Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Separation of iron(lll), zinc(ll) and lead(ll) from a choline chloride-
ethylene glycol deep eutectic solvent by solvent extraction

Stylianos Spathariotis™, Nand Peeters™, Karl S. Ryder?, Andrew P. Abbott?, Koen Binnemans® and
Sofia Riano*®

Deep eutectic solvents (DESs) were used as alternatives to the aqueous phase in solvent extraction of iron(lll), zinc(Il) and
lead(ll). The selective extraction of iron(lll) and zinc(ll) was studied from a feed of Ethaline (1:2 molar ratio of choline
chloride:ethylene glycol) and Lactiline (1:2 molar ratio of choline chloride:lactic acid), with the former DES being more
selective. A commercial mixture of trialkylphosphine oxides (Cyanex 923, C923) diluted in an aliphatic diluent selectively
extracted iron(lll) from a feed containing also zinc(ll) and lead(ll). The subsequent separation of zinc(ll) from lead(ll) was
carried out using the basic extractant Aliquat 336 (A336). The equilibration time and the extractant concentration were
optimized for both systems. Iron(lll) and zinc(ll) were stripped using 1.2 mol L oxalic acid and 0.5 mol L™ aqueous ammonia,
respectively. An efficient solvometallurgical flowsheet is proposed for the separation and recovery of iron(lll), lead(ll) and
zinc(ll) from Ethaline using commercial extractants. Moreover, the process was upscaled in a countercurrent mixer-settler

set-up resulting in successful separation and purification.

Introduction

Primary production of metals generates large volumes of waste
in the form of tailings and slags, which can contain significant
metal concentrations. For instance, waste from the zinc
production in the form of jarosite contains approximately 40%
iron, 9% zinc and 8% lead.! Another example is the fayalite slag
from the primary copper production, which usually contains
40% iron, 0.8% copper, 0.25% lead and 3% zinc.23 Both wastes
also contain other valuable metals such as scandium, cobalt and
nickel, which prompted several industries and research groups
to investigate their recovery.*> Furthermore, elements such as
lead, copper and zinc are hazardous and it is important to
remove them from the waste prior to disposal.%26 Thus,
reprocessing of secondary waste streams avoids the stockpiling
of environmentally harmful elements and can cause the
recovery of relatively valuable metals.

Solvent extraction (SX) is the most commonly used technique in
hydrometallurgy for the concentration and separation of
metals.” Hereby, a metal-rich aqueous phase is mixed with an
immiscible organic phase that contains usually an extractant, a
diluent and in some cases a phase modifier.8 During mixing, the
metals are extracted to the organic phase based on their
capability to form hydrophobic complexes with the
extractant.210 Both phases are disengaged after mixing,
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resulting in the selective separation and purification of metals
from the aqueous phase. Purification of the loaded organic
phase by scrubbing is executed when co-extraction of non-
desired solutes occurs. In the final stripping step, the loaded
organic phase is contacted with an aqueous solution capable of
stripping the desired metal resulting in a purified and
concentrated aqueous metal phase. Then the recovery of the
metal in its elemental state is usually achieved by
electrowinning or precipitation.10.11

The separation and recovery of Fe(lll), Pb(ll) and Zn(ll) from
aqueous solutions, that mimic Jarosite waste streams, has been
broadly studied using SX. Reportedly, the extraction of Fe(lll)
and Zn(ll) has been investigated by the extractant tri-n-butyl
phosphate (TBP), resulting in more than 90% Zn(ll) recovery.12
The separation of Pb(ll) and Zn(ll) from galena (PbS) was studied
by using the extractants TBP and Cyanex 272 (C272)
respectively, extracting 92% of Pb(ll) by TBP and 95% Zn(ll) by
Cyanex 272 at equilibrium pH 3.0. Fe(lll) impurities in these
processes were removed by precipitation using an ammoniacal
solution at pH 3.5.7 In general, the Zn(ll) extraction from
chloride media is performed by extractants such as Cyanex 923
(C923), Aliquat 336 (A336) or di-(2-ethylhexyl)phosphoric acid
(D2EHPA).13-15

Recently, a new branch of extractive metallurgy has emerged as
promising alternative to hydrometallurgy due to the increased
selectivity, namely solvometallurgy. This branch replaces
aqueous solutions by non-aqueous solvents such as molecular
organic solvents, ionic liquids or deep-eutectic solvents (DESs).
Thus solvents extraction is then not executed between aqueous
and organic phases, but between non-aqueous and organic
phases, named non-aqueous solvent extraction (non-aqueous
SX). These non-aqueous solutions do not imply a completely
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anhydrous phase.16 DESs are evaluated as alternatives in both
leaching and non-aqueous SX processes.17.18 DESs are mixtures
formed by hydrogen bond acceptors and hydrogen bond donors
that have a melting point that is lower than their individual
components. DESs are usually easy to prepare from relatively
inexpensive, biodegradable and recyclable compounds.19-23
Relatively little attention has been paid to the use of DESs as
alternatives to aqueous phases in solvent extraction.2! Foreman
achieved the extraction of transition metals using the
quaternary ammonium extractant Aliquat 336 (A336) from a
diluted system of 1:2 choline chloride:lactic acid.?* Riano et al.
studied the leaching and solvent extraction of B(lll), Co(ll) and
Fe(lll) from a non-aqueous feed of 1:2 choline chloride:lactic
acid, indicating that DESs can act as aqueous alternatives to
facilitate the extraction process.8

