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ABSTRACT: Solvent extraction is often applied to separate and purify
metals on an industrial scale. Nevertheless, solvent extraction processes are
challenging to develop because of the complex chemistry involved. For g
basic extractants, much of the chemical behavior remains poorly
understood due to the conditions far from thermodynamic ideality. To

elucidate the extraction mechanism, we studied the speciation and Extraction

extraction of zinc(II) and cadmium(II) from chloride, bromide, and iodide IIemc'e"cy I %

media by using a basic extractant consisting of a trioctylmethylammonium m
cation and, respectively, a chloride, bromide, or iodide anion. These m’

systems were specifically selected to increase the understanding of the less- increasing halide concentration —>
studied bromide and iodide media and to focus on the effect of hard—soft

interactions on solvent extraction systems. It was observed that, in general,

a metal is more efficiently extracted when its hydration in the aqueous phase is lower and its stabilization in the organic phase is
higher. In the investigated systems, these conditions are obtained by forming metal complexes with a lower charge density by
coordinating the right number of halide anions and by selecting a halide with a lower charge density. In the organic phase, the
stability of the metal complex can be increased by forming strong metal—anion bonds and by decreasing the water content. These

[l Metrics & More | @ Supporting Information

insights might be of interest in the development and optimization of separation schemes for metals.

1. INTRODUCTION

In the metallurgical industry, mixtures of metals are often
separated by a solvent extraction (or liquid—liquid extraction)
process.” Such processes work by exploiting differences in the
distribution of metal ions between two immiscible liquid
phases. An extractant is added to the organic phase, which
selectively coordinates with some of the metal ions in the
aqueous feed solution. In this way, valuable metals can be
recovered from complex feed solutions or hazardous metals
can be removed from waste streams.”

However, the design and optimization of solvent extraction
systems are challenging because several physicochemical
processes are involved. This is especially the case when
employing basic extractants, which extract metal—ligand
complexes from aqueous feeds with high anion concentra-
tions.” These anions are often halides from acids or salts
introduced in the leaching step or added on purpose to
increase the extraction by basic extractants. As a result of this
complex chemistry, it is not completely clear how basic
extractants extract metal ions. Recent investigations tackled
different aspects of basic extractant chemistry, but still some
questions remain unanswered." ™

Typical basic extractants are protonated amines
([RNH]"X"), quaternary ammonium salts ([R,N]*X7), or
quaternary phosphonium salts ([R,P]"X").""*'° In textbooks,
these extractants are often said to be anion exchangers, which
extract metals as anionic metal complexes by exchanging them
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for extractant anions (X~). This mechanism explains the
typical observation that extraction by basic extractants is more
efficient when anions coordinate more easily to the metal ion
and when more anions are present in the aqueous phase.3"17’18
However, it fails to explain other observations such as the
negative sequence observed for the trivalent lanthanide ions in
nitrate media,'” the decrease in extraction efficiency at high
' and the extraction at high LiCl
concentration of metal ions such as lanthanide(III) and
nickel(II) ions that do not form negatively charged complexes
in the aqueous phase.'”'**°

The issues encountered when applying the anion exchange
model to all observations show that a thorough investigation of
the mechanism of solvent extractions by basic extractants is
necessary. In previous studies, our investigation focused on the
extraction of first-row transition metals in chloride media by
the basic extractant trioctylmethylammonium chloride (TOM-
ACI).”"** These studies focused on the influence of metal
speciation and hydration in aqueous chloride media on the

. .12
acid concentration,
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extraction efficiency of metals by TOMACI To generalize the
new insight, it is necessary to expand such extraction studies to
other anion systems.

In this paper, we studied the speciation and extraction of
zinc(I1) and cadmium(II) from chloride, bromide, and iodide
media by using TOMAC], trioctylmethylammonium bromide
(TOMABY), and trioctylmethylammonium iodide (TOMALI),
or, more generally, by TOMAX, where X = Cl, Br, or I. We
also determined the amount of acid and water present in the
organic phase to get a more complete picture of the
composition of both phases. The choice of bromide and
iodide media allows investigating other anion systems while
still using anions that significantly coordinate with many metal
cations. These anion systems have received less attention in the
literature, while they can be relevant for separation processes.””
Zinc(1I) and cadmium(II) were chosen because they
coordinate well with halides®*® and because they are
chemically similar. Both metals are found in the same group
of the periodic table and have the same oxidation state, making
their most important chemical difference the larger ionic radius
of cadmium(II). Moreover, they are not redox active, so there
is no risk of oxidation of the halide ion by the metal ion. By
studying zinc(1I) and cadmium(II) in different halide systems,
effects related to hard—soft interactions [as explained by the
hard—soft acid—base (HSAB) theory] can also be investigated.

