, but rather diminished, since all
competitors would experience the same basic boost of their affinities, and the likelihood
for unintentional adjuvant interactions exclusively open to a few of the many potential
competitors increases (e.g., by optional multivalent interactions).
A B

Q

4

Figure 3. Schematic representation of host-guest complexation by a monovalent (A) versus a
multivalent host (B).
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The urge to improve selectivity can be served in this strategy by allowing
cooperative action of the anchor sites on the host binding the guest at more than one site
of interaction. Such multivalent binding [19,20] assumes an intermission by a nonbinding
moiety linking the anchor groups that are actively interacting with the guest species. The
concept breaks down the closer the anchoring functions are spaced and as the bridging
units get more and more involved in the direct interaction with the guest and the anchor
groups alike. Finally, the properties of the parent binding sites are distorted due to their
vicinity such that their effect on binding cannot be delineated from their original structure
anymore. Then the further use in host design mandates the definition of a new binding
moiety combining the parent functions and linkers, yet possessing a completely new set
of properties. At any rate, the covalent combination of anchoring functions represents a
restriction of their mobility that emanates as a bonus in the entropy of binding, since the
fixations of the second and all other anchor groups to the guest occur as intramolecular
(first order) processes in contrast to the initial intermolecular (second-order) binding step.
Supplementing the entropy-based benefit that was already identified in the chelate effect
by early coordination chemists [21], the motional restriction seen in multivalent binding
also has bearing on enthalpy. The influence can be attributed to the dissymmetric shape
of the familiar Lennard-Jones pair potentials of common van der Waals interactions. A
gain in enthalpy on binding a second anchor group can arise if the motional amplitudes
due to clipping shorten the average distances of nonbonded substructures. This tightening
can be rationalized as a slide on the outer branch of the Lennard-Jones pair-potential
curve towards the enthalpy minimum. Because this move encompasses all interaction
pairs, the entire complex structure, rather than a single group, is compacted [22]. Recent
experimental evidence stemming from a trend analysis of binding several series of linear-
chain substrates to bovine carbonic anhydrase supports this view [23].

Chemical intuition calls for some kind of compensatory effect between enthalpy
and entropy in supramolecular associations, since stronger binding (more negative AH) is
expected to limit the relative motility of the binding partners and thus should diminish
entropy (more negative AS). The most
obvious result of such enthalpy-entropy
compensation (EEC) phenomena is the
striking invariance of the affinity AG from
structural modification within a series of ]
homologous compounds. In fact, early
analyses could explain the observations
[24,25] graphing the AH versus T AS
dependency as a curved plot that only in
the regime of low interaction strength is
almost linear, but approaches a limiting
value at high AH (Figure 4).

An important consequence of this model is the expectation that, once a host-guest
system has reached the limit, any additional incorporation of binding functionality should
no longer suffer from entropic counteraction but be fully translated into binding affinity.
The model, however, assumes that the width of the enthalpic well relating to the
amplitude of molecular vibrations correlates inversely with its deepness. At first glance,

-TAS

e -AH
Figure 4. Tentative enthalpy-entropy
compensation curve [22].
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the connection of binding energy AH (viz., the deepness of the well) and the tune of
molecular vibrations seems reasonable. However, no such relation has been confirmed
for covalent bonds, and there is no argument why supramolecular interactions should be
different in this respect [26]. Moreover, fundamental bare-bones theoretical models using
calibration to experimental observables arrive at AH/TAS anticompensation relationships
that are incompatible with EEC being a constitutive ingredient of all supramolecular
interactions [27]. As there is also no strong evidence for the curvature of the AH/TAS plot
(Figure 4) implying a maximum limit for the entropy loss, the meaning and extent of
EEC to host design must be considered an open question.

Empirically, the concept of host preorganization [28]
that touches on a similar balance of enthalpy and entropy
components features a success story. The covalent connection of
binding functions to furnish a molecule that can satisfy all
binding needs of a supramolecular guest species and on top
cannot escape from presenting this optimal molecular directional
layout can be looked upon as the igniting spark to the study of
molecular recognition. Initially, the much improved affinities
and guest discrimination capacities of rigidly preorganized hosts
were exclusively assigned to the freezing of all conformational
degrees of freedom in the host structure as is exemplified in the spherand series of
alkalimetal cation complexands [29]. The basic idea of minimizing entropy loss by
rigidification followed the motto: “what is not there in the first place cannot be lost
subsequently.” Meanwhile, consensus is reached that steric congestion caused by the
tight covalent connectivity in this host series promotes metal ion complexation
enthalpically, too. The cation binding ether atoms are rigidly held in positions and at
distances that are conducive to complexation, yet would be relaxed to a less favorable
arrangement, if it were allowed by the framework. The benefit of preorganization in this
scenario resembles a spring-loaded situation that as a whole cannot be accounted for by
an entropic bonus alone.

spherand

PUTTING FLESH TO THE BONES: THE REAL CASE REQUIRES THE
INCLUSION OF SOLVATION

Contrasting the so-far discussed, somewhat fictitious case of a host compound
complexing some guest in free space with no other interaction partner around, the real
situation one must address and accommodate the presence of other molecules in much
higher abundance, as they are present in all experimentally testable conditions in
condensed phases. A true appreciation of the role played by the solvent must respect the
“granular character” of such an environment that is dissent from any continuum
representation. The difference originates from the anisotropic discontinuity at the
molecular level and is reflected in the quite variant standard entropies of the solvents.
Most important is the notion that the solvent molecules not only mediate a field effect on
the host-guest interaction in focus, for instance, by attenuating the electric field by virtue
of their dielectric permittivity and readjust the relative contributions of enthalpic
components (coulombic versus van der Waals versus strain, etc.). Rather they are active
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participants influencing and competing in all processes and on all levels of the molecular
scenery. As a corollary, the overall outcome sensed macroscopically by some physical
method is as much a consequence of the action of solvent molecules as it is the result
from the direct mutual interaction of the binding partners. The selectivity of molecular
recognition is tied to the entire system and is definitely not a molecular property of the
host compound. Without the due specification of the environmental conditions (solvent,
counterions, buffer, background electrolytes, etc.) the frequently heard claims of the
discovery of a novel specific host for some peculiar guest lacks a serious foundation [30].

The individuality of solvent extends beyond the structure of the single molecule
to the interaction pattern seen in the entire ensemble and ultimately shows up in the
macroscopic state functions. The structuredness of the solvent persists in spite of rapid
time averaging, and from its physical basis, it is a component of the solvent entropy.
Trouton recognized early on that the entropy of transfer from the liquid to the gas phase
at the boiling point T, (the entropy of evaporation AH,,,/T,,) is little changed for a
number of simple solvents (Trouton’s rule). Many other solvents, especially the more
useful polar ones including water, show strong deviations from this rule. Obviously, the
latter fraction must differ from the former in the entropy of the condensed phase if the
approximation of the vapor phase as an ideal gas is valid. An inspection of the solvation
entropies of transfer of a solvent molecule from a fixed position in the gas phase to a
fixed position in the pure liquid solvent (the so called Ben-Naim standard transfer; the
process is devoid of the change in translational entropy and picks up the change in
solvation entropy most directly [30]) in general corroborates this expectation (Table 1
[31]). When allowance is made for molecular size and flexibility, the more polar solvents
show the more negative transfer solvation entropies, indicating more restricted molecular
motility and thus enhanced structuredness. Water occupies no extreme position in this
series although, according to many other criteria, it certainly is one of the most structured
solvents known. The tiny size of the water molecule and its small molar volume
compared to other structured solvents like DMSO or sulfolane may make up on the
balance sheet to raise water to a unique position among the solvents.

Table 1. Molar standard entropies of solvation AS* (J K mol™) of solvent molecules by their
liquid phase (Ben-Naim standard, transfer of a mol of solvent molecules from a fixed position in
the ideal gas phase to a fixed position in their their own solution [32]).

Solvent ~AS" Solvent -AS" Solvent -AS"
water 66.2 acetonitrile 47.8 tetrahydrofurane 52.4
methanol 62.7 nitromethane 58.8 dimethylsulfoxide 75.2
acetone 49.8 dichlormethane 47.6 dimethylformamide 73.9
chloroform 513 1,8-eucalyptol 344 N-methylacetamide 53.7
hexane 53.6 sulfolane 126.1 ethylenecarbonate 40.2
benzene 54.9 diethyl ether 47.2 1,1,1-trichlorethane 34.5

Solvent entropy is an important issue in molecular recognition as this value sets a
limit to what can be gained on host-guest association. On physical contact of the binding
partners, solvent molecules must be stripped off from the interface and join the bulk
solvent interactions. Undoubtedly, this desolvation comes along with an entropy change
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that is determined by the characteristics of the solvent layer covering the interface areas
in both binding partners and the level of entropy in the receiving bulk phase. Only the
latter is known with decent certainty, whilst the interfaces themselves may vary widely in
their entropy features, and therefore offer a great chance for solvation design. Improving
host-guest stickiness certainly mandates the alignment of shape and chemical
functionality at those substructures buried on binding and excluded from solvation, (steps
Al, and A2 in Scheme 2), yet the prudent confection of the host-guest interface in terms
of entropy tailoring has hardly been tried.

Such notion comes as a surprise since the quite variant response of solvation
within a homologous series has long been recognized. For instance, in the Hofmeister
series derived 120 years ago, the salting-out effect of ions on proteins in water is
classified. Contrasting the naive expectation based on fundamental electrolyte theory,
which treats all ions in water alike based on their charges and sizes, the Hofmeister series
reports on a bias for the ion that must arise from the individual interaction pattern with
solvent water. Instrumental techniques like neutron diffraction can directly observe these
peculiarities [34] and come up with rationalizations for the dramatic differences found.
The Hofmeister bias for anions covers almost 12 orders of magnitude [35], and a great
share of this span must be attributed to the anions’ effect on water structure, that is, on
the entropy of solvation. Recently arguments have also been presented that connect the
profound energetic differences in the anion series to genuine changes in chemical ion-
water bonds [36].