In this paper, DESs are employed to replace the aqueous phase
in the solvent extraction process to purify and separate a
mimicked Jarosite waste stream containing Fe(lll), Pb(ll) and
Zn(ll). Ethaline and Lactiline are mixtures of 1:2 molar ratio of
choline chloride:ethylyne glycol and choline chloride:lactic acid
respectively. Overall Ethaline and Lactiline are relatively cheap
and easy preparable DESs with relatively low viscosity.20.25
Chloride salts of Fe(lll), Pb(ll) and Zn(Il) were dissolved in both
DESs and the most efficient separation was achieved using non-
aqueous solvent extraction by contacting Ethaline with
commercial extractants C923 and A336. Although the main goal
is to evaluate DESs as non-aqueous phases to separate Fe(lll),
Pb(Il) and Zn(ll) in non-aqueous SX processes, some extraction
mechanisms are proposed. Since DESs are not involved in the
stripping processes, proposing stripping mechanisms was
omitted. The metal recovery processes were up-scaled in
countercurrent extraction cascades by using a small battery of
mixer-settlers. Mutual solubilities of the two phase systems
used in the mixer-settlers were determined after completion of
the separation.

Experimental
Products

Choline chloride (99%), ethylene glycol (99.5%), anhydrous
FeCls (99%), anhydrous AlClz (99%) and LaCls-7H,0 (99.99%)
were purchased from Acros Organics (Geel, Belgium). ZnCl,
(98%) was purchased from Chemlab-Analytical (Zedelgem,
Belgium). Ethanol (99.9%), PbCl, (98%), methanol-ds (99.8%),
Aliquat 336 (A336, a mixture of quaternary ammonium
chlorides, with 88.2-90.6% quaternary ammonium content)
and anhydrous oxalic acid (99%) from Sigma-Aldrich (Diegem,
Belgium). Cyanex® 923 (C923, a mixture of trialkylphosphine
oxides), Cyanex® 272 (bis(2,4,4-trimethylpentyl)phosphinic
acid) were obtained from Cytec Solvay group (New Jersey, USA),
TBP (tri-n-butyl phosphate) from Alfa Aesar (USA). The aliphatic
and aromatic diluents Shell GTL GS190 (C10-C13 aliphatic
hydrocarbon diluent) and Shellsol A150 (C9-C11 aromatic
hydrocarbon diluent) were obtained from Shell (Rotterdam, The
Netherlands), ammonia solution (25%), hydrochloric acid (37%)
and lactic acid (88%) from VWR International (Leuven, Belgium).
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All the chemicals were used as received, without any further
purification. Ultrapure water (18.2 MQ-cm) was obtained by a
Merck Millipore (Overijse, Belgium) Reference A* Milli-Q water
purification system.

Preparation of DES solutions

DESs were prepared by mixing choline chloride with ethylene
glycol or lactic acid, both at a molar ratio of 1:2 at 60 °C, to make
Ethaline and Lactiline respectively. The heavy phase (HP) (feed
or heavy polar phase) was prepared by dissolving FeCls, ZnCl,
and PbCl; in the right amounts in the DES, to obtain the
following concentrations: 2.80 g L Fe(lll), 1.96 g L1 Zn(Il) and
0.41 g L Pb(ll). The solution was stirred until it became
transparent and homogeneous.

Extraction, scrubbing and stripping experiments

Extraction experiments were performed in 4 mL glass vials. The
HP (DES phase containing the metals) and the LP (light phase or
less polar phase) were mixed at 1:1 volume ratio at 2000 rpm,
at temperature of 25 °C using a Nemus Life Turbo Thermo
Shaker TMS-200 for 20 min, unless stated otherwise. After
extraction, the vials were centrifuged at 5000 rpm for 20 s using
a Thermo Scientific Heraeus Labofuge 200 centrifuge to assure
complete phase disengagement. In the case of Zn(ll) extraction
from the DES feed with A336, the pre-equilibration of A336 was
firstly done by mixing A336 with pure Ethaline using a Burrell
Wrist-Action Shaker at 450 rpm for 20 min. Samples were
centrifuged in an Eppendorf Centrifuge 5804 at 4000 rpm for 1
min. Afterwards, the pre-equilibrated A336 phase was used for
the Zn extraction, following the methodology described before.
Extraction experiments in 40 mL tubes, containing 20 ml of each
phase, were performed to get a homogenous large volume of
the LP-loaded with metals-phase, in order to carry out the
several subsequent scrubbing and stripping tests with the same
starting LP phase, which were performed at 4 mL tubes.