2. RESULTS

2.1. Zinc(ll) and Cadmium(ll) Solvent Extractions. The
extractions of 0.05 mol L™ ZnX, or CdX, from aqueous HX
media by 0.2 mol L™! TOMAX (where X stands for Cl~, Br™,
or I") in toluene are depicted in Figures 1 and 2. The
extraction of Cd(II) from HI media was not recorded due to
practical limitations (vide infra). The anions of the acid and
the extractant were always the same in a solvent extraction
sample (i.e., same anion in aqueous and organic phases) to
avoid exchange reactions. This also avoids so-called split-anion
extractions, in which both phases deliberately have different
anions to enhance extraction or selectivity. Such processes are
more difficult to use for fundamental purposes.”® Nevertheless,
it should still be possible to apply the considerations from this
paper to split-anion extraction systems. The different
extraction series will be compared in detail below following
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Figure 1. Distribution ratios for the solvent extraction of 0.05 mol L™"
ZnX,, with X being Cl~ (blue box solid), Br~ (brown box), or I~
(green ballot box with X), by using 0.2 mol L™! TOMAX in toluene.
Arrows show the maximum extraction efficiency, which shifts to a
higher anion concentration when a larger halide ion is used.
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Figure 2. Distribution ratios for the extraction of 0.05 mol L™" CdX,,
with X being CI~ (blue circle solid) or Br~ (brown circle), by using
0.2 mol L' TOMAX in toluene. Arrows show the maximum
extraction efficiency, which shifts to a lower anion concentration when
a larger halide ion is used.

the discussion of the organic phase composition and metal
speciation.

A correction of the free acid and active extractant
concentration was necessary for the extraction of Znl, from
HI solutions by TOMAI Some HI converted into I;— via
oxidation due to the presence of air and via a decomposition
reaction induced by light.”” This could be easily observed by a
faint yellow coloration of the aqueous phase. The organic
phase darkened, while the faint yellow color of the aqueous
phase disappeared after shaking the HI solutions with 0.2 mol
L™' TOMAI (see the Supporting Information). This indicates
the partial conversion of TOMAI into TOMAI; by extracting
I,— from the aqueous phase.”® UV—vis absorption spectros-
copy was used to quantify this conversion. It showed that the
conversion of TOMAI into TOMAI; increased with the
increasing HI content up to 17.5% of all TOMAI in the sample
with the highest HI concentration (see the Supporting
Information for more details). The triiodide ion is a weakly
coordinating anion and it does not coordinate metal complexes
if other ions such as iodide are present,”” but it lowers the
amount of free extractant that can associate with zinc(II). This
reduction in available TOMAI molecules should be considered
in comparing the D, values of all three anion systems. This is
accomplished by correcting the aqueous HI concentration and
by calculating the expected D, with no TOMAI to TOMAI,
conversion, starting from the observed D, values and the
amount of converted TOMAL The general extraction reaction
appears to be as follows when (TOMA),Znl, is formed in the
organic phase (vide infra).*%*!

Zn** + 217 +2Q = (Q),Znl, (1)
The overbar denotes that a species resides predominantly in

the organic phase and Q stands for the TOMA cation. The
equation for the equilibrium constant (Kgy) for this reaction is

_ [(Q.)zanﬂ
([Zo* [ P[QP) ()

This can be rewritten on a log scale with the incorporation
of the observed D, as follows

log(Dy,) = log(Kgy) + 2log[I"] + 2 log[Ql] (3)

EX
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Now, the observed D, can be converted into the theoretical
D05 at 0.2 mol L™" available TOMALI by incorporating the
actual concentration of TOMAI that is left based on the UV—
vis absorption measurements

log(Dz,,0,) = log(Dz,) + 21og(02) — 2 10g([QI]eq) (4)

where [QI],, is the start concentration of TOMAI (0.2 mol
L") minus the converted TOMAI concentration.

Alternatively, a mathematical correction could be avoided by
limiting the oxidization and decomposition of HI. However,
this is highly impractical as light and oxygen should be avoided
during all parts of the process.”” The greater experimental
accuracy resulting from such manipulations does not justify the
impracticalities of working in gloveboxes in the dark because
an almost quantitative correction can be made mathematically.

A final remark on the extraction of Znl, by TOMAI should
be made. The organic phase splits into two separate phases
when the solution was contacted with Znl, in 4—S mol L™' HI
after it was kept for more than 1 day. This third phase
formation can probably be attributed to the partial conversion
of TOMAI into TOMAI, in combination with a relatively high
metal loading. Thus, the instability of HI limits the
applicability of solvent extraction processes with HI and
basic extractants, even though they are useful for more
fundamental studies. Iodination of toluene could also influence
the extraction system, but such products were found (see the
Supporting Information). Due to the practical limitations of HI
and due to the very high D7, from HI solutions, the extraction
of cadmium(II) from HI was not conducted. The even higher
extraction efficiency of cadmium (II) would make it impossible
to accurately determine the aqueous cadmium(II) concen-
tration at equilibrium with inductively coupled plasma-atomic
emission spectroscopy (ICP-OES), resulting in excessively
large errors on Dcg.

2.2. Acid and Water Distribution. Apart from the metals
themselves, acids and water can also be found in the organic
phase after solvent extraction. The presence of these
substances in the organic phase should also be considered to
understand and compare the solvent extraction of metals from
different acid concentrations and in different anion systems. To
quantify the amount of water and acid in the organic phase,
experiments were performed without metal ions. Aqueous
solutions with different concentrations of acid were contacted
with 0.2 mol L™ TOMAX in toluene, where X is CI~, Br~, or
I". The anions of the acid and the extractant were always the
same in a solvent extraction sample to avoid metathesis of the
extractant.

