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selective extraction of copper(i) from polymetallic

acidic solutions using a polymer inclusion
membrane (PIM) with Mextral®5640H as the carrier
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This study introduces a novel approach by integrating solvent extraction and polymer inclusion membrane

(PIM) separation technologies to engineer an innovative PIM membrane material for the selective separation

and enrichment of strategic metals, particularly copper, from polymetallic acidic solutions. The primary

objectives were to streamline the technological process, reduce production costs, and enhance

separation coefficients between copper and other metals. The optimal extraction conditions were
determined as a mass fraction of Mextral®5640H : PVC: NPOE = 3: 3: 4, extraction temperature of 35 °
C, and 0.9 mol L™ H,SO, in the stripping solution. Under these conditions, we achieved remarkable

extraction efficiencies, with copper reaching 100%, and the separation coefficients between Cu®* and

Ni2*, Co?*, and Zn?* exceeding 10°. To elucidate the substantial differences in extraction performance
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between Cu?" and the other metals (Ni?*, Co?*, and Zn?*), we employed an integrative analytical

approach that combines FT-IR spectroscopy, BET analysis, and theoretical calculations. All extracted
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1. Introduction

Copper, nickel, cobalt, and zinc, along with their compounds,
play crucial roles in various aspects of the national economy,
daily life, defense industry, and scientific and technological
advancements, serving as key strategic resources for enhancing
national strength and security." In recent years, China has made
significant progress in developing and utilizing these resources.
The global demand for copper, nickel, cobalt, and zinc has
steadily risen, with China consistently ranking first in
consumption for fourteen consecutive years. In 2014 alone, the
consumption reached 11.09 million tons, 910 000 tons, 37 000
tons, and 6.35 million tons, respectively, representing 41%,
48.9%, 50.3%, and 46% of the world's total.>

Currently, the majority of non-ferrous metal resources in
China consist of low-grade oxide minerals and polymetallic
ores. With the depletion of high-grade traditional mineral
resources the mineral grade is declining, resulting in increased
mining challenges. Consequently, the self-sufficiency rate of
strategic metals like copper, nickel, cobalt, and zinc has grad-
ually decreased, leading to a growing dependence on external
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complexes demonstrated molecular sizes compatible with PIMs, underscoring the critical role of stability
and back-extraction performance in the selective extraction of these metal ions.

resources and highlighting a supply-demand imbalance.**
Therefore, it is imperative to develop sustainable methods for
the extraction of precious metals from difficult-to-process
mineral resources, such as symbiotic ore, associated ore, poor
ore, tailings, and slag ore.®

As the quality of copper, nickel, cobalt, and zinc resources in
China decreases over time, it becomes challenging and costly to
use traditional methods to efficiently extract these valuable
metals from the leaching solutions. Consequently, the leachates
and raffinates obtained from processes like leaching, electro-
plating, and electric industries often contain a mix of target
metal ions and other impurities. This makes it crucial to
directly separate and concentrate target ions in hydrometal-
lurgical raffinates.®

Due to the intricate nature of hydrometallurgical raffinates,
there is an urgent need for a method that can selectively sepa-
rate and recover valuable metal ions from various input solu-
tions simultaneously. In addition, this approach should offer
benefits such as improved separation efficiency, a shorter
technological process, and significant reductions in production
costs and environmental pollution.”

In recent decades, several methods have been used to extract
and recover valuable metals from polymetallic solutions. These
include chemical precipitation,® resin adsorption,” ion
exchange,' and solvent extraction.''”** Among these, solvent
extraction is widely applied to selectively recover and separate
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valuable metals from complex mixtures. For example, Cheng
and his colleagues*™® focused on the separation of precious
metals using a combination of two extractants, Versatic10 and
Lix63. They successfully extracted Cu>*, Co**, Ni*" and Zn** into
the organic phase, leaving impurities in the aqueous phase.*