Stripping of metals was carried out in 4 mL glass vials by
contacting the loaded LP with the stripping phase containing the
stripping agent following the same procedure as the extraction
(mixing and centrifugation). Metal concentrations in the heavy
DES and aqueous phases were determined by inductively
coupled plasma — optical emission spectroscopy (ICP-OES) using
an Optima 8300 spectrometer equipped with an axial
(AX)/radial (RAD) dual plasma view, a GemTip Cross-Flow Il
nebulizer, a Scott double pass with inert Ryton spray chamber
and a demountable one-piece Hybrid XLT ceramic torch with a
2.0 mm internal diameter sapphire injector. Dilutions were
done with 2 vol% nitric acid solutions and all ICP-OES analysis
were measured in triplicate. Samples were 1000 times diluted
and scandium(lll) was used as internal standard. A schematic
overview of a batchwise non-aqueous extraction experiment is
shown in Figure 1.

This journal is © The Royal Society of Chemistry 20xx



Figure 1: Schematic overview of a batchwise non-aqueous extraction
experiment. Stripping is performed in the same way having the loaded with
metals LP mixed with the stripping phased.

In order to calculate the concentration of the metals in the LP,
the concentration in the HP after extraction was subtracted
from the initial:

[M].p = [M]HPi = [M]up (1)

Where [M]p is the metal concentration in the light phase, [M]upi
is the metal concentration in the heavy phase before extraction,
and [M]up is the metal concentration in the heavy phase after
extraction.

Percentage extraction, distribution ratio and separation factor

The percentage extraction (%E) is defined as the amount of
metal extracted in the light phase [M].p over the initial amount
in the heavy phase [M]up;:

[M].p ()

%E = x 100

[M]upi

The distribution ratio (D) is defined as the concentration of
metal extracted in the light phase [M].p over the concentration
left in the heavy phase at equilibrium [M]yp :

_ Ml 3)
(Mlnp

The separation efficiency between two metals is correlated to
the separation factor (o) which is the fraction of the distribution
ratios of the two:

_ Dy (4)
o= M
Dy

where Dyi > Dw;.
In a similar way, the percentage stripping or scrubbing (%S) is
given by the metal concentration in the aqueous phase [M]aq

after the stripping or scrubbing divided by its concentration
before the extraction in the light phase [M].p:
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Counter-current upscaling with mixer-settlers

The number of theoretical stages was estimated by constructing
McCabe-Thiele diagrams for each process. This was done by
varying the phase ratio (LP:HP) between 11:1 and 1:11, followed
by plotting the determined metal concentrations in the
corresponding LP and HP after phase disengagement.
Afterwards, both extraction and stripping operations were
continuously executed in Rousselet PTFE lab-scale mixer-settler
units of universal type (Model UX 1.1), having a mixer volume
of 35 mL, a settler volume of 143 mL and a settler area of 49
cm?. In each settler, one baffle and two PTFE coalescence plates
were used to help the phase disengagement. Peristaltic pumps
of the type ProMinent Beta 4 were used to pump the HP and LP
phases via high density polyethylene plastic tubes. The
extraction of Fe(lll) and Zn(ll), together with the Zn(ll) stripping,
were executed in two mixer-settler stages; the Fe(lll) stripping
was done in three stages. For all operations, the HP phase was
the continuous phase, the flow rates of the HP and LP phases
were 2.8 mL/min and 2.5 mL/min respectively, and the phase
ratio LP:HP was kept at 1:1. A minor adjustment was done for
the Zn(ll) extraction by A336, whereby 20 wt% water was added
to the HP phase to lower the viscosity and phase disengagement
time. During the operation, samples (100 uL) of both the HP and
LP phases were collected at the end of each settler after every
30 min of operation time. The HP phases were analyzed with
ICP-OES as described earlier and the LP phases were analyzed
using a total reflection x-ray fluorescence spectrometer (TXRF;
Bruker S2 Picofox), equipped with a molybdenum X-ray source
and operated at a voltage of 50 kV. The quartz glass sample
carriers were first heated for half an hour at 60 °C in a hot air
oven. Sample preparation was done by mixing 25 ulL of loaded
light phase together with 50 pL gallium(lll) ICP standard and 925
UL ethanol. Analysis was done by adding 3 pL of this prepared
sample on the preheated carriers followed by drying 30 min at
the same temperature.

Mutual miscibility studies

Mutual miscibility experiments were done by mixing equal
volumes of HP and LP for 60 min, followed by centrifuging at
3000 rpm for 10 minutes. The solubility of ethylene glycol
(singlet, 3.46 ppm) and choline chloride (quartet, 4.00 ppm) in
C923 (40 wt% diluted in aliphatic diluent) and A336 were
determined with 'H NMR (Bruker Ascend 400 spectrometer,
operating at 400 MHz) using 1,2-dichloroethane (singlet, 3.70
ppm) as internal standard. The solubility of A336 (singlet, 0.91
ppm) in Ethaline (diluted with 20 wt% water) was determined
by 'H NMR using 3-pentanone (triplet, 1.06 ppm) as internal
standard. For all NMR measurements, deuterated methanol
was used as solvent. The solubility of C923 (singlet, 55 ppm) (40
wt% diluted in aliphatic diluent) was determined by phosphor
quantification with 31P NMR (Bruker Ascend 400 spectrometer,
operating at 243 MHz) using TBP (singlet, -0.5 ppm) as internal
standard. In order to include the metal concentration effect,
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chloride salts of Zn(ll) and La(lll) were dissolved in the DES to
obtain a concentration of 1.60 g L' and 2.05 g L! respectively.
All NMR spectra were analyzed using MestReNova software.