The concentration of acid in the organic phase at
equilibrium was determined using the difference in density of
the initial aqueous phase and that at equilibrium (Figure 3).
HCl is present to a larger extent in the TOMACI organic phase
than HBr in the TOMABr phase and HI in the TOMAI phase.
Based on Figure 3, one could draw the conclusion that the HBr
and HI contents seem to be similar, but this is not correct as
part of the HI is oxidized to 13— and extracted by TOMAI
(vide supra). As a result, the actual HI content in the organic
phase will be lower and an overall trend can be observed: the
acids of heavier halides are distributed less favorably to the
organic phase. This seems surprising since the more hydro-
phobic heavier halides are generally more stabilized in the
organic phase.””*® The water content in the organic phase
might shed some light on this contradictory observation.
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Figure 3. Acid content in the organic phase containing 0.2 mol L™
TOMACI/Br/I at increasing equilibrium aqueous acid content. Error
bars are included based on triplicate measurements.

The water content in the organic phase after extraction
without metals was measured by Karl Fischer titration (Figure
4). A larger anion results in a more hydrophobic extractant,
which explains the observed trend of decreasing water content
from TOMACI > TOMABr > TOMAIL A slight additional
decrease in the water content of the organic phase for the
samples with HI and TOMAI can be expected with the
increasing HI concentration because a part of TOMAI is
converted into the even more hydrophobic TOMAI,.**

Extractants consisting of a quaternary ammonium cation
with long alkyl chains and a counteranion typically organize
into reverse micellar structures due to their surfactant-like
properties.”> > Most of the water in the organic phase is then
found inside these reverse micelles. This can also explain the
large amount of water that can be dissolved in organic phases
with a high quaternary ammonium extractant concentration.””
It is now possible to come back to the unexpected trend in the
distribution of acids to the organic phase (Figure 3). It was
observed that the more hydrophilic HCl is distributed more to
the organic phase than the more hydrophobic HBr. This can
be explained by the presence of more water in the organic
phase of those samples with HCI and TOMACI. The 0.2 mol
L™! TOMACI organic phase contains more water than the 0.2
mol L™ TOMABr for the same acid content, suggesting the
presence of more and/or larger reverse micelles. The interior

[H,0],rg (
2.5+

m%)

2.0

0 2 4 6 8 10
[HX],q,eq (MOl L)

Figure 4. Water content in the organic phase containing 0.2 mol L™t
TOMACI/Br/I at increasing equilibrium aqueous acid content. Error
bars have been omitted because the error on the measurements was
less than 1%.
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Figure 5. Raman spectra of zinc(II) in aqueous HCI (A), HBr (B), and HI (C) and cadmium(II) in HCI (D) and HBr (E). The insets give an

enlarged view of the peaks of the octahedral species.

of these reverse micelles has a chemical environment that is
similar to that of the bulk aqueous phase and can thus
accommodate a similar concentration of acid to that in the
bulk aqueous phase. Of course, the micelles are micro-
structures for which surface effects cannot be neglected.
Consequently, the content of the reverse micelles is not likely
to be as homogeneous as that of the aqueous phase.

The decrease in the water content with the increasing
aqueous acid concentration can thus be explained by two
effects. First, an increasing acid concentration in the aqueous
phase decreases the water activity. This leaves less free water in
the system. Second, some water molecules might be replaced

27927

by acid in the reverse micelles when more acid is present in the
system.

2.3. Raman Spectroscopy. The metal speciation can be
used to interpret the origin of the differences in the extraction
of zinc(II) and cadmium(II). In the literature, the speciation of
zinc(1I) and cadmium(II) halides has been studied by different
experimental techniques, including potentiometry,”*** vibra-
tional**™*® and XAFS spectroscopy,”’~* and ab initio
calculations.’”™>* Some of these studies are helpful in
determining the structure of the different species present in
solution, but it is difficult to compare the speciation profiles of
different metal halides with each other based solely on the
preexisting literature. That is because different techniques,
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equipment, and analysis methods are used and not all data are
available for every metal—halide combination. Most impor-
tantly, differences in ionic strength will result in different
speciation profiles.

To avoid some of these issues and to fill any gaps in the
speciation profiles of the metal—halide complexes, Raman
spectra of zinc(II) and cadmium(II) were recorded in aqueous
HCI, HBr, and HI media. The metal concentration was equal
to those in the solvent extraction experiments. Zinc(1l) or
cadmium(II) salts with weakly coordinating anions (per-
chlorate and tetrafluoroborate) were added to enable analysis
at zero concentration of halides and to use them as internal
standards for a quantitative analysis. The raw recorded Raman
spectra can be found in the Supporting Information, while the
species found in the processed Raman spectra (Figure S) are
discussed below.