While solvent extraction has been widely used for decades to
separate Cu>*, Co®>*, and Ni*" from Ca®", Mg®>*, Mn>", and Fe’*",
there are still some drawbacks. For instance, Cheng****** and
Zhu® achieved high separation coefficients for Ni/Co, Ni/Mn,
and Co/Mn of 675, 576, and 3065, respectively, using a syner-
gistic combination of Lix63 and Versatic10. However, the nickel
stripping rate was only 32% within 5 minutes. Li** also discov-
ered that the HDNNS/pyridinecarboxylate synergistic system
can selectively extract copper, nickel, and cobalt from the acidic
polymetallic solutions containing impurities like Ca*", Mg>",
Mn*", Cr**, Fe**, AI*", etc. Although improving the structure of
the pyridinecarboxylate carbon chain and purifying the
commercial extractant HDNNS enhanced the phase separation
in the HDNNS/pyridinecarboxylate co-extraction system,
increasing the extraction clarification rate from 0.4 m* m—>h™"
to 1.0 m* m~? h™", it still falls short of meeting the industrial
design demands of 2.4 m® m™> h™' for mixed clarification
equipment.

Although solvent extraction has been successful in recov-
ering essential non-ferrous metals, it faces challenges such as
slow extraction, difficult phase separation, and low efficiency.
Additionally, the need for sequential extraction and stripping
steps, along with the use of large amounts of potentially toxic
and flammable organic solvents and extractants, raises envi-
ronmental and safety concerns.”® As alternatives, emulsion
liquid membrane, bulk liquid membrane, supported liquid
membrane (SLM), hollow fiber renewal liquid membrane and
other separation technologies have been applied in hydromet-
allurgy for Cu®**, Co*’, Ni** and Zn®>" recovery and
separation.*** However, a drawback is the loss of membrane
solvent and/or carrier into the aqueous phase during prolonged
processes, leading to reduced lifespan of the membranes and
hindering the industrial application of membrane separation
technologies.

Fortunately, polymer inclusion membranes (PIMs) offer
a solution to the problem of losing membrane solvent or carrier
during long processes. They come with several advantages,
including high selectivity, easy preparation, and high extraction
efficiency.”" In the PIMs extraction, specific metal ions move
through a reversible coordination-dissociation reaction
between metal ions and extractants immobilized in the base
polymer.** Studies have shown that PIMs exhibit good dura-
bility, long-term stability, and higher selectivity compared to
SLMs.* The efficiency and selectivity of PIMs rely on the carrier
used, making the choice of an appropriate carrier crucial for
recovering and separating specific metal ions.** Recent research
has identified Aliquat 336, Acorga M5640, LIX84-1 and 2-ami-
nomethylpyridineas effective extractants for removing and
recovering of strategic non-ferrous metal ions.**** However,
understanding the intricate relationship between the micro-
structure and separation mechanism of PIMs remains
a complex and active area of research. This complexity depends
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on factors such as the size of substances to be separated, the
pore size of PIMs, operating conditions, and the membrane's
specific material and design.****

In this study, we aim to combine solvent extraction and PIM
separation technologies to create a novel PIM material designed
for selectively separating and concentrating copper(u) from
polymetallic acidic solutions. Our goal is to streamline the
technological process, cut production costs, and enhance the
separation coefficients between copper(i) and other metals. We
assessed the efficiency of selectively extracting copper(u) under
different H,SO, concentrations in stripping solutions, extrac-
tion temperatures, and membrane components in the presence
of Co*', Ni*, and Zn*'. To understand the mechanism of
selective separation and enrichment of copper(un) ions, we
employed techniques such as Brunauer-Emmett-Teller (BET)
and density functional theory (DFT) calculations.

2. Experimental

To optimize the PIM separation process, we studied the effects of
H,SO, concentration in the stripping solution, extraction temper-
ature, and the components of the membrane on the efficiency of
copper(n) extraction. Simultaneously, Brunauer-Emmett-Teller
(BET) measurements and density functional theory (DFT) calcu-
lations were employed into the investigation of the mechanism of
selective separation and enrichment of copper(u) ions.

2.1 Reagents and materials

2-Nitrophenyl-n-octyl ether (NPOE, Fig. 1a) and poly(vinyl)
chloride (PVC) were purchased from Shanghai Aladdin Co., Ltd
as utilized without additional purification. NPOE served as the
plasticizer in this work to maintain the softness of the PIM
membranes and enhance their mechanical strength, while PVC
was used as the base material for the membranes. Mex-
tral®5640H (Fig. 1b) functioned as an extractant/carrier and was
kindly provided by Chongqing KOPPERCHEM Industry Co., Ltd
(China). CuSO,-5H,0, NiSO,-6H,0, ZnSO,-7H,0 and CoSO,-
-7H,0 were supplied by Shanghai Aladdin Co., Ltd and used
without any pretreatment. Tetrahydrofuran (THF) served as
a solvent for the plasticizer and was purchased from Shanghai
Aladdin Co., Ltd. Throughout the experiment, ultrapure water
with a resistance of 18.2 MQ cm, prepared using a Milli-Q
System, was used.