The design of solvating molecular surfaces as an entry to exploit entropy
contributions for boosting affinity or structural uniqueness necessitates a quantitative, or
in the first instance, at least a qualitative measure of the balance of the desolvation
processes Al and A2 in Scheme 2 and the reunification of the number (n + m) of water
molecules with the bulk (Step B2). In terms of entropy, this balance can be summed up
as solvent entropy change as distinct from the change in solute entropy comprising the
conformational/configurational entropy differences experienced by the host-guest
partners themselves (Step Bl). Both fractions must necessarily add up to the
experimentally observed entropy of association ASassoc-
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modification introduced in design. There is no exact experimental way to arrive at such
dissection, because the delicate interconnection of structure and solvation transmits even
the smallest changes at one substructure to the entire rest of the molecule. Thus, there is
no modification possible that a priori can be regarded as being innocent, enabling a
general correlation of a structural versus the entropic change. The dependency on context
is much more pronounced than for structure—enthalpy correlations, where conditions that
quantify the impact of a structural modification on the overall energetics can be found
with reasonable fidelity.

The problem in evaluating entropy contributions derives, both from the
adaptability of the solvent to solvate a structural variant of the parent using a
rearrangement of its molecular ensemble and to extend this change via its own structure
to more remote parts of the solute. This mechanism accounts for the marked
nonadditivity in entropy-structure correlation and has also been called to rationalize
solvophobic interactions [37]. When this adaptive solvation is blocked due to unsuitable
size relations of host and solvent, as they can occur on solvation of concave cavities such
as in macrocyclic hosts, a respectable enhancement of affinity can be achieved even with
non-polar solvents capable of very limited energetic exchange only [38].

Currently, the role of entropy of solvation on host-guest binding is best
illuminated taking water as a solvent, though this solvent certainly occupies a very
special place among the media for molecular recognition. Due to its importance in the
biological world, the vast majority of studies aiming at the energetics and molecular
mechanisms of solvation have been conducted in water, and we trust that the general
outlines of the possible facets can be seen using water as the example. A short catalog of
interaction possibilities and their entropic consequences for supramolecular association
are collected in Table 2.

Table 2. Empirical qualitative energetics of the aqueous solvation of solute structural
moieties at ambient temperatures

Entry Interaction Prototypical AH of T AS of Entropic effect when
type moiety hydration  hydration  replaced in the course of
host-guest association
1 hydrophobic CHa, aryl- moderately ~ negative favorable
exothermic
2 hydrophilic peptide, exothermic weak, weakly unfavorable
sugar variable
3 hard metal Li", Na", strongly negative favorable
cation Zn*", exothermic
4 soft cation K", exothermic  distinctly unfavorable
guanidinium positive
5 hard anion phosphate exothermic  negative favorable

The most stunning situation in aqueous solvation happens when there is a
minimum of solute-solvent interaction because of incompatible interaction modes. This
situation is met when hydrocarbon moieties incapable of any hydrogen bonding
interaction are brought into contact with water. The thermodynamic signature of the so-
called hydrophobic effect is well established and features a dominant negative entropy
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term that is in part counterbalanced by a favorable negative enthalpy contribution at room
temperature [32]. On raising the temperature, the relative proportions of both components
change due to a strong positive heat capacity change rendering the hydrophobic effect
enthalpy-driven and entropy-opposed at temperatures greater than ~ 60 °C. It is relevant
to note the dependence of hydrophobicity on molecular size: small molecules show a
different pattern than extended surfaces [37], which in turn also modulate the interaction
by their geometrical profile on the molecular scale [39]. Despite the clear-cut
experimental energetics, there is no consensus on the molecular origin of these effects
[37,40-42]. In the absence of an unambiguous molecular picture of the hydrophobic
effect, any theoretical attempt at translating a desired entropic outcome into some
concrete covalent structural motif as required in host design may prove futile.

Another scenario expands when host or guest partners form moderately strong
enthalpic interactions with water (Table 2, entry 2). Typical examples are represented by
sugar moieties, the surfaces of globular proteins at large, or the helical grooves formed
by B-DNA. In those cases, the solute surface can intervene with the hydrogen bonding
network of bulk water, thereby distorting its regular pattern and dynamics. The hydration
layer surrounding, for example, the covalently connected hydroxy functions of a
saccharide is perturbed by strong hydrogen bonding to these hydrophilic groups. The
cause is a misalignment (nonoptimal spacing) of the H-bond donor and acceptor sites of
the solute and solvent networks. This misfit results in an energized state of the hydration
shell relative to the bulk solution that is relaxed when a fraction of this layer is merged
with the bulk water on association [43]. In comparison to the hydrophobic effect, the
adhesion of water molecules to hydrophilic surfaces involves an exothermic enthalpy
output and a small positive entropy contribution. Many sugar derivatives have been
examined in their binding energetics to protein receptors (lectins), and the variation with
the peculiar pattern of decoration of the amphiphilic surface leaves little doubt that there
is an intimate connection of structure and energy governing this relationship. Thus, a
foundatory platform indispensible for host design appears to be in operation.

With respect to solvation entropy, quite a broad range is covered in examples
taken from the biological world. Many saccharides exert a mild destructering effect on
the water H-bonding network, resulting in the inhibition of freezing (ice crystallization)
by glass formation [44] or in the increase of rotational freedom around the glycosidic
bonds in sugar polymers [45]. Such observations point to a moderate lift of the system’s
entropy that is, however, reversed on molecular association. On the other hand, a strong
reduction in hydration entropy may result if certain spatial boundary conditions apply, as
is true in the hydration of the major and minor grooves in B-DNA [46]. Only the minor
groove harbors a string of several well-ordered layers of water molecules (the “spine of
hydration), which owe their existence to the hydrogen-bond capacity of nucleotide
sequences rich in A-T pairs at the bottom of the groove. A hydrogen-bonded chain of
water molecules is then formed on top of this base by virtue of the walls of the sugar
phosphate backbone, forming a furrow that prevents transversal movement of the chain.
The dynamics of water exchange in this environment is significantly reduced as read
from dedicated NMR-experiments. The entropy balance of minor-groove binding guests
in turn is expectedly tuned by the actual binding mode: specific binders that replace the
spine of hydration generate a more positive contribution of desolvation entropy than
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similar guests interacting with the major groove or binding unspecifically at the minor
groove (replacing the top water layers only) [47]. As is true for the hydrophobic effect
also, the hydrophilic hydration cannot be rationalized to any satisfaction in quantitative
terms. However, judged from the stringent qualitative interrelation of structure and
solvation entropy, there is hope that entropy features can be incorporated in host design
on an empirical basis using polyamphiphilic building blocks.

Similar to hydrophilic interactions, the hydration of charged centers marks a
prominent position because of its strength. As already mentioned electrolyte theory could
indeed rationalize many physical properties that are primarily based on coulombic
interactions between an ion and the dipolar solvent molecules, furnishing a solvation
shell of radially defined dimensions. Owing to the relatively weak diminution of the
electrostatic energy with distance (~r’') a far-reaching orientational effect on solvent
dipoles was postulated that should apply to all ions but depend in magnitude on the
charge of the central ion. The restructuring influence should be visible remote from the
ion’s position and show up in the single-ion state functions like entropy or heat capacity.
Even before the inauguration of electrolyte theory, Hofmeister had discovered the
distinct individuality of the anions in particular and suggested to arrange their efficiency
in salting out basic proteins in a sequence [33]. Later this series proved to underly quite a
variety of phenomena in aqueous solution chemistry but resisted an all encompassing
comprehension [48-50].

With the advent of differential neutron- and X-ray diffraction techniques offering
a direct experimental look at the water structure surrounding the ions, it became clear that
the anticipated long-distance influence on water structure does not exist [S1-53]. Rather,
for monovalent cations the distortion of the solvent structure occurs in the first hydration
layer immediately contacting the ion only. The cations of high charge density (Li", Na")
exhibit a structuring influence, whereas the larger alkali cations (K', Rb", and Cs") and
all organic cations, in particular those occurring in proteins (primary ammonium,
guanidinium, but also tetraalkylammonium), show structural blurring. Only small
multivalent cations like Mg2+ and Cr’* extend their influence beyond the first hydration
layer.

A similar basic pattern is F-
seen in the anion series. Among Lit
the halides, only fluoride W0

achieves a well-structured first
hydration shell, whilst all others
progressively lose the capacity f o
to organize their solvent shells
with decreasing charge density.
Gratifyingly, the picture is 10 b
continued with multicharged
anions like sulfate, carbonate, or ~16
thiosulfate and thus appears

coherent with the Hofmeister Figure 5. Dependence of the excess entropy of the water in
series [49,50]. Anions of high the hydration shell on the crystal radius of the halide ions
charge density (so called [75].




72 PROCEEDINGS OF ISEC 2008 - VOLUME I

cosmotropes like F~, SO4%, and CO5”) arrange their first hydration shells well (but not
the water structure at large), and in this respect, they oppose the larger ones (CI', I', SCN’,
and CIOy, the chaotropes) that eventually lack such structure completely. The absence of
long range effects, however, requires that all differences seen between the ions must
emerge from the direct interactions of the ion itself with the first-layer water molecules
that now must invoke extra electrostatic bonding types [51] modulating the enthalpic
component of the interaction. Good candidates could be dispersion forces [54] or
hydrogen bonding itself, since this type of interaction may consist of variable, yet
substantial covalent character as can be inferred from spin coupling between fluoride and
protons of the host structure in certain abiotic receptor compounds [55]. Of course, the
extent of ordering in the solvation shell must also be apparent in the entropy term, and a
respective plot is shown in Figure 5. The excess entropy of water near the ion over the
bulk level is depicted versus the anion crystal radius for the halides. Only fluoride, but
not all the heavier halides, shows a negative value leading to a positive entropy
contribution on desolvation or binding by some host, respectively.

The important lesson to learn for host design in this case calls for an
encapsulation host. The total replacement of the hydration shell by the host structure
would yield an entropy gain for fluoride in contrast to the higher halides. For these, the
relaxed positioning of water in direct contact to the ion as compared to the situation in
the bulk solvent contributes an unfavorable share to host-halide complexation. A direct
corroboration of this entropic effect can be deduced from the selectivity of anion
complexation by some encapsulation hosts resembling molecular oysters [56]. The
negatively charged guest there is sequestered into a molecular cavity formed from two
peptidic macrocycles thereby requiring extensive desolvation of both partners. Sulfate,
one of the most powerful cosmotropes, is found to be the much preferred guest species in
an aqueous DMSO solvent, suggesting a decisive role of the desolvation entropy in the
definition of binding selectivity in this case.