The zinc(II)—chloride speciation in HCIl media looks very
similar to that in LiCl media, which has already been discussed
extensively in our previous work.”” In water, in the absence of
halides, one octahedral species is observed, with a Raman peak
at 388 cm™". This is the fully hydrated [Zn(H,0),]*" ion and
this species is also encountered in the other zinc(II)—halide
solutions. On the other end of the concentration range, one
Raman peak is found at 280 cm™. This is the tetrahedral
[ZnCl,]*” complex. At intermediate HCI concentrations, only
a shift in the tetrahedral peak could be observed. Most likely,
this shift can be attributed to the formation of the
[ZnCl3H,0]" species based on calculations by Pye et al.,>
but it cannot be entirely excluded that also some
[ZnCl,(H,0),] is formed.>”

Different tetrahedral zinc(II)—bromide species can be
distinguished easily with Raman spectroscopy, while only the
octahedral [Zn(H,0)¢]*" is visible in the absence of added
HBr.*'~* [ZnBr,]*" is found at 171 cm!, [ZnBr;H,0]" at 184
cm™, and [ZnBr,(H,0),] at 205 cm™ when HBr is
added.**** No Raman peak could be observed that could be
assigned to the [ZnBr(H,0);]" species. At a higher temper-
ature, such a peak was reported by Yang et al. and by Marley
and Gaffney around 240 cm™, albeit with a very low
intensityf“’43

The Raman spectra of zinc(I) in HI media show a similar
trend, but the tetrahedral Zn—iodide Raman peaks are even
more separated. The positions of the peaks observed in this
study agree well with those reported in the literature."* Apart
from the octahedral [Zn(H,0)4]*" at 388 cm™, three Raman
peaks of tetrahedral complexes were observed: [ZnI,]*” at 173
and 121 cm™, [ZnI;H,0]™ at 138 cm™!, and [ZnI,(H,0),] at
164 cm™. Again, no octahedral iodidozinc(II) complex could
be detected, although Wakita et al. report the presence of
[ZHI(H20)5]+-44

The cadmium(Il)—halide speciation was investigated by
Raman spectroscopy only in HCI and HBr media because of
the stability issues with HI (vide supra) and the absence of
cadmium(II) solvent extraction experiments in iodide media.
The Raman peak of the fully hydrated cadmium(II) species
[Cd(H,0)¢]*" is found between 356 and 360 cm™. In both
the HCl and HBr solutions, a shift in the position of the
octahedral peak to lower wavenumbers was observed. This can
be attributed to the formation of [CdCI(H,0);]* and
[CdBr(H,0);]*, respectively. After deconvolution (vide
infra), peaks at 341 and 331 cm™ are found for the
monochlorido and monobromido species, respectively. These
Raman peaks cannot be assigned with certainty due to a lack of

literature data, but the structure of several cadmium(II) species
was already obtained by various other experimental techni-
ques.””* These structural data are not consistent concerning
the geometry of [CdCL,(H,0),]: Butterworth et al. found that
it is octahedral, while Bazarkina et al. found that it is
tetrahedral.**°

The tetrahedral species of cadmium(II) in HCI and HBr are
Raman active. In HCl solution, a change in the Raman shift of
the tetrahedral peak indicates the presence of more than one
tetrahedral species. [CdCl,]*>” was identified at 260 cm™, as
was also done by Davies et al.** The shift to lower
wavenumbers at intermediate HCIl concentrations indicates
the formation of [CdCL;H,0]™ and/or [CdClL,(H,0),] if the
latter is also tetrahedral. However, it is impossible to say which
species cause which Raman shift without the deconvolution of
all spectra. In HBr media, the Raman peak of the tetrahedral
species does not shift with changing HBr concentration. This
strongly suggests that only one single tetrahedral species is
formed at 162 cm™: [CdBr,]*". This position for the Raman
peak of [CdBr,]*~ is also found in the literature.*>*°

A change in speciation of the metal complexes in the organic
phase might also significantly influence their extraction. For the
zinc(II) system, the literature data show that [ZnCl,]*" is
always formed, but no relevant data could be found for the
cadmium(1I) system.’”*" To check whether the speciation of
the cadmium changes in the organic phase, Raman spectra
were recorded for CdBr, (0.05 mol L™) in 0.2 mol L™
TOMABr in contact with aqueous solutions with different HBr
concentrations (Figure 6). The baseline of the Raman spectra
is rather noisy due to the short measurement times, which were
necessary to limit the high background signal of the organic
phase. Nevertheless, the position of the peak of cadmium(II)
in TOMARBT is identical for the extractions from both 0.52 and
4.86 mol L™" HBr. This strongly indicates a constant speciation
of cadmium(II) in the organic phase over the whole aqueous
acid concentration ranges employed in this study. Both peaks
are found at 159 cm ™", which is close to the peak of [CdBr,]*~
in the aqueous phase. This small difference between the shift in
the organic and aqueous phase can be explained by the change
of solvent.

