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ABSTRACT: The addition of a nonextractable salt has an important R
influence on the solvent extraction of metal ions, but the underlying . ’.@5
principles are not completely understood yet. However, relating solute * Y N .1L..
hydration mechanisms to solvent extraction equilibria is key to under- @™ '.. Y >
standing the mechanism of solvent extraction of metal ions as a whole. We \ m

have studied the speciation of Co(1l), Zn(II), and Cu(Il) in aqueous
solutions containing different chloride salts to understand their extraction to 0,
the basic extractant methyltrioctylammonium chloride (TOMAC). This
includes the first speciation profile of Zn(1I) in chloride media with the
three Zn(II) species [Zn(H,0)4]**, [ZnCl,H,0], and [ZnCl,]*>". The
observed differences in extraction efficiency for a given transition metal ion
can be explained by transition metal ion hydration due to ion—solvent
interactions, rather than by ion—solute interactions or by differences in speciation. Chloride salting agents bearing a cation with a
larger hydration Gibbs free energy reduce the free water content more, resulting in a lower hydration for the transition metal ion.
This destabilizes the transition metal chloro complex in the aqueous phase and increases the extraction efficiency. Salting agents with
di- and trivalent cations reduce the transition metal chloro complex hydration less than expected, resulting in a lower extraction
efficiency. The cations of these salting agents have a very large hydration Gibbs free energy, but the overall hydration of these salts is
reduced due to significant salt ion pair formation. The general order of salting-out strength for the extraction of metal ions from
chloride salt solutions is Cs* < Rb* < NH," ~ K" < AP* & Mg*" ~ Ca** ~ Na" < Li*. These findings can help in predicting the
optimal conditions for metal separation by solvent extraction and also contribute to a broader understanding of the effects of
dissolved salts on solutes.

Transition Metal
Extraction Efficiency

\ 4

Salt cation hydration energy

1. INTRODUCTION organic phase by the solvating extractant molecules in the first
or second coordination sphere. The extraction efficiency is
determined by the ability to form metal—ligand ion pairs in the
aqueous phase, the ability to form a stable metal-extractant
complex in the organic phase, and by the capacities of both
phases to solvate the extractable metal complexes.

Recently, we have shown that solvent extraction of metal
ions by basic extractants functions similarly to solvating
extractants when only considering the aqueous phase: the least
hydrated metal complex is extracted preferentially.” The
complexation of salt or acid anions to a metal cation results
in metal—ligand complexes with different charge densities. The
most efficient extraction can be found at the salt or acid

Solvent extraction (liquid—liquid extraction) is often used in
industry for the separation and purification of metals." In this
process, an aqueous phase comprising a mixture of metal ions
is mixed with an immiscible organic phase comprising an
extractant, a diluent, and sometimes a modifier. The extractant
plays a key role as it is an organic ligand that selectively
coordinates to the targeted metal ion, transferring it to the
organic phase. The three main classes of extractants are (1)
acidic extractants (e.g., dialkyl phosphorus acids or carboxylic
acids),”” (2) solvating extractants (e.g,, ketones or organo-
phosphorus esters),” and (3) basic extractants (e.g.,
protonated amines or quaternary ammonium salts).6’7

For the solvating and basic extractants, the addition of a salt
or acid to the aqueous phase is required to efficiently extract
metal ions to the organic phase. To have metal ions extracted
by solvating extractants, a neutral metal complex should be
formed by balancing the charge of the metal ion with
counteranions provided by the added salt or acid.® The
formed metal—ligand ion pairs can then be solvated in the
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concentration where the metal complex with the lowest charge
density is preferably formed. This effect generally results in a
maximum extraction efficiency at intermediate salt or acid
concentrations. Nevertheless, a significant difference between
solvating and basic extractant can be observed in the organic
phase or at the interface. While the solvating extractant only
reacts with the metal salt to form an adduct, the basic
extractant anion reacts with the metal salt to form negatively
charged metal complexes that electrostatically interact with the
basic extractant cation

M + 2X” +[QX] = [Q],IMX_,,] (1)

where [QX] is a basic extractant, and the overbars represent
organic species.

However, not only the metal-coordinating ability of the salt
or acid anions plays an important role in the extraction
behavior of metal ions to solvating and basic extractants.
Besides complexation, the choice of salt cation and anion has
major effects on compounds in aqueous solution, as first
described by Hofmeister in 1888."° He devised a series that
ranks ions according to their influence on the solubility of
proteins in aqueous solutions. Salting-in ions enhance the
dissolution of a protein, while salting-out ions decrease the
solubility of a protein.

Since then, the effects of salts on a whole range of solute
properties have been studied in a variety of domains, including
biological systems,"'™"® geochemistry,"”"> and chemical
separations.IG_20 In recent years, a renewed interest in
salting-in/out effects has led to extensive research in the
molecular mechanisms behind the observed effects of dissolved
salts on other solutes. Both ion—solute and ion—solvent
interactions must be taken into account to explain the
observations, but the relative im;)ortance of both interaction
types varies in different cases.”' >

Although the effects of metal complexation on solvent
extraction of metals are rather well understood, the underlying
principles governing the salting effects on solvent extractions
are not completely clear yet.””**** Some studies have already
been performed, predicting salting effects on the extraction of
metal ions from nitrate media by solvating extractants.”®”’
These studies link salt activity coefficients to the extraction
efficiency of a metal ion by a solvating extractant. However,
they are unable to explain the observed effects when nitrate
salts of di- and trivalent cations are used or when the ionic
strength is higher than § molal. Efforts have already been made
to elucidate the mechanisms behind salting effects of salt
anions in solvent extraction systems with basic extractants but
less so for the salt cations.'”'”' However, relating the
underlying mechanisms of solute hydration to solvent
extraction observations is key to understanding solvent
extractions of metal ions as a whole.”® Changing the cation
and the concentration of a salting agent are also two rather
simple ways to fine-tune the extraction efficiency of metal ions
and optimize the separation of metals from a complex feed
solutions. Therefore, a better understanding of the origin of the
salting effect of cations on the solvent extraction of metal ions
is necessary to predict the optimal conditions for metal ion
extractions and separations with solvating and basic extrac-
tants.