The inverse scenario is met on association to a guanidinium cation, which is a
popular building block in abiotic anion receptors. Here the dehydration on binding a
supramolecular partner adds a negative entropy share to the total diminishing the affinity
on this basis. A prudent strategy for the design of guanidinium receptors acting in water
should aim at utmost hindrance of hydration of this site not only for the reason of
limiting the enthalpic cost of stripping off the solvent, but also for the sake of minimizing
entropy loss emerging from the return of hydration shell water molecules to the bulk. In
this sense, qualitative considerations on the impact of entropy may guide the basic
directions on how to construct molecular receptors. Such strategic masterplans are more
than welcome to avoid fundamental pitfalls that cannot be repaired even by the best-
fitting host design.

THE ROLE OF ENTROPY BY COMPUTATIONAL AND EXPERIMENTAL
APPROACHES

Compared to the rich body of information on the mutual enthalpic interactions
between molecules or individual functional groups, we must currently state a paucity of
information on the corresponding entropy part that surely hampers or impairs the rational
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design of host-guest systems. Alleviation of this situation is sought on two fields, the
computational simulation or the direct experimental evaluation of prototypical models.
Both approaches appear still in their infancy at present, yet they have the capacity to
mutually enforce each other. The experimental approach provides a bold frame of results
to which theoretical predictions can be checked and iteratively improved. Computational
modelling in turn can identify the relevant questions to be answered by experiment.
Though modern computational chemistry in principle already provides the framework for
entropy studies of host-guest association, the methodological detail has not yet evolved to
a state of general utility for molecular-design purposes. It is well appreciated that all the
information on entropy is contained in molecular dynamics (MD) run on systems
comprising the binding partners and maybe not-so-innocent bystanders (buffer,
counterions, etc.), not to speak of phase boundaries, surfaces, nano containments, etc., all
soaked in a sufficient amount of solvent. The complexity of such systems
notwithstanding, host-guest affinity representing free-energy differences between the
dissociated and complexed state can be calculated with reasonable accuracy (~4 kJ mol™)
by free energy perturbation (FEP) or thermodynamic integration (TI) approaches [58].

In contrast, the calculation of entropy differences or absolute entropies suffers
from errors that may be larger by an order of magnitude [59,60] and thus is devoid of any
predictive value in design. The difficulties arising in calculating entropies [61] derive
both from the particular force fields employed, which in most cases are parameterized to
reproduce structures rather than thermodynamic values of state functions, and on
convergence problems that relate to sufficient sampling of the phase space expanded by
the multiparticle system. Modern methodological developments address both aspects
[59,61-65]. Above all, they aim at the reduction in complexity either by exploitation of
symmetry features specifically of the solvent [62], or by calculating individual
components of the total entropy, such as solute/solvent entropies [59],
translational/rotational entropies [66], or configurational entropy [63-65].

These studies furnished the important message that the host-guest configurational
entropy, at least in some cases, is of the same order of magnitude as the total enthalpic
interaction, invalidating any approach to score host-guest binding exclusively on the
basis of enthalpy minimization (fit) [63]. Moreover, calculations based on the mining
minima (M2) concept showed the shape of conformational minima in flexible hosts to
contribute more to the entropy outcome than their sheer number [63]. Simple counting of
stable conformations apparently is not an appropriate means to grasp configurational
entropy. This result compromises the dominant role of host preorganization in entropy-
based affinity enhancement.

On the empirical terrain, the progress in NMR-techniques furnished a direct
access to measure configurational entropies from molecular dynamics [66,67]. Now there
is evidence that proteins may trade entropy shares across their structures, allowing a
ligand to bind selectively at a binding site concomitant with a substantial loss in local
entropy, however, at the expense of structural order and an increase in entropy
somewhere more remote from the binding site. By this mechanism, the overall entropy
balance can be positive and favorable for binding due to overcompensation. Such a
process requires a molecular machinery capable of coupling a preorganized, yet
noncomplementary host binding site (with respect to the specific guest) to the binding
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event and transducing the structural change to some other substructure. An adaptation of
this principle that may not be rare in biology [68] has appeared in the literature [69]. The
release of entropy on binding to a host rotaxane (axle-wheel system) is there rationalized
by motional relaxation of the mechanically interlocked system. Since the thermodynamic
evidence presented derives from van’t Hoff analyses of (quite unspecific) fluorescence
quenching in a structurally diverse series of host compounds, the conclusions and claims
advanced on this basis are less compelling.
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Figure 6. Energetics by ITC of oxoanion binding to guanidinium hosts in acetonitrile at 298 K.
The improved affinity (AG®) of the carboxamido host 1 versus the allylguanidinium salt
2 lacking additional anchoring functions is due to enhanced entropy rather than enhanced
enthalpic interaction. [72]

More reliable evidence is collected by the direct measurement of heat effects on
changing the relative and/or absolute host and guest concentrations. In this respect,
modern microcalorimetry opened a door to provide and inspect the enthalpy and entropy
components to the free energy of associating systems [70-72]. For instance, the origin of
the affinity improvement found with the guanidinium carboxamide anchorgroup 1
complexing oxoanions in acetonitrile compared to the alkyl-substituted analog 2 (Figure
6) was traced to an augmentation in the entropy output rather than to an enhancement of
the interaction enthalpy [73]. Contrary to the expectation that was based on the
traditional advice to add supplementary binding functionality (the secondary
carboxamido groups) to the parent guanidinium moiety, the goal of affinity enhancement
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was reached indeed, yet for a different reason requiring the revision of the original
concept of oxoanion binding. Even simple and purportedly well-established anchor
functions may reveal an unforeseen face if probed by the most suitable physical method.
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Figure 7. Energetics of enantiorecognition of tartrate by the macrocycle 3 in acetonitrile at 298
K. Though L-tartrate (right) displays weaker affinity (less negative AG®), it better fits to the
macrocycle as indicated by the more negative binding entropy [73].

Calorimetry was also instrumental in pin-pointing the best structural base for
enantiorecognition. For this purpose the uniqueness of molecular interaction rather than
overall affinity must be addressed, because the specific distinction of geometrical
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greater structural fuzziness in this complex species compared to its counterpart.
Recognition of the geometrical form (i.e., the fit) is better for the D-tartrate complex
despite its weaker affinity. As this example shows, the free energy of binding or its
translation, the association constant, cannot be taken as an indicator of host-guest binding
uniqueness. A better and more direct measure of singularity could be represented by the
association entropy if other contributions to this quantity are negligible or kept constant
by the proper choice of conditions.

Decisions on the binding uniqueness are necessary beyond the distinction of
enantiomers, for example, when best-fitting supramolecular partners for selfassembly
systems are to be found. Towards this goal, trend analyses in a series of guanidinium-
phosphinate host-guest binding partners differing in binding-site accessibility have been
undertaken, employing entropy as a probe of configurational integrity. As observed by
ITC, the matrix of pairing of both ensembles in acetonitrile (see Figure 8) showed great
variation of the absolute entropy contributions (7 AS® up to 16 kJ mol™) to the total free
energy output. However, for each member of the guanidinium ensemble, there was just
one phosphinate partner exhibiting a minimum in entropy production. The respective
pairings all fall into the same regiment of association entropy in absolute terms,
suggesting that these combinations, but not all others, represent the instance of a unique
fit. Gratifyingly, the flagged host-guest pairs correlate perfectly with the geometric
stringency of the binding site accessibility in the cationic and anionic series. This result
questions the a priori and general assumption of a unique complex structure formed on
host-guest association that still dominates the literature of supramolecular binding.

CONCLUSIONS

The design of supramolecular interactions implies a purpose that mandates
accounting of all relevant influences. In this respect, the role of entropy is as yet severely
underestimated, though its qualitative involvement and substantial magnitude is plain to
see in the association energetics. A major obstacle in the adoption of entropy arguments
in design stems from its resistance to dissection into individual contributions assignable
to structural moieties. Thus, for entropy there is no additive scheme available that proved
so successful for the estimation of enthalpy.

A helpful step in this direction, though not backed by general experimental
realization, is parsing the total entropy change into two fractions: the entropy change
attributable to the solute partners as opposed to the change related to solvent
rearrangement. Solute entropy change describes the direct interaction in analogy to the
gas-phase process and the respective arguments concerning the trade of degrees of
freedom of translation/rotation into vibrational ones are valid for either case. Biological
examples have sharpened the view that solute preorganization in the sense of optimal
positioning and motional confinement is not the ultimate choice in maximizing host-
guest affinity. We recognize the real possibility to preorganize the host structure in a way
to furnish a gain rather than a loss in entropy on guest complexation. Because enthalpy-
entropy compensation is real, but not complete, this gain could even make up for an
investment in enthalpy emerging from the anticipated less-than-optimal geometric and
functional complementarity in such host compounds. The necessity to limit the entropy
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gain at the actual site of guest binding in order to conserve the selectivity properties adds
to the challenge of constructing abiotic hosts according to this mechanism.

Analyzing and using solvent entropy change for design meets with even higher
hurdles. The problems arise from the notion that the state of solvation (and consequently
the entropy) of those parts of the binding partners constituting the interface in the final
complex (the problems are compounded if an ensemble of complex structures is formed)
has a dramatic effect on the outcome. In cases allowing a serious estimate (e.g., binding
of sugar residues to lectins), up to 100% of the observable energy change can emerge
from solvent entropy (as TAS). Solvation and its constitutive components differ with the
chemical nature and decoration pattern of molecular surfaces, yet at the state of the art,
no rationalizations that could satisfy moderate quantitative ambitions are available.
Qualitative considerations referring to the entropy contributions of hydrophobic,
hydrophilic, or ionic patches of the structure can be used as an input for design and surely
will prove profitable and novel, as they have received little attention so far.

