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Abstract For the ever-growing demand of nickel (Ni) resources in industry, the Ni recovery from
the mining residues or waste has received considerable interest. Zinc plant residue contains valuable
metals it may be recovered using conventional pyrometallurgical or hydrometallurgical processes.
The present communication is focused on the selective recovery of Ni from the real nitric acid leach
solution of zinc plant residue by solvent extraction (i.e. 1-Butyl-3-methylimidazolium hexafluo-
rophosphate ([bmim][PF¢]) as ionic liquid, Di-(2-ethylhexyl) phosphoric acid (D2EHPA) and
diphenylthiocarbazone (dithizone)). At first step, leaching of filter cake with the nitric acid solution
was examined experimentally and it was observed that nitric acid as a relatively strong oxidant, can
adequately dissolve Ni and Zn. After that, Ni and Zn extraction behavior in the leach solution was
studied and the influence of pH and extractant concentration were investigated on the extraction of
the metals. The results indicated Ni can be effectively separated by controlling the pH values. More-
over, Ni can be selectively separated using dithizone combined with [bmim][PF¢] at pH = 5.5 and
the separation factor fy;z, can reach 2.27 x 10° in one extraction stage. The extraction mechanism
of Ni was investigated using slope analysis and stripping efficiencies 100% have been achieved for
Zn and Ni with 2.0 M HNOs. Thus, it can be concluded that the use of [bmim][PF¢] as alternatives
solvents which have a less significant environmental impact than the usual solvents in terms of emis-
sion of vapors is one of the promising approaches for nickel ion extraction from the real leaching
solution of zinc plant residue.
© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Development of industries and technology leads to increase in
demand of primary sources. Because of limitation in primary
sources, secondary sources like spent catalysts, used up elec-
tronics, construction and useable steel scrap, batteries or waste
materials have recently gained a great deal of attention and
began to supersede primary sources (Moradkhani et al.,
2012). Several mineral processing wastes are produced during
hydrometallurgical and pyro-metallurgical processing of ores
materials and concentrates. The industrial residues usually
have valuable minerals or metals and as well as hazardous
compounds that need to be improved with an additional pro-
cess. For instance, zinc plant residues that are produced
through hydrometallurgical processing of zinc ores because
of high concentration of heavy metals like cadmium, nickel
and zinc are hazardous wastes. Consequently, metal ions
recovery efficiently by low-price from natural minerals and sec-
ondary (usage) resources for high value produces is required
and mainly significant to utilize the resources and harmlessly
dispose (Daryabor et al., 2017; Behnajady and Moghaddam,
2017). Nickel (Ni) and zinc (Zn) are commercial metals with
the wide range of applications. For example, these metals used
in stainless steels, electronics, ceramics, batteries, medicines
and catalysts. But because of similar chemical and physical
properties, separation of them is too difficult (Ghalandari
et al., 2020; Sethurajan et al., 2017).

Different hydrometallurgical techniques like ion exchange,
precipitation, cementation, electrolysis and solvent extraction
have been used for different matrices to recover valuable met-
als (Fernandes et al., 2012; Sobianowska-Turek, 2018).
Between these methods, solvent extraction due to its high selec-
tivity and simplicity is most commonly used (Shah et al., 2017).
Several commercial extractants have been proposed, including
acidic extractants (i.e. D2EHPA (Fatmehsari et al., 2009), PC
88A, EHEHPA, Cyanex 272 (Mantuano et al., 2006) and Cya-
nex 302 (Hosseini et al., 2011) as well as chelating extractants
(i.e. LIX 63, LIX 984N (Kul and Cetinkaya, 2010), and LIX 84
(Jha et al., 2014) have been widely used to recover of Ni and
Zn from aqueous solution. Different extractants mixtures,
i.e. synergistic mixtures, have furthermore been studied to
improve the selectivity or efficiency of the systems.

Although conventional solvents have some disadvantages
like loss of organic diluent via volatilization, environmental
toxicity and human health problem. Subsequently, application
of new solvent is suggested. Supercritical fluids (SCFs) and
ionic liquids (ILs) are two types of new solvents. Many advan-
tages are reported about ILs and SCFs and they are two kinds
of promising solvents to extend novel processes (Bagheri et al.,
2018, 2019a, 2019b). Because of low melting point of IL, they
are known as organic salts that are liquid at ambient temper-
ature. Moreover, specific gravities of some ILs are higher than
water (depends on the ILs chemical composition) and they are
under the water layer in two-phase extraction. They can be
formed of a huge number of anions and cations. In most
instances, there is a big inconformity in size of ionic and at
least anion or cation has a high asymmetry degree (Bagheri
and Ghader, 2017).