Results and discussion

Solvent extraction of Fe(lll) from Pb(Il) and Zn(ll)

The solvent extraction behavior of Fe(lll), Pb(ll) and Zn(ll) was
studied from two different DESs: Lactiline (1:2 molar ratio of
choline chloride:lactic acid) and Ethaline (1:2 molar ratio of
choline chloride:ethylene glycol). The studied LPs were TBP,
C272 and €923 diluted in an aliphatic diluent (Shell GS190), at
an initial extractant concentration of 30 wt% with the scope to
optimize it further once the optimum phase was selected. The
results are summarized in Table 1. The aliphatic diluent was
chosen because it has low ecotoxicity and photochemical
reactivity and is also biodegradable.16.26 Fe(lll) exhibits a high
affinity for C923 and is more easily and selectively extracted
from Ethaline than from Lactiline. The percentage extraction of
Zn(ll) from Ethaline was less than 20% for all tested extractants.
These results differ from conventional aqueous solvent
extraction, where €923 and C272 are known to be good Zn(ll)
extractants.”.23 This difference is very likely related to the
coordination ability of the DES. ZnCl, will coordinate with the
available ligands in the DES, causing that the solubilized metal
getsincluded in the DES framework. In this complex framework,
ZnCl, is most likely coordinated with the chloride anion of
choline chloride to form negatively charged complexes and is
surrounded by ethylene glycol molecules that coordinate with
that negative charge via hydrogen bonding networks.27-29 The
formation of this complex framework hinders the coordination
of C923 and C272 with Zn(ll) and hence lower the extraction
efficiency. Furthermore, another explanation for the deviating
C272 extraction behavior could be that the acidity of the DES is
not in the preferred range. Ethaline has almost neutral pH (6.89)
while Lactiline (pH 3.1) is more acidic. Therefore, Lactiline could
favor Zn(ll) extraction by C272.12.30-34

For the separation of Fe(lll), Pb(ll) and Zn(ll) from Ethaline, the
best results for the selective Fe(lll) extraction were obtained
with C923. The co-extraction of Zn(Il) was minimal and Pb(ll)
was not co-extracted. Extraction by TBP and C272 was less
selective and lower for all three metals. Even lower extraction
percentages were obtained when extracting from Lactiline and
none of the studied extractants allowed a selective separation
of the metals.

Table 1. Comparison of distribution ratios and percentage extraction of Fe(lll),

Pb(ll) and Zn(ll) by different extractants between Ethaline and Lactiline.®

Ex Dpyp Dz, Dre %Epr,  %Ezn  %Ere
TBP 0.37 0.26 043 27.10 20.50 29.90
Ethaline C272 0.18 0.07 0.22 15.10 6.90 17.80
€923 0.00 0.04 20.44 0.00 4.30 95.30
TBP 0.27 0.13 0.12 21.20 11.40 10.90
Lactiline C272 0.35 0.19 0.16 26.00 15.70 13.90
€923 0.27 0.09 0.78 21.30 8.40 43.70
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aShaking time: 60 min, 2000 rpm, 25 °C. Concentrations in the DES phase: 2.80 g
L1 Fe(lll), 1.96 g L't Zn(ll) and 0.41 g L'* Pb(Il). Concentration of extractants: 30 wt%

each in aliphatic diluent.

Figure 2: Effect of the C923 concentration in aliphatic diluent on the %E of
Fe(Il), Pb(ll) and Zn. Concentrations in the HP phase: 2.80 g L Fe(lll), 1.96
g L1 Zn(ll) and 0.41 g L'* Pb(Il). Shaking speed 2000 rpm at 25 °C,
equilibration time: 60 min.

The influence of the presence of multiple elements in the feed
was investigated as co-extraction of different metals is known
to influence metal distribution ratios in solvent extraction
systems. A DES feed solution was prepared mimicking the
composition of a real leachate of fayalite slag: 2.80 g L'* (0.05
M) Fe(lll), 0.41 g L-1(0.002 M) Pb(Il) and 1.96 g L-1 (0.03 M) Zn(ll).
The extraction behavior of C923 in an aliphatic diluent was also
tested at equimolar concentrations (0.002 M): 0.11 g L1 Fe(lll),
0.41 g L't Pb(ll) and 0.13 g L Zn(ll). This concentration was
chosen because higher Pb(ll) concentrations did not dissolve in
Ethaline. In both cases, C923 in aliphatic diluent was selective
towards Fe(lll) extraction from Ethaline, with no observable
extraction of Pb(ll) and some co-extraction of Zn(ll). The co-
extraction of Zn(ll) was higher in the feed with equimolar
amounts of each metal (case (1) in Table 2), as the metal
concentrations are lower and more free extractant molecules
are available to allow co-extraction of impurity metals. At high
metal concentrations in the feed, less free extractant molecules
are present and thus the metal that has the highest affinity will
be extracted preferentially and the co-extraction of less
preferred metals will be suppressed. This type of loading effects
can be exploited to increase the selectivity of solvent extraction
systems.