2.4. Speciation Profiles. It is easier to compare the
speciation of zinc(II) and cadmium(II) from different halide
solutions using speciation profiles instead of Raman spectra.
Therefore, the mole fraction (x) of each metal species (eq S)

0.52 mol L'
4.86 mol L™
HBr

100 159 200
Raman shift (cm™)

Figure 6. Details of the Raman spectra of 0.05 mol L™ cadmium(II)
in 0.2 mol L™ TOMABr in toluene after extraction from 0.52 or 4.86
mol L™ HBr.
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Figure 7. Speciation profiles of zinc(I) and cadmium(II) in aqueous HCI, HBr, and HI. Water in the first coordination sphere was omitted in the

labels to increase readability.

was determined as a function of the acid concentration using

the spectra in Figure S.

n([MX, ™)

*(IMX,P ) = ————
oo HIMXTT) (s)

Here, n is the number of moles and the summation in the
denominator goes over every metal—halide species in
solutions.

The spectra were deconvoluted with a Voigt function to
obtain the best fit for liquid samples.” An average peak center,
Gaussian width, and Lorentzian width were taken for one
Raman signal over the whole concentration range of an acid.

27929

This resulted in the most accurate calculation of all speciation
profiles, which are shown in Figure 7.

Zinc(Il) coordinates the most favorably with chloride,
followed by bromide and finally iodide. This series agrees with
the prediction of the HSAB concept.”® Zinc(1I) is a borderline
hard Lewis acid, which bonds strongly to the intermediately
hard Lewis base chloride. Therefore, water molecules (hard
Lewis bases according to HSAB coordinated to zinc(Il) are
rather easily exchanged for chloride anions. The bromide is a
softer Lewis base, which explains its relatively lower bond
strength with zinc(1I) and more difficult exchange with water.
Iodide is even softer than bromide due to its even larger ionic
radius and hence larger polarizability.
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The speciation profile of zinc(II) in HCI solution is shown
in Figure 7, top left. A maximum mole fraction of the zinc(II)
species with an intermediate number of bound chlorides is
already found at 1.5 mol L™" HCL Only [ZnCLH,0] is
considered in the speciation profile because the Raman spectra
and the literature data indicate that only this complex is stable
(vide supra).>®

For zinc(I) in HBr solution (Figure 7, middle left), more
fully hydrated zinc(1I) is found at low HBr concentrations, and
some [ZnBr(H,0);]" is formed. The latter was not detected in
the Raman spectra, but it was incorporated to get a correct
mass balance of zinc(II) in all HBr solutions. The absence of a
Raman peak from [ZnBr(H,0);]* can be explained by a very
low quantity and insensitivity of the Raman effect of that
species. The intermediate species [ZnBr,(H,0),] has a
maximum mole fraction at 2.0 mol L™' HBr. Between 2.5
and 3.0 mol L™ HBr, the maximum of [ZnBr;H,0] is found,
and all zinc(II) is coordinated to four bromide anions above an
HBr concentration between 5.0 and 8.25 mol L™,

In HI media (Figure 7, bottom left), zinc(Il) starts to
coordinate with iodide only at HI concentrations higher than
0.5 mol L™, [ZnI(H,0)]" is incorporated in the speciation
profile, despite its absence in the Raman spectra, to fulfill the
mass balance in all samples. [ZnI,(H,0),] is maximally formed
at 2.5 mol L7!, the maximum of [ZnI;H,0]” is formed
between 3.0 and 4.0 mol L™! HI, and [ZnI,]*" is formed at
even higher HI concentrations. All zinc(II) ions are
coordinated to four iodide ions above an HI concentration
between 5.0 and 7.2 mol L™".

Cadmium(II) and zinc(II) are in the same group in the
periodic table (group 12 according to the IUPAC rules),
resulting in similar chemical properties. However, cadmium-
(11) is found one row below zinc(II), which explains its larger
ionic radius. This makes cadmium(II) a soft Lewis acid
according to the HSAB concept. As a result, cadmium(II)
bonds more strongly to softer Lewis bases such as bromide
than to hard Lewis bases such as chloride or water. This
opposite trend compared to zinc(Il) is also observed in the
speciation profiles (Figure 7). In general, halides coordinate at
a lower halide concentration to cadmium(II) than to zinc(II)
because the hard Lewis base water is more easily exchanged for
the softer halides in cadmium(II) complexes.

In HCl media (Figure 7, top right), the intermediate
[CdCl,(H,0),] is maximally formed at 0.50 mol L™ HCI,
while full conversion into [CdCl,]*" is observed at 5.0 mol L™*
HCL Note here that [CdCl,(H,0),] and [CdCI;H,0]~ could
not be designated to clearly separated Raman peaks. The final
mole fraction of both species was eventually obtained by taking
into account the area and the Raman shift of all peaks in all
spectra. In HBr media (Figure 7, bottom right), only
[Cd(H,0)¢]*, [CdBr(H,0)]*, and [CdBr,]*” are formed
(vide supra). The maximum amount of [CdBr(H,0)]* was
formed below 0.1 mol L™! HBr, and all octahedral cadmium-
(1) species disappeared at 2.0 mol L™' HBr. Above this
concentration, [CdBr,]*>~ was the sole species present.