In prospect, there are two lines of research that may alleviate the situation: One
can hope for the due progress in the methods of computational chemistry, which in
combination with the extrapolated improvement of the calculation capacity, might
furnish a remedy from the convergence problems that haunt present day entropy
calculations. On the other hand, the availability and wide-spread use of reliable
calorimetric instrumentation can be expected to substantially broaden the experimental
basis in supramolecular energetics. A better paved experimental platform would serve the
development of the theoretical background underlying solvation entropy and at the same
time fill the arsenal of entropy data ready to use in an incremental approach to host
construction. At the state of the art in host design, we are just beginning to rationally
incorporate entropy-based concepts and ideas that are well recognized as fundamental
ingredients of all molecular interactions for over a century. It is about time to get them
accommodated in thoughtful respect.
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ABSTRACT

Development of experimental techniques to measure the interfacial reaction and the features of
interfacial reactions is reviewed. Firstly, in the complex-formation kinetics at the interface, the
catalytic effect of the interface is concluded. Secondly, the interfacial aggregation of the complex
has been found as a general feature of liquid-liquid interfacial reaction, and the mechanisms are
analyzed with a help of molecular dynamics simulation in some cases.

INTRODUCTION

The liquid-liquid interface is an extremely thin mixed-liquid state with about one
nm thickness, in which the properties such as cohesive energy density, electrical
potential, dielectric constant and viscosity are drastically changing. Solute molecules
adsorbed at the interface can behave like a two-dimensional gas, liquid, or solid
depending on the interfacial concentration. Microscopically, the interfacial molecules
exhibit local inhomogeneity. Therefore, various specific chemical phenomena that are
rarely observed in bulk liquid phases can be observed at liquid-liquid interfaces [1-3].
However, the nature of the liquid-liquid interface and its chemical function are not fully
understood. These situations are mainly due to the lack of experimental methods required
for the determination of the chemical species adsorbed at the interface and for the
measurement of chemical kinetics at the interface [4,5]. Chemical reactions at the liquid-
liquid interface are the most fundamental subject in solvent-extraction chemistry. In the
beginning of 1980s, the high-speed stirring (HSS) method was invented by Watarai and
Freiser [6,7]. Recently, some new methods have been invented in our laboratory [8],
which will bring a break through in the study of interfacial reactions. In this paper, some
typical results on the complexation and aggregation at liquid-liquid interfaces by using
above methods will be summarized as well as some insight on the molecular pictures
obtained by a molecular dynamics simulation.
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MEASUREMENT OF LIQUID-LIQUID INTERFACES
High-Speed Stirring Method

The HSS method made it possible to measure both an interfacial concentration
and an extraction rate for the first time by a simple principle. When a two-phase system
is highly stirred or agitated in a vessel and the interfacial area is extremely extended, the
interfacial amount of an adsorbed compound is increased, and its the bulk concentration
in the organic phase is decreased. In the original HSS method, the concentration decrease
in the organic phase caused by an agitation was measured spectrophotometrically using a
PTFE phase separator and a spectrophotometer. Furthermore, the extraction rate could be
measured by this method simultaneously. The measurements were usually carried out by
employing 50 mL for each phase at the stirring speed of 5000 rpm under high-speed
stirring conditions and 200 rpm in a phase-separation condition. The flow rate is 10-20
mL/min. The concentration change of the extracted complex or consumed ligand was
used for the kinetic analysis of the extraction or interfacial complexation. The HSS
method is very useful both for the determination of adsorptivity in a dilute concentration
of weakly adsorbed molecules and for the study of extraction kinetics, because of its high
sensitivity.

Centrifugal Liquid Membrane Method

Both requirements of a high specific interfacial area and a direct spectroscopic
observation of the interface were attained by the centrifugal liquid membrane (CLM)
method [9]. A two-phase system containing about each 100 pL of organic and aqueous
phases is introduced into a cylindrical glass cell whose height and inner diameter were
3.3 and 1.9 cm, respectively. The cell is rotated at the speed of 7000-10,000 rpm. By this
procedure, a stacked two-liquid membrane with each thickness of 50-100 pm is produced
inside the wall, which attains the specific interfacial area over 100 cm™”. UV/Vis
spectrometry and other spectrometry were used for the direct measurement of the
interfacial species as well as those in the bulk phases. This method was excellently
applicable for the measurement of interfacial reaction rate as fast as the order of sec.

Two-Phase Stopped Flow Method

Analogous to the stopped-flow method used in the study of solution kinetics,
rapid stopped-flow mixing of organic and aqueous phases is an effective way to produce
a dispersed system within a few ms. The specific interfacial area of the dispersion
attained as high as 700 cm™ and the interfacial reaction in the dispersed system can be
measured by a photodiode array spectrophotometer during the period of ca. 200 ms. This
method is applicable for rather fast interfacial reactions such as diffusion rate-limiting
reactions [10].
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Interfacial Reflection Spectrometry

By the total internal reflection (TIR) condition at the liquid-liquid interface, one
can observe interfacial reaction in the evanescent layer with a thickness of ca. 100 nm.
Fluorometry is the most sensitive method for detection of interfacial species and its
dynamics. Time-resolved laser spectrofluorometry is a powerful tool for the elucidation
of rapid dynamic phenomena at the interface [11]. Time-resolved total reflection
fluorometry can be used for the evaluation of rotational relaxation time of
octadecylrhodamin B and thus the viscosity of the interface [12]. Laser excitation can
produce excited states of the adsorbed compound at the interface. As an example, the
decay of the triplet state of porphyrin was observed at the interface [13].

Micro-Two-Phase Sheath Flow Method

The measurement of fast chemical reactions at the liquid-liquid interface is very
difficult. The micro-two-phase sheath-flow method is the only method that can measure
such fast interfacial reactions finishing within 100 ps. An inner organic micro-flow was
generated in an outer aqueous-phase flow from the tip of a capillary (i.d. 10 um) with the
same linear velocity. The fluorescence spectrum at the interface was observed as a
function of the distance from the tip of the inner capillary, which was the starting point of
the reaction. The distance from the tip was converted to the reaction time. This technique
enabled the detection of a fast interfacial reaction of the order of 10 us. The rate of the
lactone cleavage reaction of octadecylrhodamine B (C;sRB) was investigated with the
micro-two-phase sheath flow/two-photon excitation microscopy. The formation of the
fluorescent forms of C;sRB was confirmed from the two-photon excitation fluorescence
spectra at the toluene/water and heptane/water interface during 80 us after the contact of
two phases [14]. This method was applied for the measurement of luminescence lifetime
of samarium(IIl) complex with 2-thenoyltrifluoroacetone and the synergic extraction rate
at the interface [15].

Raman Spectroscopy of the Interface

Raman scattering spectrometry has some advantages over infrared (IR)
spectrometry in the sensitivity, the spatial resolution, and the applicability to aqueous
solution. It can attain high sensitivity, when it is performed under the resonance
condition, or under the surface-enhanced condition, where silver or gold nanoparticle is
used as a source of plasmon. The combination of resonance Raman microscope
spectrometry and the centrifugal liquid membrane (CLM) method is a powerful
technique to observe directly the Raman spectra of the liquid-liquid interface and the
bulk phases by traveling the focal point of an objective lens. It was demonstrated that this
method was highly useful for the kinetic measurement of the interfacial reaction [16].

Nano-sized silver colloids have been used as substrates of surface-enhanced
Raman scattering (SERS), with high signal enhancement by a factor of over 10°. With
the resonance Raman condition, one can further attain a high signal enhancement. SERS
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from oleate-stabilized silver colloids with 5-nm in diameter adsorbed at the toluene/water
interface was measured under total internal-reflection (TIR) condition [17].

Optical Chirality Measurement of the Interface

Optical chirality of molecules is a characteristic measure of stereochemical
properties of biological, pharmaceutical, and metal coordination compounds. Chiral
structures of amino acids, proteins, DNAs, and various drugs in solutions have been
determined from the measurement of circular dichroism (CD). The CD spectra of
molecules at liquid-liquid interfaces have been measured for the first time by the
CLM/CD method [18] and SHG/CD method [19]. The centrifugal liquid membrane cell
was combined with the circular dichroism spectropolarimeter to measure the CD spectra
of the liquid-liquid interface. This method can be applied to any optical active species
formed at the liquid-liquid interface.

The most selective technique to measure the optical chirality at the interface is the
second harmonic generation-circular dichroism (SHG-CD) spectroscopy, as
demonstrated by a pioneering work of Hicks and co-workers [20,21]. SHG is
advantageous relative to other spectroscopic techniques in its inherent high interfacial
selectivity due to the second order nonlinear susceptibility and in its high sensitivity
afforded by the resonance effect in an adsorbed dye molecule [22,23]. Therefore, SHG
spectroscopy can provide specific information relating to the electronic state of complex
molecules, which are present only at the interface. Recently, the nonlinear optical activity
spectra of the liquid-liquid interface adsorbed by an aggregate of achiral molecules has
been observed in our laboratory.

Single Molecule Probing at the Interface

A single-molecule probing is an ultimate method for measuring the behavior of
molecules and the properties of the nano-environment of the liquid-liquid interface. The
first observation of the single-molecule behavior at the liquid-liquid interface has been
accomplished by means of the total internal-reflection fluorescence microscopy and a
special micro cell [24,25]. A pinhole, 50 um in diameter, was attached just in front of an
avalanche photodiode, to restrict the observation area at the interface to a diameter of 830
nm. Time-resolved photon counting was carried out using a multichannel scalar. The
overall detection efficiency of fluorescence at the interface was calculated to be 3.3%.

A demonstration of the single-molecule detection at the liquid-liquid interface
was reported for the fluorescent probe of 1,1°-dioctadecyl-3,3,3°,3’-tetramethyl-
indocarbocyanine (Dil), which is a monovalent interfacial active cation with two Cig
alkyl-chains. The influence of two kinds of surfactants, sodium dodecyl sulfate (SDS)
and dimyristoyl phosphatidylcholine (DMPC), on the lateral diffusion dynamics of Dil at
the interface was investigated. The observed interfacial viscosity was only slightly
affected by the coexistence of SDS, but DMPC had a remarkable effect. The DMPC
molecule has two alkyl chains fixed to the polar head group. This will be the cause of the
stiffness of the monolayer of DMPC molecules. These results demonstrated that the
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single-molecule probing method could successfully measure the hydrodynamic
properties of the interfacial monolayer.

