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y of zinc from goethite residue in
the zinc industry using deep-eutectic solvents†

Nerea Rodriguez Rodriguez, *ab Lieven Machiels,a Bieke Onghena, a

Jeroen Spooren c and Koen Binnemans a

Several deep-eutectic solvents (DESs) were tested for the valorisation of goethite residue produced by the

zinc industry. The objective of the work was to selectively recover zinc from the iron-rich matrix using

deep-eutectic solvents as lixiviants. The effect of the type of hydrogen bond donor and hydrogen bond

acceptor of the deep-eutectic solvent on the leaching efficiency was studied. Levulinic acid–choline

chloride (xChCl ¼ 0.33) (LevA–ChCl) could selectively leach zinc from the iron-rich matrix, and it was

selected as the best-performing system to be used in further study. The leaching process was optimised

in terms of temperature, contact time, liquid-to-solid ratio and water content of the deep-eutectic

solvent. The role of the choline cation on the leaching process was investigated by considering the

leaching properties of a LevA–CaCl2 mixture. The goethite residue was also leached with pure levulinic

acid. The results were compared to a purely hydrometallurgical approach using sulphuric acid leaching.

Leaching with LevA–ChCl resulted in higher selectivity compared to the conventional “hot leaching” with

80 g L�1 sulphuric acid. Furthermore, a slightly higher zinc recovery and comparable selectivity for zinc

over iron were achieved with LevA–ChCl compared to conventional “neutral leaching” with 10 g L�1

sulphuric acid.
Introduction

The mining and metal processing industry has been landlling
and/or stockpiling vast quantities of metal-containing residues.
In the long term, tailing ponds and industrial landlls may
represent an environmental and health liability. The presence
of (easily) accessible base and critical metals make these wastes
a potential secondary source of metals. The development of
sustainable processes for near-zero-waste metal production are
required for the implementation of a global circular economy.
Besides, this could also mitigate the restricted access of Europe
to ore deposits.1,2

More than 95% of the global zinc production is obtained via
the roasting–leaching–electrowinning (RLE) process.3 In this
process, a zinc sulphide concentrate, (Zn, Fe)S, is roasted to
calcine, from which zinc is leached with sulphuric acid (H2SO4)
and recovered from the pregnant leach solution (PLS) via elec-
trowinning. The rst leaching step is the so-called “neutral
leaching” (60–80 �C, 10 g L�1 H2SO4), which is very selective
against iron. The PLS of the neutral leaching is fed directly into
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the electrowinning step. The second leaching step is the so-
called “hot leaching” (z100 �C, 30–80 g L�1 H2SO4), which
solubilizes most of the remaining zinc and the majority of the
iron. As the presence of iron ions in the PLS would hinder the
downstream zinc electrodeposition, the PLS of the hot leaching
is puried before the electrowinning by precipitation of the
iron.3 The form in which the iron is precipitated names the
entire process: the jarosite, the goethite or the hematite process.
The iron-rich precipitate is the largest residual stream, namely,
0.4 tons of jarosite per ton of ore, or 0.25 tons of goethite per ton
of ore.4 The goethite process produces less residue than the
jarosite process, ca. 75%, but the zinc losses are higher (8–10%)
compared to the jarosite process (3–5%).5 In the goethite
process the iron is precipitated in the trivalent form as goethite
(FeO(OH)). Firstly, the iron(III) is reduced to iron(II) using zinc
sulphide concentrate, and then the pH is adjusted to pH 3.5–4
by addition of calcine and exposure to air resulting in the re-
oxidation of iron(II) to iron(III).