To assess the underlying mechanisms of salting effects on
the extraction of metal ions, we studied the speciation of
Co(11), Zn(II), and Cu(Il) and their extraction to methyl-

trioctylammonium chloride (TOMAC) in the presence of
different chloride salting agents. This paper links metal-
complex and salting agent hydration and association to the
trends in solvent extraction of transition metals by basic
extractants, and it also aims to contribute to a broader
understanding in the effects of dissolved salts on solutes.

2. EXPERIMENTAL SECTION

2.1. Chemicals. HNO; (65 wt %), NaCl (99.99%), LiCl (99.9%),
NaOH (0.1 M), HCI (~37 wt %), AlCl;-6H,0 (>99%), CaCl,-2H,0
(>99%), and toluene were purchased from VWR (Leuven, Belgium).
CuCl, (99.995%) and Zn(ClO,),-6H,0 (99.7%) were purchased
from Sigma-Aldrich (Overijse, Belgium). The copper, cobalt,
scandium, indium, and zinc aqueous standards (1000 mg L7'in 3—
5% HNO,), CoCL-6H,0 (>98%), ZnCl, (>98%), and MgCl,-6H,0
(>99%) were obtained from Chem Lab (Zedelgem, Belgium).
Methyltrioctylammonium chloride (TOMAC, 98%) was purchased
from J&K Scientific (Lommel, Belgium). RbCl (>99.8%) and
NaClO,-H,0 (>99%) were purchased from Acros Organics (Geel,
Belgium). Water was always of ultrapure quality, deionized to a
conductivity of <0.055 xS cm™" (298.15 K) with a Merck Millipore
Milli-Q Reference A+ system. All chemicals were used as received,
without any further purification.

2.2. Solvent Extraction of Metals and Quantification. Single
element solvent extractions (Co(Il), Cu(II), or Zn(II)) were
performed with 1.0 mL of aqueous and organic phase in glass vials
with a volume of 4 mL. The metal concentration in the aqueous phase
was kept constant by adding a fixed volume of an aqueous metal stock
solution (1.7 mol L™' CoCl,, 1.6 mol L™ CuCl,, or 1.5 mol L™
ZnCl, in water) to an aliquot of a highly concentrated acid or salt
solution (HCI, LiCl, NaCl, RbCl, MgCl,, CaCl,, or AICl;), which was
subsequently diluted with a certain volume of ultrapure water to a
total volume of 10 mL. The final concentrations of Co(II), Cu(Il), or
Zn(II) in the aqueous samples were 17.0 mmol L™, 7.9 mmol L™,
and 30.6 mmol L', respectively. The salt solutions were prepared
working close to the solubility limit. The exact salt concentrations
were calculated based on the densities of the prepared solutions to
avoid weighing errors due to the uptake of water by the hygroscopic
salts.’® The concentrations of the salt solutions of AICl, were
calculated based on the mass of the dissolved solid because of the
unavailability of data concerning the density—concentration relation-
ship. HCI (0.05 mol L™") was added to the AICl, salt solution to
avoid hydrolytic precipitation of AI(IIT), and 0.0225 mol L' HCI was
added to all Zn(II) aqueous phases to avoid hydrolytic precipitation
of Zn(II) during extraction.

Methyltrioctylammonium chloride (TOMAC) was diluted with
toluene to create an organic phase with a concentration of 0.2 M. All
extractions were performed by shaking at 2000 rpm for 30 min at
room temperature, and phase separation was accomplished by
centrifugation for 2 min at 5000 rpm. The metal concentration in
the aqueous phase before and after extraction was measured using
inductively coupled plasma atomic emission spectroscopy (ICP-
OES). Distribution ratios (D) were calculated with the following
formula

CM,org

CM,aq (2)

D=

where ¢y;,q and ¢y, are the equilibrium metal concentrations in the
aqueous and organic phase after extraction, respectively. The
concentration of metal in the organic phase was calculated via the
mass balance. The experimental error was calculated based on
triplicate measurements and was less than 5%. Error bars on graphs
were omitted to increase legibility.

2.3. Instrumentation and Analysis Methods. Raman spectra of
0.05 mol L™' aqueous ZnClO, solutions in different LiCl
concentrations were recorded using a confocal Horiba Jobin Yvon
LabRam HR Evolution Raman microscope. HCI (0.02 mol L™ ) was
added to all samples to prevent hydrolysis of Zn(II). The
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spectrometer is equipped with an 1800 grooves/mm holographic
grating with a confocal attachment, a Peltier-cooled electron
multiplying CCD (SIN-EM FIVIS) for detection, and an Olympus
BX41 microscope. For excitation, a green line (1 = $32.0 nm) from a
solid-state laser (LAS-532-100-HREV) operating at 14 mW was
employed. Raman spectra of liquid samples were collected at room
temperature in a glass cuvette (4 mL) using a X10_VIS_LWD
microscope objective to focus the laser beam at the center of the
cuvette. Each spectral scan was collected with an acquisition time of
10 s using 30 accumulations. To enhance the spectra between 300 and
500 cm™), an acquisition time of 30 s, 300 accumulations, and an
electron multiplying gain of 250 were used. Solutions with the same
composition, except for the presence of ZnClO,, were measured and
subtracted from the spectra of the ZnClO,-containing samples to
correct for the background signal. The spectra were processed with
the LabSpec6 software from Horiba and the Origin 2018b software
from OriginLab. The perchlorate peak at 462 cm™' was used as an
internal standard to normalize all spectra. The processed spectra
contained a significant amount of noise, due to the low intensity of
the Raman signal of the measured Zn(II) complexes. Thus, the
processed spectra were smoothed using the locally weighted least-
squares (LOESS) method.

