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Abstract

A novel non-plasticized nano-porous hybrid inorganic-organic polymer inclusion membrane
(PIM) was synthesized, characterized, and evaluated as an anion exchange membrane for
application in electrogenerative processes to recover Pd?* ions. lonic liquids 1-ethyl-3-me-
thylimidazolium chloride (EMIM-CI) and 1-butyl-3-methylimidazolium chloride (BMIM-CI)
were used as the carrier molecules in the polymeric network of PIM to enhance anion
exchange process. This hybrid anion exchange membrane also consists of a polymeric
matrix of non-plasticized cellulose triacetate modified by incorporating an inorganic
material (silane) prepared by the sol-gel route. Different parameters affecting the ion
transport performance efficiency, i.e., the composition of the membrane, type of ionic liquid
(carrier molecule) and ion—exchange capacity, were investigated and optimized. In the
electrogenerative process, the results revealed that the prepared PIM yields better recovery
results for recovering Pd?* ions from its chloride solution compared to the commercial anion
exchange membrane Neosepta® AM-01, with a full recovery of 100 mg/L Pd?** ions in 30
min. This preliminary study shows that the prepared low-cost hybrid anion exchange
membrane PIM can act as an inexpensive material suitable for the rapid and efficient
recovery of Pd?* ions from an aqueous solution.

Keywords
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Introduction

An electrogenerative process is a spontaneous electrochemical process that reduces (more
noble) metal ions to elemental metal at the cathode [1]. As in a galvanic system, the energy
associated with chemical reactions is converted into electrical energy or direct current electricity as
a by-product. Although electrogenerative systems and fuel systems use catalytic electrodes, the cell
components differ in their primary function [2]. The emphasis on chemical processing in electro-
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generative processes results in special considerations for these types of systems, such as product
recovery [3]. In general, the setup for an electrogenerative process consists of two electrodes
(cathode and anode), electrolytes (catholyte and anolyte), an ion exchange membrane, and an
external cable to complete the circuit [4].

The electrogenerative process is driven by an oxidation-reduction reaction. The anode side is
where oxidation occurs with the substance losing electrons, while reduction occurs on the cathode
side, which gains electrons (e.g., the oxidant Pd?* gains electrons to become Pd°). The standard
reduction potential for the half-cell reaction shows an overall positive cell potential, resulting in the
spontaneous deposition of the reduced metal (Pd®) onto the cathode. The effect of Pd deposition
on the membrane was further investigated.

Anode: Zn%* +2e'217Zn E°ox=-0.763 V vs. SHE (2)
Cathode: Pd?*+2e'=Pd E°eq = +0.981 V vs. SHE (2)
Overall: Zn+Pd* 27Zn**+Pd  E°en=+1.744 V vs. SHE (3)

lon exchange membranes are semi-permeable membranes composed of ionic head groups
attached to polymer matrices [5]. Depending on the type of ion permitted to cross the membrane
layer, they can be classified as anion exchange membranes, cation exchange membranes or bipolar
membranes [6,7]. For example, anion exchange membranes contain positively charged head groups
in the membrane, which permit the passage of anions while repelling cations [6]. By exploiting the
selective nature of ion exchange membranes, anion and cation exchange membranes can be
adapted for various applications. Commercially available ion exchange membranes are primarily
found in water treatment applications such as desalination or high-purity water production in food
and beverage, as well as in pharmaceuticals, semiconductors, power generation, fuel cells,
electrodialysis, Donnan analysis, electrolysis and many more [4-15].

One type of ion exchange membrane is a hybrid inorganic-organic ion exchange membrane.
Inorganic—organic composite materials are increasingly important due to their extraordinary
properties within a single molecular composite, which arise from the synergism between the
individual component properties [16]. A sol-gel method can be used to prepare this hybrid membrane
by adding a silane into the organic membrane. The purpose of adding silane to the membrane is to
provide beneficial impacts to the organic polymeric membrane (cellulose triacetate). In particular,
adding silane will assist the migration of ions across the anion-exchange membrane, resulting in better
mass transport due to the formation of hydrated microchannels. These materials have gained much
interest due to the transformation in their properties, such as mechanical, thermal, electrical, and
magnetic properties, compared to pure organic polymers or inorganic materials [17-20]. In these
composites, organic materials offer structural flexibility, convenient processing, tunable electronic
properties, photoconductivity, efficient luminescence, and the potential for semiconducting and
metallic behaviour. Inorganic compounds provide the potential for high carrier mobilities, bandgap
tunability, a range of magnetic and dielectric properties, and thermal and mechanical stability. In
addition to combining distinct characteristics, new or enhanced phenomena can also arise due to the
interface formed between the organic and inorganic components [21,22].