3. DISCUSSION

The extent to which a metal is extracted by a basic extractant is
strongly influenced by the speciation of the metal in the
aqueous phase: metals are extracted more efficiently when they
are less stabilized in the aqueous phase.' Decreasing the
stabilization of a metal in the aqueous phase means decreasing
its effective hydration. This can be obtained by reducing the

charge density of the metal cation by complexation with
anions.”” Coordination of an increasing number of anions
increases the size of the metal complex and decreases its charge
until the positive charge of the metal cation is completely
compensated by the charge of the coordinated anions, and an
electrically neutral species is formed. Coordination of more
anions will again increase the charge of the metal complex
(with the formation of anionic complexes), which again leads
to an increased charge density and hydration. This means a
minimum in metal complex hydration is obtained at an
intermediate acid or salt concentration where the metal
complex with the lowest charge density is maximally formed.”!

Note that the decrease in extraction efficiency cannot be
attributed to competition with the extraction of HX2— at high
HX concentrations. In an earlier publication, we reported that
the association between HCI2— and TOMA is unlikely and
clearly demonstrated the absence of evidence for competition
between the extraction of Co(II) and HCl by TOMACL*'

The choice of acid or salt influences not only the extraction
efficiency of a metal ion via complexation but also the amount
of water available to hydrate the metal complexes, as the salt or
acid ions are hydrated themselves.””*" Salt cations or anions
that are more strongly hydrated reduce the number of free
water molecules that can stabilize the metal complexes and
hence enhance the extraction of metals. This can be considered
a salting-out effect. This explanation of the effects of the
aqueous phase composition on the extraction by basic
extractants is largely based on studies with chloride salts with
different cations or HCl. A further, more encompassing
investigation is obtained when also looking at different salt
or acid anions.

The combined effect of these two phenomena (metal
speciation and amount of free water molecules) is the
determining factor to explain differences in the extraction of
metals by a basic extractant at different acid or salt types and
concentrations, that is, if the speciation of the metal in the
organic phase is constant. Literature data suglport a constant
speciation of zinc(II) in the organic phase.”””" For cadmium-
(I1), a constant speciation in the organic phase is also observed
(Figure 6). The complexes of both metals coordinate with any
additional halides from the extractant to form tetrahalo
complexes. These complexes are then stabilized in the organic
phase by electrostatic interaction with the TOMA cation in
their outer coordination sphere.’

A correlation is observed between the acid concentration at
which the zinc(Il) species with the lowest charge density is
formed, and the extraction maximum is observed. Figure 8
combines the relevant aspects from the extraction experiments
(Figure 1) and the speciation profiles (Figure 7) for zinc(1I).
Of all tested halides, chloride forms the most stable complexes
with zinc(II). The maxima of the corresponding speciation
curve and Dy, curve in Figure 8 are hence found at lower
concentrations of HX compared to the other systems. The
speciation maxima of [Znl,(H,0),] and the extraction
maximum in iodide media are found at higher concentrations
of HX because of the weaker coordination of iodide to
zinc(IL).

In the cadmium(II) system, similar trends are observed: the
halide that coordinates stronger to cadmium(II) also results in
an extraction maximum at a lower halide concentration. Note
here that the order of the halide series is reversed (Figure 9).
The softer Lewis base bromide coordinates more strongly to
the softer acid cadmium(II). This explains the maximum of
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Figure 8. Dy, (top) and the formation of the zinc(II)—halide species
with the lowest charge density in the aqueous phase. The maxima
coincide quite well in all tested halide systems.
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Figure 9. Dy (top) and the formation of the cadmium(1I)—halide
species with the lowest charge density in the aqueous phase.

Dcg at 1.5 mol L™" in bromide media compared with 2.0 mol
L7" in chloride media.

The maximum D, value for each halide system increases
from HCI to HI media. This is in spite of the stronger
zinc(II)—chloride bonds as compared to the zinc(II)—iodide
bond, which could be expected to promote the formation of
the tetrachloro species in the organic phase. The same trend of
increasing maximum Dy value with the increasing halide ion
radius is observed. For cadmium(II), this trend coincides with
the increase in strength of the cadmium(II)—bromide bond as
compared to that of the cadmium(II)—chloride bond. Thus,
more hydrophobic anions, such as iodide, promote the
extraction of metals, regardless of the differences in strength
of the metal—anion bond. Two reasons can be given for this
observation. First, less water is found in the organic phase
containing an extractant with a more hydrophobic anion
(Figure 4). Consequently, there is less water in the organic
phase that can destabilize the extracted metal complexes
associated with the extractant, which enhances its extraction.>
Second, the larger halides will result in larger metal—halide
complexes, in which the charge of the metal complex is more
delocalized. Moreover, these bonds are less polarized due to a
smaller difference in electronegativity between the halide and
the metal. This reduces the hydration of the metal—halide
complex, which destabilizes the metal—halide complex in the
aqueous phase and enhances its extraction.”®

A mismatch between the halide concentration of the
position of the maximum in D¢y and the halide concentration
at which the maximum amount of the cadmium(Il) species
with the lowest charge density is found. The maximum in the
D¢y curve is shifted to a considerably higher halide
concentration compared to the maximum in the speciation
curve of Figure 9. This shift is also observed for the zinc(1I)
systems but significantly less pronounced. This observation can
be attributed to a second effect that influences the extraction,
apart from the speciation of the metal in solution. All
employed acids also induce salting-out of the metal complexes,
resulting in an increased extraction at higher acid content. This
results from hydration of the acid itself, leaving fewer free
water molecules to hydrate and stabilize the metal complexes
in the aqueous phase. This effect is most pronounced for the
cadmium(II) extraction systems. Here, the maximum D is
found at a very low halide concentration where a small
absolute increase in acid concentration results in a larger
relative increase of acid concentration than at higher absolute
acid concentration. The larger relative increase in acid
concentration results in a relatively larger increase in salting-
out strength.

