
RSC
Sustainability

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
12

/2
02

5 
7:

49
:3

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Complexation-dr
aDepartment of Chemistry, The University o

USA
bInstitute of Advanced Materials & Manufac
cChemical Sciences Division, Oak Ridge Na

37831, USA. E-mail: prasadthapab@ornl.go
dManufacturing Science Division, Oak R

Tennessee 37831, USA. E-mail: luoh@ornl.g

† Electronic supplementary informa
https://doi.org/10.1039/d4su00061g

Cite this: RSC Sustainability, 2024, 2,
1859

Received 6th February 2024
Accepted 13th May 2024

DOI: 10.1039/d4su00061g

rsc.li/rscsus

© 2024 The Author(s). Published by
iven ion-exchange polymer
inclusion membranes for separation of cobalt and
nickel ions from lithium-ion via proton pumping†

Babafemi Adigun,ab Bishnu P. Thapaliya,*c Huimin Luo*d and Sheng Dai *abc

Cobalt and nickel are vital components of lithium-ion battery (LIB) cathodes; their increasing demand requires

efficient recovery from spent LIBs to foster a sustainable battery future. The limitations of current separation

technologies necessitate the development of more cost-effective, efficient, and eco-friendly metal recovery

methods. Herein, we developed a complexation-driven ion-exchange polymer inclusion membrane (IEPIM)

by confining an ionic liquid (IL) and a protic extractant in a polymer host to separate cobalt and nickel ions

from lithium ions. While past studies achieved selective separation of cobalt ions using basic extractants in

aqueous chloride solutions, this study utilizes a protic extractant to achieve a multi-ion separation in

aqueous solution. Our approach relies on proton pumping facilitated by the protic extractant, making the

separation process effective while avoiding harmful organic solvents. The IEPIM made from 50% PVDF-

HFP (poly(vinylidene fluoride-co-hexafluoropropylene)) as the polymer host, 30% Cyanex 301 (bis(2,4,4-

trimethylpentyl) dithiophosphinic acid) as the protic extractant, and 20% [C8mim][NTf2] (1-octyl-3-

methylimidazolium bis(trifluoromethanesulfonyl)imide) as the plasticizer, efficiently separates Co2+ and

Ni2+ from Li+ in aqueous solution, with over 90% transport efficiency for Co2+ and 73% for Ni2+. The

membrane maintained this efficiency through three cycles, indicating its stability. These results

demonstrate that the IEPIM could be a viable alternative to conventional metal ion separation methods,

offering an environmentally sustainable and cost-effective strategy for recycling critical metals from spent

lithium-ion batteries with the potential for industrial application in separation technology.
Sustainability spotlight

Sustainable recovery of metals from spent lithium-ion batteries (LIBs) is essential for mitigating the environmental and economic impacts of increasing cobalt
and nickel demand. The inefficiencies, high energy demands, and toxic waste production of conventional recovery processes underscore the need for
a sustainable, economically viable substitute. Our approach, utilizing Ion-Exchange Polymer Inclusion Membranes (IEPIMs) with a protic extractant, offers
simultaneous separation of multiple ions in aqueous solutions, with impressive transport efficiencies exceeding 90% for cobalt and 73% for nickel. This
innovation aligns with the UN's Sustainable Development Goals, particularly SDG 12 (Responsible Consumption and Production) and SDG 13 (Climate action),
revolutionizing critical metal recycling, enhancing resource efficiency, and promoting a circular economy in the battery sector. Our work mitigates the envi-
ronmental impact of e-waste and lowers the carbon footprint of metal extraction and processing, contributing to a sustainable, effective battery recycling
infrastructure.
1. Introduction

The recovery of metals from waste, especially from expended
LIBs, is critical for maintaining metal sustainability and
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environmental safety.1,2 The demand for cobalt and nickel, key
elements in LIB cathodes, has skyrocketed with the growth of
the portable electronics and electric vehicle industries. This
increase in demand poses challenges to their supply chains and
has an environmental impact.3–9 Conventional metal recovery
methods, such as solvent extraction,10,11 adsorption,12,13 ion
exchange,14,15 and electrowinning,16,17 come with signicant
drawbacks, including toxic waste creation, high costs, energy
demands, and the need for large amounts of extractants.
Therefore, there's a pressing need for an eco-friendly, efficient,
and less extractant-dependent separation method to lessen
environmental impact.