The valorisation of the goethite residue has been the subject
of various studies. Thermal processes based on plasma fuming,
inorganic polymerization, or transformation into glass ceramic
are the most commonly reported.4,6–12 However, life cycle
assessment studies showed that due to the high energy
consumption, the environmental impact of valorisation is
similar to that of landlling.13 Hydrometallurgical processes are
more commonly reported for the valorisation of jarosite14–19

than for that of goethite.20
This journal is © The Royal Society of Chemistry 2020
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In this work, a new solvometallurgical approach is proposed
to selectively recover zinc from goethite residue. Sol-
vometallurgy is a new branch of extractive metallurgy that uses
non-aqueous solvents such as molecular organic solvents, ionic
liquids or deep-eutectic solvents instead of aqueous solutions.21

Solvometallurgy is less energy intensive than pyrometallurgy,
and it has shown better selectivity than hydrometallurgy in the
valorisation of other residues, including jarosite residue in the
zinc industry.22–26 Deep-eutectic solvents (DESs) are dened as
a mixture of pure compounds, generally a hydrogen bond donor
(HBD) and a hydrogen bond acceptor (HBA), for which the
eutectic point temperature is below that of an ideal liquid
mixture.27–29 DESs have been previously used as lixiviants for the
solubilization of different metals.30–32 This work focusses on the
selection of DESs for the selective leaching of zinc against iron
for the valorisation of the goethite residue, optimization of the
leaching process, and critical assessment of the obtained
results. DESs have already proven to be suitable for the selective
extraction of zinc over iron from electric arc furnace dust.33
Experimental
Chemicals

Choline chloride (99%), ethylene glycol (99.5%), urea (99.5%)
and Triton X-10 were purchased from Acros Organics NV (Geel,
Belgium). Levulinic acid (99%) was purchased from J&K Scien-
tic BVBA (Pforzheim, Germany). Tetrabutylammonim chloride
(97 wt%) was purchased from Sigma Aldrich (Steinheim, Ger-
many). Tetrabutylphosphonium chloride (>95 wt%) was ob-
tained from Io-Li-Tec (Heilbronn, Germany). Nitric acid, HNO3,
(>65%) and anhydrous calcium chloride, CaCl2, (>95%) were
purchased from Chem-Lab NV (Zedelgem, Belgium). Hydro-
chloric acid, HCl, (>37%) was purchased from VWR (Fontenay-
sous-Bois, France). A silicon solution in isopropanol was
purchased from SERVA Electrophoresis GmbH (Heidelberg,
Germany). The standard solutions (1000 mg mL�1) of zinc, iron,
copper, lead, calcium, arsenic, lutetium, niobium and platinum
were purchased from Chem-Lab (Zedelgem, Belgium). Water
was always of ultrapure quality, deionized to a resistivity of 18.2
MU cm with a Millipore Reference+ ultrapure water system. All
chemicals were used as received without any further purica-
tion. The goethite residue was kindly provided by Nyrstar
(Balen, Belgium).
Instrumentation

The material was ground and sieved using a mortar grinder
(Fritsch, Pulverisette 2) and a vibratory sieve shaker (Fritsch,
Analysette 3). The goethite was digested using a microwave
digester (8 positions, Milestone). The metal content of the
digested samples was measured via inductively coupled plasma
optical emission spectroscopy (ICP-OES), Optima 3000DV from
PerkinElmer. The metal content of all the PLSs was determined
via ICP-OES, Optima 8300 from PerkinElmer, with the exception
of the screening experiments for DES selection, where the metal
content of the different samples was measured using a portable
benchtop Bruker Total Reection X-ray Fluorescence (TXRF)
This journal is © The Royal Society of Chemistry 2020
Spectrometer S2 Picofox. An Eppendorf 5804 centrifuge was
used to facilitate the phase separation. X-ray powder diffraction
(XRD) was used for the phase identication of the crystalline
fraction (Bruker D2 Phaser). The quantitative XRDs were per-
formed with a PANalytical EMPYREAN system operated at 40 kV
and 45 mA, with a cobalt anode and equipped with a BBHD
(Bragg Brentano High Denition) and a 3D detector (PIXcel 3D)
with an active scanning length of 3.347� 2q. The water content of
the DESs was measured using a Mettler-Toledo V30S KF titrator
where HYDRANAL™ – Composite 5, and HYDRANAL™ –

Methanol dry (Honeywell, Fluka) were used as titrant and
medium, respectively.
Procedure