UV—vis absorption spectra of the aqueous CoCl, solutions were
measured with an Agilent Cary 6000i spectrophotometer and Cary
WinUYV software in a quartz Suprasil cuvette with a path length of 1.0
cm. Baseline corrections were carried out with solutions with the same
composition as the sample but without CoCl,,

Metal ion concentrations were determined by ICP-OES with a
PerkinElmer Avio 500 spectrometer equipped with an axial/radial
dual plasma view, a GemCone High Solids nebulizer, a baffled
cyclonic spray chamber, and a demountable quartz torch with a 2.0
mm internal diameter alumina injector. Samples, calibration solutions,
and quality control solutions were diluted with HNO; (2 vol %). All
ICP-OES spectra were measured in triplicate. Calibration curves were
made using a solution of 0.1, 1, and 10 mg L7! of the corresponding
metal from a standard solution. Quality checks were performed with 5
mg L™! metal solutions. In(IIT) or Sc(III) was added and applied as
an internal standard only if the quality checks failed because of matrix
effects.

Densities of the acid and salt solutions were measured with an
Anton Paar DMA 4500 M densitometer. Nemus Life Thermo Shakers
TMS-200 were used for the extraction experiments. A Heraeus
Labofuge 200 centrifuge was used to accelerate phase separation.

2.4. Speciation Calculations. The UV—vis absorption spectra of
Co(II) were analyzed following the Multivariate Curve Resolution-
Alternating Least Square (MCR-ALS) technique using the MCR-ALS
GUI 2.0 toolbox working in Matlab R2018b software.*> Chemical
constraints were fixed to a minimum: (1) the total amount of the
metal was normalized, (2) the independent UV-—vis absorption
spectra do not have negative absorbance values, and (3) the
concentrations of the species cannot be negative. Principal
component analysis (PCA) (using the same toolbox in Matlab) was
performed prior to the MCR-ALS study to determine how many
different species were present in the solutions, and the results were
compared with the literature.

The results of the MCR-ALS analysis are displayed as the UV—vis
absorption spectra of the independent metal species present in all
samples containing that metal ion and as the mole fraction of all
species in function of the acid or salt concentration. The mole fraction
of a metal species (M**) is expressed as follows

n(IMCL ™)

a([MCLP ™) = ———= 7 __

(MCLI) Yo n(IMCLP™) 3)
where m is the maximum amount of chlorides coordinated to M?**,
and 7 is the number of moles of a given species.

Note that this mathematical treatment of the data is not based on
any chemical model. Therefore, ascribing a UV—vis absorption
spectrum to a certain metal complex is done by considering the
change in the concentration percentages as a function of the acid or

salt concentration and/or by comparison with previously published
UV—vis absorption spectra.”’

3. RESULTS AND DISCUSSION

3.1. Extraction of Zn(ll) from Monovalent Salting
Agents. The extraction efficiency of 30.6 mmol L™" Zn(II)
from different aqueous chloride media to 0.2 mol L™' TOMAC
in toluene decreases when going from small to large alkali
cations.” The effect of the different alkali salts on the extraction
of Zn(II) was interpreted by linking metal complex hydration
to metal complex extraction. At high salt concentrations
(above 2 mol L™"), more anions than the oxidation state of
Zn(II) are coordinated to the aqueous metal ion, resulting in a
negatively charged chloro complex. This would decrease the
extraction efficiency of the Zn(II) complexes, as its higher
charge density results in a better hydration and thus better
stabilization in the aqueous phase. However, alkali salt cations
with a high charge density would be significantly hydrated and
thus decrease the amount of free water molecules available for
the hydration of the anionic Zn(II) complex at high salt
concentrations. The less hydrated anionic Zn(II) complexes
are then extracted rather efficiently as their stabilization in the
aqueous phase is reduced significantly. This qualitative
description of the effect of salt cation hydration on the
extraction of metal ions is based on the extraction of Zn(II)
from an incomplete series of alkali salts to TOMAC and lacks a
quantitative speciation profile of Zn(II) in chloride media.”

Both RbCl and FrCl were lacking as alkali chloride salting
agents in the extraction series reported before.” A first step to
better understand the salting effects of salt cations is the
completion of the Zn(II) extraction series. It is extremely
difficult to create the same extraction curve with FrCl as the
most stable isotope (***Fr) has a half-life of 22 min and occurs
only in trace quantities in the decay chain of 2*U.”” Therefore,
only the extraction of 30.6 mmol L™' Zn(II) from RbCl to 0.2
mol L™' TOMAC in toluene was added (Figure 1). The
extraction curve of Zn(II) from RbCl fits in the series of salting
agents with alkali cations based on cation charge density as
previously reported, when the correction on the ionic radius of
NH," of Sidey on the Shannon value is taken into

LiCl
L]
/:7"4'\0>' NaCl
1000 )
= KCl
(=
N / :\> NH,CI
o
= o e ROCI
c )
s /
5 1005 . \
= o
2
a
® CsCl
10 T T T T T 1
0 1 2 3 4 5 6

Chloride concentration (mol L™)

Figure 1. Extraction of Zn(II) from an aqueous phase with RbCI by
0.2 mol L™ TOMAC dissolved in toluene, added to previously
published results.” The zinc concentration in the aqueous feed was
30.6 mmol L™". The X-axis shows total chloride concentration in the
aqueous phase. Error bars on graphs were omitted to increase

legibility.
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9,30,31
account.”

However, a more quantitative description of the
salting effect of cations can be given by looking at the standard
state hydration Gibbs free energies (AGgyd,eXP) of the alkali

cations taken from ref 32 (Table 1).