In general, cadmium(II) is more efficiently extracted than
zinc(1I) because of its stronger coordination with halide ions.
This results not only in the formation of cadmium(II)—halide
complexes in the aqueous phase at a lower acid concentration
but also in a stronger tendency to form tetrahalo complexes
when associating with the TOMA cation.

4. CONCLUSIONS

The differences in the solvent extraction of zinc(II) and
cadmium(II) in different halide media by trioctylmethylam-
monium halides (TOMAX, where X = Cl, Br, or I) were
investigated by looking at the aqueous and organic metal
speciation, acid distribution, and water content in the organic
phase. The extraction of zinc(I) and cadmium(II) by
TOMAX occurs most efficiently at an anion concentration at
which the zinc(II) or cadmium(Il) species with the lowest
charge density predominate. This observation further supports
the hypothesis that the hydration of the metal complex in the
aqueous phase plays a predominant role in the extraction of
metals by basic extractants. The extraction of a metal is
promoted by lowering its charge density via coordination of
the right number of anions with a low charge density. Other
positive effects on the extraction efficiency for a given
extractant type and concentration include decreasing the
water content of the organic phase. The use of different anions
and the focus on hard—soft interaction differences allowed an
in-depth investigation of the mechanism of solvent extraction
by basic extractants. These new insights might be of interest in
the development and optimization of separation routes for
metals, especially for zinc(Il) and cadmium(II) in different
halide media, for which speciation profiles can now be easily
compared.

5. EXPERIMENTAL SECTION

5.1. Chemicals. HNO; (65 wt %), NaCl (99.99%), HCI
(~37 wt %), and toluene (>99.8%) were purchased from VWR
(Leuven, Belgium). Zn(ClO,),-6H,0 (99.7%), Zn(BF,),
x«H,O (182 wt % Zn), Znl, (>98%), trioctylamine (TOA)
(98%), and HBr (48 wt %) were purchased from Sigma-
Aldrich (Overijse, Belgium). The aqueous nickel, cadmium,
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zinc standards (1000 mg L' in 2—5% HNO;), and ZnCl,
(>98%) were obtained from Chem Lab (Zedelgem, Belgium).
TOMACI (98%) was purchased from J&K Scientific (Lommel,
Belgium). CdCl, (99%) and CdBr,-4H,0 (98%) were
purchased from Acros Organics (Geel, Belgium). HI
(stabilized with 1.5% H,PO,, 57 wt %) and Cd(ClO,),
6H,0 (98%) were purchased from Alfa Aesar (Heysham,
United Kingdom). Znl, (>98%) was purchased from Fluka
Honeywell (Leuven, Belgium). Water was always of ultrapure
quality, deionized to a conductivity of less than 0.055 uS cm™
(298.15 K) with a Merck Millipore Milli-Q Reference A+
system. All chemicals were used as received, without any
further purification. The bromide and iodide forms of
TOMACI] (TOMABr and TOMAI, respectively) were
synthesized from TOMACI. Details on the synthesis of these
compounds can be found in the Supporting Information.
Caution! Cadmium salts are highly toxic with both acute and
long-term health hazards. Contact with skin, inhalation, or
ingestion should be absolutely avoided by wearing the
appropriate PPE and by working in a fume cabinet while
handling solids to avoid dust inhalation.

5.2. Metal-Free Solvent Extractions. Solvent extraction
experiments were performed without the addition of an
extractable metal ion in order to measure the water and acid
uptake in the organic phase. These experiments were
conducted with 5.0 mL of each phase in 20 mL glass vials.
The aqueous phases containing HCIl, HBr, or HI were created
by adding an aliquot of a concentrated acid (HCl, HBr, or HI)
to an appropriate volume of water. TOMACI, TOMABr, or
TOMAI was diluted with toluene to create the organic phase
with an extractant concentration of 0.2 mol L™". The anion of
the extractants was matched with the anion in the aqueous
phase to allow an unambiguous investigation of the different
anion systems. The vials were shaken for 30 min at 250 rpm at
room temperature with a Kuhner ES-X shaker. Phase
disengagement was facilitated by centrifugation for 2 min at
2000 rpm in an Eppendorf 5804 centrifuge.

The water content in the organic phases was measured using
a volumetric Karl Fischer titrator (Mettler-Toledo model
V30S). Water from samples was introduced to the titrator via a
Stromboli oven sample changer (Mettler-Toledo). This was
done to avoid the introduction of interfering solutes in the
titration vessel. Acids must be excluded from samples to be
measured by the Karl Fischer method. Therefore, the acid in
the organic phase was neutralized with TOA prior to the Karl
Fischer titration. This was done by adding an excess of TOA
(0.4 mL) to 2 g of the sample. TOA was chosen as the base as
its reaction products with acids are soluble in toluene. In
addition, the water content of pure TOA was determined in
order to calculate the correct water content in the samples.
The Stromboli oven was set to 150 °C to ensure that all water
in the samples evaporated while avoiding decomposition of the
TOMAX and TOAHX with the release of volatile HX or
CH,X (X is CI~, Br~, or I7).”