Table 2. Extraction from Ethaline by C923 using different metal concentrations.®

Fe/Pb/Zn (g L1) %Ere %Epp %Ezn
(1) 0.11/0.41/0.13 100.0 0.0 10.5
(2) 2.80/0.41/1.96 95.0 0.0 4.0
aShaking time 20 min, 2000 rpm at 25 °C. Light phase: 30 wt% €923 in aliphatic
diluent.
Furthermore, the influence of the concentration of the

extractant on the extraction of Fe(lll), Zn(ll) and Pb(ll) was
investigated by varying the concentration of C923 in the diluent
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between 10 and 100 wt%. The highest selectivity was achieved
at a C923 concentration of 40 wt%, which allowed 90% Fe(lll)
extraction in the LP phase with only 5% Zn(ll) co-extraction
(Figure 2). Above this concentration, Zn(ll) co-extraction
increased and this caused a slight decrease on the percentage
extraction of Fe(lll). Pb(ll) extraction remained insignificant at
all cases. Therefore, this extracting phase and concentration
(40% €923 in aliphatic diluent) will be used for the investigation
of the associated extraction process.

The contact time of the C923 extraction was also optimized
(Figure 3). The equilibrium was reached within 20 min of
shaking, as a constant maximum Fe(lll) extraction was achieved
of 95%. Furthermore, Zn(ll) co-extraction remained low and
constant over time, reaching 3% at 20 min of equilibration.

Figure 3:Effect of equilibration time on the extraction of Fe(lll), Zn and
Pb(I1). Concentrations in the HP phase: 2.80 g L' Fe(lll), 1.96 g L1 Zn(ll) and
0.41 g L1 Pb(I1). C923 concentration 40 wt% in aliphatic diluent. Shaking
speed 2000 rpm at 25 °C.

A possible mechanism for the extraction of Fe(lll) by C923 is
proposed. C923 is a solvating extractant formed by a mixture
of four liquid trialkylphosphine oxides.35 Lloyd et al. confirmed
the dominance of [FeCl4]-complexes in Ethaline.3¢ Thus, it is
most likely that these complexes accept a proton from
ethylene glycol in the DES to form the neutral HFeCl4
species,3? which are then extracted by the solvating extractant
(C923.22,38,39 These assumptions are integrated in the proposed
extraction mechanism (eq. 6):22:37-42

Feldus) + Hipes) + 4 Clipgs) + bC923(org) (6)
S [HFeCl1,1[C923]p (org)

After the separation of Fe(lll) from Pb(Il) and Zn(ll), recovery of
Fe(lll) was achieved by stripping the loaded LP phase with an
aqueous solution. Several stripping agents were investigated
and the results are summarized in Table 3. Among these, HCI
and HNOs have been used before for the stripping of Fe(lll) and
Zn(Il) from €923 when extracting from chloride media,*344 but
in our case dilute solutions of HCl or HNO3 were insufficient for
complete Fe(lll) stripping. A 1.2 mol L oxalic acid solution
stripped a maximum amount of Fe(lll) with insignificant co-
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stripping of Zn(ll). From these stripping tests, it can be
concluded that scrubbing of Zn(ll) can be carried out with
ammonia solution. Concentrations of NH3 below 0.1 mol L3,
caused the precipitation of Zn(ll):

Zn2* + 2NH; + 2H,0 = Zn(OH), (s, + 2NH} (7)

Higher NH3 concentrations result in the formation of the soluble
positively charged tetraammine zinc(ll) complex, Zn(NH3)4 2*.

Table 3. Effect of stripping agent on the metal stripping from the loaded €923

phase®

Stripping agent  Concentration (mol L'Y) %Sz, %S¢
MilliQ 0.0 29.3
HCI 0.1 0.0 21.4
HCI 1.0 0.0 2.4

HNO3 0.1 0.0 14.1
HNO3 1.0 0.0 10.4
Citric acid 1.0 0.0 33.9
NHs 0.1t 26.3 30.9
Oxalic acid 0.1 0.0 7.0

Oxalic acid 1.2 2.4 89.0

2Shaking time 20 min, 2000 rpm at 25 °C. Concentrations in LP phase: 2.66 g L!
Fe(lll) and 0.06 g L' Zn(l1).

bBelow this concentration a precipitate was formed.

However, Zn(ll) is only co-extracted in a relatively low quantity
(i.e. 60 mg Lt). This would probably be reduced to a negligible
amount when the extraction by C923 is executed in a multistage
continuous counter-current process. Therefore, more detailed
optimization of the Zn(ll) scrubbing was omitted.