Some researches demonstrated that ILs are effective sol-
vents for the removal of heavy metals from aqueous solution.
Subsequently, research for new solvents based on ILs is
reasonable. Larsson and Binnemans (2014) developed a recy-

cling with new scheme of metals such as Mn, Fe, Co and Zn
from metal hydride batteries using trihexyl (tetradecyl) phos-
phonium chloride (Cyphos IL 101), tricaprylmethylammo-
nium chloride (Aliquat 336) and Cyanex 923 as ILs and
extractant, respectively. The results indicated Cyphos IL 101
and Aliquat 336 were appropriate to remove Co, Mn, Fe
and Zn. Because it can simply be scrubbed using hydrogen
chloride solutions. Moreover, they demonstrated ILs direct
application to recover Co, Fe, Mn and Zn because of signifi-
cant properties of ILs is more effective than using a Cyanex
923. Pospiech (2015) compared the removal results of Cd from
aqueous chloride solutions that is containing other metal
cations, i.e., Cu, Ni and Co ions based on solvent extraction
and transport across polymer inclusion membranes and
Cyphos IL 104 was used as extractant and extraction carrier
in both processes. Pospiech investigated the effect of various
parameters as an example chloride ion concentration,
hydrochloric acid concentration in aqueous phase and acid
concentration. The results showed increasing of hydrogen
cations concentration leads to Cd concentrations in the aque-
ous phases after solvent extraction and extraction efficiency
reached a maximum value. Because of strong tendency of Cd
to form anionic complexes with chloride ions and due to
increase of the extractable anionic species concentration, the
effect of chloride ion concentration was studied. The results
were similar to hydrogen cations concentration. Devi (2016)
investigated solvent extraction process for extraction and sep-
aration of Cu among other metal ions (Fe, Zn, Cd, Co, Ni) in
kerosene using trioctylmethylammonium/2,4,4-trimethylpentyl
phosphinate, ([A336/Cy272]) as bifunctional IL. Devi demon-
strated [A336/Cy272] was more effective than specific extrac-
tants such as Aliquat 336 or Cyanex 272 to extract copper
due to poor cation exchange property and studied on effect
of shaking time, aqueous pH, IL, copper and sodium sulfate
concentration and organic to aqueous volume ratio (O/A).
The results showed increasing in shaking time leads to enhance
Cu(Il) extraction rate but after 5 min of contact time, due to
reach to extraction equilibrium the extraction rate was invari-
ant. The extraction rate changed due to IL tendency to extract
H™ from the aqueous solution instead of copper ion. Referring
to Fig. 2, amount of Cu(Il) extraction was increased by
increasing pH aqueous. In low aqueous pH, relation between
the extraction rate and pH was approximately linear but near
pH = 5.34, a rapid increasing in extraction rate was observed
and in pH range 5.34-5.9 because of precipitation in organic
phase after equilibration the decreasing trend was observed,
too. Also, increasing in IL and copper concentration and O/
A ratio leads to enhance Cu (II) extraction rate. But because
of salting out effect, increase in concentration of sodium sul-
fate leads to decrease the Cu (II) extraction. Wellens et al.
(2012) studied on Co separation from Ni, Mg and Ca in chlo-
ride medium based on water immiscible and non-fluorinated
IL i.e. tri(hexyl) tetradecylphosphonium chloride ([Pggei4l
[CI]) as extractants. Co was extracted to the IL phase as the
tetrachlorocobaltate (IT) complex. The results indicated cobalt
can selectively be separated from nickel, magnesium and cal-
cium with solvent extraction by IL as extraction reagents.
Cobalt extraction efficiency increased with increasing chloride
concentration and it reached to a maximum value and after
that because of formation of the hydrogen dichloride ion
extraction efficiency decreased. Coll et al. (2012) investigated
Ni and Co extraction from aqueous chloride solutions by bis
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Table 1 Chemical composition of the zinc plant residue (XRF analysis).
Elements Zn Ni Si Ca Mn Fe Al Cu Mg Cd Sb SO, Pb L.O.I
Wt % 50.12 4.60 0.37 1.20 0.02 0.66 0.36 0.3 0.25 14.02 0.14 14.97 1.15 11.81

2,4, 4-(trimethylpentyl) phosphinate ([HIMT][Cy272]) IL as
extractant among continuous counter current liquid—liquid
extraction process. They used Primene®JMT (JMT) to control
equilibrated aqueous phase pH during the extractions of Co
and Ni. The experimental results showed Co and Ni extraction
increased with increasing JMT concentration because of
increase in the equilibrated aqueous phase pH and its effect
was more on Co and Ni. Moreover, they investigated the
effects diluents on Co and Ni extraction and the results indi-
cated Solvesso 200 (mixture of alkyl (C;-Cg)-benzenes) was
more effective compared with kerosene (mixture of alkanes)
and Exxon D100 (cycloparaffinic solvent).