The acid concentration in the organic phase was determined
based on the density difference of the aqueous phase before
and after contact with the organic phase. The density—
concentration conversion for the acids was based on the
measured density of the aqueous starting solutions and the
volumetric preparation of the starting solutions from acid stock
solutions with known concentrations. Densities of the
solutions were measured with an Anton Paar DMA 4500M

densitometer. This approach is justified due to the negliégible
solubility of TOMAX and toluene in the aqueous phase.”

5.3. Zinc(ll) and Cadmium (ll) Solvent Extractions.
Single-element solvent extractions with zinc(II) or cadmium-
(1I) were performed with 4.0 mL of each phase in 20 mL glass
vials. The metal concentration in the aqueous phase was kept
constant by adding a fixed volume of an aqueous metal stock
solution [1.0 mol L™! zinc(II) or cadmium(II) in water] to an
aliquot of a concentrated acid (HCl, HBr, or HI) and water.
The final concentration of zinc(Il) or cadmium(II) in the
aqueous samples was 0.05 mol L™". The anion of the added
metal halide was matched with the anion of the acid to avoid
interference of different anions in the system. To avoid
hydrolytic precipitation of zinc(II) or cadmium(II), 0.05 mol
L™' HCl, HBr, or HI was added to the zinc(II) and
cadmium(II) stock solutions.

TOMACI, TOMABr, or TOMAI was diluted with toluene
to create an organic phase with a concentration of 0.2 mol L™*
extractant. Again, the anion of the extractant was matched with
the anion in the aqueous phase to allow an unambiguous
investigation of the different anion systems. Before the actual
solvent extractions, the organic phases were equilibrated with
aqueous solutions with the same acid concentration. This
minimizes acid concentration, water content, and volume
changes during extraction. The extraction of metals was
quantified by the distribution ratio of the metal M (Dy,)

CM,org
Dy =——

CM,aq (6)

where cy;,q and ¢y o are the equilibrium metal concentrations
in the aqueous and organic phase after extraction, respectively.
Dy, was preferred over the percentage extraction as it
represents the best underlying physical chemistry.'

All extractions were performed by shaking at 250 rpm for 30
min at room temperature, and phase disengagement was
accomplished by centrifugation for 2 min at 2000 rpm. The
metal concentrations in the aqueous phase before and after
extraction were measured using ICP-OES with a Perkin Elmer
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 HNOj; (2 vol %), except for the extractions in HI media.
These ICP-OES samples, calibration, and quality controls were
diluted in HCI (2 vol %) to avoid a redox reaction between
HNO; and HI. All ICP-OES spectra were measured in
triplicate. Calibration curves were made using solutions of 0.1,
1, and 10 mg L™" of the corresponding metal, prepared from a
standard solution. Quality checks were performed with 5 mg
L' metal solutions. Ni(II) (5 mg L™') was added to all
samples, calibration solutions, and quality controls and applied
as internal standards only if the quality checks failed because of
matrix effects. The concentration of metal in the organic phase
was calculated from the mass balance. No precipitation of third
phase formation was found in the period between the
experiments and the measurements. The experimental error
in the metal concentration in the aqueous phase was calculated
based on triplicate measurements and was less than 5%. This
results only in a small error on the calculated Dy, hence error
bars on the graphs were omitted to increase legibility.
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5.4. Raman Measurements. Raman spectra of 0.05 mol
L™! aqueous zinc(IT) or cadmium(II) solutions with different
HCl, HBr, or HI concentrations were recorded using a
confocal Horiba Jobin Yvon LabRam HR evolution Raman
microscope. The 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 (4 = $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 quartz cuvettes (4 mL) using a X10_VIS_LWD microscope
objective to focus the laser beam at the center of the cuvette.
The perchlorate salts of zinc(II) and cadmium(II) were used
to avoid complexation with halides in the solutions with no or
little added acid. Zn(BF,), replaced Zn(ClO,), in the samples
with HI to avoid a redox reaction between perchlorate and
iodide.

Blank solutions were measured, and their spectra were
subtracted from the spectra of the zinc(1I)-/cadmium(II)-
containing samples to correct for the background signal. The
blank solutions had the same composition as the samples,
except for the presence of zinc(II) or cadmium(II). The
spectra were processed with LabSpec6 software from Horiba
and Origin 2018b software from OriginLab. The processed
spectra contained a significant amount of noise due to the low
intensity of the Raman signal of the measured zinc(II) and
cadmium(II) complexes. Consequently, the processed spectra
were smoothed using an adjacent-averaging method with a 10-
point window, and any remaining background was subtracted
with a baseline correction. The perchlorate peak at 462 cm™
or the tetrafluoroborate peak at 767 cm™' was used as the
internal standard to normalize all spectra.
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