Table 1. Distribution Ratios for Extraction of Zn(II) by 0.2
mol L™' TOMAC in Toluene from 30.6 mmol L™" ZnCl, in
HCI or a Different Monovalent Salt and the Salt Cation
Standard State Gibbs Free Energy of Hydration

(A Ggyd,exp) -

cation Dy, at 4 mol L~! chloride AGgydyeXP (kJ mol™")
H* (3.6 £ 02) - 10? —1050
Li* (1.9 + 0.1) - 10 —475
Na* (13 +£0.1) - 10° —-365
K (5.8 + 0.3)- 10? —-295
NH,* (54 + 0.3)- 10? —-285
Rb* (34 +02) - 10 -275
Cs* (7.5 £ 04) - 10" —250

The hydration energy of a compound is the energy released
when a compound or ion is hydrated in water. This is a direct
measure of the compound’s or ion’s tendency to interact with
water, with a more negative value of AGﬁyd,eXP indicating a
stronger interaction. Li* has the most negative AGgyd,eXP of the
alkali cations, showing that its interaction with water in an
aqueous phase is strongest and solvent extraction of metals
from an aqueous phase with LiCl would be most efficient. The
extraction of Zn(II) from solutions of alkali chloride salts and
ammonium chloride perfectly matches with the AGSYd’eXP
values of the corresponding cations.

The extraction of Zn(II) from HCl media seems to be an
outlier when comparing the AGﬁyd‘exp of a proton to that of the
alkali cations. Competitive extraction between the metal
complex and HCI with the formation of [Q][HCL,] is often
proposed to explain the decrease in extraction efficiency of
metal complexes at higher HCI concentrations.””** However,
this explanation seems unsatisfactory as association between
HCI molecules and the basic extractant does not seem to
exist.” Although not associating with the basic extractant, HCI
is present in the organic phase and thus changes the
composition and properties of the organic phase. This is not
observed for the alkali ions and might (partially) explain the
observed extraction behavior of metal complexes from HCI,
but additional research on the nature of HCI in the organic
phase is required to quantify these effects.

When considering the aqueous phase, the deviation of the
extraction of Zn(II) from HCI media from the trend of the
extraction from alkali salts might be explained by the
significantly different H—CI and HCl—water bond character
compared to the Li—Cl bond. To elaborate on this, the
structure of LiCl and HCI in concentrated solutions can be
compared. Both the lithium cation and the proton associate
with chloride ions at high salt or acid concentrations but in a
different way. The Li—Cl bond character is more ionic with the
formation of a contact ion pair with a bond length of about 2.7
A, while the H—CI bond has a significant covalent character
with a bond length of about 1.6 A3%3% Purthermore, the
proton is covalently bonded to one or two water molecules,
resulting in the formation of CI-H—OH, or ClI-H,0-H-
OH, molecules.”™”” This might lead to a very different
solvation of the metal complexes formed at high LiCl or HCI
concentration. With LiCl, there are only a few free water

molecules left in the solution to hydrate the metal complex,
leaving the complex rather unstabilized in the aqueous phase,
and thus the complex is efficiently extracted to the organic
phase.”> HCl is also strongly hydrated based on the AGﬂyd’exp,
but the metal complex might also be solvated by the covalently
bonded HCI entities that also provide a stabilizing effect on the
metal complex in the aqueous phase.

As previously proposed, the extraction efficiency of a metal
ion can be increased by lowering the hydration of the metal
ion.” This can be accomplished by creating metal—ligand
complexes with a lower charge density or by adding a salt with
a strongly hydrated cation. A speciation profile of aqueous
Zn(II) chloro complexes would allow for clearly distinguishing
between effects of Zn(II) speciation and Zn(II) complex
hydration. Although a great amount of research has already
been performed on the speciation of aqueous Zn(II) chloro
complexes, no consistent speciation profile could be
constructed based on these literature data.’®*”*" The main
problems are the difficulty in correcting for increasing ionic
strength when formation constants are employed and the
unavailability of direct measurements of Zn(II)—chloride
speciation at low Zn(II) concentration relevant for funda-
mental solvent extraction studies.

3.2. Speciation of Zn(ll) in Aqueous Chloride
Solutions at Room Temperature. The complexation of
chloride anions to Zn(II) in aqueous solutions has already
been intensively investigated using potentiometry and
distribution ratios. In these studies, formation constants for
ZnCl*, ZnCl,, ZnCl,~, and ZnCL*" are reported.38’39 These
values are given for infinite dilution, and significant deviations
can be expected when using formation constants to create a
speciation profile of Zn(II) at higher ionic strengths. Also, no
direct evidence is given for the existence of all above-
mentioned Zn(II)—chloride species in the reports about
formation constants. It seems logical that chlorides coordinate
stepwise to Zn(II), but not all Zn(II)—chloride complexes
might be energetically stable and/or favorable. Thus, methods
are necessary to directly determine the speciation of Zn(II) at
all relevant chloride concentrations. Both X-ray absorption
spectroscopy (XAFS) and Raman spectroscopy can be used to
detect different Zn(II) species in water and aqueous chloride
solutions, and ab initio calculations can be used to determine
the conformation of the most energetically favorable Zn(II)
species. However, it does not seem possible to get all necessary
information for the construction of a speciation profile from
one single experimental technique.