The material was dried in a ventilated oven at 40 �C until no
mass changes were detected, and then it was ground (gap 0, 10
min) and sieved (1 mm pore size mesh). For the elemental
analysis, about 0.5 g of sample was weighed into the digestion
vessels. Then, the following acids were added: 4 mL HCl, 3 mL
HNO3 and 1 mL HBF4. The digestion vessels were placed into
the microwave unit and the following digestion process was
applied: 2 min at 250 W, 2 min at 0 W, 5 min at 250 W, 5 min at
400 W and 5 min at 500 W. At the end of the programme the
vessels were cooled down to room temperature. Subsequently,
22 mL of 4 wt% of H3BO3 was added and the vessels were placed
again in the microwave unit applying the following process:
3 min, 300 W. Aer cooling, the digested solution were trans-
ferred to volumetric asks and lled up to 100 mL with ultra-
pure water for analysis.

For the standard XRD measurements the following param-
eters were applied: 2q ¼ 20–90�, radiation ¼ CuKa, acceleration
voltage ¼ 40 kV, acceleration current ¼ 40 mA, a step size of
0.020� and a counting time of 1 s per step, spin mode. The
X'Pert HighScore soware was used to analyse the collected data
by comparison with the ICDD (International Centre for
Diffraction Data). Quantitative analyses by Rietveld renement
used an external standard (TiO2, Kronos International) as
reference measurement. Continuous mode scans with a scan-
ning speed of 0.06� s�1 and step size of 0.013� were performed
within a 2q range of 5–120�. The obtained diffractograms were
quantitatively analysed with HighScore Plus soware.

The DESs were prepared via the heating method: the
components were placed together in closed vials, and heated
(60 �C) while stirring (500 rpm) using a magnetic stirrer with
a temperature controller until a clear liquid was formed. The
water content of the freshly prepared DESs was measured via
Karl Fischer titration. DESs with different water contents were
prepared by adding the required amount of water.

For the DES selection, small scale (1 mL) leaching experi-
ments were performed. The goethite and the DES were mixed in
a microcentrifuge tube and mixed at 40 �C for 48 h using an
Eppendorf Thermomixer® C. Thereaer, the samples were
ltered using syringe lters with pore size of 0.45 mm. Themetal
concentration was measured via TXRF. The optimization of the
analytical procedure has been described in a previous paper.34

Briey, the samples were diluted 20 times in a Triton X-100
RSC Adv., 2020, 10, 7328–7335 | 7329
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Fig. 2 Leaching efficiency of the goethite residue using different DESs
as lixiviant. The experimental conditions were: L/S¼ 10; T¼ 40 �C; and
t ¼ 24 h.
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solution (10 wt% in water) and lutetium was added as internal
standard. Silicone solution SERVA (30 mL) was added on the
carrier surface and dried for 5 min at 80 �C in a hot air oven. A
small droplet (3 mL) of the diluted sample was added onto the
hydrophobized carrier. Then, the carrier was dried in a hot air
oven for 30 min at 80 �C.

Aer DES selection, the rest of leaching experiments were
performed on a larger scale: 0.5 to 1 g of material was placed in
a 15 mL Eppendorf tube, the lixiviant was added, and the closed
vial was mixed using an Eppendorf ThermoMixer C. Aer the
leaching, the samples were centrifuged (4000 rpm, 5 min) and
ltered using PET syringe lters (pore size 0.45 mm). The metal
content of the samples was measured via ICP-OES. The samples
were 10 or 100 times diluted with 2 vol% HNO3 to have a nal
metal concentration lower than 50 ppm. Niobium (5 ppm) and
platinum (5 ppm) were added as internal standard. All the
leaching experiments were performed in duplicate.