Magnetic Susceptibility Measurement of the Interface

Magnetophoretic force is used to measure the magnetic susceptibility y, of an
individual microdroplet [26]. The size and the migration velocity of a microdroplet are
directly measured with a microscope, and then the magnetic susceptibility is obtained.
By using a high magnetic field generated with a superconducting magnet (10 T), this
technique allowed us to measure a volume magnetic susceptibility of 107 level for a
single microdroplet [27]. In the case of pure 2-fluorotoluene in water, the velocity was in
agreement with the calculated one using (¥, — ym) = 0.82 x 10™°. When the organic
droplets contain lauric acid and are dispersed in a dilute Dy(IIl) aqueous solution, the
observed y, of the single droplet depended on the radius. From an analysis, the interfacial
concentration of dysprosium(III) (mol m™~) was determined as well as the interfacial
magnetic susceptibility (m® mol™"). This technique is now the only method to be able to
measure the interfacial magnetic susceptibility of a single droplet. Magnetophoretic force
could be used to accelerate the extraction rate of a lanthanide ion, which was observed by
a fluorescence microscopy.

INTERFACIAL COMPLEXATION AND AGGREGATION

Most attractive features of the liquid-liquid interfacial reaction are the catalytic
effect in the solvent extraction or interfacial complexation, and the aggregation of
hydrophobic dyes and metal complexes.

Interfacial Catalysis in Metal Extraction Kinetics

The extraction kinetics of Ni(Il) and Zn(II) with r-alkyl-substituted dithizone
(HL) in chloroform was the first system, which was studied by the HSS method. The
observed extraction rate constants were linearly proportional to both metal ion
concentration in the aqueous phase [M>'] and ligand concentration in the organic phase
[HL],, and inversely to the hydrogen ion concentration [H'] in the aqueous phase. In this
case, the rate-determining step was usually thought to be an aqueous-phase complexation
of a 1:1 complex. However, the observed extraction rate constant did not decrease with
an increase in the distribution constant, Kp, with the increase of the n-alkyl chain.
Furthermore, the HSS method revealed the dissociated form of the n-alkyl-dithizone
adsorbed at the interface generated by the vigorous agitation. From these experimental
results, the contribution of the interfacial reaction was concluded, and the observed
extraction rate constant k' was represented as,

k'=[k+k,1<;i)ﬁ (1
vV )K

D

where A4;/V refers to the specific interfacial area, k and &’ are the formation rate constants
in the aqueous phase and interface, respectively, and K;' the adsorption constant of L
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from the aqueous phase to the interface. Under the conditions of k& < kK '4i/V, the
interfacial reaction governed the overall extraction rate and log(k; /M™'s™) = 8.08 for the
Zn*" system and log(k; /M's™) = 5.13 for the Ni*" system were determined [7].

From this study, one can understand that the liquid-liquid interface has a role of
catalyst in the extraction rate through the adsorption of extractants like a solid catalyst.
A primary criteria of the interfacial adsorption of the ligand is whether the interfacial
ligand concentration shows an adsorption isotherm or not. Many extractant systems of 2-
hydroxy oxime, f-diketone, 8-hydroxyquinoline derivatives, 1,10-phenanthroline, and so
on obeyed the Langmuir isotherm,

aK'[HL],

[HL]i =
a+K'[HL], 2)

where [HL]; and [HL], refer to the concentrations at the interface and organic phase,
respectively, a the saturated interfacial concentration, and K' the interfacial adsorption
constant defined by K" = [HL];/[HL], under the condition of [HL],—0.

The adsorptivity and the orientation of the 2-hydroxyoxime molecules were well
simulated by the MD simulations [28]. The polar groups of -OH and =N-OH of the
interfacially adsorbed P50 molecule is accommodated in the aqueous phase side of the
interface so as to react with Ni(Il) ion at the interfacial region [29]. The diffusive
behavior of LIX65N around the interface was also simulated for 1 ns. The result clearly
shows that LIX65N is more stable at the interface than in the heptane phase. This is
thought to be the reason why the reaction rate constants of Ni(Il) at the heptane/water
interface have almost same magnitude with those in the aqueous phase.

Pyridylazo-ligands have been widely used in the extraction photometry of various
metal ions. For example, 1-(2-pyridylazo)-2-naphthol (Hpan) is one of the most well
known reagents, but it shows a slow extraction rate for some metal ions such as Ni(I)
and Pd(II). 2-(5-Bromo-2-pyridylazo)-5-diethylaminophenol (5-Br-PADAP) is more
sensitive than Hpan for Cu(Il), Ni(Il), Co(Il), and Zn(II), giving metal complexes of
molar absorptivity in the order of 10° M'cm™. 5-Br-PADAP showed a significant
adsorption at the heptane/water interface, but the adsorptivity at the toluene/water
interface was very low. Hpan did not adsorb at the toluene/water interface at all. The
adsorption constants of 5-Br-PADAP (HL) at the heptane/water and toluene/water
interfaces were obtained as log K' A; (cm”) = 1.64 and log K' A; (cm®) = -0.367 [30]. The
solvent effect on the adsorptivity of the ligand affected directly the interfacial reaction
rate. In the heptane system, the Ni(Il) complex was not extracted into the heptane phase.
On the other hand, in the toluene system the complex was extracted very slowly. The
extraction rates of Ni(II) and Zn(II) with 5-Br-PADAP were studied by means of CLM
[31]. The molecular dynamics simulation of the adsorptivity of 5-Br-PADAP in
heptane/water and toluene/water interfaces suggested that 5-Br-PADAP could be
adsorbed at the interfacial region more closely to the aqueous phase, but 5-Br-PADAP in
the toluene/water interface was still surrounded by toluene, which might lower the
probability to react with aqueous Ni(Il) ions [30].

The fast reaction rate between Zn(Il) ion with 5-octyloxymethyl-8-quinolinol
(Hocqn) at the 1-butanol/water interface was measured by the two-phase sheath flow
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method [32]. The formation of a fluorescence complex at the interface was measured in
the period less than 5 ms after the two-phase contact.

A typical kinetic synergism has been observed for the catalytic effect of N,N—
dimethyl-4-(2-pyridylazo)aniline (PADA) on the extraction of Ni(pan), [33]. The
extraction rate of Ni(pan), into toluene is very slow even under a high-speed stirring
conditions. By comparison, the addition of PADA at the diluted concentration as 10> M
can accelerate the extraction rate about ten times. The observed extracted species was
only Ni(pan),, and no net consumption of PADA was observed after the extraction, while
a significant interfacial adsorption of PADA was observed during the extraction under
the high-speed stirring condition. These results were analyzed by the mechanism of the
interfacial ligand-substitution reaction.

Interfacial Aggregation at Liquid-Liquid Interface

Another specific feature of the interfacial reaction is the formation of aggregates
of metal complexes and other solvophobic interfacial molecules. As reported in many
interfacial adsorption systems, the saturated interfacial concentration of molecules is
usually the order of 107 mol/cm?, which can be attained even under an extremely low
bulk phase concentration. This means that the liquid-liquid interface is ready to be
saturated to form a two-dimensionally condensed state for the adsorbate. In solvent-
extraction processes for metal ions, we used to find formation of some precipitate at the
interface, called crud. Therefore, the study of interfacial aggregation is important to
control the interfacial reaction met in the industrial solvent-extraction systems.

Many interfacial aggregation systems have been studied, for example, the
protonated tetraphenylporphyrin (TPP) at the toluene or dodecane/aqueous acid solution
interface, and the aggregation of the Pd(II)-tetrapyridylporphine (tpyp) complex and
Pd(II)-5-Br-PADAP (PdL) complex. The molecular recognition ability of the Pd(II)-5-
Br-PADAP for the isomers of diazine derivatives has been evaluated. The aggregation
kinetics of nickel(IT)-5-Br-PADAP complex at the heptane-water interface has been
studied by using centrifugal liquid membrane (CLM) spectrophotometry [34]. The
interfacial aggregation between ligands in NiL, complexes was observed as the growth of
a remarkably intense and narrow absorption band (J-band) at 588 nm, showing a
bathochromic shift from the absorption maximum of the monomer complex (569 nm),
accompanied by a decrease of the absorbance of the free ligand at 452 nm. The formation
of the aggregate was initiated at the time when the interfacial concentration of the
monomer complex exceeded the critical aggregation concentration (cac) of 2.4 x 10"
mol em™. Recently, the second harmonic generation—circular dichroism (SHG-CD)
method has been applied, for the first time, to the measurement of the CD spectra of the
interfacial complex [19]. Interfacial aggregation of tetra-p-sulfonatophenylporphyrin
(TPPS) induced by the co-existence of a chiral ion was studied using the SHG-CD
method. This study enabled the chirality measurements of the interfacial complex and the
interfacial aggregates, which were very difficult to be measured using ordinary CD
spectroscopy due to the very low interfacial concentrations.
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ABSTRACT

An aspect of copper solvent-extraction plants that has been addressed by Cognis in recent years
involves optimizing circuit configurations and staging to enhance the performance of the circuit.
This results in the solvent-extraction plant being able to transfer more copper at higher overall
recovery with less reagent inventory in the circuit. The economic benefits of this can be
significant for the plant operator. This paper will demonstrate by means of laboratory-scale
operational data how a high-performing copper solvent-extraction circuit can be designed by
implementing a few strategies and concepts. Generally, these concepts require little or no
additional capital investment for a new operation and can be easily retrofitted to an existing
operating plant.

INTRODUCTION

It is estimated that in excess of 3.4 million metric tons of copper are produced
annually via the leach/solvent-extraction/electrowinning (L-SX-EW) route. The earliest
commercial plant of this nature was at the Ranchers Bluebird operation which was
designed to produce about 5,000 tons per year [1]. Since 1968, many more of these
facilities have been commissioned around the globe with production capabilities from as
low as 1,000 tons to as high as 380,000 tons per annum of copper.

Early copper solvent-extraction reagents required multiple stages of extraction
and stripping and also placed a limit on the pH and copper tenor of the leach solution
(PLS) they could treat. With the advent of stronger, more selective reagents, a wide range
of leach solutions can now be treated very successfully [2], and today a simple circuit
containing two extraction stages and one strip stage is common. Computer-based
modeling tools such as the Optiform™ formulation model [3], can predict an ideal
reagent blend based on the characteristics of the solution being treated, the plant staging
and the requirements of the plant operator.

Often, the staging of the SX plant is largely dictated by the capital constraints of
the project, requiring much emphasis to be placed on reagent development and selection.
There are, however, a number of simple concepts that can be implemented with regard to
circuit design that will more fully utilize the thermodynamic properties of the reagent.
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This improved performance lowers operating costs, often with little or no increase in
capital requirements.