In the near edge region of the XAFS spectra (XANES), Liu
et al. could only identify two distinct contributions of Zn(II)
species to the spectra, being an octahedral and a tetrahedral
contribution.”” They could not identify the exact number of
different octahedral and tetrahedral species or their structures.
Analysis of the extended X-ray absorption fine structure
(EXAFS) of Zn(II)—chloride XAFS spectra is rather difficult,
as there is a significant error on the determined coordination
numbers of Zn(II)—O and Zn(II)—Cl in a single structure.
This error logically increases when a mixture of different
Zn(II)—chloride species is present with unknown composition.
This results in a significant difference in Zn(II)—chloride
speciation deduced from EXAFS spectra.*'~*

Raman spectroscopy is an interesting experimental techni-
que to study the speciation of Zn(II) as it is rather accessible
and can provide quantitative information on the first
coordination sphere. However, the Raman effect of Zn(II)
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species is weak. This can be seen in a number of literature
reports, where the experimental Zn(II) concentration for
Raman studies is rather high (>1 mol L™').**=*" Such high
Zn(II) concentrations cannot be used to construct a speciation
profile of Zn(II) that can be compared with the solvent
extraction experiments from Figure 1, as the Zn(II):chloride
ratio would be significantly lower and the ionic strength of the
solutions would deviate notably for the Raman studies. It is
also impossible to significantly increase the Zn(II) concen-
tration for the extraction studies as loading effects and
deviations from ideality in the organic phase will obscure the
fundamental principles.

The Raman spectra of Zn(II) in chloride media have already
been studied intensively in the past, and peak positions of a
number of Zn(II) species have been determined (Table 2).

Table 2. Literature Data on Raman Spectra of Zn(II)
Species in Chloride Solutions

Raman shift (cm™)

species ref 44 ref 45 ref 46 ref 47
Zn* 380—400 38§
ZnCl* 304—-30S 308 328 300
ZnCl, 305 308 298 300
ZnCl;~ 286 286 283
ZnCl,>~ 275-282 278 275 277

However, it seems difficult to clearly assign Raman peak
positions to all five Zn(II) species based on the currently
available Raman studies alone, as only one peak is observed
between 250 and 320 cm™. This peak is deconvoluted to
determine the contribution of ZnCl*, ZnCl,, ZnCl;~, and
ZnCl,>". However, it is not clear that all these species are
formed, as the observed Raman peak around 280 cm™ can be
reconstructed with contributions from less than these four
species. In Raman studies of Zn(II) in bromide solutions, more
clearly separated peaks are observed that make it easier to
determine the Zn(II)—bromide speciation, compared to the
Zn(1I)—chloride speciation in chloride solutions.*”*® This
suggests that there are indeed several different Zn(II)—
bromide species. The absence of such different features in
the Raman spectra of Zn(II) chloride solutions might suggest
that it is not correct to explain the Zn(II)—chloride Raman
spectra with all four Zn(II)—chloride species.

Ab initio calculations can shed more light on the stability and
structure of all proposed Zn(Il) species in chloride solutions.
The most rigorous calculations that could be found in the
literature determined the free energy of replacement of water
molecules with chloride anions around Zn(II) based on gas
phase free energies calculated by second-order Moller—Plesset
perturbation theory (MP2) and solvation energies.*® Pye et al.
found the following most stable geometries for all possible
Zn(I1) species: [Zn(H,0)4]*", [ZnCIl(H,0)]",
[ZnCl,(H,0),], [ZnCl;(H,0)]~, and [ZnCl,]*~.** They
conclude that the octahedral mono- and dichloro Zn(II)
species are not energetically favored. The preference for
tetrahedral Zn(II)—chloride complexes can be rationalized as
follows. First, Zn(II) is the smallest divalent transition metal
ion and therefore the hardest according to the HSAB theory.
Chloride is also a rather hard anion, resulting in a strong
Zn(1l)—chloride bond compared to other transition metal—
chloride bonds. Therefore, Zn(II) will exchange water
molecules for chloride anions easier. Second, due to the

small size of the Zn(II) ion, crowding effects become
important when water is replaced by larger chloride anions.
The octahedral Zn(II) complexes with some chlorides in their
first coordination sphere are therefore less stable than
tetrahedral complexes with a lower coordination number.

Recent findings on Co(II) speciation in chloride solutions
can also be explained using the same principles. Uchikoshi et
al. used UV—vis absorption spectra and EXAFS measurements
on Co(II) in HCI solutions to determine the speciation of
Co(II) in aqueous solution.*”® They concluded that only
[Co(H,0)s]*", [CoCI(H,0);]*, and [CoCl,]*" existed in
solution, contrary to older reports of stability constants on the
intermediate species.”” Thus, Co(II) seems to prefer more the
octahedral structure with five to six water molecules in its first
coordination sphere. This can be explained as follows. First,
Co(II) is a larger transition metal ion than Zn(II). Therefore,
Co(II) is less hard according to the HSAB theory, and its
bonds with chloride anions are less strong. Second, the larger
ionic radius of Co(Il) results in less crowding effects when a
water molecule is replaced by a chloride ion in the octahedral
structure. However, replacing more than one water molecule
with a chloride seems to destabilize the octahedral structure to
such an extent that these octahedral complexes are not
energetically favored any longer.

After identification of the Zn(II) species present in aqueous
chloride solutions, a speciation profile was constructed from
Raman measurements on aqueous samples with similar
compositions to the samples for the extraction studies depicted
in Figure 1. The processed spectra of 0.05 mol L™ ZnClO, in
0 to 10 mol L™" LiCl and 0.02 mol L™ HCI can be found in
Figure 2A. A longer, more sensitive Raman measurement was
performed in the spectral region around the peak of
[Zn(H,0)4]*" to enhance the quality of that region, as
[Zn(H,0)4]*" has a very weak Raman signal (Figure 2B).
ZnClO, was used instead of ZnCl, as the Zn(II) source to
avoid the presence of a stoichiometric amount of chloride in
the first solution, and as perchlorate can be used as an internal
standard to perform a quantitative analysis with all spectra.
Only a very small amount of HCI (0.02 mol L™") is present in
the solution with the lowest chloride concentration to avoid
hydrolysis of Zn(II). Less than 1% conversion of [Zn-
(H,0)4)** can be expected due to the presence of 0.02 mol
L™! HC], based on association constants from the literature
and an extrapolation of the constructed speciation profile.”>*
This has no significant influence on the constructed speciation
profile of Zn(II) and avoids the use of strongly oxidizing and
potentially explosive HCIO,. The peak at 462 cm™'
corresponds to perchlorate, [Zn(H,0)]** can be found at
388 cm™ (Table 2), and [ZnCl;(H,0)]™ and [ZnCl,]*” have
a peak located closely together at 285 and 280 cm™),
respectively (Table 2).°" The feature at 110 cm™" is sometimes
attributed to [ZnCl,]*", but this peak is located at very low
Raman shifts where the background signal quickly increases
due to elastic scattering of the incident beam. This makes it
very difficult to quantify the peaks of low intensity in the
region below 150 cm™.