Solvent extraction process is one of the most widespread
techniques for the separation metals from solid residues
(Asadi et al., 2018; Janin et al., 2009; da Silva et al., 2019).
Metals contained in the zinc plant residue are leached using
acid solution followed by the extraction and recovery of target
metal ions from the leach solutions. However, hydrometallur-
gical treatment moreover generates a huge amount of acidic
effluents which, if disposed into the environment causes harm-
ful diseases in addition to ecological imbalance. Between sev-
eral acids, nitric acid is the most capable leaching agent
because of its high oxidation potential and less evolution of
insoluble residue. Despite high cost of nitric acid, it can again
be recovered using hydrometallurgical treatment. Nitric acid
can be readily recycled through the external nitrous oxides oxi-
dation. Extensive endeavors have been done for decades
regarding metal extraction from zinc plant residue (e.g., metals
such as cadmium (Gharabaghi et al., 2013) and zinc (Gouvea
and Morais, 2007). However, numerous researchers mentioned
above, could extract valuable metals from zinc plant residue,
but to the best of our knowledge none of them ever concen-
trated on separation of nickel employing ionic liquids (ILs).
Recently, ILs can be considered as alternatives solvents that
have a less significant environmental influence than the con-
ventional solvents in terms of emission of vapors.

In present investigation has been planned to examine selec-
tive separation and extraction of Ni from zinc plant residue,
which is a mixture of various metals like Ni, Zn, Sb, Pb, Fe,
Al At the first step, the zinc plant residue was leached using
nitric acid solution, after that the extraction and separation
of Ni and Zn from the acidic leach solution were examined
with the ([bmim][PFg]) as IL extraction system compared to
conventional organic solvent.

2. Experimental

2.1. Characterization of the zinc plant residue

The zinc plant residue employed in the experiments was sup-
plied from the zinc manufacturing plant in Zanjan, Iran. The
filter cake was oven-dried (at 30 °C) for 24 h and then crashed
with a ball mill until achieving the desired powder size (particle
sizes ranged from less than 0.1 mm) for further analysis. The

chemical composition of filter cake was determined by X-
Ray Fluorescence Spectroscopy (XRF) (ARL ADVANTX ™",
Switzerland). Results of the XRF analysis of the filter cake
are given in Table 1. As can be seen, the residue is mostly com-
posed of zinc, nickel, lead, and cadmium. Mineralogical anal-
ysis was performed using X’PertPro model (Panalytical
Company, Netherland) X-ray diffractometer with Cu Ko radi-
ation (40 kV and 30 mA) and scanning rate of 0.05° s~!. The
XRD pattern of the zinc plant residue is presented in Fig. 1.
Characteristic peak intensity positions show that the main
phases presented in this filter cake is zinc oxide.

2.2. Materials

Solvent extraction experiments were carried out using real
leaching solution from filter cake. The aqueous solutions of
the specified metal ions were prepared by the dissolution of
various amounts of nitric acid (Merck, 65% pure) as leaching
reagent in deionized water. The pH of each solution was
adjusted by the addition of 10 M sodium hydroxide or 1 M
nitric acid solution. Organic phases containing acidic extrac-
tant, i.e. D2EHPA, dithizone (DTZ), and ionic liquid, i.e.
[bmim][PF4] were purchased from Merck, Germany. The
chemical structures of the main components are shown in
Fig. 2. The properties of the extractants are given in Table 2.
Moreover, kerosene was purchased from Esfahan Oil Refinery
in Iran and used as the diluent for the D2EHPA and dithizone.

2.3. Leaching experiments

Several leaching experiments were performed to study the
leaching efficiency of target metals (i.e. Zn and Ni) from the
filter cake. All leaching experiments were performed in a flat-
bottom three-necked flask of 500 ml using from high purity
acid solutions at a solid/liquid ratio (S/L) of 1:10 (20 g of filter
cake was added to a 200 ml nitric acid solution with predeter-
mined concentration) with shaking at 600 rpm. The recovery

200 1
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160 7 11 1 3) Si0»
= 140 1 4) PbO2
& 120
21001
§ 30 31
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Fig. 1 XRD pattern of the zinc plant residue.
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Fig. 2 The chemical structures of D2EHPA, [bmim][PF], and dithizone.

Table 2 Properties of the extractants.

Characteristic D2EHPA? Dithizone®  [bmim]
[PF°

Molecular C16H3504P C13H12N4S C8H15F6N2

formula

Molar mass 322.43 256.3 284.186

(gmol™")

Solubility in <0.01 ~5x 107 246

water (g.L)

Density (zml™")  0.9758 1.35 1.38

Appearance Colorless or Violet- Light yellow
yellowish, liquid black liquid

Purity/wt.% 97 98 99

a: The properties are from reference (Jafari et al., 2018). b: The
properties are from reference (Irving, 1977). c: The properties are
from reference (Masilela and Ndlovu, 2019).

of elements was studied at reaction times range of 30—-120 min
and different temperatures: 25, 65 and 95 °C. A water-cooled
condenser was attached to central opening of a flask in order
to prevent solution loss by evaporation. The concentration
of elements in the leach solution were determined using the
Atomic Absorption Spectrophotometer (AAS) (SpectorAA
220, Australia). The leaching efficiency of metal ions (% LE)
was calculated according to the following equation:

cv

where C is the concentration of metal ion, V is the leach vol-
ume, m is the total mass of zinc plant residue added to the
nitric acid solution and W is the weight fraction of metal in
zinc plant residue.