EVOLUTION OF SX PLANTS

A common trend in the design of a plant treating a heap-leach solution is a simple
two-extract by one-strip (2E x 1S) design, also known as a series circuit. Depending on
the project and the total volume of pregnant leach solution (PLS) to be treated, the design
engineer may choose to construct one train consisting of large mixer-settlers or two or
more mirror-image trains with smaller mixer-settlers. Miller [4] suggests that recent
corporate risk-management studies have identified the provision of two SX trains as a
prime driver towards reducing the business-interruption risk from an SX fire event. The
improvements that can be made to this most basic circuit design are shown in Figure 1.
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SERIES-PARALLEL OPTIMUM SERIES-PARALLEL
Figure 1. Illustration of different SX configurations.
Improvement 1: Series-Parallel Configuration

An evolution of the series circuit is a series—parallel (S/P) configuration (2E x 1P
x 1S) that was first introduced to the industry by Cognis during the 1970s (Figure 1).
This configuration does not improve the performance of the reagent in the SX circuit but
is an improvement in that it does allow the SX train to treat double the amount of
aqueous flow with only one additional stage being required. This results in significant
capital savings. Common current practice, especially with high-producing plants, is to
initially design the SX plant with a series-parallel configuration and thus utilize the
savings in capital at the start of the project.
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Improvement 2: Optimum Series-Parallel Configuration

Hein [5] has described the development and merits of the Cognis Optimum
Series-Parallel Configuration (OSP) in some detail (Figure 1). In essence, the OSP
configuration transposes the E2 and EP stages relevant to advance organic flow. The
OSP improvement to the conventional S/P SX circuit requires little or no additional
capital for a new plant. For an existing operation, some additional piping is required, the
cost of which must be offset against the operational improvement the OSP configuration
offers.

Improvement 3: Cross-Strip Concept

The composition of the electrolytes (in terms of acid and copper content) in the
SX-EW process are largely dictated by the requirements of the tankhouse in producing
high-quality copper. Increasing electrolyte acid concentration to favour SX performance
may be to the detriment of tankhouse operation and final metal quality.

However, the availability of two or more SX trains offers the opportunity to
implement the cross-strip concept. The total Lean Electrolyte (LE) flow, normally
divided evenly to the strip stages of A and B Trains, is introduced in its entirety to the
strip stage of A Train. The partial Rich Electrolyte (RE) produced in this stage then
reports to the strip stage of B Train which in turn produces the final RE. Because the
total electrolyte flow remains constant, the compositions of both the LE and final RE do
not change. The advantage of the cross-strip concept is that the partial RE exiting A
Train is higher in acid and lower in copper than the RE exiting Train B; thus, the copper
tenor of the SO is also lower than Train B. The schematic in Figure 2 illustrates the
concept.

Implementing the cross-strip concept into a new plant design would in most
instances be relatively simple, involving only a few piping changes, and an additional
pipe would need to be installed between the two trains.

LE —p) > —> RE
s Partial RE §
v \4
TRAIN A TRAIN B

Figure 2. Cross-strip concept.
Improvement 4: Variable Temperature in Strip

The extraction/strip chemical-equilibrium equation for oxime extractants is
shown in Equation 1:

2RH +Cu™ <> R,Cu+2H" (1)

An increase in temperature shifts the copper extraction equilibrium to the right,
thereby making extraction more favorable and stripping less favorable [6]. Therefore,
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decreasing the temperature in stripping will shift the equilibrium left and will thus
produce a lower stripped organic (SO).

Depending on the project or plant, the SX operator may be fortunate enough to
have access to a waste source of heat or energy. An example of this could be waste heat
from a roaster, sulfur burner, or autoclave. Should such a fortunate scenario exist, it may
be possible to implement a variable-temperature-in-strip concept which would enhance
the performance of the SX process. The LE prior to solvent extraction is cooled by heat
exchanging with the PLS. The SX generated RE is then re-heated prior to electrowinning
by the waste heat source.

LABORATORY-SCALE EVALUATIONS

In order to illustrate the concepts and improvements described above that could
be applied when designing copper SX circuits, a series of laboratory-scale continuous SX
circuit campaigns were performed. A leach solution containing 2.70 g/L Cu at a pH of
1.86 was used together with solvent containing 15 vol % LIX"® 984N. The LE contained
35 g/L Cu and 178 g/L acid, and in all the test campaigns the targeted RE composition
was 50 g/L Cu. The aim of the testwork was to quantify the benefits the improvements
offer and to extrapolate the results into a generic case study for a commercial production
facility designed to produce around 100,000 tons of Cu annually. Because of the high
PLS flow required to meet this production, the base case is two trains of SX, each
operating in series parallel.

In the laboratory-circuit campaigns the temperature in the extraction stages was
ambient (~25 °C). The temperature in the strip stages were controlled at 36 °C, apart
from the low-temperature-in-strip testwork, when this was lowered to 27 °C. The results
of the testwork are detailed in Table 1.

DISCUSSION AND SUMMARY OF RESULTS

. Net transfer (expressed as g/l Cu per volume percent reagent) measures the
efficiency of the organic phase in transferring Cu. While the plant operator would
like to maximize net transfer, an inverse relationship exists between Cu recovery
and net transfer. For the S/P configuration with this PLS, a slightly higher net
transfer would be expected in view of the overall recovery obtained. This
suggests that the PLS has a low total sulfate concentration and thus offers low
buffering during the solvent-extraction process

. In this study the OSP configuration offers only an unusually small increase in
recovery over the S/P configuration. In previous OSP configuration investigations
by Cognis, increased recoveries of between 2 and 4 percent were reported. There
is a second benefit to the OSP configured circuit. A characteristic of OSP circuits
is that the E2 raffinate is much lower and the EP raffinate somewhat higher in
comparison to the conventional S/P circuit. If the plant operator is able to keep
the two raffinates separate, he can apply these solutions to different areas of
leaching. For example, the low-tenor (E2) raffinate could be applied to more
mature heaps, which would ultimately result in a lower inventory of copper
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present in the solution contained in these heaps. The higher-tenor (EP) raffinate
could in turn be applied to newer heaps.

Table 1. Complete laboratory-circuit data to simulate two trains of SX

Cross Cross Strip All
Configuration / S/P (Base . + OSP + Improvements
Improvement Case) OSP Strip Low Strip Base Case
+ OSP
Temp Recovery
Train A
O:A El 1.52 1.53 1.51 1.52 1.08
O:A EP 1.51 1.50 1.52 1.52 1.07
S.0 (g/L Cu) 3.20 3.20 2.72 2.46 2.46
E2 Raff (g/L Cu) 0.28 0.13 0.09 0.07 0.13
EP Raff (g/L Cu) 0.33 0.45 0.34 0.27 0.47
Overall Rec. (%) 88.8 89.4 923 93.7 89.1
Net Transfer 0.221 0.223 0.228 0.230 0.304
Train B
O:A El 1.52 1.53 1.53 1.52 1.22
O:A EP 1.51 1.50 1.50 1.52 1.22
S.0 (g/L Cu) 3.20 3.20 3.20 2.92 2.89
E2 Raff (g/L Cu) 0.28 0.13 0.13 0.11 0.11
EP Raff (g/L Cu) 0.33 0.45 0.45 0.36 0.43
Overal Rec. (%) 88.8 89.4 89.4 91.4 90.0
Net Transfer 0.221 0.223 0.223 0.227 0.272
. The cross-strip concept gives a marked decrease in the value of the SO for Train
A. This translates into achieving higher recoveries in both the E2 and EP stages.
. Decreasing the temperature in the strip stages results in a further lowering of the

copper tenor of the SO, which enables both trains to achieve higher recoveries
from both the E2 and EP extraction stages.

. The recovery benefits of the cumulative improvements over the series-parallel
recoveries are around 5 and 2.5 percent for A and B Trains respectively. This is
achieved with a small increase in net transfer of the organic phase.

PLANT OPERATING CONSIDERATIONS

If the plant operator wanted to increase the base case recovery to the recovery
achieved using the improvements, he would have to significantly increase either the
reagent concentration or the organic flowrate. This in turn would result in an increase in
operating costs. The plant operator may also choose to accept the “base-case” recoveries
of ~89%, but use the improvements to decrease the base-case reagent concentration. In
order to illustrate this, the laboratory circuit with all the improvements was operated with
reduced organic flows to target base-case recoveries. Results are reported in Table 1.

A drop in the advance O:A from about 1.52 to about 1.08 represents a decrease in
reagent concentration of about 24 percent. A drop in advance O:A from about 1.52 to
about 1.22 represents a decrease in reagent concentration of about 19 percent.
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FINANCIAL EVALUATION

In order to illustrate the financial benefits the SX circuit improvements offer, a
rough financial analysis was performed based on the generic case study. On the
assumption that the plant operator only wished to achieve the base-case recoveries, it
follows that he could make the choice between either reducing the organic flow or
maintaining the organic flow and reducing the reagent concentration. If the latter option
is chosen, it is calculated that the volume percent reagent could be reduced to 10.8 and
12.2 for A and B Trains, respectively, or an average concentration of 11.5 vol %for the
two trains. Table 2 below is an illustration of the initial-fill costs of the organic phase for
both the base-case circuit and a circuit incorporating the improvements.

Table 2. Summary of initial-fill organic costs
S/P (Base Case) With Improvements

Total organic inventory (m°) 5500 5500
Reagent concentration (volume %) 15.2 11.5
Volume reagent (m’) 836 633

Volume diluent (m®) 4664 4867
Cost reagent ($million @ $ 9.0/L) 7.52 5.70
Cost diluent ($million @ $ 1.0/L) 4.66 4.87
Total organic cost ($million) 12.18 10.57
Savings ($million) 1.61

The savings in the capital cost of the organic phase offered by the improved SX
circuit design needs to be offset against any additional capital equipment the
improvements require:

. Different piping for the OSP configuration — negligible, if any, required.

. Additional piping for the Cross-Strip concept.
o Heat exchangers and piping necessary for cooling and re-heating of the
electrolyte.

The improvements also realize savings in operating costs since any organic lost
from the circuit by entrainment will contain less reagent (by concentration) when
compared to the base case circuit.