Results and discussion
Material characterization

The goethite sludge was dried, grounded and sieved, and only
the fraction smaller than 1 mm was used in this study. The
results of the elemental analysis show that the material is
mainly composed of iron (24.1 wt%), zinc (5.9 wt%) and calcium
(5.5 wt%), lead (1.8 wt%) and copper (0.4 wt%). The XRD
analysis (Fig. 1) shows that, in the crystalline fraction, iron is
present in magnetite, franklinite and jarosite mineral phases,
whereas zinc is mostly present in the form of franklinite and
willemite. No crystalline goethite phase was observed and is
expected to be art of the amorphous phase. The XRD pattern is
included in the ESI, Fig. S1.†

Selection of DES

The ability of different DESs to leach goethite was evaluated.
The selected DESs were: urea–choline chloride (xChCl ¼ 0.33)
(urea–ChCl), ethylene glycol–choline chloride (xChCl ¼ 0.33)
(EtGly–ChCl), levulinic acid–choline chloride (xChCl ¼ 0.33)
(LevA–ChCl), levulinic acid–tetrabutylammonium chloride
(xTbaCl ¼ 0.33) (LevA–TbaCl), and levulinic acid–tetrabutyl-
phosphonium chloride (xTbpCl ¼ 0.33) (LevA–TbpCl). Within
this selection, the most commonly used HBDs (amides, polyols,
Fig. 1 Mineral phases identified via QXRD.

7330 | RSC Adv., 2020, 10, 7328–7335
and carboxylic acids) and HBAs (symmetric quaternary ammo-
nium and phosphonium salts, and asymmetric quaternary
ammonium salts) were considered. For the rst screening tests,
the DESs were used to leach goethite under moderate condi-
tions (liquid-to-solid ratio (L/S) ¼ 10; T ¼ 40 �C; and t ¼ 24 h).
The results show that the leaching efficiency of zinc increased in
the following order: urea–ChCl < EtGly–ChCl < LevA–ChCl
(Fig. 2). The leaching efficiency of other metals such as iron,
copper and lead followed the same trend. These results are in
agreement with literature data, where higher metal oxide solu-
bilities were reported for DESs containing acidic HBDs like
levulinic acid, compared to those containing amides and poly-
ols, like urea and ethylene glycol.30,32 Furthermore, for the DESs
with the same HBD the leaching efficiency of zinc and iron
increased in the following order: LevA–TbaCl < LevA–ChCl <
LevA–TbpCl. The increase in the size of the central atom of the
quaternary salt drastically increased the solubility of all the
metals. This behaviour could be attributed to the weaker
intramolecular interactions in the DES due to the lower elec-
tronegativity of the phosphonium cation, which could make
both the levulinic acid and the tetrabutylphosphonium chloride
more available for interaction with metals. To the best of our
knowledge, this is the rst time that the effect of the HBA on the
solubility of metals is considered.
This journal is © The Royal Society of Chemistry 2020
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Table 1 Composition of the pregnant leach solution obtained from
the leaching of goethite residue using different DESs. The selectivity of
zinc towards iron (a) is also includeda

DES Fe (mg L�1) Cu (mg L�1) Zn (mg L�1) Pb (mg L�1) a

Urea–ChCl 55 7 532 0 10
EtGly–ChCl 115 25 1555 0 14
LevA–ChCl 731 84 2765 86 4
LevA–TbpCl 4957 134 3062 195 1
LevA–TbaCl 138 54 1453 83 11

a Leaching conditions: L/S ¼ 10; T ¼ 40 �C; and t ¼ 24 h.

Fig. 3 Chemical structure of the components of the DES.

Fig. 4 Effect on the LevA–ChCl leaching of goethite of (a) the temperatur
t ¼ 48 h; H2O (wt%) ¼ 23; 1000 rpm). (c) The DES water content (T ¼ 40
24 h; H2O (wt%) ¼ 30; 1000 rpm).