2.4. Solvent extraction experiments

Solvent extraction of the real leaching solution from filter cake
was carried out in the following way: the equal volumes of
organic phase (i.e., [bmim][PF¢], D2EHPA, and dithizone)
and aqueous phase containing metal ions (phase volume ratio
O/A = 1:1) were mechanically shaken (600 rpm) for 30 min in
the glass beaker (the experimental setup is shown in Fig. 3). All
experiments were carried out at room temperature
(25 £ 2 °C). In experiments, after pH measurement during

the experiments by the pH meter (PTR79, Iran) and its adjust-
ment using sodium hydroxide or nitric acid, 10 min was con-
sidered for full transfer of the metal to the organic phase.

After the extraction was completed, organic and aqueous
phases were separated in a separator funnel. After separation
of the aqueous and organic phases, metal concentrations in
the aqueous phase were measured by Atomic Absorption Spec-
trophotometer (AAS) (SpectorAA 220, Australia). The con-
centrations of the metal ions in the organic phase was
calculated by mass balance. The percentage of extraction of
each metal (% ME) was calculated as:

& c

BME = —“——" x 100 (2)

aq
where ng and Cf;q indicate the initial and final concentration

of a metal ion in the aqueous phase. Moreover, the distribu-
tion ratio (D) of each metal was defined as:

[l

D=—_—" (3)
(Clay

where [C],,, and [C],, are the concentrations of the metal ions

in the organic and aqueous phases, respectively.
The separation factor of each metal was calculated as:

Dyi
ﬁNi/Zn - D_

Zn

(4)

where Dy; and D, are distribution ratios of Ni and Zn,
respectively.

2.5. Stripping and recycling process

The stripping behavior of Ni and Zn from the extracting phase
was examined by nitric solutions at A/O ratio of 1:1. The con-
centration of metal ions in the aqueous phase was measured
using the Atomic Absorption Spectrophotometer (AAS). The
stripping efficiency (R %) of metal ion was defined as:

€]
€]

%R = = x 100 (5)
org
where [C], is the concentration of metal ions in the aqueous
phase after stripping, whereas [C}Wg is the concentration of
metal ions in the organic phase before stripping.

For the recycling experiments, the resulting extracting
phase from the leach solution was mixed by mechanical shaker
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Fig. 3 The experimental setup.

(600 rpm) with an equal volume of the nitric acid stripping
solution at O/A ratio of 1/1, 25 °C for 30 min. The extracting
phase separated from the aqueous stripping phase was reused
as extracting phase for the next fresh aqueous solution. The
extraction and stripping processes were repeated five recycles.

3. Results and discussion

To recover metals from the filter cake at the first step, metals
must be extracted from the solid matrix by leaching process.
The leaching process involves dissolving the required metal
in the waste using an appropriate reagent. The leaching solu-
tion contains various co-extracted metal ions besides the tar-
geted metal ion (i.e. Zn and Ni) at the same time. The initial
part of experiments is leaching of filter cake by the nitric acid
solution to find conditions of rather a complete dissolution of
the pointed out metals by examining the effect of concentra-
tion, temperature, and time.

3.1. Effect of nitric acid concentration

In general, nitric acid concentration has pronounced effect on
metal extraction and it is one of the important factors for the
metal ions dissolution condition optimizing. Several leaching
agents like sulfuric, nitric, and hydrochloric acid were used
to leach of Zn and Ni (Sethurajan et al., 2017; Khalid et al.,
2019; Li et al., 2011; Safarzadeh et al., 2008). However, nitric
acid is more effective than sulfuric and hydrochloric acid to
recovery of nickel. Similar results have been also reported by
Kim et al. (2007) that experimentally observed that nickel
leaching from multi-layer ceramic capacitors in HNO; solu-
tion. In their study, HNO; was more effective than HCI and
H,SO, solutions. Fig. 4 showed the leaching efficiency of Zn
and Ni from filter cake using altering nitric acid concentration

100
ENi
OZn
80
3
° 60
40 A
20 1
0 - L
1 2 3 4 5 6

HNO, Concentration (M)

Fig. 4 Effect of nitric acid concentration on the leaching of
nickel and zinc (leaching temperature: 95 °C; leaching time:
120 min; agitation speed: 600 rpm; L/S ratio 1:10).

in the range of 1-6 M, keeping solid/liquid ratio of 1:10 and
with the contact time (120 min) and temperature (95 °C).