CONCLUSIONS

Laboratory-circuit data shows that the improvements made to the base-case
circuit significantly improve the performance of the solvent-extraction circuit by more
fully utilizing the inherent thermodynamic properties of the extractant. The
improvements can be implemented individually or collectively depending on the
circumstances of each unique project. The actual benefit of each improvement will be
specific to each plant, leach solution, and reagent type and would need to be evaluated on
an individual basis.

The Optimum Series-Parallel configuration and Cross-Strip concept offer no risk
in implementation and would require little or no additional capital for a new project. For
an existing plant, the retro-fitting capital requirements need to be evaluated against future
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operating cost savings. The low-temperature-in-strip concept is fairly unique and will
probably only be applicable to a select few projects. Nevertheless, the design engineer
should be vigilant for these opportunities should they occur, since they can offer
performance benefits to the SX plant.
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ABSTRACT

Equilibrium modifiers are used to improve the net transfer of copper from extraction to stripping
with strong extractants such as the salicylaldoximes. These equilibrium modifiers function by
hydrogen bonding to the phenoxy and oxime functional groups of the hydroxy oximes.
Equilibrium modifiers containing a variety of functional groups and degree of functionalization
were evaluated with regard to their impact on the net transfer. The impact of the nature of
functional groups and the overall chemical structure of the modifier on modification will be
discussed.

INTRODUCTION

Equilibrium modifiers have long been used to modify 5-alkyl-salicylaldoxime
(aldoximes) reagents in copper solvent extraction [1-3]. Modification of the aldoximes is
necessary because of the very high stability of the copper chelate. Without modification,
the concentration of acid necessary to effectively strip the copper creates a solution that
is unsuitable for electrowinning. The first generation of aldoxime reagents was modified
with 4-nonylphenol (ACORGA® P series). Using 4-nonylphenol produced a viscous
reagent that increased crud formation, phase separation times, and oxime degradation [1].
A variety of equilibrium modifiers have since been employed with aldoximes used in
copper solvent extraction-electrowinning (SX-EW) to improve the ease of copper
stripping while minimizing the adverse affects to the system. Currently, the modifiers
commonly used are alcohols, ketones, esters, or 5-nonyl-2-hydroxyacetophenone oxime
(ketoxime). Many articles and reviews have been referenced regarding the behavior and
properties of these modifiers by Kordosky, Szymanowski, and Sastre [1,3-4].

No detailed study of the relationship between the structure of equilibrium
modifiers and their properties has been carried out. The functional groups and the
molecular geometry of equilibrium modifiers have an affect on the ease with which
copper can be stripped from the loaded aldoxime reagents [3]. The stripping data for a
variety of modifier candidates have been determined, and there is a definite trend in
modification strength, which increases as the polarizability of the functional group
increases. In addition, bifunctional modifiers (compounds with two of the same
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functional group) have at least twice the modification strength as monofunctional
compounds, assuming the functional group for both compounds is the same. Space-
filling molecular models of the bifunctional compounds having the highest per-molecule
modification strength were used to show that the hydrogen-bond-accepting functional
groups of the modifier fit in a “lock-and-key” type mechanism with the hydrogen-donor
sites of the aldoxime reagents.

EXPERIMENTAL

The following general procedure was used to determine the modifier strength for
each chemical compound. To a series of 50 mL volumetric flasks was added a constant
amount of LIX® 860N-I (5-nonyl-salicylaldoxime/kerosene) (~4.9 mL). Each flask was
then charged with a different amount of modifier, which could range from 0.1 gto 2.0 g
of material. The volumetric flasks were then brought up to volume with Conoco 170
Exempt diluent. A QC copper max load value [5] and a QC equilibrated stripped organic
value [5] were determined using standard techniques on a Perkin-Elmer AAnalyst 300
series atomic absorption spectrometer using a Lumina series lamp. The effective strip
points were then plotted versus the amount of modifier. An effective strip point was then
calculated by dividing the QC equilibrated stripped organic value by the QC copper max
load and multiplying by 5.6 (see Equation 1). An equation was then generated that can be
used to determine the amount of modifier necessary to deliver a formulation with a
desired extractive strength.

. . .. (QC equilibrated stripped organic value)(5.6) )
Effective Strip Point = (QC copper max load)

In the case of the amide modifiers, which depressed the extraction loading capacity
significantly, a small amount of oxime (<2%) was added to achieve a copper max load of
5.6 g/L.

DISCUSSION

There are many chemical interactions that are involved in the intramolecular and
intermolecular hydrogen bonding of species in the organic phase and in the chelation of
copper by aldoxime reagents. While a complete understanding of the interplay of these
interactions is not well defined, we are able to discuss some of the more important factors
which affect hydrogen bonding in the solvent-extraction system. Specifically, we will be
looking at the intramolecular hydrogen bonding of 5-nonyl-salicylaldoxime (LIX 860N-
I), the intermolecular hydrogen bonding between aldoximes, and the intermolecular
hydrogen bonding of the aldoximes and equilibrium modifiers. The aldoximes are
hydrogen-bond donors/acceptors (they have labile hydrogens and polarized oxygen
bonds), while the modifiers can be either a hydrogen-bond donor/acceptor or merely a
hydrogen bond acceptor (having no labile hydrogens). While an in-depth discussion of
hydrogen bonding is beyond the scope of this work, it is important to note that the
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hydrogen bonds formed by the compounds in the organic phase are mainly the result of
electrostatic interactions.

Aldoxime reagents form hydrogen bonds in order to stabilize the polar functional
groups in the hydrocarbon diluent (Figure 1). These hydrogen bonds are either
intramolecular or intermolecular [3]. The orientation of the intermolecular hydrogen
bonding in aldoximes is analogous to the bonding of the copper-loaded aldoxime chelate.
Intra and intermolecular hydrogen bonding shifts the equilibrium of the extraction and
stripping reactions towards the copper free aldoximes. This shift in equilibrium is
relatively small; therefore, equilibrium modifiers can be added to shift the equilibrium to
the left (Figure 1). This shift in equilibrium makes it easier to strip copper from the
complex. If the effect is large, there is the potential to also affect extraction.
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Figure 1. Reaction equilibrium for the intermolecular hydrogen bonding, chelation, and
modification of aldoximes. Spatial representations of the bonding found for intramolecular (1)
and intermolecular (2) hydrogen bonding of aldoximes and the copper chelate of aldoximes (3).

Modifiers with various functional groups have been tested for their modifier
strength. For the purpose of our discussion, modifier strength is equivalent to the degree
of equilibrium shift. We determine this shift in equilibrium by determining the amount of
modifier necessary to reach the equilibrium strip point corresponding to a desired
extractive strength for a particular reagent formulation.
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We have tested more than 50 monofunctional and multifunctional compounds. A
partial list of these compounds can be found in Table 1. The compounds in Table 1 have
been sorted according to the mole-equivalent amount of modifier needed to reach a
specified equilibrium strip point. The strongest modifiers are bifunctional ethers, esters,
and monofunctional amides, while the weakest modifiers are monofunctional ethers and
esters. Based on the data, we can conclude that for monofunctional species the trend in
modifier strength is the same as the trend in bond polarity. The relative order for polarity
of chemical bonds can be found in Figure 2. While the trend of monofunctional modifier
strength can be explained by bond polarity, it does not explain the much higher modifier
strength of bifunctional modifiers. In the case of modifiers with ether functional groups,
the monofunctional compounds need more than twice the mole quantity of modifier than
the bifunctional compounds to reach the desired strip point. In addition, the bifunctional
ethers are better modifiers than any monofunctional species. Molecular models of the
bifunctional compounds show how the geometry of the polar functional groups interact
with the hydrogen-bonding sites of the aldoxime. The bifunctional groups with the
highest modifier strength have a “lock-and-key” relationship with the aldoxime phenoxy
and oxime groups. The lock-and-key mechanism is based on interactions that are shape-
specific. In the case of aldoximes, the orientation of the functional groups is relatively
fixed due to the rigidity of the aromatic ring and the intramolecular hydrogen bonding.
Once the first hydrogen bond is formed, the second functional group of the bifunctional
modifier is in the correct orientation to form the second hydrogen bond. Pictures of the
functional-group interactions using molecular models of an aldoxime with 2,2,4-
trimethyl-1,3-pentanediol diisobutyrate (TXIB) (Figure 3) and #-butoxy-n-butoxy hexane
(Figure 4) illustrate how this lock-and-key mechanism work. Bifunctional ether
modifiers with a linear and a branched end tend to be stronger modifiers, because the
more accessible end helps to initially break the chelate or intermolecular hydrogen
bonding, which allows the copper to be stripped, and then the less accessible end comes
around to complete the lock-and-key mechanism.

O s s T s s
R + > > _>R >R g
R’

Figure 2. The relative order of bond polarity: amide > alcohol > ketone > ester > ether.

Hydroxy group Figure 3. This is a representation of the
interactions between the hydrogen-bond
acceptor/donor groups of the hydroxy
oxime and the carbonyl groups of the
TXIB. Because of the large alkyl groups
in the backbone of the TXIB and the
branching of the alkyl ends, the
carbonyl groups are forced into a
conformation that allows it to interact
very well with the phenoxy hydrogen
and oxime hydrogen.

Oxime group
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Table 1. A list of equilibrium modifiers tested for modifier strength.
The compounds are sorted according to the per-mole equivalent
modification at various equilibrium strip points.