2.2 Methods

2.2.1 Polymer inclusion membranes (PIMs) and feed
solutions preparation. The solvent evaporation method* was
utilized to create PIMs. Initially, distinct membrane components
(PVC, NPOE, and Mextral®5640H) with different ratios and
weighing 0.5 g in total were dissolved in 10 mL THF. These
solutions were then transferred into a glass culture dish with
a diameter of 6 cm. Allowing THF to slowly evaporate of at
ambient temperature for 12 h resulted in flexible, colorless, and
transparent membranes with robust mechanical properties,
referred to as Mextral®5640H-based PIMs. Subsequently, the
obtained membranes were then carefully peeled off from a glass

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The chemical structure of NPOE (a) and Mextral®5640H (b).

culture dish and stored for subsequent experiments. For the feed
solutions, accurate masses of CuSO,-5H,0, NiSO,-6H,0,
ZnS0,-7H,0 and CoSO,-7H,0 were weighed, dissolved in ultra-
pure water, and diluted to a specific volume. The pH of the
resulting feed solution was adjusted to 5.0 by diluted sulfuric acid.

2.2.2 Selective extraction of metal ions. The optimization
of the selective metal ion extraction process was carried out
using an in-house separation apparatus depicted in Fig. 2, with
an effective area of the membrane of 13.27 cm®. In a thermo-
static water bath, equal volumes (200 mL) of both the feed and
stripping solutions were maintained at a constant temperature.
Peristaltic pumps were employed as the power device to circu-
late the feed solution and stripping solution at a flow rate of 100
mL min~" during the membrane extraction process. At specific
one-hour intervals, 0.2 mL aliquots were transferred from the
compartment of the stripping solution to determine the metal
ions concentration using ICP-OES (AGILENT 725-ES, USA). The
metal ion concentrations in the organic phase were determined
by calculating the difference.

As depicted in Fig. 2, the feed solution containing Cu**, Co*",
Ni** and Zn”* was passed through the feed solution compart-
ment. Here, the extractable metal ions were selectively trans-
ferred into the membrane matrix at the membrane/feed
solution interface. This transfer occurred due to the differences
in the coordination ability and stability of the coordinated
complexes between Mextral®5640H and Cu®*, Co**, Ni** and

R

Zn**. Subsequently, the organometallic complexes diffused to
the opposite side of the membrane surface. These complexes
were further stripped with diluted sulfuric acid in the stripping
solution compartment at the solid/liquid interface. Finally,
Mextral®5640H in the membrane matrix was regenerated
through stripping and diffused to the membrane/feed solution
interface. This process allowed for the selective extraction of
metal ions from the feed solution compartment, followed by
continuous stripping with diluted sulfuric acid, achieving the
separation of valuable metal ions using Mextral®5640H-based
PIMs.

The extraction efficiency (E), distribution ratio (D), and
separation coefficient (8) were calculated as follows:

E= "% 100 (1)

Go

C
D= 2
e @)
D,

=1 3
=3 ®)

In these equations, C, (mg L™ ") represents the concentration
of Cu®', Co®’, Ni*" and Zn®' in the feed solution, and C,q
represents the concentration of these ions in the tripping
solution at specific point in time, respectively.

Feed solution Peristaltic pump

Feed solution compartment polymer inclusion membrane

Peristaltic pump
Strip solution compartment

Strip solution

Fig. 2 The schematic diagram (a) and digital image (b) of the selective extraction apparatus.
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2.2.3 Computational details. The theoretical calculations
were performed using the Gaussian 16 suite of programs.* The
structures of the studied molecules and their complexes with
four metal cations (Co>*, Cu®", Ni**, Zn**) were fully optimized
at the PBE0-D3BJ/def2-SVP level of theory. The vibrational
frequencies of the optimized structures were computed at the
same level. Each structure was confirmed as a local energy
minimum on the potential energy surface by verifying that all
the vibrational frequencies were real.