Separation of Pb(ll) and Zn(ll)

After complete Fe(lll) extraction, the DES raffinate contained
only Pb(ll) and Zn(ll). Different types of extractants and diluents
were tested for the subsequent extraction of Zn(ll) (Table 4).
From previous experiments it was already known that C923,
C272 and TBP were unsuitable extractants for Zn(ll) from the HP
(Table 1). Another type of extractant that was considered was
Aliquat 336 (A336). N —decanol was added as a modifier to
enhance the miscibility between the A336 and the aliphatic
diluent. The extraction of metals is also influenced by the
physical properties of the diluent such as: density, viscosity,
dielectric constant and miscibility. Subsequently, an aromatic
diluent (Shellsol A150) was used because of its miscibility with
A336 and its higher density. Furthermore, aromatic diluents
improve the phase disengagement after mixing.#5-47 Significant
increase in Zn(ll) extraction was observed for A336 diluted in
the aromatic diluent, while Pb(ll) extraction was below
detection limit (Table 4).
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The next studied parameters were the A336 concentration in
the LP and the contact time. As shown in Figure 4 and Figure 5,
undiluted A336 allowed the highest Zn(ll) extraction efficiency
and reached equilibrium after 20 min contact time. As reported,
A336 can be suitable for Zn(ll) extractions.*34° To avoid
miscibility issues and phase volume changes, A336 was pre-
equilibrated with the DES before extraction. The dominance of
[ZnCl4]?- complexes in Ethaline has been reported in several
publications.36:50-52 These complexes are described as being the
extracted species during the extraction on Zn(ll) by A336 in
chloride media.144849.53 Therefore, the Zn(ll) extraction
mechanism by A336 can be described as follows:53-55

InZgs) + 4 Clipgs) + 2[A336][Cl org)
= [ZnCL][A336]; .,

(8)

+ 2 Clipgs)

Table 4. Extraction of Zn(ll) and Pb(Il) by different extractants for the separation of
Zn(ll) and Pb(ll).2

Journal Name

Zn(OH), + 4NH; = [Zn(NHs),]?* + 20H~ (9)

Figure 5: Effect of equilibration time on the Pb(ll) and Zn(l1) extraction by pre-
saturated A336. Shaking speed is 2000 rpm at 25 °C. Concentrations in the HP
phase: 1.96 g L1 Zn(Il) and 0.41 g L Pb(ll).

Table 5: Stripping of Zn(ll) from the light phase.2

Extractant Diluent Dpp Dz, %Epp %E 2,
TBP Aliphatic 0.00 0.06 0.00 Strippipg agent Concentration (mol L) %Szn
c923 Aliphatic 0.00 0.09 0.00 MiliQo 0.0
€272 Aliphatic 0.00 0.00 0.00 HClo.00 0.1 0.0
D2EHPA Aliphatic 0.12 0.05 10.30 HCls5 .00 1.0 0.0
A336 Aliphatic® 0.00 0.32 0.00 HN®4 50 0.1 0.0
A336 Aromatic 0.00 0.56 0.00 HN8s.00 1.0 0.0
€272 Aromatic 0.00 0.07 0.00 Oxadig@cid 0.1 0.0
aShaking time: 60 min, 2000 rpm, 25 °C. Concentrations in the HP phase: 1.96 g L- Oxalic Acid 1.0 0.0
1Zn(ll) and 0.41 g L'* Pb(Il). Concentrations of extractants: 30 wt% each.? 10 wt% H2504 1.0 0.0
n-decanol was added as phase modifier. Citric Acid 1.0 0.0
NHsb 0.1 6.7
NH3 0.5 77.5
NH3 1.0 74.3
NH3 2.0 74.2

Figure 4: Effect of A336 concentration in aromatic diluent on the extraction of
Pb(Il) and Zn(ll) Shaking speed 2000 rpm at 25 °C, equilibration time: 60 min.
Concentrations in the HP phase: 1.96 g L2 Zn(ll) and 0.41 g L Pb(ll).

Ammonia can form Zn(ll) complexes, and it can be successfully
applied as stripping agent (Table 5). With excess NHs, the
Zn(OH), precipitate dissolves according to equation 9. This
critical point was determined at 0.1 mol L'* NH; where Zn(OH),
is converted to the soluble tetraammine zinc(ll) complex
Zn(NH3)42+.14

6 | J. Name., 2012, 00, 1-3

2 Shaking time 20 min, 2000 rpm at 25 °C. Concentration in LP: 1.57 g L't Zn(ll).

bBelow this concentration precipitation was formed.

Lead(ll) precipitation in Ethaline

After several days of storage, a white precipitate was observed
in the DES feed solution containing dissolved PbCl,, FeCl; and
ZnCl,. To determine the composition of the precipitate, it was
filtered and washed with water and ethanol, followed by TXRF
analysis. The obtained spectrum of the remaining solid
confirmed the composition of PbCl,. The formation of this
precipitate was evaluated as a function of time as shown in
Figure 6.
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Figure 6: Decrease in Pb(ll) concentration in Ethaline with time after the
dissolution of PbCl, in Ethaline. Initial concentration in HP: 0.41 g Lt Pb(ll).

Figure 6 shows that PbCl, is unstable after being dissolved in the
DES. It dissolves at 60 °C, but starts to precipitate after cooling.
After 30 days, the precipitation is almost complete. In this way,
Pb(ll) is recoverable by isolating this precipitate, which enables
the recycling of the DES. However, cementation or
electrowinning is preferred because it accelerates the recovery
process significantly.#” Since the emphasis of the work is on
using DESs in non-aqueous SX processes to separate Fe(lll),
Pb(ll) an Zn(ll), further investigations on this precipitation
tendency of Pb(ll) were not executed.