Polymer Inclusion Membranes (PIMs) provide a novel and
continuous alternative to traditional metal separation
RSC Sustainability, 2024, 2, 1859–1867 | 1859
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Fig. 1 Chemical structures (a) [C8mim][NTf2], (b) PVDF-HFP, (c) Cya-
nex 301.

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
12

/2
02

5 
7:

49
:3

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
techniques, offering efficiency and resource conservation.
These membranes employ a selective approach, using a poly-
meric membrane infused with a specic extractant and a plas-
ticizer to extract target metals from complex mixtures, like those
found in spent battery leachates.18,19 This method facilitates the
selective transport of targeted metal ions, such as cobalt and
nickel from complex mixtures, streamlining the process by
combining extraction and stripping into one step. This reduces
the need for extra separation phases, reduces extractant use,
and minimizes environmental impact.20,21

PIMs have successfully recovered different metals; the key
elements of PIMs—the polymer host, the extractant, and the
plasticizer are essential for the membrane's effectiveness,
stability, and ability to transport materials. The polymer host,
typically cellulose triacetate (CTA)22–24 or poly(vinyl chloride)
(PVC),25,26 forms the membrane's structure and determines its
physical and chemical attributes. Poly(vinylidene uoride-co-
hexauoropropylene) (PVDF-HFP), though less common, offers
notable advantages such as strong chemical resistance and high
stability. The extractant is crucial in PIM-based metal ion
transport, as it binds and carries the target metal through the
membrane. Various extractants are utilized, including bis(2,4,4-
trimethylpentyl) phosphinic acid (Cyanex 272), 2-ethylhexyl
phosphoric acid mono-2-ethylhexyl ester (PC-88A), di(2-
ethylhexyl)phosphoric acid (D2EHPA), and N,N-dioctyl-1-
octanamine (Alamine 336).27–29 The plasticizer contributes to
the membrane's effectiveness by lessening the intermolecular
forces of the polymer, which increases exibility and perme-
ability for better metal ion transport.18,19 Common plasticizers
include 2-nitrophenyl octyl ether (2-NPOE),30,31 o-nitrophenyl
pentyl ether (ONPPE),32,33 and tris(2-ethylhexyl) phosphate
(TEHP).34,35 PIMs have been effectively used in the recovery of
various metals. For instance, Fajar et al. successfully applied
PIM for extracting platinum (Pt), palladium (Pd), and rhodium
(Rh) from the leachate of spent automotive catalysts using the
ionic liquid trioctyl(dodecyl) phosphonium chloride (P88812Cl).
Over 90% recovery of Pt and Pd with high purity was achieved.36

Several other studies have concentrated on selectively sepa-
rating metals from used batteries. In one such study, Pospiech
employed PIM to differentiate cobalt from nickel and lithium in
a chloride solution, using trisooctylamine (TIOA) as the
extractant. This process transported 74.5% of Co(II) ions into
the receiving solution within 24 hours.37 Recently, ionic liquids
(ILs) have gained recognition as efficient ionic liquid plasti-
cizers (ILPs) in PIMs, attributed to their structural resemblance
to conventional plasticizers and their unique non-volatile
nature.38,39 Guo et al., utilized ILs, specically [Cnmim][PF6], as
plasticizers in the transport of (Cr(VI)). It was found that these IL
plasticizers enhanced the membrane's permeability coefficient,
thereby improving Cr(VI) transport.27

Herein, we aim to address the challenges of the traditional
separation process by eliminating the need for toxic organic
solvents using an IEPIM. The IEPIM, composed of a polymer
host (PVDF-HFP), an extractant (Cyanex 301), and a plasticizer
([C8mim][NTf2]), is designed to separate cobalt and nickel ions
from lithium ions in aqueous solutions. The separation strategy
is based on proton pumping, driven by the pH gradient between
1860 | RSC Sustainability, 2024, 2, 1859–1867
the feed and stripping solutions, and facilitates the metal ion
transport through the membrane. Previous studies have
successfully extracted cobalt ions using basic extractants in
chloride-based aqueous solutions; however, our strategy
involves using a protic extractant to separate multiple ions at
once in an aqueous solution with the potential for further
individual separation. The IEPIM effectively separates cobalt
and nickel from lithium ions in aqueous media, achieving
a remarkable transport efficiency exceeding 90% for cobalt and
73% for nickel. The IEPIM maintains this efficiency effectively
across three successive cycles, showing good stability over
successive use and potential for industrial applications. Our
study is focused on creating an environmentally sustainable
method for metal separation and recovery, aiming to reduce the
environmental impact of conventional separation processes.
2. Materials and methods
2.1 Materials