Manual analysis of the Raman spectra was performed to
determine a speciation profile, as the quality of the spectra did
not allow for PCA-MCR-ALS analysis such as used to
determine Co(Il) speciation (vide infra). The intensity of
the peak maximum at 388 cm™' from Figure 2B for the
spectrum of the ZnClO, solution with 0.02 mol L™" HCI is
used as reference for a solution with all Zn(II) as [Zn-
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Figure 2. Raman spectra of 0.05 mol L™! ZnClO, in different aqueous
LiCl solutions with 0.02 mol L™ HCL The LiCl concentration
increases from 0 (black spectrum) to 10 mol L™ (lightest blue
spectrum). (A) All Raman features of the Zn(Il) complexes and (B)
the Raman peak of [Zn(H,0)4]*" recorded with more sensitive
experimental parameters.

(H,0)4]**. The mole fraction of [Zn(H,0)¢]*" in all other
samples was calculated based on the intensity of the peak
maximum of the 0.02 mol L™" HCI solution.

The contribution to the Raman spectra of the other two
Zn(11) species ([ZnCl;(H,0)]™ and [ZnCl,]*") can then be
found in the peak close to 280 cm™". It would be impossible to
determine the mole fraction of both Zn(II) species only using
the intensity of the peak, as the Raman intensity of pure
[ZnCl;(H,0)]™ is unknown. In contrast, the Raman intensity
of pure [ZnCl,]*” can be determined by assuming that Zn(1I)
is only present as [ZnCl,]*” at the highest LiCl concentrations
(10 mol L™"). This assumption is justified by the Zn(II)—
chloride association constant available in the literature, the
match between the experimental peak position and the
position of the [ZnCl,]*” peak found in the literature (Table
2), and the very small difference in Raman peak intensity of
Zn(1I) at 4.0 mol L™ and 10.0 mol L' chloride.*® This thus
gives two equations with three unknowns

Xzn2t + Xzpc + Xzacp- =1 (4)

%zncl; Iznc; T %znce-Izac-

IRaman -

Xzacl; T Xzac- (s)

where x; is the mole fraction of species i, Iy .y, is the intensity
of the experimental Raman peak around 280 cm™, and Izncr;

and I,cp- are the Raman intensities of the pure components.
As x7,7 and I, cp- are already determined, xz,cp;, Xz,ci and
Iz,cr; should still be calculated.

The problem at hand can be resolved by also considering the
Raman shift of the experimental peak around 280 cm™. The
spectrum from the solution with 10 mol L™" LiCl shows that
the peak of [ZnCl,])*” is centered around 280 cm™'. The
[ZnCl;(H,0)]™ species is presumably the main contributor to
the peak at a similar position in the spectrum of the 1.0 mol
L™ LiCl solution. Thus, the peak of the [ZnCl;(H,0)]”
species is centered around 285 cm™, which closely resembles
the peak position of this species found in the literature (Table
2). Now a third equation can be added where x,¢- and xz,cp-

are the only unknowns

%700l Szncl; T Xznce~Szaci

Xznc; t Xzacr (6)

where Sp,man is the Raman shift of the experimental peak
around 280 cm™, and Sznci; and Sz, cp- are the Raman shifts of

the pure components at 285 and 280 cm™', respectively.
Together with eqs 4 and S, this results in a system of equations
that has one defined solution. The speciation profile of Zn(II)
in aqueous LiCl media—calculated as described above—is
depicted in Figure 3.

A ZnCIZ
< 0751 pd
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o
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0.00 4 i S . .
0 4 6 8 10

[CI] from LiCl (mol L")

Figure 3. Speciation profile of 0.05 mol L™ ZnClO, in aqueous LiCl
solution calculated from Raman spectra.

This speciation profile of Zn(Il) at low Zn(II) concen-
trations is believed to be the best possible with the available
analytical techniques. However, it should be noted that an
assumption is made in the construction of the speciation
profile that inherently introduces a small error in the speciation
profile. A weighted average equation is used to calculate the
contribution of both tetrahedral Zn(II) species to the intensity
of the experimental peak (eq 5). A small error is introduced
here, as the x-positions of both Zn(Il) species do not
completely coincide.

Nevertheless, the speciation profile shows that the Zn(II)
species with the lowest charge density is located between 1.5
and 2.0 mol L™" LiCL It can be expected that the speciation
profile of Zn(II) in other alkali chloride salts and HCl is similar
based on previous studies on Co(II)—chloride and Cu(II)—
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chloride speciation.”*>*® The most efficient extraction of

Zn(1I) to a basic extractant would be observed around 1.5—2.0
mol L™ chloride for weak salting-out or salting-in agents, and
the extraction of Zn(II) would not show a maximum for strong
salting-out agents. This can indeed be observed in Figure 1 and
clearly shows that a decrease in Zn(II)—chloride hydration
caused by salting agent hydration becomes increasingly
important when stronger salting-out agents are used.