To date, only commercially available anion exchange membranes, namely Neosepta® AM-01 and
Neosepta® AMX, have been utilized in an electrogenerative process [23,24]. However, the
commercially available anion exchange membranes are costly, produced for general (non-specific)
applications, and have low dimensional ability and high solute diffusion rates. Using polymer
inclusion membranes (PIMs) as anion exchange membranes in electrogenerative processes was
already proposed with remarkable results [25]. To further improve the performance of PIMs, a non-
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plasticized nano-porous hybrid inorganic-organic anion exchange PIM containing an ionic liquid has
been introduced in this study. This study aims to prepare and characterize the novel nano-porous
hybrid inorganic-organic anion exchange PIM and evaluate its performance as an anion exchange
membrane in the electrogenerative process for recovering Pd?* ions from a chloride solution.

Experimental

Chemicals and materials

For hybrid PIM preparation, tetraethyl orthosilicate (TEOS) and dichlorodimethylsilane (DCDMS)
from Sigma Aldrich, UK, were used to obtain the silane mixture. Trioctylmethylammonium chloride
(Aliquat 336), 1-ethyl-3-methylimidazolium chloride (EMIM-CI) and 1-butyl-3-methylimidazolium
chloride (BMIM-CI) from Sigma Aldrich (United Kingdom) were used as a carrier in the membrane,
and cellulose triacetate (CTA) (Acros, Malaysia) was used as organic support to provide the poly-
meric mechanical strength. The commercial anion exchange membrane was Neosepta AM-01 (To-
kuyama Corp., Japan). Chemicals such as palladium(ll) chloride, chloroform and diethyl ether were
obtained from QReC Chemicals. The electrogenerative batch cell design was the same as in our pre-
vious work [1], with each compartment 5.0x4.5x6.5 cm. The cathode used in this experiment was
reticulated vitreous carbon (RVC) (The Electrosynthesis Co., USA) with dimensions 2.5x1.0x0.6 cm,
pre-treated with concentrated H;SOa. Zinc foil (99 % purity) (2.5x1.0x0.05 cm) was used as the
anode and polished with sandpaper before rinsing with distilled water and ethanol. The membrane
was cut into dimensions that fit the cell and filled with water before use. All experiments were run
for 4 h at room temperature.

Silane mixture preparation

A multistage procedure prepared the inorganic part of the membrane consisting of a silane
mixture. 4 mL of dichlorodimethylsilane (DCDMS) was dissolved in 10 mL of diethyl ether, and then
1.5 mL of water was added in aliquots of 0.5 mL every 20 min and mixed for 1 h in an iced water
bath. Later, both immiscible phases were separated, and 1 mL of tetraethylorthosilicate (TEOS) was
added to the extracted organic phase to obtain a cross-linked network. Finally, the homogenous sol-
gel mixture was kept in the water bath for 5 days at 50 °C.

Hybrid PIM membrane preparation

For membrane samples preparation, the organic part of the membrane was prepared by
dissolving different amounts of cellulose triacetate (CTA) and carrier in chloroform. The obtained
silane mixture (0.03 g) was added to the organic solution, and all components were vigorously
stirred to mix them homogeneously. The resulting solution was poured into a Petri dish and allowed
to evaporate for over 24 h at room temperature. The polymer inclusion membrane (PIM) was later
cured in an oven at 80 °C for 20 h and stored in a sealed bag. The process is shown in Figure 1.