As observed from Fig. 4, by the increasing of nitric acid
concentration, Ni and Zn leaching efficiency was increased.
The highest leaching efficiency for both Ni and Zn was reached
when leaching process was performed in 6 M HNO; (97.65%
and 99.91%, respectively), while lower values were observed
using 1 M HNO; (22.52% and 32.71%, respectively). The
reactions of the main species (Ni, Zn) that exist in the filter
cake with nitric acid are presented in following equations
(Mecucci and Scott, 2002):

3Zn(s) + 8HN03(aq) — 3Zn(N03) + ZNO(g) -+ 4H20(/) (6)

2(aq)

3Nl(;) + 8HN03(aq) — 3Ni(N03)2(aq) + 2N0(g) + 4H20([) (7)
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The presence of H' ions encourages the dissolution of Ni
and Zn subsequently; nitric acid was selected as solution
media. Nitric acid is the primary choice on several grounds,
e.g., it is an oxidizing acid that can dissolve most metals to
form soluble metal nitrates. It has poor oxidizing strength
below 2 M but is a powerful oxidizing acid in concentrated
form. Its oxidizing power can be enhanced by increasing its
temperature. Referring to Egs. (6) and (7), nitric acid has
strong activators, NO3 which can dissolve both Zn and Ni.
The increase in nitric acid concentration leads to increase of
available hydrogen ions that interact with solid matrix and
increases the rate of dissolution of Zn and Ni from it. Conse-
quently, increasing nitric acid concentration had a positive
effect on both Ni and Zn leaching efficiency. A similar trend
was also observed by increasing nitric acid concentration to
5 M at 80 °C and 120 min leaching efficiency of Ni increasing
to 97% (Lasheen et al., 2009).

3.2. Effect of temperature and time

To investigate the effect of temperature and time on Zn and Ni
leaching efficiency, the leaching process was performed in the
wide range of temperature (25-95 °C) and time (30-120 min)
with contact nitric acid concentration (6 M). The results were
shown in Fig. 5.

The results depicted increasing temperature and time is in
favor of Zn and Ni leaching effectively. For instance, at
25 °C only 63.4% Ni and 61.7% Zn were recovered and the
recovery process was completed at 95 °C. In general, both

o @
80 { mosec
U
= 40
20 A
0 - L |
30 45 60 90 120
Time (min)
100
@25°C (b)
ol e
& 60 A %
4 ''n
= 40 . %
I B B B B
30 45 60 90 120
Time (min)
Fig. 5 Effect of time and temperature on the leaching of (a)

nickel and (b) zinc (nitric acid concentration: 6 M; agitation speed:
600 rpm; L/S ratio 1:10).

reaction time and temperature had an important effect on
the leaching of Ni and Zn. Obviously, Ni and Zn are covered
by other constituents in the filter cake matrix which recovery
of these metals from nitric acid solution is too hard at ambient
temperature. Therefore, leaching of these components which is
inherently slow due to such barriers becomes reasonable as
temperature is raised (Sheik et al., 2013; Oza et al., 2011). Sim-
ilar results were also obtained by MacCarthy et al. (2016) that
investigated the effects of agitation rate and temperature on
leaching of Ni from the saprolitic nickel laterite ore and they
indicated temperature parameter has a significant impact on
the leaching behavior.

3.3. Extraction of Ni and Zn from nitric acid solution

After the leaching process to evaluate the extraction of Ni and
Zn using various extractants, the extraction percentages (%
ME) of these metal ions in 6 M nitric acid at 25 °C were deter-
mined. Due to the nitric acid leaching solution of the filter cake
is a complex system that includes of multi-metal existence, thus
the selective extraction of Ni is a critical subject. Therefore, Ni
and Zn extraction were evaluated for a series of different
extractants. In this study, dithizone, D2EHPA, and [bmim]
[PFg] which are chelating, phosphinic, and IL, respectively,
were investigated for the Ni and Zn extraction. The concentra-
tion of each extractant is as follows: 0.014 M dithizone in dif-
ferent solvents (kerosene and IL), 0.14 M D2EHPA in
kerosene, and the mixture of D2EHPA and dithizone
(0.14 M: 0.014 M) in kerosene at pH = 6.5, temperature
25 °C, and O/A = 1/1. As can be observed from Fig. 6,
D2EHPA and dithizone are also the most efficient compounds
in nickel extraction, with all achieving near 100% extraction.
However, dithizone in [bmim][PFg] is more efficient in the sep-
aration of Zn and Ni due to the lower % ME Zn. The results
indicated the extraction efficiency of extractants, are depen-
dent on the pH of the system. Consequently, the concentration
of extractants and pH influences on the separation of Ni and
Zn are investigated.
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Fig. 6 Effect of the extracting agent on the extraction of nickel
and zinc from the 6 M nitric acid solution ([Ni] = 4.36 g/L and
[Zn] = 48.67 g/L) at pH = 6.5, O/A phase ratio of 1:1, and
temperature 25 °C.
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3.3.1. Effect of pH