2.2.4 Membranes characterization. The FT-IR spectra of
Mextral®5640H were recorded on a Nicolet 6700 FT-IR spec-
trophotometer (Thermo Fisher Scientific, USA) using KBr
pellets. 32 scans at a resolution of 4.0 cm ™" were averaged to
obtain each spectrum over the wavenumber range of 400-
4000 cm ™. The FT-IR spectra of the membranes were recorded
directly. All spectrum measurements were performed at
ambient temperature. The full aperture size distribution of the
membranes were determined using the Brunauer-Emmett-
Teller (BET) model from nitrogen adsorption and desorption
isotherms. These isotherms were measured at the temperature
of liquid nitrogen on an ASAP 2460 (Mcmurretik Instrument
Co., Ltd (Shanghai)) surface area analyzer with adsorption data
in the relative pressure range from 0.05 to 0.995.*%*

3. Results and discussion

3.1 Optimization of the membrane extraction process and
stability tests

3.1.1 Effects of membrane components on efficiency and
selectivity of copper extraction. The efficiency and selectivity of
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copper extraction greatly depend on the membrane properties
and the amount of carrier molecules incorporated within the
membrane. The extraction of copper(u) largely depend on how it
interacts with the carrier (Mextral®5640H), so, it is important to
use the right amount of this carrier.*> In the present work, we
used PVC as the frame work of polymer membrane. If there is
too much PVC, the mass transfer rate is reduced, but too little
PVC can decrease the mechanical performance of the
membrane. Therefore, we keep a mass fraction of PVC between
30 and 40%.* In addition, NPOE was used as the plasticizer.
When its content goes above 40% (by mass), the membranes
become too sticky and soft, which makes them unsuitable for
selectively extraction of metal ions.*”> However, if the NPOE
content is below 40%, increasing its amount does improve
copper extraction efficiency. Therefore, we also keep the content
of NPOE between 30 and 40%. Additionally, since the amount of
carrier we can use is limited, we should keep the concentration
of metal ions in the feed solution low to optimize the extraction
process.

Therefore, to determine the optimal components for the
efficient extraction of Co**, Cu®**, Ni**, and Zn>**, we varied the
mass fraction of Mextral®5640H, PVC and NPOE. The amount
of Mextral®5640H was kept constant at 30%, and the mass
fraction of NPOE and PVC was adjusted. Fig. 3 illustrates that
the Cu®" extraction efficiency and membrane selectivity
increased with a higher amount of NPOE plasticizer. At 40%
NPOE, cooper was nearly 100% extracted, and the separation
coefficients 8 with respect to Ni**, Zn>", and Co®" were calcu-
lated to be 210357, 98 148 and 171 904, respectively, after 7
hours of equilibration. The separation coefficients Bcyni in
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Fig. 3
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The effects of membrane composition on the extraction efficiency (E) and separation coefficient (8) of PIMs.
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Fig. 3a and both Bcyni and Beu/co in Fig. 3b fluctuate slightly
with the increase of extraction time. This may be due to
differences in the extraction kinetics of Cu** compared with
those of Ni** and Co**.** However, when the NPOE plasticizer
exceeded 40%, the resulting PIMs became too soft and sticky,
impeding the transport of extractable metal ions. Therefore, we
propose the optimal mass fraction between Mextral®5640H,
PVC and NPOE to be 3:3:4.

3.1.2 Effect of H,SO, concentration on efficiency and
selectivity of copper extraction. The back-extraction process
plays an important role in the extraction of metal ions. There-
fore, we investigated the impact of H,SO, concentration in the
stripping solutions on extraction efficiency (E) and separation
coefficient (8). All extraction experiments were conducted at 25 °©
C with a fixed mass fraction between Mextral®5640H, PVC and
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NPOE at 3:3:4. Due to strong coordination and the formation
of a stable complex between Mextral®5640H and Cu’*, the
stripping solution required relatively high concentration of
H,SO, to achieve an efficient back-extraction.