3.3. Extraction from Di- and Trivalent Salting Agents.
So far, only the effect of alkali salting agents on solvent
extraction has been investigated. It was shown that in this
category, the chloride salt with the cation having the largest
AGgyd,exp (LiCl) is the most efficient salting-out agent (Table
1). However, cations with a higher charge result in chloride
salts with an even larger AGﬁycLe,q,.?’2 These cations would be
hydrated more than the ions of LiCl, and thus, even more
efficient solvent extraction of metals would be expected when
di- or trivalent chloride salts are used as salting agents. This
assumption was tested by performing extractions with 17.0
mmol L™ Co(II) or 7.9 mmol L™ Cu(II) from LiCl, NaC],
CaCl,, MgCl,, and/or AICly to 0.2 mol L™ TOMAC in
toluene. The resulting extraction curves are plotted on a graph
with the total chloride concentration in the aqueous phase on
the X-axis (Figure 4).
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Figure 4. Extraction of Co(II) (A) or Cu(Il) (B) from an aqueous
phase with different salt content by 0.2 mol L™! TOMAC dissolved in
toluene. Aqueous feed: 7.9 mmol L™! CuCl, or 17.0 mmol L™ CoCl,.
Error bars on graphs were omitted to increase legibility.

The extraction of Cu(II) and Co(II) from di- and trivalent
salting agents is lower compared to the extraction from LiCl,
contrary to what would be expected based on the AGﬁYd’eXP of
the corresponding cations. However, the di- and trivalent
salting agents only have half or a third of the cations compared
to monovalent salting agents for a given total chloride
concentration. Even when the stoichiometry of the salting
agents is taken into account by dividing AGﬁyd,exp by the charge
of the cation, the corrected AGgyd'exp/ z is still larger for the di-
and trivalent cations compared to Li* (Table 3). This seems to
contradict the hypothesis that solvent extraction of metals is
most efficient from the most hydrated salting agents. Thus, at
first, this seems to question the hypothesis that metal complex
hydration determines metal complex extractability to a given
organic phase.

The di- and trivalent cations are more hydrated in aqueous
solutions, but another key aspect plays an important role in the
effect of salting agents on solvent extraction of metals. The
tendency to form ion pairs is significantly higher for the salts of
di- and trivalent metals ions, compared to the salts of
monovalent ions.”* This ion pair formation between cations
and chloride anions creates ion pairs with a lower charge
density and effectively reduces the hydration ability of the salt
solution. This leaves more water molecules available to hydrate
to extractable metal complexes than could be deduced from
the AGﬁYd’exp alone, and the more hydrated metal complexes
are extracted less efficiently. Also, the more pronounced ion
pair formation for salts of di- and trivalent metals ions reduces
the amount of chloride anions available for the complexation
with metal ion. Thus, a higher total chloride concentration is
necessary to form the same amount of metal—chloride
complexes when salts of di- or trivalent metal ions are used.

For instance, the association/dissociation reaction of CaCl,
can be written as

CaCl, = CaCl* + CI” = Ca** +2CI” ?7)

The right-hand side of the equilibrium reaction of eq 7 is found
at low ionic strength, but the association reactions between
Ca® and Cl” cannot be neglected at higher ionic strengths
(from 1 mol L™"). Equation 7 clearly shows that the charge of
the ions is significantly reduced by this association reaction:
one +II charged metal ion (Ca*") and one —I charged chloride
ion (CI™) are replaced by one calcium(II) monochloride cation
(CaCl") with a +I charge.

Equation 7 implies the formation of contact ion pairs (CIP)
where the chloride anions can be found in the first
coordination sphere of Ca®". This is an oversimplification, as
predominantly solvent-shared ion pairs (SIP, e.g., [Ca(H,O)-
Cl]*) and solvent-separated ion pairs (SSIP, e.g, [Ca(H,O)-
(H,0)Cl1]*) are formed in solutions of alkali salts, CaCl,,
MgCl,, and AICL, > CIP formation would decrease the
effective hydration most strongly, but also the SIPs and to a
lesser extend the SSIPs would be hydrated less than the
individual ions without ion pair formation. The presence of a
variety of ion pair structures makes it difficult to quantify the
effect of ion pair formation on the solvent extraction of metals
solely based on the molecular structure. Information on the
water activity (a,) and solute activity coefficients of the aqueous
phases for solvent extractions can give a more quantitative
prediction of these salting effects.

The water activity of aqueous single salts solutions is readily
available in the literature. Looking at the water activity of the
salts used in this study shows that CaCl, MgCl,, and AICI,
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Table 3. Overview of Distribution Ratios for Extraction of Co(II) or Cu(II) by 0.2 mol L™' TOMAC in Toluene from 7.9
mmol L™ CuCl, or 17.0 mmol L™' CoCl, in LiCl or Different Di- and Trivalent Salts and the Salt Cation Standard State Gibbs

Free Energy of Hydration (AGp, exp)32

cation Doy at 8.5 mol L™! CI” Deyq at 5.5 mol L™! CI” AGY g e (K] mol™) AGY 4 0p/z (K] mol™)
Li* (21 +0.1) - 10° (22 +0.1) - 10* —475 —475
Ca? (4.8 £ 0.3) - 10 (40 £ 02) - 10" —1505 —-753
Mg** (5.8 £ 03) - 10* (3.8 £ 02) - 10* —1830 —-915
A" (52 +0.3) - 10 (41 +02) - 10 —4525 —1508
1.0 [Co(H,0)*" [CoCI(H,0)s]" [CoCl, >
1.0 F F
® —=—LiCl
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Figure 5. Water activity (a,,) of aqueous LiCl, MgCl,, CaCl,, and
AlCl; solutions as a function of the total chloride concentration
(based on data reported by Guendouzi et al. and Richter et al.)."*

solutions have a higher a,, compared to LiCl solutions (Figure
5).°%* This higher a, physically means that there is more
water available and/or that the available water is more active to
participate in other processes in solution. The a,, values of
Guendouzi et al. and Richter et al. were converted from mol
kg™' to mol L™ via the solution densities and put on a
common X-scale by using the total chloride concentration, to
allow for comparison with the solvent extraction results from
Figure 4A. The water activity of CaCl,, MgCl,, and AICI;
solutions is very similar, showing that the salt hydration in
these solutions is also very similar. These observations match
closely with the similar extraction efficiency of Co(II) and
Cu(Il) from CaCl,, MgCl,, and AICl, solutions.