Hybrid membrane characterization

The thickness of the membrane and its surface morphology were measured with an electronic
digital micrometer and corroborated with Scanning electron microscopy (SEM) (Quanta 650, USA).
The membrane functional groups were identified using Fourier transform infrared (FT-IR) spectro-
meter (Perkin Elmer Model System 2000, USA). Measurement was scanned in the frequency range
of 400 to 4000 cm™ and analysed using commercial software.
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Figure 1. Schematized procedure for preparation of nano-porous hybrid inorganic-organic anion exchange
PIM (DCDMS: dichlorodimethylsilane, DEE: diethyl ether, TEOS: tetraethoxysilane, CTA: cellulose triacetate,
IL: ionic liquid)

Electrogenerative experiment

The optimum condition of Pd?* ions recovery was studied using a batch cell, similar to what was
reported by Mansor et al. [23]. The batch cell configuration was used for each experiment at room
temperature (Figure 2). During the electrogenerative experiment, electrodes with attached copper
collectors were linked to a multimeter to measure the potential of electrodes, as well as the flow of
electric current. In order to compare the differences in the concentration of Pd?* left in the solution
after being deposited on the cathode, 500 pL of the catholyte solution was initially removed, and
this procedure was repeated frequently every 30 minutes during the tests. At the same time, every
withdrawn aliquot was substituted with 500 pL of distilled water to ensure the same volume of both
electrolytes. Prior to analysis, the aliquot samples were diluted with distilled water to a volume of
25 mLin 60 mL plastic bottles.

Ammeter
Voltmeter
Copper current
collector
[ Cover I
S = - ! Parafilm |
[ Cathode I I Anode |
lon selective
membrane
[ Catholyte |H+—— e | Anolyte |
| Magnetic bar  |— I

Figure 2. Experimental setup of the batch cell
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Atomic absorption spectroscopy, AAS (Perkin Elmer Analyst 200 Model, USA) with a wavelength
of 247.6 nm was then used to analyze Pd?* recovery concentrations every 30 minutes over the
6-hour experiment. A blank and various Pd?* standard solutions at concentrations of 1, 2, 3, 4, 5,
and 10 mg L't were examined for calibration curve analysis.

The calculation of the recovery in % is presented in equation (4).

Pd recovery =%100 (4)

0

where G, is the initial and C; is the Pd concentration, mg L%, at time t.

Polarization of the membrane

A voltmeter measured the potential of the RVC cathode against the reference electrode
(saturated calomel electrode, SCE) (Hanna Instruments, Malaysia). Initially, the cell was connected
to aresistance box loaded with a maximum resistance of 9.99 MQ and was decreased gradually until
the minimum of 1 Q. The system was allowed to reach a steady state for 3 min after each change in
the resistance value. Later, the cathode potential and current readings were recorded, and the
cathodic polarization curves were plotted.

Results and discussion
Membrane characterization

Membrane composition

For the preliminary studies using different types of ILs (Figure 3), the PIM composition was
prepared by mixing 0.10 g of CTA and 0.08 g of IL, followed by 0.03 g of silane.

It is shown in Table 1 that among three tested hybrid membranes (PIM1-PIM3), the excellent
recovery of Pd?* ions (100 mg/L) is obtained in the presence of BMIM-CI (PIM2). The presence of
extra ClI~ ions in the hybrid membrane enhances the mass transfer process, which subsequently
increases the recovery of Pd?* ions [26]. Further studies were conducted using different quantities
of BMIM-CI due to its direct relationship with transport efficiency and results are shown in Table 2.

CH
. + ,CHS QHS
N N
/i D Cl (\—I{’? CH
cr N SNV
HJC\AA/\J“'[;_/‘\NVCHS k
CHs CHs cl
Aliquat 336 EMIM-CI BMIM-C1
MW= 446.68 g/mol MW= 111.17 g/mol MW= 174.68 g/mol

Figure 3. Different types of ionic liquids (ILs) used in this study

Table 1. Hybrid PIM compositions

Membrane CTA I\IT_aSS' g Silanes Content, wt.% Recovery, %
Blank 0.1 - - - -
PIM 1: IL (Aliquat 336) 0.1 0.08 0.03 48:38:14 84.0
PIM 2: IL (BMIM-CI) 0.1 0.08 0.03 48:38:14 99.9
PIM 3: IL (EMIM-CI) 0.1 0.08 0.03 48:38:14 93.0
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Table 2. Optimization of BMIM-CI concentration for hybrid PIM

Mass, g
Membrane CTA BMIMCI Silanes Content, wt.%
Blank 0.10 - - -
I 0.10 0.08 0.03 48:38:14
Il 0.14 0.14 0.03 37:52:11
] 0.12 0.12 0.03 44.5:44.5:11
[\ 0.12 0.12 0.05 41.5:41.5:17

It was observed that when the excess transporting agent was added (>0.10 g), a sticky and fragile
membrane unsuitable for transport was formed. Similarly, adding too much silane (> 0.05 g) resulted
in a crusty membrane surface and a non-homogeneous film. In addition, experimental results
showed that it is necessary to cover the Petri dish with filter paper to slow the evaporation of the
solvent and promote even drying, producing a clear, transparent, and homogeneous film.