Poly(vinylidene uoride-co-hexauoropropylene) (PVDF-HFP,
Mw ∼ 400 000, Mn ∼ 130 000, Sigma-Aldrich), bis(2,4,4-
trimethylpentyl) dithiophosphinic acid (Cyanex 301, Solvay),
acetone ((CH3)2CO, 99.5%, Fisher Chemical Company), lithium
chloride (LiCl, 98.5%, Fisher Chemical Company), hydrochloric
acid (HCl, 36%, Fisher Chemical Company), cobalt(II) chloride
(CoCl2$6H2O, 98%, Alfa Aesar), nickel(II) chloride (NiCl2$6H2O,
98%, J. T. Baker Chemical Company) were used as received. 1-
Octyl-3-methylimidazolium bis(triuoromethanesulfonyl)imide
([C8mim][NTf2]) was synthesized by modied procedure from
literature40 (Fig. 1).
2.2 Membrane preparation

The pure PVDF-HFP membrane was prepared by dissolving
PVDF-HFP pellets in acetone, stirring overnight, and casting the
solution onto a Petri dish. Then, the solvent was evaporated to
get the membrane used as a reference material for comparative
analysis. The IEPIM membrane was prepared by dissolving
PVDF-HFP, Cyanex 301, and [C8mim][NTf2] in 5 : 3 : 2 ratio by
mass with a total weight of 0.2–0.3 g in acetone. The solution
was stirred overnight at 25 ± 0.6 °C to form a homogenous
solution and then poured into a 6.5 cm diameter Petri dish. The
solvent was evaporated slowly over 24 hours, forming
a membrane. The IEPIM membrane had a thickness of 45 ± 8
© 2024 The Author(s). Published by the Royal Society of Chemistry
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mm, as measured with a digital calliper (Mitutoyo 293-832-30
micrometer).

2.3 Extraction and stripping experiments

0.2 g of IEPIM was immersed in 30 mL of 1 mM Co2+ and Ni2+

solution and shaken at 200 rpm on an orbital shaker at 25 °C for
24 hours. 1 mL sample was periodically taken out for analysis
and replaced with an equal amount of the original solution to
keep the volume constant. The concentration of the metal ions
in the solution was measured before and aer the extraction by
inductively coupled plasma optical emission spectroscopy (ICP-
OES) (Agilent 5110). The extraction efficiency (E%) was calcu-
lated using eqn (1) below.28

Eð%Þ ¼ Cf
0 � Cf

t

Cf
0

� 100 (1)

where ‘t’ is the time (hours), the concentration of the metal ion
in the feed solution at t = 0 (before extraction), at t > 0 (time of
extraction) are denoted by Cf

0 and Cf
t respectively.

Subsequently, themetal loaded IEPIM underwent a stripping
process. It was placed in 30 mL of 2 MHCl for another 24 hours.
Like the extraction phase, 1 mL aliquots were regularly taken
from the solution and replaced by an equal volume of the fresh
solution to maintain the volume. The concentration of the
metal ions in the stripping solution was measured by ICP-OES.
The stripping efficiency (S%) was calculated with eqn (2)
below.28

Sð%Þ ¼ Cr
0

CIEPIM

� 100 (2)

where ‘t’ is time (hours), the concentration of the metal ion in the
stripping solution at time t > 0 (the time of stripping) is denoted
by Cr

0. The concentration of metal ions extracted into the
membrane from the extraction experiment is denoted by CIEPIM.

2.4 Mass loss of IEPIM

Two IEPIMs with a mass of 0.3102 ± 0.0003 g were immersed
in 50 mL of deionized water and le for 24 hours at room
temperature. Aer 24 hours, they were removed from the
solution, cleaned, dried in the oven for more than 24 hours at
50 °C, and weighed. The process was repeated for three cycles.
The solution was analyzed using a UV-Vis spectrometer and
ICP-OES.