As depicted in Fig. 4, an increase in H,SO, concentration in
the stripping solution from 0.3 to 0.9 mol L™ led to a rise in the
extraction efficiency of Cu®" after 7 hours from 40.31% to
99.98%. Simultaneously, the separation coefficient between
cu*"and Ni**, Zn**, and Co?" reached 921 255, 485 027 and 834
601, respectively. The significant fluctuations of separation
coefficients occur when the H,SO, concentration in the strip-
ping solution exceeds 0.9 mol L™". These fluctuations could be
attributed to the low extraction efficiency of Ni**, Zn**, and Co**
in the early stage of extraction. Meanwhile, the extraction effi-
ciency of Cu®" rapidly increases with extraction time, while
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100 + 294 7]
——Cu (%) 5, F 2x10°
—e—Ni (%) N —|
R N
v Co (%) A Beuce
F 1x10°
—
a\b 60 "’c
= =
R Fex10? R
40
20 4 F4x10°"
0 Fo
T T T T T T T
1 2 3 4 5 6 7
Extraction time /h
180
0 (d) HySO, 1.2 mol/L
—a—Cu (%) | [—g—
704 —e—Ni (%) 7‘72‘”‘ r 160
—A—Zn (%) ||,
=v—Co (%) Peuco —o| 140
60
2 50 _.r120
=~ _Q
= 40 100
304 - 80
20
- 60
104 . o
N R N N W s [40
0 T T T T s T T
1 2 3 4 5 6 7
Extraction time /h
25 22
(f) H,80, 2.0 mol/L
(—=—Cu (%)
—e—Ni (%)
20_+Zn (%)
—¥—Co (%)
2151
2y
]

1 2 3 4 5 6 7
Extraction time /h

Fig. 4 The effect of H,SO,4 concentration in the stripping solution on E and @ values of four precious metal cations.
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other metals are extracted negligibly. This results in high
selectivity for copper extraction. However, at higher sulfuric
acid concentrations, the extraction efficiency of Cu®" decreased
from 100% to 21.57%, while the extraction efficiency of Ni**,
Zn**, and Co*" reached 3.23%, 3.83% and 2.77%, resulting in
a decrease in the separation coefficient between Cu*‘and Ni**,
Zn>*, and Co®" to 8.23, 6.91 and 9.93, respectively. The lower
extraction efficiency of Cu®" at higher H,SO, concentrations in
the stripping solution can be attributed to the decreased
stability of carriers incorporated into polymer inclusion
membranes, while the increased extraction efficiency of Ni*",
Zn>*, and Co*'(ref. 38) contributes to this effect. Hence, we
chose 0.9 mol L™' H,S0, in the stripping solution for the
subsequent experiments.
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3.1.3 Effects of temperature on extraction efficiency and
separation coefficient. Higher temperatures accelerate chemical
reactions, potentially aiding the extraction of copper from the
aqueous medium. Therefore, we investigated the effects of the
temperature of stripping and feed solutions on the extraction
efficiency (E) and separation coefficient (8). All extraction exper-
iments were conducted with a 0.9 mol L™! H,SO, concentration
in the stripping solution and a 3:3:4 mass fraction of Mex-
tral®5640H, PVC and NPOE in the PIM membrane. The
temperature of stripping and feed solutions was controlled
between 25 and 65 °C using a thermostatic water bath.

As depicted in Fig. 5, the extraction efficiency of Cu®" and
separation coefficients increased significantly. The extraction
efficiency of Cu®* increased from 96.47% to 100%, and the
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Fig. 5 The effect of temperature on the extraction efficiency (E) and separation coefficient (3).
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separation coefficient between Cu®* and Ni**, Zn**, and Co*>*
increased about 10* times as the extraction temperature rose
from 25 °C to 35 °C after 6 hours of extraction. However, with
further increases in extraction temperature from 35 °C to 65 °C,
the extraction efficiency of other valuable metals increased
slowly, resulting in decrease in the separation coefficient
between Cu®** and Ni?", Zn®*, and Co?". This can be attributed to
the increased mass transfer rate of Ni**, Zn** and Co*' at
elevated temperatures and the decreased efficiency copper
extraction. Therefore, the optimal extraction temperature was
determined to be 35 °C.

3.1.4 Chemical stability of PIM. We next evaluated the
chemical stability PIMs during the extraction process. After
selectively extracting copper from acidic solutions containing
multiple metals for 300 hours, no significant weakening of the
mechanical properties or reduction of extraction efficiency was
observed. However, with the extended extraction time, a light-
green color appeared on the exposed surface of the PIM. This
color may originate from the reaction of Mextral®5640H in the
PIM with Cu®".** Washing with a dilute sulfuric acid solution,
removed the color, resulting from the back extraction of Cu**.*

3.2 FT-IR studies of the extraction mechanism of PIMs

To understand the membrane extraction mechanism, we
recorded the FT-IR spectra of the extractant (Mextral®5640H),
the unloaded polymer inclusion membrane (PIM), and the PIM
loaded with metal ions.