Process scale-up using mixer-settlers

Based on the above results, a flowsheet for the separation and
recovery of Fe(lll), Pb(Il) and Zn(ll) is proposed (Figure 7).

Figure 7: Proposed flowsheet for the separation and recovery of Fe(lll), Zn(Il) and Pb(ll).

This flowsheet was validated in a continuous counter-current
circuit using mixer-settlers. Minor adjustments to the flowsheet
were needed to obtain successful process validation. First, PbCl,
was not dissolved in the DES feed for mixer settler experiments.
The reason for this is the Pb(ll) precipitation tendency as
described above and because the presence of solids in mixer-
settlers is highly undesirable. Secondly, the Zn(ll) extraction of
the DES raffinate with pre-equilibrated A336 showed undesired

This journal is © The Royal Society of Chemistry 20xx
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Figure 8: McCabe-Thiele diagrams for the DES Fe(lll) extraction with 40 wt% C923 in
aliphatic diluent (a), Fe(lll) stripping with 1.2 mol Lt oxalic acid (b), Zn(ll) extraction in
DES diluted with 20 wt% water by pre-equilibrated A336 (c) and Zn(ll) stripping with
stripping with 0.5 mol L (d). DES feed contained 2.64 g L Fe(lll) and 1.96 g L'* Zn(ll).
Shaking speed 2000 rpm, 3 h at 25°C.

features due to the relative high viscosity of both the HP and LP.
This resulted in long phase disengagement times and lower
Zn(l1) extraction efficiency. Batch scale experiments proved that
these problems were solved by adding 20 wt% water to the DES
(HP) or by extracting at 40 °C. The former approach was chosen
in order to reduce the process energy intensity. Stage numbers
and phase ratios were first determined by constructing
McCabe-Thiele diagrams. The vertical and horizontal solid lines
in Figure 8 represent the feed lines and operating lines
respectively. Furthermore, the slope of the operating lines
represents the used phase ratios, which are 1 : 1 for all
operations. The theoretical number of stages are represented
by the dashed lines, whereby one step is equal to one
theoretical stage. Figure 8 shows that two stages are required
for the Fe(lll) and Zn(Il) extraction and the Zn(ll) stripping, and
three stages for the Fe(lll) stripping. The phase ratio for all
operations is 1:1. The vertical

The determined parameters were successfully used as input for
the mixer-settler experiments, which are shown in Figure 9.
Each operation reached equilibrium after ca. one hour
operation time, no formation of undesired features such as
crud, third phase or precipitation were observed. Figure 9
confirms the successful process up-scaling. Fe(lll) was
quantitatively extracted by 40 wt% C923 in aliphatic diluent and
was subsequently completely stripped by 1.2 mol L-! oxalic acid.
The two stage counter-current extraction showed no co-
extraction of Zn(ll), as expected. Furthermore, the only Zn(ll)
remaining in the DES raffinate was diluted with 20 wt% water,
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hereafter completely extracted by pre-equilibrated A336 and
quantitatively stripped with 0.5 mol L't ammonia solution.

Figure 9: Evolution of the Fe(lll) and Zn(Il) concentrations during the mixer-settler
experiments. Fe(lll) extraction by 40 wt% C923 in aliphatic diluent (a). Fe(lll) stripping
by 1.2 mol L oxalic acid (b). Zn(ll) raffinate extraction by pre-equilibrated A336 (c)
and Zn(ll) stripping by 0.5 mol L* ammonia solution (d). All HP:LP ratios were kept
1:1, 850 rpm at room temperature. Initial DES feed contained 2.05 g L Fe(lll) and

Mutual miscibility studies

Relatively high mutual miscibility causes considerable losses of
the LP in HP and vice versa. This means that the lost amount of
LP and/or HP should be added after each cycle in the process to
compensate and ensure efficient extraction or stripping. Thus,
mutual miscibility can lead to a cost-ineffective process.
Therefore, the mutual miscibility of the two phase systems was
studied using quantitative NMR techniques. The Ethaline input
in the mixer-settlers experiments contained 2.05 g L* Fe(lll) and
1.60 g L2 Zn(l1). Fe(lll) ions are ferromagnetic and are therefore
not suitable for NMR measurements. In order to study the salt
concentration effect on the mutual miscibility, alternative
trivalent diamagnetic ions were tested. Al(lll) and La(lll) were
tested and only La(lll) was extracted by 40 wt% C923 in aliphatic
diluent with an efficiency that is comparable with Fe(lll) (84 %E
La(lll) vs 90 %E Fe(lll)). Therefore, La(lll) was substituted in all
Fe(lll) containing systems for mutual miscibility studies.