2.5 Transport experiments

The transport experiments involving the IEPIM were carried out
using a jacketed glass compartment system. In this setup, the
IEPIM was carefully placed between the compartments to ensure
contact with the feed and stripping solutions. The surface area in
contact with the feed and stripping solutions is 3.14 × 10−4 m2

(diameter 20 mm). The feed (100 mL of 0.1 mM Co2+, Ni2+, Li+)
and stripping (100 mL of 2 M HCl) solutions were stirred at
700 rpm using magnetic stir bars. 1 mL aliquots were extracted
from the solution, and an equal volume of the original solution
was added to maintain the volume. The concentration of the
metal ions in the solution was measured before and aer the
© 2024 The Author(s). Published by the Royal Society of Chemistry
extraction by ICP-OES. The kinetics of the transport experiment is
described by eqn (3); the rate constant k (h−1), initial ux J0 (mol
m−2 s−1), permeability coefficient P (m h−1) and the transport
efficiency TE (%) were calculated using the following equations.28

In

 
Cf

t

Cf
0

!
¼ �kt (3)

P ¼
�
V

A

�
k (4)

J0 = P$Cf
0 (5)

TEð%Þ ¼ Cr
t

Cf
t

� 100 (6)

where Cf
0 is the concentration of the metal ions (mol L−1) in the

feed solution at t = 0, Cr
0 is the concentration of the metal ions

(mol L−1) in the stripping solution at t > 0 (stripping time), V is
the volume (m3) of the feed solution, A is the surface area (m2) of
the IEPIM in contact with the solutions.

3. Results and discussion
3.1 Membrane characterization

The surface morphology of the pure PVDF-HFP and IEPIM
membranes was investigated using scanning electron micros-
copy (SEM), as shown in Fig. 2. The SEM image of the pure PVDF
membrane displayed a dense and rough surface characterized
by small, unevenly distributed pores (Fig. 2a). This morphology
is likely due to solvent evaporation during membrane forma-
tion, which causes the development of these non-uniform
pores. Upon incorporation of the extractant and plasticizer in
fabricating the IEPIM, it was noted that the micropores became
signicantly lled (Fig. 2b). This is presumed to arise from the
penetration of the extractant and plasticizer into the pores.

Before and aer the transport experiments, the thermal
analysis of pure PVDF-HFP and the IEPIM was examined.
Thermogravimetric analysis (TGA) of pure PVDF-HFP, Cyanex
301, IEPIM before and aer the transport experiments was
examined as shown in Fig. 2c. Pure PVDF-HFP and Cyanex 301
each exhibit a single-step thermal decomposition at approxi-
mately 480 °C and 150 °C, respectively. However, the IEPIM
undergoes a two-step decomposition, starting at around 150 °C
due to the decomposition of the extractant and correlating with
its proportion in the IEPIM, while the PVDF-HFP component
continues to decompose at the same 480 °C. These observations
indicate that the IEPIM's thermal stability is maintained up to
150 °C. The thermogravimetric analysis (TGA) of the IEPIM,
conducted both before and aer the extraction process was
consistent, indicating that no residual metal ions remained in
the membrane following the transport experiments. This
nding conrms the membrane's efficiency in metal ion release
during the transport process, highlighting its reusability
without ion accumulation.