3.4. Effect of Mono-, Di-, and Trivalent Salts on
Aqueous Speciation of Co(ll). The effect of salt ion
association on metal complex formation can be investigated by
determining the speciation of a metal ion in different chloride
solutions. UV—vis absorption spectroscopy and PCA-MCR-
ALS are used to determine the speciation of Co(II) in aqueous
solutions at extraction conditions, similarly to what was
discussed in a previous paper.” Only [Co(H,0),]*, [CoCl-
(H,0);]*, and [CoCl,]*" are found in solution according to
speciation analysis by UV—vis absorption spectroscopy and
EXAFS analysis from Uchikoshi et al.>® The results of this
analysis for the speciation of Co(II) in aqueous LiCl, CaCl,,
MgCl,, and AICl; are presented in Figure 6.

The shift in Co(II) speciation shows that there are less
chlorides available for complexation with Co(II), due to ion
pair formation for the salts of di- and trivalent metal ions.
However, it is not possible to directly quantify the extent of ion
pair formation due to a non-negligible error on the speciation
profile and differences in chloride activity for the different

Figure 6. Speciation profile of Co(II) in LiCl, CaCl,, MgCl, and
AICl, as a function of the total chloride concentration, calculated with
PCA-MCR-ALS from UV—vis absorption spectra.

salting agents. The mole fraction of [Co(H,0),]*" present in
solutions of salts of di- and trivalent metals ions stays
somewhat higher compared to the LiCl solutions. This will
have a negative impact on the extraction efficiency of Co(II),
as can be noticed in Figure 4A. The maximum mole fraction of
the least hydrated [CoCI(H,0)s]" complex is shifted about 1
mol L' to higher chloride concentrations for the di- and
trivalent salts, but the [CoCI(H,0);]* complex is overall more
present, resulting in no absolute difference in mole fraction at
the maximum of [CoCl(H,0)s]" in LiCl. The higher mole
fractions of [CoCl(H,0),]" in salts of di- and trivalent metal
ions actually suggest that extraction would be more efficient
from these salting agents based on Co(II) speciation alone.
Also, less [CoCl,]*" is formed in salts of di- and trivalent metal
ions compared to LiCl. This again suggests that Co(II)
extraction at high chloride concentrations—where the amount
of [CoCl,]*” is relevant—should be more efficient from di-
and trivalent salting agents. In general, the effects of ion pair
formation in di- and trivalent salting agents have a significant
impact on the speciation of Co(II), but the observed shift in
Co(1II) speciation contradicts the lower extraction efficiency of
Co(II) from di- and trivalent salting agents compared to the
extraction efficiency from LiCl solutions at high chloride
concentrations. Therefore, the reduced metal extraction is
mainly related to the reduced hydration of the salt ion pairs
predominantly formed in solutions of salts of di- and trivalent
metal ions.

The findings on salting effects in solvent extractions using
basic extractants can also be extended to solvating extractants.
As already proposed by other authors: the extraction efficiency
of a metal ion by solvating extractants is closely related to the
activity coefficients of the cations of the salting agent.”**’
However, it is advisable to consider the activity coefficients of
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the extractable metal complexes directly. These activity
coeflicients are influenced by the hydration of the cation of
the salting agent, given the anion is the same in all
comparisons. The cation hydration depends not only on the
AGﬁyd,exp of that cation but also on the association behavior of
the cation and anion of the salts. Ion association of cations
with nitrate ions is generally less important for the investigated
salting agents compared to chlorides, but it is still significant
for di- and trivalent salts.®®

Although the salting effects on transition metal extraction
can adequately be explained by ion—solvent interactions, direct
salt cation—metal complex interactions probably also play a
role in the exact strength of the salting agents. To a certain
extent, it can be expected that the cations with the lowest
AGhyod,exp (e.g., Cs*) form ion pairs with the
tetrachlorometalate(II) complexes, which might lower the
extraction of tetrachlorometalate(II) complexes to basic
extractants further.®*

4. CONCLUSIONS

The effects of dissolved inorganic salts on the solvent
extraction behavior of inorganic transition metal complexes
have been investigated. It is evident that the type of cation in
the chloride salts has a significant influence on the extraction of
Cu(11), Zn(Il), and Co(II) by the basic extractant methyl-
trioctylammonium chloride (TOMAC). The observed differ-
ences in extraction efficiency for a given transition metal can be
explained by the concept of ion hydration, rather than by
differences in transition metal speciation. The more a salt
reduces the water activity (a,) of a solution, the less other
solutes (such as inorganic transition metal complexes) are
hydrated and stabilized in that solution. These observations
seem to indicate that salting effects in metal ion—solvent
extraction processes are mainly related to ion—solvent
interactions, rather than to ion—solute interactions.

These findings also imply that solvent extraction techniques
can be easily accessible techniques to determine the salting
effects of specific salts on other (extractable) solutes. When
ion—solvent interactions are most important, one expects that
the salting effects can be predicted by AGﬁyd,exp values and a,,
measurements. However, cation—anion association of certain
salts must be taken into account. Therefore, a,, measurements
seem to be preferred for investigation of, for instance, salts of
di- and trivalent metal ions. When AGﬂyd‘exp values and a,
measurements do not correctly predict salting effects, there
should be an increased importance of ion—solute interactions,
and these specific interactions should be investigated by other
techniques.
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