In order to investigate the influence of pH, on the extraction of
Ni and Zn with 0.14 M D2EHPA in kerosene and 0.014 M
dithizone in different solvents (kerosene and IL), experiments
were conducted at the pH range of 2-7.5, the organic/aqueous
(O/A) ratio at 1:1, and temperature of 25 °C. The percentage
extraction results of Ni and Zn vs. pH are shown in Figs. 7
and 8.

It can be seen that by increasing pH almost complete
extraction was achieved for Ni by all extractants. However,
the extraction efficiency of Zn was low in the case of dithizone
in kerosene and no extraction of Zn was observed in IL. It
needs to be noted that in the presence of acidic extractants like
D2EHPA, due to release hydrogen ions into the solution dur-
ing the extraction (Eq. (8)) (Bidari et al., 2013):

M‘(Z:;{) + ZAH(mg) — MAz(arg) + ZHZ"]) (8)

Acidic extractant follow a cation exchange extraction
mechanism which involves the displacement of hydrogen ion
from the extractant by the extracted metal, forming a neutral
organic soluble complex. Based on Eq. (8), D2EHPA release
H'ion during the solvent extraction process. Consequently,
increasing the pH of solution increases the metal ion extraction
from aqueous solution. D2EHPA is an ideal extractant for the
Ni and Zn extraction owing to its chemical stability, low aque-
ous solubility and high loading characteristics thus the proton
in the D2EHPA is easily substituted by the nickel and zinc ions
(Narita et al., 2006; Zhang et al., 2016). Besides, since the Ni
and Zn extraction is highly pH dependent, an acidic extractant
like D2EHPA is more preferable. Also, Fig. 8 showed the com-
parison of extraction of Ni and Zn from the aqueous phase to
ionic liquid and to kerosene. The higher percentage extraction
of Ni in [bmim][PF] than in kerosene indicates that ionic liq-
uid is a better receptor phase for metal removal and the use of
[bmim][PF¢] as the solvent for liquid/liquid extraction of metal
ions allows the extraction to be performed at lower pH.

The selectivity of extractants for desired Ni and Zn separa-
tion can be quantified using separation factor (see Eq. (3)). The
highest value of the separation factor corresponds to the high-
est selectivity in metals separation. Separation factor of Ni

100
ENi
20 NZn
w60 1
S
xX
40 1
\
20 4 \
N
N
0 3
2 4 5 6.5

Fig.7  Effect of pH on the extraction of nickel and zinc from the
6 M nitric acid solution ([Ni] = 4.36 g/L and [Zn] = 48.67 g/L) at
the O/A phase ratio of 1:1, D2EHPA concentration of 0.14 M in
kerosene and the temperature of 25 °C.
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Fig. 8 Effect of pH on the extraction of nickel and zinc from the
6 M nitric acid solution ([Ni] = 4.36 g/L and [Zn] = 48.67 g/L) at
the O/A phase ratio of 1:1, dithizone concentration of 0.014 M in
(a) kerosene and (b) IL ([bmim][PF6]) and the temperature of
25 °C.

from Zn (fniz,) at various pH are presented in Table 3.
According to the data shown in Table 3, dithizone in IL is
the most selective extractant of the three studied ones as it
extracts only Ni (Byiz» = 00). The pH value higher than 6.5
seems to be the most adequate for selective extraction of Ni
from Zn using dithizone in kerosene and separation factor of
Ni extraction over Zn for dithizone in kerosene is equal to
4.433. However, D2EHPA does not separate Ni from Zn.
Thus this value of separation factor is not acceptable for sep-
aration of the two ions in these conditions.

3.3.2. Effect of concentration

Since the amount of extractant in liquid-liquid extraction has
a significant effect on the metal ion extraction, the effect of the
different extractant concentrations on the selective extraction
was investigated and the results are shown in Fig. 9. As can
be seen from Fig. 9a, the extraction percentage of Ni and Zn
increased with increasing concentration of D2EHPA. As
expected, the increase in the concentration of D2EHPA
resulted in higher metal extractions (Pereira et al., 2007). The
results demonstrate that upon increasing D2EHPA concentra-
tion from 0.14 to 0.56 M, the extraction of Ni and Zn was
increased from 0.41% to 93.40% and 35.30 to 98.59%, respec-
tively. This is consistent with observations of Vahidi et al.
(Innocenzi and Veglio, 2012). Also, Fig. 9b shows that extrac-
tion percentages of Ni and Zn increased with increasing dithi-
zone concentration from 0.014 to 0.044 M. In particular,



5828

M. Mohammadzadeh et al.

Table 3 Separation factor of Ni from Zn at various pH using D2EHPA in kerosene and dithizone in different solvents (kerosene and

IL ([bmim][PFq)).