Fourier Transform Infrared (FTIR) spectroscopy was
employed to identify the functional groups in the pure PVDF-
HFP, Cyanex 301, and the IEPIM, covering a spectral range of
RSC Sustainability, 2024, 2, 1859–1867 | 1861
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Fig. 2 Top view SEM image of (a) pure PVDF-HFPmembrane and (b) IEPIM, (c) thermogravimetric analysis of pure PVDF-HFP, Cyanex 301, IEPIM
before, and after transport experiments. FTIR spectra of pure PVDF-HFP membrane, Cyanex 301 [C8mim][NTf2] and IEPIM before and after use
showing distinct peaks for (d) PVDF-HFP (e) Cyanex 301, and (f) [C8mim][NTf2].
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500 to 4000 cm−1. In Fig. 2d, distinctive peaks were observed,
signifying both the crystalline and amorphous phases of the
polymer in the FTIR spectra. Precisely, resonances at 531, 613,
762, 796, and 976 cm−1 correspond to the a-phase crystalline
regions, while the peak at 871 cm−1 aligns with the amorphous
phase of the polymer. Additional vibrational modes at 1060,
1146, and 1292 cm−1 can be attributed to the symmetric
stretching of –CF groups, the stretching of –CF2 moieties, and
the symmetric stretching of –CF3 bonds, respectively. In the
FTIR spectra of Cyanex 301, major peaks are discerned at 613,
795, and 2418 cm−1, corresponding to stretching bonds asso-
ciated with P]S, S]P–SH, and S–H functionalities,
1862 | RSC Sustainability, 2024, 2, 1859–1867
respectively, as shown in Fig. 2e. Although the 2418 cm−1 peak
was less discernible in the combined spectra, its individual
plotting (Fig. S1†) made it more apparent.41–44

Similarly, the FTIR spectra of [C8mim][NTf2], as shown in
Fig. 2f, exhibits peaks at 740, 789, 843, 1054, 1133, 1225,
1349 cm−1 which correspond to the symmetric bending of CF3,
C–S & S–N stretching, in-plane bending C–H peak of imidazo-
lium ring, S–N–S asymmetric stretching, symmetric stretching
of CF3; stretching of C–N within the imidazole ring and asym-
metric deformation vibrations of SO2 bonds, respectively. Peaks
at 2859–2931 cm−1 correspond to the aliphatic stretching of C–
H, and 3118–3154 cm−1 correspond to the C–H stretching
© 2024 The Author(s). Published by the Royal Society of Chemistry
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specic to the imidazole ring.45 The IEPIM membrane's FTIR
spectra showed the distinct peaks of its constituent materials,
conrming their successful incorporation. Notably, the absence
of specic peaks (3118–3154 cm−1) in the IEPIM's spectra sug-
gested possible inhibitions in the imidazole ring's vibrations
aer the membrane formation. Furthermore, no signicant
spectral changes were observed in the IEPIM membrane before
and aer metal ion transport, indicating the structural stability
of the membrane throughout the process.
Fig. 4 (a) Mass changes of IEPIM for three cycles (b) UV-Vis spectra
showing imidazolium peaks (c) phosphorus concentration in the
solution after immersion in deionized water.
3.2 Extraction and stripping studies with cobalt(II) and
nickel(II)

The IEPIM was immersed in 30 mL of 1 mM Co2+ and Ni2+

solutions for 8 hours. The normalized concentrations of Co2+

and Ni2+ in the feed solution are shown in Fig. 3a. The Co2+ and
Ni2+ concentrations rapidly reduced in the rst 2 hours and
reached equilibrium around 8 hours, aer which the concen-
trations no longer decreased signicantly. The IEPIM extracted
98% of Co2+ and 91% of Ni2+ in the feed solutions in 8 hours.
The equation below (eqn (7)) describes the extraction mecha-
nism of Co2+ and Ni2+ in solvent extraction studies with Cyanex
301 as the extractant. The mechanism involves a cationic
exchange between the H+ and the metal ions, extracted by
exchanging two protons with the extractant.

M(aq)
2+ + 2HA(mem) ! MA2(mem) + 2H(aq)

+ (7)

where "aq" and "mem" represent the aqueous and membrane
phases, respectively, it was assumed that the extraction mech-
anism in solvent extraction is the same in the IEPIM system.

A 2MHCl solution was employed as the stripping solution for
the stripping phase. This process, guided by the exact mecha-
nism (eqn (7)), resulted in the stripping of signicant amounts of
Co2+ and Ni2+ from the IEPIM, as shown in Fig. 3b. However,
Fig. 3 (a) Extraction of Co2+ and Ni2+ into IEPIM in the feed solutions.
(b) Stripping of Co2+ and Ni2+ from IEPIM in the stripping solutions.
Three cycles of (c) extraction of Co2+ and Ni2+ into IEPIM and (d)
stripping Co2+ and Ni2+ from IEPIM.