Identification of membrane spectroscopic composition

In this study, ATR-FTIR analysis was performed to confirm the presence of the main components
of the PIM membrane by identifying the most important peaks (Figure 4 and Table 3).
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Figure 4. ATR-FTIR spectra of different isolated components of hybrid membrane: (a) silanes, (b) cellulose
triacetate (CTA) and (c) hybrid membrane (PIM 2)
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Table 3: Values of wavenumbers and types of molecular vibrations for each constituent material

and hybrid membrane
Materials Wavenumber, cm™ Type of molecular structure
3365-3079 O-H
2944 C—H
CTA 1721 C = O stretching
1203 - 1025 C-0-C
1258 (Si —)CH;
Silanes 1021 Si—0O
801 Si—C
3230-3578 Quarternary amine
2969 C-H
1751 C=0
PIM 2
1258 (Si —)CHs
1021 Si—0O
801 Si—C

As shown in Figure 4(a), the ATR-FTIR spectrum of the silane mixture shows an absorption band
at 801 cm~tcorresponding to the Si—C stretching in Si(CHs),. The absorption bands observed at 1258
cm~t and 1021 cm™! correspond to the symmetrical deformation vibration of (Si—)CHs and Si—O
stretching, respectively. Figure 4(b) shows that the absorption band located around 1721 cm™
corresponds to stretching vibrations of the carbonyl group of CTA. The firm peaks at 1203 and 1025
cm™ reflect the stretching modes of C—-O—C symmetric and asymmetric bonds of CTA. Meanwhile,
less intense bands seen at 2944 cm™ are attributed to C—H bonds, and the absorption for O—H bonds
stretching modes are observed in the region of 3365-3079 cm™. Figure 4(c) shows the expected
bands related to the primary products described above: Si—C, (Si—)CHs, and Si—O peaks from silane
mixtures, and the C=0 stretching vibration at 1751 cm™ due to the presence of CTA. The peak at
2969 cm™is the aliphatic asymmetric and symmetric (C—H) stretching vibration due to the methyl
groups in BMIM-CI. A broad peak in 3230-3578 cm™ corresponds to quaternary amine salt forma-
tion with chlorine. Based on the membrane spectrum, there are no signs of covalent bond formation
between CTA, BMIM-CI and silane. This implies only weak interactions between membrane com-
ponents, such as hydrophobic, Van der Waals and/or hydrogen bonds.

Morphological properties of PIMs

Figure 5 shows SEM images of all prepared PIMs, i.e., CTA, CTA-Aliquat 336—Silane, CTA-BMIM-
-Cl-Silane, and CTA-EMIM-CI-Silane. These images are presented as cross-sections (i) and surface
sections (ii).

As shown in Figure 5a, the surface of the CTA membrane appears dense and non-porous, whereas
the PIM membranes shown in Figures 5b to 5d possess a porous structure.

The membrane cross sections in Figures 5b and 5c show estimated membrane thicknesses of 20
to 30 uM, which is very suitable for mass transport. This is because as the membrane thickness
increases, the metal ion transport decreases due to the membrane resistance [27]. Higher porosity,
with larger pores than the others, are observed for the membrane containing ionic liquid BMIM-CI
(PIM 2) (Figures 5c and 5e). This suggests that the larger pore size may increase the rate of ion
movement across the membrane.
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Figure 5. SEM (l) cross section and surface (ll) images of: (a) CTA;
(b) PIM 1 (CTA- A336-Silane); (c) PIM 2 (CTA-BMIM-CI-Silane);
(d) PIM 3 (CTA-EMIM-CI-Silane); (e) PIM 3-higher magnification.
Compositions are given in Table 1

Optimization of Pd?* ions recovery process
Effect of different types of ILs

The efficiency of different ILs for the recovery of Pd?* ions is illustrated in Figure 6.