The solubility of pure A336 in Ethaline (containing 1.28 g L
Zn(l), diluted with 20 wt% water) is 0.07 g L'1. C923 (40 wt%
diluted in aliphatic diluent) is according to the obtained 31P NMR
spectrum immiscible in undiluted Ethaline (containing 2.05 g L!
La(lll) and 1.60 g L Zn(ll)) due to the absence of resonance
peaks. Since the lowest detected concentration of TBP as
internal standard is 0.50 g L1, the C923 solubility is reported as
lower as 0.50 g L'1. The choline chloride solubility is 0.35 g L-1in
C923 (40 wt% diluted in aliphatic diluent) and 1.50 g L! in
undiluted A336. The ethylene glycol solubility is 56.11 g L-1in
C923 (40 wt% diluted in aliphatic diluent) and 203.94 g L1 in
undiluted A336. These latter values are very high and therefore
undesirable from an industrial point of view. The solubility of
ethylene glycol in C923 could be reduced by increasing the
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dilution of the extractant. For example, the solubility of
ethylene glycol in 10 wt% (€923 in aliphatic diluent was
decreased to 19.75 g L1 and choline chloride was observed to
be completely immiscible as concluded from the absence of
corresponding resonance peaks (lowest detected concentration
1,2-dichloroethane as internal standard is 0.01 g L1). Figure 1
confirms that 10 wt% C923 still ensured ca. 90 % Fe(lll)
extraction, resulting in a more acceptable mutual miscibility and
reduced consumption of the relative expensive C923. The
solubility of ethylene glycol in A336 can be reduced by the same
approach as well. Moreover, the 20 wt% water addition to the
Zn(ll) containing Ethaline ensures acceptable extraction
efficiencies at even diluted A336 conditions. For example, the
Zn(ll) extraction efficiency to 10 wt% A336 in aromatic diluent
did not drop significantly (80% to ca. 78%) when Ethaline was
diluted with 20 wt% water, resulting in an ethylene glycol
solubility in 10 wt% A336 (in aromatic diluent) of 14.50 g L-* and
immiscible choline chloride. Moreover, the solubility of 10 wt%
A336 (in aromatic diluent) in Ethaline (containing 1.28 g L1
Zn(l), diluted with 20 wt% water) was further reduced from
0.07gL'to0.01 gLt According to the results, the used aliphatic
and aromatic solvents were virtually completely immiscible
with their corresponding contacted phases. A summary of the
mutual miscibilities is given in Table 6. The mutual miscibility is
often a major drawback in non-agueous solvent extraction.
Nevertheless, this section proves that the mutual miscibilities
can be reduced to some extent by choosing a suitable diluent
and by adding water. Furthermore, the water addition also
enhances the Zn(ll) extraction, improving the efficiency of the
process.

Table 6: Mutual miscibilities of the studied systems

HP Lp §o|ubi|ity HP ?olubility LP
inLP (g L) in HP (g L)
ChCl:EG® 40 wt% ChCl0.35 €923 < 0.50¢
C923 in EG56.11 aliphatic
aliphatic diluent
diluent <0.01¢c
ChCL.EG®  Pure ChCl 1.50 A336 0.07
A336 EG 203.94
ChCl:EG2 10 wt% ChCl<0.01¢ C923 < 0.50¢
C923 in EG19.75 aliphatic
aliphatic diluent
diluent <0.01¢c
ChCLLEG® 10 wt% ChCl<0.01¢ A336 0.01
A336 in EG14.50 aromatic
aromatic diluent
diluent <0.01¢c

2 Containing 2.05 g L La(lll) and 1.60 g L! Zn(ll). ® Containing 1.28 g L'! Zn(ll) and

20 wt% H,0. ¢ Concentrations are based on the used internal standard

concentration.
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Conclusions

C923 (40 wt% diluted in aliphatic diluent) could extract 95% of
Fe(lll) from an Ethaline feed with minor co-extraction of Zn(ll)
and Pb(ll). Subsequently, pre-equilibrated pure A336 could
extract 80% of Zn(ll) from the remaining Ethaline raffinate with
no Pb(ll) co-extraction. Furthermore, Fe(lll) and Zn(ll) were
stripped from their corresponding loaded organic phases by 1.2
mol L1 oxalic acid and 0.5 mol L' ammonia respectively. For all
SX operations, 20 minutes equilibration time at room
temperature were the optimized conditions. The Pb(ll)
remaining in the Ethaline, after Fe(lll) and Zn(ll) extraction,
precipitated over time. An alternative and faster approach for
Pb(ll) recovery is the addition of zinc metal to produce metallic
lead via cementation. Separation and recovery of Fe(lll) and
Zn(ll) were successfully achieved in a counter-current
continuous circuit by using mixer-settlers. Only minor
adjustments such as a 20 wt% water dilution of the Ethaline
raffinate, prior to the Zn(ll) extraction with pre-equilibrated
A336, were required. The mutual miscibility of choline chloride,
€923, A336 in their corresponding contacted phases were
reasonable, while the used aliphatic and aromatic solvents were
not detectable. The miscibility of ethylene glycol in 40 wt% C923
in aliphatic diluent and in undiluted A336 were too high for
industrial application. However, further dilution of both HPs and
LPs reduced the miscibility of ethylene glycol, while extraction
efficiencies were almost unaffected.
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