© 2024 The Author(s). Published by the Royal Society of Chemistry
complete stripping of the metal ions was not achieved. Over 24
hours, the IEPIM stripped 90% of Co2+ and 79% of Ni2+.

Aer three cycles, there was a noticeable decrease in
extraction efficiency for Co2+; the extraction efficiency decreased
from an initial 98% to 86%, while the stripping efficiency
declined from 90% to 72%. In contrast, for Ni2+, the extraction
performance remained consistent, exceeding 90% aer each
cycle, while the stripping efficiency signicantly declined from
80% to 43% (Fig. 3c and d). This decline in performance is likely
due to the loss of the extractant during the processes.

The performance drop of the IEPIM was investigated by
evaluating its mass changes. The IEPIM was immersed in
deionized water for 24 hours. Fig. 4a shows the relative mass of
the IEPIM aer each cycle, where the relative mass is calculated
as the ratio of the mass of the IEPIM aer immersion (m) to the
initial mass of the IEPIM (m0). A notable mass loss of approxi-
mately 8% was observed following each cycle. To investigate the
leakage of extractant and IL, analyses were conducted on the
solution aer each cycle using UV-Vis and ICP-OES. The UV-Vis
spectra, depicted in Fig. 4b, exhibit a characteristic peak at
211 nm corresponding to the imidazolium ring in C8mim-NTf2.
Additionally, Fig. 4c displays the phosphorus content in the
solution aer each cycle, with a decrease in phosphorus
concentration mirroring the trend seen in the UV-Vis spectra of
the imidazolium ring. These observations indicate that the
mass loss in the IEPIM is due to the leakage of extractant and IL
from the membrane.

3.3 Membrane transport of Co(II) and Ni(II) and separation
from Li(I)

The transport experiments utilized an IEPIM membrane in
a system designed to separate Co2+ and Ni2+ from Li+. This
system enabled concurrent extraction and stripping of these
metal ions from the feed to the stripping solution. The
RSC Sustainability, 2024, 2, 1859–1867 | 1863
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Fig. 5 Kinetic plots of the (a) transport of Co2+, (b) transport of Ni2+,
and (c) initial flux at varying weight composition of the extractant
across IEPIM in the feed solution.

Fig. 6 (a) Transport of Co2+ and Ni2+ across an IEPIM in the feed and
stripping solutions over time (b) plot of pH in the feed solution over
time (c) kinetic plots of the transport of Co2+ and Ni2+ across the IEPIM
in the feed solution.
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extractant plays a signicant role in facilitating the transport of
ions across the IEPIM. Therefore, the effect of the extractant's
concentration in the IEPIM was studied in the transport of Co2+

and Ni2+ across the IEPIM. The weight percent composition of
the IEPIM varied from 0% to 30% by weight (Fig. S2†). In the
experiments, a feed solution containing 0.1 mM of Li+, Co2+,
and Ni2+ and a 2 M HCl as the receiving solution. The rate
constants (k) and the initial ux (J0) of Co

2+ and Ni2+ increased
with an increasing extractant concentration (wt% composition),
as shown in Fig. 5a–c. The kinetic parameters of the transport of
Co2+ and Ni2+ across the IEPIMs are summarized in Table 1. The
most effective transport was observed with the 30 wt% compo-
sition IEPIM, demonstrating the highest ux values with a ux
of 1.58 and 1.51 mmol m−2 s−1 for Co2+ and Ni2+, respectively.
However, no transport of Li+ ions was observed across the
membranes. These ndings demonstrated that the extractant
facilitates the transport of the ions, even at low concentrations.
The optimal concentration for effective ion transport was
established at 30 wt% of the extractant and was used for the
transport experiments in this work.
Table 1 Co2+ and Ni2+ rate constant (k), permeability coefficient (P),
compositions

Extractant wt (%) Metal ions k (h−1) P (×10−6 m

0 Co2+ 0.00267 0.236
Ni2+ 0.00305 0.270

10 Co2+ 0.00419 0.370
Ni2+ 0.0166 1.46

20 Co2+ 0.0319 2.82
Ni2+ 0.0656 5.80

30 Co2+ 0.167 15.8
Ni2 0.171 15.1

1864 | RSC Sustainability, 2024, 2, 1859–1867
Fig. 6a shows the successful transport of Co2+ and Ni2+

across the IEPIM, with a corresponding decrease in these ions
in the feed solution and an increase in the stripping solution. At
the same time, Li+ remained predominantly in the feed solu-
tion. Aer 70 hours, the IEPIM achieved a transport efficiency of
96% for Co2+ and 73% for Ni2+ while 96% of Li+ ions remained
in the feed solution.