BNi/Zn pH
2 4 5 5.5 6 6.5
D2EHPA 0.006 0.058 0.118 0.111 1.84 0.820
DTZ in kerosene 0.198 0.297 0.228 0.2 1.823 4.433
DTZ in IL 40.06 697 1458.25 2.27 x 10° - =
extraction percentage of Ni increased from 7.34% to 99.5%.
100 EING, D2EEPA 0.14 M Further increase in the [bmim][PF] cqncentratipns from 0.2
ENi, D2EHPA 0.28 M to 1.0 M had no effect on the extraction of Ni, because Ni
80 1  @Ni,D2EHPA 056 M extraction had already reached nearly maximum (~100%),
OZn, D2EHPA 0.14 M . . . 0
mZn, D2EHPA 028 M whereas Zn slightly increased in the ranges of 2.09-3.21%
60 4  B7Zn, D2EHPA 0.56 M (Fig. 9¢). On the basis of the results nickel content of the real
S leaching solution was recovered through a single-stage extrac-
S
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Fig. 9 Effect of concentration (a) D2EHPA in kerosene, (b)
dithizone in kerosene, (c) dithizone in IL ([bmim][PFg]) on the
extraction of nickel and zinc from 6 M nitric acid solution
(INi] = 4.36 g/L and [Zn] = 48.67 g/L) at the O/A phase ratio of
1:1 and the temperature of 25 °C.

tion process. In some of the previous works, high nickel recov-
eries from nitric acid solution have been obtained by multi-
stage solvent extraction approach and also a modifier or
another extractant should be used, however recoveries as high
as the present 100% have not been generally achieved using the
previous single-stage extraction processes (Hutton-Ashkenny
et al., 2015; Mubarok and Hanif, 2016).

Moreover, the changes in selectivity factors with varying
extractant concentrations are presented in Table 4. Increasing
D2EHPA concentration cannot improve selectivity separation
Ni from Zn. This is due to the fact that selectivity separation of
Ni from Zn using D2EHPA is very low and separation factor
fluctuate is around 1.0. The difference between the separation
factors characterizing extraction with various dithizone con-
centrations is much more visible. For the lowest dithizone con-
centration (i.e. 0.014 M) separation factor is about 4.5, while
for the higher concentration (i.e. 0.028) is equal to 19.

3.4. Extraction mechanism and extraction stoichiometry

The presence of two opposite charge species of the IL makes
the metal ion separation in aqueous/IL biphasic system a much
more complex process than in traditional solvents. Several
studies have illustrated the difference of metal extraction
mechanism between ionic liquid and convenient organic sol-
vents (Wei et al., 2003; Prabhu et al., 2017). The metal extrac-
tion mechanism changed from ion-pair mechanism in organic
solvent (denoted by org, Eq. (9).) to cation exchange in ionic
liquid (Eq. (10)) (Shimojo and Goto, 2004).

(M), + x(L),,, + m(NO3™),, = (ML(NO3),,) 9)

org aq org

(MZ+)aq + (L) + ([bmimr)m A (ML);Z +Z([bmmlr)aq
(10)

Table 4 Separation factor of Ni from Zn at various concen-
tration of extractants in kerosene at pH = 6.5, temperature:
25 °C, and O/A = 1:1.

Concentration of: D2EHPA, M DTZ, M
0.14 028 0.56 0.014 0.029 0.044
Bi/zn 0.82 1.01 020 443 19.01  17.09
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The separation efficiency of metal ions in solvent extraction
is reported in terms of percentage extraction or distribution
ratio which can be predicted from a set of equilibrium con-
stants. Combining all the results obtained in this study, Confir-
mation of the metal ions extraction dependence on pH was
done by considering the extraction of Eq. (11) which leads to
the relationship between logD and proton concentration in
Eq. (14). Also, the possible assumption of extraction equilibria
of metal ions studied with dithizone in ionic liquid ([bmim]
[PFg]) could be proposed as in the following Fig. 10 (H2L
denoting dithizone).