This journal is © The Royal Society of Chemistry 2020
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The leaching efficiency of zinc was higher than the leaching
efficiency of iron in all cases. Low solubility of Fe(III) was ex-
pected from previous literature.30 Nonetheless, the concentra-
tion of iron in the PLS was higher than what has been previously
reported in other works.33 However, the iron mineralogy of the
studied sample, containing mostly goethite/magnetite, differs
from the samples in previous works that are rich in franklinite.
Considering that the objective of this work is to selectively leach
zinc from the iron-rich matrix, the selected DES should
combine a high zinc leaching efficiency with a high selectivity
against iron. Table 1 shows the composition of the pregnant
leach solution and the selectivity (a) of zinc against iron,
calculated according to eqn (1):

aZn=Fe ¼ CZn

CFe

(1)

where CZn is the concentration of zinc (mg L�1) and CFe is the
concentration of iron (mg L�1) in the DES leachate. Urea–ChCl,
EtGly–ChCl and LevA–TbpCl were found to be very selective
against iron (a$ 10), but the leaching efficiency of zinc was very
low. LevA–TbpCl had the highest leaching efficiency of zinc, but
it was the least selective against iron (a¼ 1). LevA–ChCl showed
e (L/S¼ 10; t¼ 24 h; H2O (wt%)¼ 30, 1000 rpm). (b) The L/S (T¼ 40 �C;
�C; t ¼ 48 h; L/S ¼ 10; 1000 rpm). (d) The leaching time (T ¼ 40 �C; t ¼

RSC Adv., 2020, 10, 7328–7335 | 7331
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the best compromise between leaching efficiency of zinc and
selectivity against iron (a ¼ 4). Therefore, it was selected for the
rest of the work. The molecular structure of the components of
this DES are shown in Fig. 3.

Optimization of the leaching process

The leaching of the goethite residue using LevA–ChCl was
optimized in terms of temperature, water content of the DES, L/
S ratio and leaching time. Increasing the leaching temperature
increased the leachability of all the metals, but it decreased the
selectivity (Fig. 4a, Table S1†). A temperature increase from
30 �C to 60 �C enhanced the zinc leaching efficiency from 37 to
65%, but decreased the selectivity of zinc against iron from 4.3
to 0.8. At the investigated conditions, only temperatures lower
than 40 �C resulted in a selective zinc leaching (a > 1). Low L/S
ratios (#10) improved both the zinc leaching efficiency and the
selectivity (Fig. 4b, Table S2†). However, the high viscosity of the
DESmade the solid–liquid separation andmixing difficult for L/
S lower than ve. Increasing the water content of the DES
increased the leaching efficiency of zinc but decreased its
selectivity against iron (Fig. 4c and Table S3†). Pure LevA–ChCl
(z1 wt% H2O) could leach 26 wt% of zinc, with a selectivity
against iron close to four. When the water content of the DES
was increased to 9 wt%, the amount of leached zinc was almost
doubled, but the amount of leached iron was tripled. Further
increase of the water content of the DES did not have any effect
on the leaching of zinc, but it drastically increased the leaching
of iron. A possible reason for that could be that the metals are
better solvated by water, especially the iron. Although
increasing the water content sacriced selectivity, it also
Fig. 5 Scatterplot for the composition of the pregnant leach solution (in

7332 | RSC Adv., 2020, 10, 7328–7335
reduced the viscosity of the DES which simplied both the
mixing and the solid–liquid separation. For example, the
viscosity of LevA–ChCl at 20 �C is 320 mPa s (H2O wt% ¼ 0.5)
and 53 mPa s (H2O wt% ¼ 10).35 Further upscaling and
economic analysis would be required to solve this trade-off. The
effect of the leaching time was also investigated (Fig. 4d, Table
S4†), and it was observed that the difference in the leaching
time can be exploited to favour the selectivity.

To gain more insight into the selectivity of the leaching
system, the scatter plot matrix shown in Fig. 5 was con-
structed.36,37 Each point represents the composition of the PLS
obtained from a different leaching experiment. This type of
graph allows to determine whether the leaching of the different
metal pairs is correlated and if the correlation is positive or
negative. The leaching of the zinc–lead, zinc–copper and
copper–lead pairs are linearly correlated. Therefore, it is not
possible to selectively leach those pairs with LevA–ChCl. The
iron-containing pairs (iron–zinc, iron–lead and iron–copper)
are positively, but not linearly correlated. The non-linearly
correlated region corresponds to the leaching time optimiza-
tion experiments. Unfortunately, this graph also shows that
high selectivity cannot be achieved in combination with a high
leaching efficiency of zinc by optimization of the leaching time.