The pH of the feed solution decreases over time, indicating
the diffusion of protons across the IEPIM from the stripping
solution to the feed solution (Fig. 6b). This process suggests that
metal ion transport occurs via a cation exchange mechanism
facilitated by proton pumping. From the plot of In Cf

t/C
f
0 In

against time for the feed solution in Fig. 6c, the rate constant
(k), permeability coefficient (P), and initial ux (J0) were calcu-
lated using eqn (3)–(5). These values are listed in Table 2.
3.4 Effect of membrane thickness on transport of ions

The membrane's thickness is crucial in ion transport efficiency
in the IEPIM. To investigate this, IEPIMs of identical
and initial fluxes (J0) for transport across IEPIM with varying weight

s−1) J0 (×10−6 mol m−2 s−1) Transport efficiency (%)

0.0236 0
0.0270 1
0.370 12
0.146 19
0.282 94
0.580 67
1.580 95
1.510 70

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Co2+ and Ni2+ rate constant (k), permeability coefficient (P), and initial fluxes (J0) for transport across IEPIM

Metal ions k (h−1) P (×10−6 m s−1) J0 (×10−6 mol m−2 s−1) Transport efficiency (%)

Co2+ 0.167 14.8 1.48 96
Ni2+ 0.171 15.1 1.51 73

Fig. 7 (a) Initial flux of Co2+ and Ni2+ (b) transport efficiency of Co2+ (c)
transport efficiency of Ni2+ at different membrane thicknesses across
IEPIM.

Fig. 8 Transport efficiency of 3 transport cycles. Feed solution:
100 mL of 0.1 mM Li+, Co2+, and Ni2+. Receiving solution: 2 M HCl.
Membrane composition 50% wt PVDF-co-HFP and 30% wt Cyanex
301 and 20% wt [C8mim][NTf2].
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composition but varying thicknesses, ranging from 45± 8 mm to
104 ± 2 mm, were examined. Fig. 7a shows the initial ux of the
ions across the IEPIM at different thicknesses. The initial ux of
Ni2+ decreases linearly as the thickness of the IEPIM increases
from 45–104 mm. However, for Co2+, the initial ux reduces as
the thickness increases from 45 mm to 71 mm and remains the
same as the thickness increases from 71 to 104 mm.

Fig. 7b and c demonstrate the inuence of membrane thick-
ness on transport efficiency. Both Co2+ and Ni2+ transport effi-
ciencies slightly decrease as the thickness increases from 45 to 71
mm, followed by a substantial drop from 71 to 104 mm, particu-
larly for Ni2+. In the transport involving the thickest version of
the IEPIM (104 mm), a notable delay was observed in the ion
transport process. The Co2+ ions were detected in the receiving
solution aer a 2 hours interval, whereas the appearance of Ni2+

ions required a signicantly longer duration of 24 hours. This
observed delay in ion transport could potentially be linked to the
longer diffusion path necessitated by the increased thickness of
the membrane. This nding highlights the membrane thick-
ness's impact on ion transport efficiency in IEPIM systems.
3.5 Membrane stability

The stability of the IEPIM was evaluated through three
consecutive cycles of use, as shown in Fig. 8, with both the feed
and stripping solutions being replenished aer each cycle.

The rate constant (k), permeability coefficient (P), and initial
uxes (J0) for each transport cycle across IEPIM are summarized
© 2024 The Author(s). Published by the Royal Society of Chemistry
in Table 3. The transport efficiency of Co2+ remained above 90%
for all three cycles. The transport efficiency of Ni2+ improved
from 73% to 94% and 92% in the second and third cycles
respectively while over 90% of Li+ remained in the feed solution
for the three cycles. However, the initial uxes in the feed
solution decreased aer each cycle, as shown by the lower
transport efficiency of both ions aer 24 hours in Fig. S4.† The
transport efficiency of Co2+ and Ni2+ aer 24 hours was 90%,
50%, and 41% for Co2+, and 64%, 54%, and 39% for Ni2+ for the
rst, second, and third cycles, respectively. The IEPIM showed
higher selectivity for Co2+ over Ni2+ in the rst cycle but no
signicant difference in the later cycles.