Equivalent modification (mole) at

Modifier Functional MW desired copper strip point

group 205 18 165 14
1,6-Di-t-butoxy hexane Diether  230.39  0.37 0.51 0.62 0.82
N,N-Dimethyldecanamide Amide 199.34  0.40 0.52 0.59 0.72
Di(ethylene glycol) dibutyl ether ~ Diether 21834  0.43 0.57 0.68 0.89
N,N-Dimethyldecanamide Amide 199.34  0.44 0.55 0.63 0.78
N,N-Diethyldodecanamide Amide 25544 046 0.59 0.67 0.81
N,N-Diethyl-2-ethyl hexanamide =~ Amide 19934  0.47 0.59 0.67 0.80
1,4-Bis-z-butoxy butane Diether  202.34  0.54 0.66 0.76 0.96
2-Ethylhexyl succinimide Imide 21130  0.57 0.76 0.88 1.10
1-#-Butyoxy-2-n-butoxy ethane Diether 17428  0.57 0.71 0.82 1.06
4-t-Butylcyclohexanone Ketone  154.25  0.58 0.82 0.99 1.30
Ferrimod 100 Diester  258.36  0.64 0.83 0.97 1.28
Isodecyl alcohol Alcohol 15828  0.69 0.91 1.08 1.43
Dodecanol Alcohol 18634  0.69 0.97 1.16 1.52
TXIB Diester ~ 300.44 0.71 0.95 1.11 1.40
TDA Alcohol  200.38  0.72 1.00 1.18 1.53
Exxal 10 alcohol Alcohol 15828 0.74 1.00 1.19 1.57
7-Ethyl-2-methyl-undecanol Alcohol 21439  0.75 1.01 1.16 1.42
Trimethyl nonanol Alcohol  186.34  0.76 1.01 1.16 1.42
4-Isopropyl cyclohexanone Ketone  140.23  0.84 1.10 1.27 1.59
p-sec-Butyl cyclohexanone Ketone 15425 0.85 1.11 1.28 1.58
t-Butyl octyl ether Ether 186.34  0.89 1.20 1.40 1.77
3-Isopropyl cyclohexanone Ketone  140.23  0.90 1.18 1.36 1.70
3,3,5-Trimethyl cyclohexanone Ketone  140.23  0.91 1.19 1.38 1.72
5-Ethyl-2-nonanone Ketone 170.30  0.95 1.28 1.50 1.90
p-t-Amyl cyclohexanone Ketone 168.28 0.96 1.24 1.42 1.75
2-Ethyl hexyl lactate Ester 202.39  0.96 1.26 1.45 1.78
t-Butyl decyl ether Ether 21439 0.96 1.26 1.46 1.81
2-Ethyl butyl caproate Ester 22838 0.99 1.33 1.56 1.97
Heptyl caproate Ester 242.40 1.01 1.33 1.54 1.91
3,3-Dimethylbutyl caproate Ester 228.38 1.12 1.43 1.62 1.96
6-Undecanone Ketone  170.30  1.13 1.50 1.74 2.18
Heptyl 2-ethylbutyrate Ester 21435 1.13 1.51 1.75 2.19
2-Ethylbutyl caproate Ester 228.38 1.15 1.55 1.80 2.27
3-(Cyclohexyl)-propionitrile Nitrile 137.22  1.16 1.52 1.73 2.09
Di-n-octyl ether Ether 24245  1.17 1.48 1.67 1.98
Di-n-hexyl ether (distilled) Ether 186.34  1.18 1.63 1.94 2.52
Heptyl 3,3-dimethylbutanoate Ester 21435 1.26 1.72 2.02 2.58

t-Butyl-2-ethylhexyl ether Ether 186.34 1.52 2.00 231 2.87
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Figure 4. This is a representation of the
interactions  between the  hydrogen-bond
acceptor/donor groups of the hydroxy oxime and
the oxygen atoms on the ether. Because the
backbone of the di-ether compound is very
flexible (all of the carbons can freely rotate), the
oxygen atoms can adopt a conformation that
allows it to interact very well with the phenoxy
hydrogen and oxime hydrogen. This di-ether also
has the advantage of being able to take a two-step
approach to the lock-and-key mechanism by first
having the more accessible oxygen break a
chelate bond and then the other oxygen atom can
move over to complete the lock-and-key
mechanism.

Oxygen atoms

Oxime group

CONCLUSIONS

Based on the results of this work, a structure-property relationship has been
determined for the hydrogen bonding between equilibrium modifiers and aldoximes. The
modifier strength of monofunctional species is equivalent to the trend in bond polarity.
Thermodynamic modifiers interact with the copper extraction system through a complex
system of bonding, and additional work will be necessary to elucidate these relationships.
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ABSTRACT

The recovery of valuable metals and cyanide from gold-mill effluents is a matter of interest from
both environmental and economic points of view. Current recovery methods are either costly or
still underdeveloped. The use of a solvent mixture of a quaternary amine and nonylphenol to
extract copper from waste cyanide solution was proposed, and some fundamental studies have
been carried out. The results showed that variation of the type of diluent or the temperature
produced little effect on copper extraction. Lower pH and CN/Cu mole ratio favored the
extraction of copper. The presence of NaNO; and NaCl in solution significantly depressed copper
extraction, but the addition of Na,SO, to solution had no impact on copper extraction.

INTRODUCTION

The cyanidation process has been the dominant gold-ore treatment process for
more than 100 years. A critical problem associated with the process is the treatment of
the large volume of cyanide-contaminated effluents. Environmental constraints require
that the concentration of free cyanide and the WAD (weak-acid-dissociable) cyanide
species discharged into the tailing should be controlled below a strict limit. The presence
of copper minerals in a gold ore may worsen this situation, since the reactivity of
common copper minerals with cyanide is substantial [1]. The destruction and removal of
high levels of cyanide and copper using the INCO SO,/Air, hydrogen peroxide, or Caro’s
acid oxidations techniques could severely decrease the profitability of the process [2].
Acidification, Volatilization, and Recovery (AVR) and some modifications thereof have
been developed and practiced in some gold operations. The main drawback associated
with these processes is the high operational cost due to high reagent consumption [3].
The use of activated carbon and ion-exchange resins were studied extensively for the
recovery of the cyanide species from effluents, but none of them have been successfully
practiced, either due to low adsorption capability or high cost [4,5].

An alternative technology involves the application of solvent extraction as a pre-
concentration step, and copper cyanide species may be further recovered by
electrowinning or the AVR process [6]. The need for clarified feed solution for solvent



108 PROCEEDINGS OF ISEC 2008 - VOLUME I

extraction will not be a limitation while targeting heap-leaching solutions or dam-return
water. However, for operations using carbon-in-pulp (CIP) for the recovery of gold, it
will be necessary to thicken and wash the solids in order to produce a clarified feed
solution for solvent extraction. In this work, some fundamental studies on the extraction
of copper from copper cyanide solution by the mixture of a quaternary amine were
carried out under different experimental conditions, and their potential influence on
copper recovery was examined.

EXPERIMENTAL

The extractant LIX® 7820 (mixture of Aliquat® 336 and nonylphenol) was
supplied by Cognis. Synthetic copper cyanide solutions were made up from CuCN and
NaCN at different ratios. The extraction experiments were carried out in a sealed 200 mL
beaker at 20 &+ 2 °C. Initially, 50 mL of organic solution were contacted with 50 mL of
aqueous solution, and the mixture was agitated magnetically until equilibrium was
reached. Equilibrium pH was controlled by direct addition of concentrated H,SO4 or
NaOH solution. The copper content in the aqueous solution was analyzed by atomic
absorption spectrophotometry (AAS), and Cu in the organic phase was calculated by
mass balance. Analysis of the loaded organic samples by AAS confirmed that an average
accuracy of 97% between analytical and calculated results could usually be obtained.

RESULTS AND DISCUSSION
Effect of Diluent

The effect of different organic diluents on copper extraction was determined at
different pH values (Figure 1). No remarkable difference on copper extraction was
observed while changing the diluents, although diluents could have a major effect on
phase separation. These results also indicated that copper cyanide species could be
extracted from weak alkaline cyanide solutions (pH < 11) by the extractant and might be
effectively stripped off at high alkali concentrations (pH > 13). Hence, this reagent
would be effective for recovery of anionic cyanide species from gold plant effluents,
which are generally at pH values > 10.5.

Effect of Extractant Concentration

Figure 2 shows the variations of copper extraction against equilibrium pH in
aqueous solution under different extractant concentrations. As expected, when the
extractant concentration was increased, enhanced extraction was observed. The initial
copper concentration also influenced the extraction efficiency of copper (lower initial
copper resulted in higher copper extraction), as the extraction efficiency is determined by
the anionic capacity of the solvent mixture. Results suggested that higher extractant
concentrations would allow more efficient extraction at higher pH values, but this would
cause the stripping to be somewhat more difficult (higher pH or more stripping stages).
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Figure 1. Effect of different diluents on copper extraction
Org.: 20% v/v LIX 7820. Aq.: initial Cu, 1.0 g/L; CNy:Cu = 5:1.
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Figure 2. Effect of the extractant concentration on copper extraction
Org.: LIX 7820 in n-octane. Aq.: initial Cu, 0.25 g/L, CN1:Cu = 5:1.

Effect of CN/Cu Ratio

The variations of copper extraction against pH under different initial total cyanide
to copper ratios (CNt/Cu) are shown in Figure 3. The adsorption equilibrium isotherms
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at different initial CN1/Cu ratios are shown in Figure 4. The loading of copper was
strongly influenced by the CNt/Cu ratio, and higher cyanide levels tend to suppress
copper extraction. This was due to the fact that a relatively high CN/Cu ratio favors the
formation of Cu(CN),> over Cu(CN);> in solution, which would require three Aliquat
336 molecules per copper for extraction, while Cu(CN);> would only require two. White
precipitates were found in the organic phase when tests were carried out on the solution
with an initial CN1/Cu below 3 (equilibrium pH at 10.50 + 0.05). Under CN-deficient
conditions, the precipitate CuCN and insoluble complex of polymeric copper cyanide
species with quaternary amines might form.
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Figure 3. Effect of the cyanide-to-copper ratios on copper extraction
Org.: 2% v/v LIX 7820 in n-octane: Aq.: initial Cu, 0.25 g/L, CNt:Cu = 5:1.

Number of Stages and A/O Ratios

Based on the equilibrium isotherms presented in Figure 4, a simple McCabe-
Thiele diagram was constructed, indicating 2 stages of extraction would be sufficient to

recover copper to 98% from a starting concentration of 150 mg/1 of Cu at an A/O ratio of
I:1.

Effect of Common Anions

The effect of common anions on the extraction of copper is shown in Figure 5.
Copper extraction decreased slightly with an increase in the concentration of sulfate
anions, but it was significantly suppressed with the addition of chloride and nitrate ions.
Charge density is probably the key factor. Sulfate has a higher charge density and tends
to have a tighter solvation shell than either chloride or nitrate. Therefore, it prefers
staying in the aqueous solution to the organic phase. The studies on the effect of three
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monovalent cations (Li’, Na', and K" as chloride) showed little difference on copper
extraction.
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