As displayed in Fig. 6, the strong vibration peaks located
around 2963-2856 cm™ ' (Fig. 6a-c) corresponded to the C-H
groups of aliphatic and phenol groups in Mextral®5640H and
NPOE.* The band at 1624 cm™* (Fig. 6a) assigned to the C=N
stretching vibration in Mextral®5640H shifted to 1608 cm "
(Fig. 6b) due to interactions between Mextral®5640H and NPOE.
Furthermore, the interaction between the Mextral®5640H oxime
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group with metal ions induced a more pronounced peak shift to
1582 cm™ ' (Fig. 6¢).*** The absorption peak at 1384 cm ™" origi-
nating from the deformation vibration of the phenolic -O-H
group in Mextral®5640H disappeared in PIMs (Fig. 6b and c¢) due
to intermolecular hydrogen-bonding with the plasticizer.*® The
vibration band at 3398 cm ™ (Fig. 6a), attributed to ~OH stretching
vibrations of the extractant, was preserved in the unloaded PIM
(Fig. 6b). However, the peak broadened and shifted to 3405 cm™*
due to hydrogen-bonding between Mextral®5640H and NPOE.
This peak disappeared in the loaded PIM (Fig. 6¢) due to the
coordination of the extractant with metal ions, which disrupted
the inter- and intramolecular hydrogen bonding of Mex-
tral®5640H.>>* Additional FT-IR peaks observed at 1161 cm™ ',
1353 cm ! and1527 em™* were attributed to C-O-C, C-N, and C-
NO, groups of NPOE (Fig. 6b and c).** Considering all these
results, we propose the structure of extracted complexes as dis-
played in Fig. 7, where M represents Cu>*, Ni*", Co** and Zn*",
respectively.

3.3 Pore size distribution of unloaded PIM

The microstructure of membranes, including factors like pore
size, distribution, and membrane thickness, plays a pivotal role

Fig. 7 The plausible structure of the extracted complexes. M repre-
sents Cu, Ni, Co, or Zn ions.

(a) Mextral® 5640H

b) Unlogded polymer inclusion membrane
1

Transmittance (%)

2856

I
|
|
|
2963 2928

(C) Loaded polymer inclusion membrane

1527
1

3500 3000 2500

2000 1500 1000 500
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Fig. 6 FT-IR spectra of Mextral®5640H (a), unloaded PIM (b), and loaded PIM (c).
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in their separation performance. These characteristics are
particularly important in processes like microfiltration and
ultrafiltration, where separation is mainly determined by pore
size. Larger substances are retained while smaller substances

Type B )
yp A

Type C |

pass through, highlighting the crucial role of microstructure in
the separation mechanism. In this context, we utilized the BET
model based on nitrogen adsorption and desorption isotherms
to investigate the pore size of the PIM. The analyzed sample
consisted of a membrane synthesized under optimum compo-
sition for maximizing extraction yield, i.e. 3:4 :3 mass ratio of
Mextral®5640H, NPOE and PVC. The results are shown in Fig. 8.

The gas adsorption isotherms presented in Fig. 9 indicate
a type IV isotherms, as illustrated in Fig. 7a. Moreover, exam-
ining the hysteresis loops and their corresponding pore shapes
(Fig. 10) classifies ring the PIM membrane's hysteresis ring
(Fig. 8a) as type A. A smaller hysteresis ring suggests relatively
high membrane porosity, characterized by cylindrically-shaped
pores. Fig. 8b illustrates that the majority of the membrane
pores have diameters ranging from 2.0 to 5.0 nm. The calcu-
lated average pore diameter is 3.2686 nm, with numerous pores
larger exceeding 3.5 nm. If pore size significantly influences
extraction efficiency and separation coefficient, the diameter of
the Cu**-Mextral®5640H complex should be smaller than the
average pore size. Conversely, complexes of the other three
metal cations (Ni**, Zn**, and Co”*) with the extractant should
be larger than the membrane's pore size.

Type D |

o

TypeE |

(b) Slits

(a) Cylndncal

(c) Wedge shaped (d) Bottle neck

Fig. 10 Classification of hysteresis loops of adsorption isotherms and their corresponding pore shapes.*
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Fig. 11 The optimized geometry and molecular size of the extractant-metal ion complexes for Cu (a), Ni (b), Zn (c), and Co (d).