100 +
80 1
X ©Al1-336 -&Bmim
= 60
£ -AEmim
g
& 40
20 -

0 30 60 90 120 150 180 210 240
Time, min

Figure 6. Percent of recovery of 100 mg/L Pd** in 0.2.M NaCl vs. time with different types of ionic liquids
used in PIMs

As shown in Table 1, using BMIM-Cl as the ion-exchanger (carrier) in the hybrid PIM resulted in the
highest recovery of Pd?* ions with 99.9 % recovery, followed by EMIM-C| with 93.0 %, and Aliquat
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336 (84.0%). The efficiency of these ILs as ion exchangers depends on numerous factors, including the
anolyte pH, the catholyte concentration, the amount of carrier used, the type of contaminants,
membrane morphology, the molecular weight of the carrier, and others [23,24]. However, for
comparison, the investigation was conducted under identical experimental conditions. The lower
recovery of Pd?* ions when Aliquat 336 was used could be attributed to the surface morphology of the
Aliquat 336-based membrane and the molecular weight of the carrier. According to the SEM image in
Figure 5b, the Aliquat 336-based membrane shows a smooth surface with no apparent porosity
compared to BMIM-CI, which has a large pore size (Figures 5b and 5e). Furthermore, the molecular
weight of Aliquat 336 is higher than that of BMIM-Cl and EMIM-CI. Thus, due to the lack of porosity, it
might be difficult for the carrier to permeate the interface of the PIM during ion exchange with the
anionic moiety of the anolyte. Hence, subsequent experiments were conducted using BMIM-Cl as the
IL of choice.

Effect of different PIM compositions

The fastest recovery of Pd?* ions was achieved using a PIM with a composition of CTA 0.1 g,
BMIM-CI 0.08 g, silane 0.03 g, where 99.9 % recovery was achieved in 30 min (Figure 7). From visual
observation, this PIM composition formed a transparent film, which was smoother and more homo-
geneous than other PIMs (Table 4). It has been reported that high silane concentrations can affect
the membrane appearance, resulting in a crusty layer and non-homogeneous characteristics [27]. A
similar result was observed for the PIM with a composition of CTA0.12 g, BMIM-CI 0.12 g, and silane
0.05 g. Hence, the PIM composition CTA 0.1 g: BMIM-CI 0.08 g: silane 0.03 g is preferred and chosen
for additional analysis.

100 +

80 + 8-0.12g: 0.14g: 0.03g

“4-0.1g: 0.08g: 0.03g

[=2)
=)
1

©-0.12g: 0.12g: 0.05¢g

Recovery, %

+a
<

20 T+

0 30 60 90 120 150 180 210 240
Time, min

Figure 7. Percent of recovery of 100 mg/L Pd?* in 0.2.M NaCl vs. time for different compositions of
PIM (CTA-BMIM-Cl silane)

Table 4. Pd recovery and visual observation of different compositions in CTA-BMIM-silane membrane

Mass, g (CTA : BMIM :silane)  0.10:0.08:0.03 0.12:0.14:0.03 0.12:0.12:0.05 0.20:0.00:0.03
Time (99.9 %), min 30 120 Analysis not conducted >30

Visual
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Effect of silane in PIM composition

Figure 8 shows the effect of silane presence on the recovery of Pd?* ion. It can be seen that the
introduction of silane into the membrane matrix slightly increases the Pd?* ion recovery rate.
Complete recovery of Pd?* ions was achieved after 30 min using hybrid PIMs containing silane. The
presence of silane in the PIM matrix could enhance the migration of ions and resulting mass
transport due to the formation of hydrated microchannels and higher porosity [25,28]. Therefore,
the hybrid PIM containing silane was selected for this study.

100 +
80 1 With silane
-©-Without silane

=X

. 60
£z
L
-
S
é 40 A

20 +

0 + } t t t } t t
0 30 60 90 120 150 180 210 240

Time, min

Figure 8. Effect of silane in PIM on recovery of 100 mg/L of Pd?* in 0.2 M NaCl. PIM composition: 0.1 g CTA,
0.08 g BMIM-Cl, 0.03 g silane

Effect of different types of membranes

Three different types of membranes were utilized in this electrogenerative study, i.e., PIM
consisting of 0.1 g CTA, 0.08 g BMIM-CI, 0.03 g silane, Neosepta AM-01 anion exchange membrane
and pure CTA membrane. The initial study showed the cell voltage generated during full recovery of
Pd?* ions (after 30 min of the experiment) using different membranes as the anion exchange mem-
brane was 510.20 mV for PIM, 495.3 mV for Neosepta AM-01 membrane, and 30.6 mV for CTA mem-
brane. A high voltage potential value indicates a high deposition of Pd?* ions onto the cathode [25].
This manifests that the presence of BMIM-CI (which contains chloride ions) plays an essential part in
expediting the ion transfer process, which gives a high potential reading and, subsequently, a rapid
recovery time [25].