Role of choline cation in the leaching of goethite

To further understand the system, the role of the choline cation
on the leaching was investigated: is the role of the cation only to
act as a counter ion for the chloride, i.e. to give sufficiently high
chloride concentration, or is there any synergistic effect when
combined with levulinic acid? The results obtained using LevA–
ppm) using LevA–ChCl under different experimental conditions.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Goethite leaching efficiency using LevA–ChCl (xChCl ¼ 0.33)
(green), LevA–CaCl2 (xCaCl2 ¼ 0.33) (orange) and LevA–CaCl2 (xCaCl2 ¼
0.20) (blue) at L/S ¼ 10; t ¼ 6 h; T ¼ 40 �C; H2O wt% ¼ 30.
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ChCl (xChCl ¼ 0.33) were compared to those obtained using
LevA–CaCl2 (xCaCl2 ¼ 0.33) under the same leaching conditions
(Fig. 6). The experiments showed that the use of choline chlo-
ride instead of CaCl2 increased both the leaching efficiency of
zinc and the selectivity against iron and copper. The leaching of
lead was not affected by the substitution of the choline chloride
by CaCl2. This means that the choline cation plays an important
Fig. 7 Scatter plot for the composition of the pregnant leach solution (in
under different experimental conditions.

This journal is © The Royal Society of Chemistry 2020
role in the solvation of the metal ion together with the chloride
anions. Furthermore, an increase of the CaCl2 concentration,
i.e., LevA–CaCl2 (xCaCl2 ¼ 0.20) vs. LevA–CaCl2 (xCaCl2 ¼ 0.33)
increased the leaching efficiency of all the metals, but the effect
was not very signicant. It should be noticed that the compo-
sition of LevA–CaCl2 (xCaCl2 ¼ 0.20) was chosen to have the same
proportion of chloride ions as LevA–ChCl (xChCl ¼ 0.33). This
suggests that the concentration of chloride does not have
a critical effect on the leaching efficiency.

Furthermore, the effect of different parameters (tempera-
ture, water content, leaching time, L/S ratio) on the leaching
efficiency of goethite using LevA–CaCl2 (xCaCl2 ¼ 0.33) has been
investigated. The obtained results have been plotted, together
with those obtained for LevA–CaCl2 (xCaCl2 ¼ 0.20), in a scatter
plot (Fig. 7). Contrarily to what has been shown in Fig. 5 for
LevA–ChCl, all the metal pairs show a good linear positive
correlation (see Pearson's r values). From the analysis of Fig. 5
and 7 it can be concluded that the presence of the choline
cation can positively inuence the selectivity of certain metal
pairs.
Role of choline chloride in the leaching of goethite

Pure levulinic acid was used to leach goethite and the obtained
results were compared to those obtained using LevA–ChCl
(Fig. 8). Under the same leaching conditions, the leaching of
ppm) using LevA–CaCl2 (xCaCl2 ¼ 0.33) and LevA–CaCl2 (xCaCl2 ¼ 0.20)
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Fig. 9 Comparison of the leaching efficiencies of goethite using different
lixiviants under the following conditions: water leaching: L/S¼ 10, t¼ 2 h,
T ¼ 40 �C. DES leaching: LevA–ChCl; L/S ¼ 10, t ¼ 2 h, T ¼ 40 �C; H2O
(wt%) ¼ 30. DES leaching 2: LevA–ChCl; L/S ¼ 10, t ¼ 24 h, T ¼ 30 �C,
H2O (wt%)¼ 30. Neutral leaching: H2SO4 10 g L�1; L/S¼ 10; t¼ 2.5 h; T¼
65 �C. Hot leaching: H2SO4 80 g L�1; L/S ¼ 10; t ¼ 2 h, T ¼ 80 �C.