The extraction mechanism of the metal ion (in this case
nickel) with dithizone in IL may be expressed as follows:

't yH, (11)

- (z+y—2n
M, +n(HyL),, < (ML,Hy, ),

The equilibrium constant of this extraction reaction (Key)
can be written as

[MLnHM—y] IL [HJqu

Ko =, I, 1

The distribution ratio, D, can be substituted into the above
equation, which gives:

Km‘ [H 2 L} ! IL
Dy =——-—*& 13
ST, .
By taking the logarithm of Eq. (13)
logDy = logK, + nlog(H,L),, — ylog(H"),, (14)

The slope analysis was carried out for determining the sto-
ichiometry of extracted metal complexes in solvent extraction.
The plots of logDy; against equilibrium pH and log (H,L,),
are shown in Fig. 1la and b. From Fig. 11(a), the slope of
logDn;i-pH curve is 1.701, so the value of y is close to 2. From
Fig. 11(b), the slope of logDy;-log(H,L,) curve is 2.87, and the
value of n is close to 3. Therefore, from the Eq. (14), the
extraction reaction equation can be expressed as Eq. (19).

N 4 3(H L)<= (Ni(HL),(H>L)) , +2H* (13)

3.5. Stripping of Ni and recycling of the IL

After the extraction of Ni and Zn, it is significant to recover Ni
and Zn from the IL phase and recycle the IL in a sustainable
way. Since the previous results demonstrated that the extrac-

(a)
4.5 4
4 1 .
3.5 1 *
y=1.701x-4.3198
3 R?=0.9931
25 A
g
o0
215 A
1 4
0.5 *
0 T T T d
1 2. ! 4. !
051 5 3.5 5 5.5
1- © pH
(b)
4.5 1
»>
* 35
y=2.8787x + 4.2983
R? =0.9829
P 2.5 A
z
S 15
=
.
0.5
2.5 2 -15 -1 0.5 05 4
* -1.5 -
log(H,L)
Fig. 11  Plots of logDy; versus equilibrium (a) pH and (b) log
(H,L).

tion of metal ions depended on the pH of solution, the strip-
ping experiment was carried out using varying
concentrations of nitric acid solution (0.5-3 M). The results
are shown in Table 5. The stripping efficiency of Ni and Zn
increased gradually along with acid concentration. The maxi-
mum stripping efficiency 100% could be obtained with 2 M
HNOs;. After the stripping process, the IL could be reused in
the next extraction process. The recycling efficiency of IL has
been tested (Fig. 12). The extraction and stripping processes
were repeated five cycles. The results indicate that IL still

M(HL), (H,L) Ht

Kq
Mz (H,L) & H* + HL™
A Aqueous phase
Dy, v D, Organic phase(IL) Dyt v Du
KCLSS
M#* +  n(HL) PE— M(HL), (H,L) +  yH?

Fig. 10  Chemical equilibriums in the extraction of metal ions using dithizone (H,L) with IL.
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Table 5 Metals stripping efficiencies using different concen-
tration of nitric acid at pH = 5.5.

HNO; (M) Stripping efficiency (R %)
Ni Zn
0.5 49.83 51.29
1 71.59 76.95
1.5 91.07 94.77
2 100 100
3 100 100
100 1 = . _ @Ni  ®Zn
80 1
60 A
<
X
40 A
20 A
0 =
1 2 3 4 5

Number of cycles

Fig. 12 Reuse ability of [bmim][PF¢] for selective extraction of
nickel (extraction and stripping conditions: [bmim][PF4] = 0.4 M;
pH = 5; extraction time = 30 min; [Ni] = 4.36 g/L,
[Zn] = 48.67 g/L; stripping solution of 2 M HNO3;; temperature:
25 °C).

retains its extraction ability toward Ni after five cycles and the
extraction percentage of Ni is around 94.5%. Therefore, the IL
had a good reuse property for the selective extraction of Ni.

4. Conclusions

In this study, separation of Ni and Zn from zinc plant residue
in nitrate medium was investigated through the solvent extrac-
tion process using D2EHPA, dithizone, and ionic liquid (1-
Butyl-3-methylimidazolium  hexafluorophosphate, [bmim]
[PFg]). At first, leaching of filter cake with the nitric acid
(HNO;) solution was examined experimentally and it was
observed that nitric acid as a relatively strong oxidant can ade-
quately dissolve Ni and Zn. The effect of nitric acid concentra-
tion, temperature and time on leaching was also studied. The
experiments indicated that approximately 100% of Ni and
Zn are leached in 6 M HNOj at 95 °C for 120 min. After that,
extraction behavior of Ni and Zn in the real leaching solution
was studied at different pH and extractant concentration.
Also, the results suggest that the pH have great effect on the
selective extraction of Ni. Increase in concentration of extrac-
tant would most likely show a positive effect on the amount of
Ni extracted however, is not necessarily required. Further-
more, the results show that application of hydrophobic
[bmim][PF¢] combined with dithizone allowed the selective

separation of Ni from Zn. The separation factor fy;z, can
reach to 2.27 x 10° in one extraction stage. The extraction
mechanism of Ni was investigated using slope analysis and
stripping efficiencies 100% have been achieved for Zn and
Ni with 2.0 M HNO;. This work supplies a promising
approach for the selective separation of Ni from zinc plant
residue, which making IL a potential replacement for volatile
organic solvents.
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