The IEPIM was further subjected to 5 cycles of use and
subsequently characterized (Fig. S5–S7†). The thermal gravi-
metric analysis (TGA) of the IEPIM before and aer 5 cycles
showed that the general features of the IEPIM remained similar.

Elemental analysis using Energy Dispersive X-ray Fluores-
cence (EDXRF) before and aer 5 cycles of transport experi-
ments conrmed the presence of 1% of Co2+ and 3.6% of Ni2+.
The presence of the metal ions may have contributed to
membrane fouling, leading to a decline in transport efficiency
in the 4th and 5th cycles.
3.6 Mechanism

The potential transport mechanisms for cobalt and nickel ions
through the IEPIM were deduced from their observed behav-
iors, as demonstrated in Fig. 9. Initially, Co2+ and Ni2+ ions
present in the feed solution were extracted into the membrane
RSC Sustainability, 2024, 2, 1859–1867 | 1865
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Table 3 Co2+ and Ni2+ rate constant (k), permeability coefficient (P), and initial fluxes (J0) for transport across IEPIM for the three cycles

Cycle Metal ions k (h−1) P (×10−6 m s−1) J0 (×10−6 mol m−2 s−1) Transport efficiency (%)

1st Co2+ 0.172 15.2 0.0236 96
Ni2+ 0.176 15.5 0.0270 73

2nd Co2+ 0.040 3.54 0.370 92
Ni2+ 0.059 5.23 0.146 94

3rd Co2+ 0.030 2.68 0.282 94
Ni2+ 0.040 3.54 0.580 92

Fig. 9 Plausible mechanism for transporting Co2+ and Ni2+ across
IEPIM in this study.
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through ion exchange interactions with protons from the
extractant at the interface between the feed solution and IEPIM
and formed metal complexes with the extractant in the IEPIM.
Subsequently, at the IEPIM-stripping solution interface, metal
ions are released from these complexes and replaced by protons
from the stripping solution, facilitated by proton pumping
through the protic extractant. This mechanism enables the
concurrent transport of Co2+ and Ni2+ from the feed solution
while moving protons from the stripping to the feed solution.
The extractant's affinity for Co2+ and Ni2+, characterized as so
metal ions, is due to its nature as a so ligand, leading to the
selective transport of these ions over hard ions like Li+. The high
acid concentration in the stripping solution ensures continuous
proton transfer, as indicated by the pH decrease in the feed
solution.
4. Conclusions

In summary, we have successfully demonstrated the transport
of cobalt and nickel ions from lithium ions in aqueousmedia by
using an IEPIM composed of Cyanex 301 as an extractant, PVDF-
HFP as the polymer host, and [C8mim][NTf2] as the plasticizer.
The transport of the metal ions is facilitated by proton pumping
through protons from the protic extractant in exchange for the
metal ions. This environmentally benign and cost-effective
approach eliminates the requirement for volatile solvents. The
developed IEPIM successfully demonstrated transport efficiency
exceeding 90% for Co2+ and 74% for Ni2+. Furthermore, the
membrane maintained its efficiency over successive operational
cycles, surpassing 90% for Co2+ across three cycles and Ni2+

showing 73% aer the rst cycle and 94% and 92% for the
second and third cycles, respectively, indicating the
membrane's stability. However, addressing potential concerns
regarding the loss or leakage of extractant and ionic liquid is
essential, which could be critical in practical extraction and
1866 | RSC Sustainability, 2024, 2, 1859–1867
back-extraction processes, warranting further investigation and
optimization for real-world applications. These results under-
score the IEPIM's potential as an appealing alternative to
conventional metal ion separation methods. Successful inte-
gration on an industrial scale could revolutionize the separation
landscape, promoting eco-friendliness, cost-effectiveness, and
the efficient recycling of critical metal ions from spent LIBs.
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