Figure 9 shows similar results for PIM and Neosepta AM-01 membrane and much worse results
for the CTA membrane. The highest Pd?* ions recovery after 30 min was achieved by PIM (99.9 %),
followed by Neosepta AM-01 membrane (96.0 %). In contrast, a pure CTA membrane used as an ion
exchange membrane could not fully recover Pd?* ions, even after 240 minutes, when only up to 60 %
of Pd?* ions are recovered. This result proves that using hybrid PIM consisting of silane can increase
the recovery rate of Pd?* ions. Moreover, the presence of ionic liquid (BMIM-CI) led to this result.
The ionic liquid's role is to facilitate the movement of the ions across the membrane due to the
presence of Cl-ions [23]. Additionally, silane provides additional strength to PIM, where the hydrat-
ed micro channels are formed from the mixture of hydrophilic and charged groups. These micro-
channels become the passage for the ions to transfer across the membrane [29].

The prepared PIM and Neosepta AM-01 membrane reusability study was also conducted (60 min
of recovery time). After five cycles of recovery test, it was found that PIM could maintain the
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recovery performance with only 4 % of decreased performance while Neosepta AM-01 membrane

has lost up to 8 % of recovery performance. These results also confirmed the suitability of PIM to be
used as an anion exchange membrane.

100 : : : :
Neosepta
80 BCTA
R ©BMIM
=
- 60
5
>
3
& 40
20
0 @ t t } } t } t t
0 30 60 920 120 150 180 210 240

Time, min

Figure 9. Influence of different types of the membrane towards the recovery of 100 mg/L of Pd** in 0.2 M NaCl

Polarization study

A polarization study was conducted to investigate the deviation of the electrochemical process
from equilibrium due to the passing of electric current through the electrogenerative reactor. It can
be seen in Figure 10, different types of anion exchange membranes produce current densities of
5.3 mA cm? (Neosepta AM-01 membrane) and 4.6 mA cm™ (hybrid PIM) in the short-circuited
condition when voltage is 0.0 V. It is desirable to have high current densities in the electrogenerative
process because it will provide faster kinetics for the deposition process [23]. The RVC shows less
polarization in the range of 0 to 0.45 mA cm for both membranes (hybrid PIM and Neosepta AM-
01 membrane), which suggests a great flow of electrons between the cathode (RVC) and anode (zinc
foil). These results show that the polarization performance of the hybrid PIM used in this study is on
par with the commercially available membrane.

0.3

©-Neosepta € BMIM

-

0.2 + O— \

0.1 t t + t + J

0 1 2 3 4 5 6
Current densities, mA cm™ min

Cathode potential, V vs SCE

Figure 10. Polarization curves of RVC cathode using different types of ion exchange membrane
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The kinetic study of the mass-controlled process for different types of membranes was also
performed. Based on Figure 11, the concentration [C:/CO] decreased as the time increased.
Moreover, it was noticed that the concentration of Pd?* ions decreased from initial values to less
than 0.1 mg/L after 30 min with the hybrid PIM used as the anion exchange membrane. This shows
that hybrid PIM is the most suitable anion exchange membrane for recovering Pd?* ions in this study.

10§
0.8 1\
0.6 T
g
~
=
04 +
0.2 1 =BMIM Neosepta
0.0 ) S - ——— & A
0 30 60 92 120 150 180 210 240
Time, min

Figure 11. Normalized concentration [Ct/Co] vs time between hybrid PIM and commercial membrane
Neosepta for deposition of 100 mg/L of Pd** in 0.2 M NaCl

Conclusions

In this study, a series of hybrid PIM membranes containing CTA, silane mixture and different ionic
liguids has been successfully prepared and used as an anion exchange membrane in the
electrogenerative process of Pd ions. The electrogenerative process showed that hybrid PIM made
up of CTA, BMIM-CI and silane mixture with respective compositions of 0.10, 0.08 and 0.03 g,
performs well as an anion exchange membrane. Furthermore, compared to a commercially available
anion exchange membrane, this hybrid PIM achieves a full percentage recovery of Pd?* ions in a
shorter time (30 min). Thus, hybrid membranes can potentially replace expensive commercially
available anion exchange membranes.
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