Fig. 8 Goethite leaching efficiency using LevA–ChCl (xChCl ¼ 0.33)
and levulinic acid as a function of the water content. L/S¼ 10; t¼ 2 h; T
¼ 30 �C; 1000 rpm.
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zinc was lower using pure levulinic than using the corre-
sponding ChCl-based DES. Furthermore, pure levulinic acid
was less selective against iron. From the obtained results it is
concluded that the LevA–ChCl can leach more and more
selectively than the individual components separately.
Comparison with hydrometallurgical approaches

In order to critically assess the performance of LevA–ChCl for
the valorisation of goethite, the leaching results were compared
to those obtained using pure water and aqueous solutions of
sulphuric acid (10 g L�1 and 80 g L�1) as lixiviants. The selected
concentrations correspond to the conditions used in the neutral
and hot leaching of the RLE process for zinc production. The
obtained results are compared in Fig. 9. Firstly, it has been
veried that only a minor amount of metals can be leached
using water, i.e., the concentration of the metals in the pregnant
leach solution was below 25 mg L�1. This is expected because
the residue is washed in the zinc plant. The goethite leaching
using 80 g L�1 of sulphuric acid could dissolve up to 65 wt% of
the zinc, but at the expense of a complete loss of selectivity
against iron, i.e. the composition of the PLS was 11 800 mg L�1

iron, 3800 mg L�1 zinc (a ¼ 0.32). Decreasing the concentration
of sulphuric acid to 10 g L�1 decreased the leaching efficiency of
both zinc and iron, resulting in a selective process: the
composition of the PLS is 500 mg L�1 iron, 2300 mg L�1 zinc (a
¼ 4.6). Aqueous solutions of sulphuric acid can leach more
copper and less lead than LevA–ChCl at any of the investigated
conditions. For comparison, the leaching efficiency obtained
using LevA–ChCl at two different conditions are also included
in Fig. 9. These data correspond to the experiments in which the
best selectivity while still relatively high leaching efficiency were
achieved. In one of the experiments (denoted as DES leaching in
Fig. 9), the leaching efficiency of zinc is slightly higher than in
the neutral leaching, but less selective: the composition of the
PLS was 800 mg L�1 iron, 2800 mg L�1 zinc (a ¼ 3.66). In
7334 | RSC Adv., 2020, 10, 7328–7335
another experiment (denoted as DES leaching 2 in Fig. 9), the
obtained results are comparable to those of the neutral leach-
ing: the composition of the PLS is 500 mg L�1 of iron,
2200 mg L�1 of zinc (a ¼ 4.4). From this comparison it can be
concluded that the performance of the DESs is not essentially
better than that of the neutral leaching. Considering that sul-
phuric acid is produced in situ in the zinc plant at much lower
price than the DES, the use of LevA–ChCl might not be justied
for the selective recovery of zinc from the goethite residue.
However, it was shown that the selective dissolution of metals is
possible, and the obtained results might be of interest for other
type of processes in which zinc is present in a more accessible
form.
Conclusions

In this work the leaching of goethite residue using DESs was
investigated. An initial screening showed that carboxylic acid-
based DESs can leach more metals than polyols and amides,
and that quaternary phosphonium salts can leach more metals
than quaternary ammonium salts. Levulinic acid–choline
chloride was selected because of the best compromise between
high zinc leaching efficiency and good selectivity against iron.
Other DESs such as ethylene glycol–choline chloride are even
more selective against iron, and its application could be further
investigated. The water content of the DES and the leaching
temperature have a big effect on the leaching efficiency whereas
the leaching time on the selectivity against iron. Levulinic acid–
choline chloride can leach more zinc more selectively than
a mixture of levulinic acid and CaCl2 or than pure levulinic acid.
Leaching with levulinic acid–choline chloride resulted in
comparable selectivity and slightly higher zinc recovery
compared to the conventional “neutral leaching” with 10 g L�1

sulphuric acid. Considering the high price of the DESs and the
low prots that can be obtained from the valorisation of this
This journal is © The Royal Society of Chemistry 2020
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type of residues (low concentration of cheap based metals), the
industrial implementation of this process is not attractive at
this point. Economic penalties for stockpiling industrial resi-
dues might change the actual situation.
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