Table 1 The total energy, interaction energy, and molecular size of complexes of each of the four metal cations with the extractant

System Energy/Hartree Interaction energy/Hartree Interaction energy/kcal mol™* Molecular size/A
Mextral®5640H + Cu** —3038.12450 —0.05255 —32.97756 30.448
Mextral®5640H + Ni** —3163.64661 —0.10503 —65.90732 30.335
Mextral®5640H + Zn>* —3434.72654 —0.03891 —24.41724 30.865
Mextral®5640H + Co>" —3295.79823 —0.04226 —26.51646 30.332

3.4 Structural analysis of the extractant-metal ion complexes

The metal extraction experiments revealed a significant differ-
ence in the extraction performance of PIMs toward Cu®*
compared with Ni**, Zn>*, and Co”". To gain more insights into
the structural basis of this trend, we optimized the structures of
the four hypothesized coordination compounds to obtain
information on their molecular size and stability. The results of
quantum chemical calculations are illustrated in Fig. 11 and
summarized in Tables 1 and 2.

Evidently, the sizes of all four organometallic compounds,
ranging from 30.3 to 30.9 A, were smaller than the average pore
diameter (3.2686 nm). This implies that molecular size is not
the main factor influencing the separation mechanism of these
metal cations. The calculated potential energies for the four
complexes (Table 1) highlighted that the complex with Cu>*
ions has the largest overall energy, i.e. the lowest stability, which
is beneficial for the back-extraction of Cu®'-Mextral®5640H
complex. The enthalpy and entropy of the reaction as well as
Gibbs free energy of the complexes shown in Table 2 indicate
that the complex with Cu®* has lower stability compared to
those with Ni**, Zn*', and Co?". As discussed in Section 3.1.2,
the increased acid concentration in the stripping solution
improved the extraction of Ni*, Zn**, and Co®" and thereby

Table 2 Enthalpy, Gibbs free energy and entropy- of the formation of
metal extractant complexes

System AH/kcal mol™" AG/keal mol™* AS/cal K™*
Mextral®5640H + Cu®>* —23.801075 —7.60787345 —0.054339603
Mextral®5640H + Ni** —27.3597875  —13.4705002 —0.046608347
Mextral®5640H + Co*" —37.22597 —21.8255475  —0.05167927
Mextral®5640H + Zn>" —40.56427 —26.76592875 —0.046303159

© 2024 The Author(s). Published by the Royal Society of Chemistry

reduced the separation coefficients. The results of theoretical
calculations support these results, as more stable complexes
correlate with lower extraction rates and poorer extraction
performance. Therefore, the stability and back-extraction
performance played a significant role in the selective extrac-
tion of copper from the feed solution.

4. Conclusions

In summary, our study proposes an innovative integration of
solvent extraction and PIM membrane separation technology to
fabricate a novel PIM membrane material. This material
demonstrates efficient and selective separation and enrichment
of strategic valuable metals, particularly copper(u), from poly-
metallic acidic solutions. We systematically explored the impact
of PIM composition, extraction temperature, and H,SO,
concentration in the stripping solution on extraction and
separation performance.

The optimization process identified the ideal extraction
conditions as a mass fraction of Mextral®5640H : PVC : NPOE =
3:3:4, extraction temperature at 35 °C, and 0.9 mol L ™" H,SO,
in the stripping solution. Under these conditions, we achieved
impressive extraction efficiencies of 100% for Cu®", 8.53% for
Ni**, 8.43% for Co**, and 23.89% for Zn>*.

To explain the substantial variation in extraction perfor-
mance between Cu and the other metals, we employed the
comprehensive approach. The FT-IR spectra, BET analysis, and
theoretical calculations provided crucial structural insights,
including molecular size and potential energy, for copper and
the other metal-ion extracted complexes within the PIM. The
results underscored that all the extracted complexes molecular
could pass through the PIMs in terms of molecular size. Hence,
stability and back-extraction performance were identified as
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crucial for the selective extraction of copper with respect to the
other three metal ions. The success of this synergistic approach
lays the foundation for advancements in the field of metal
separation technologies. Future research directions could be
oriented towards scaling up this methodology for industrial
applications, with a focus on optimizing process parameters for
enhanced efficiency and environmental sustainability.
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