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A B S T R A C T   

Limited natural reserves and extensive use of palladium across various industries make it urgent to implement 
efficient recovery strategies. Despite its unique advantages, the use of ion exchange membranes in electrodialysis 
to recover palladium species from diverse sources remains unexplored. This study focuses on tailoring anion 
exchange membranes (AEMs) for the recovery of palladium tetrachloride ([PdCl4]2− ) from industrial hydro
chloric acid-based solutions (pH below 1) in electrodialysis, aiming to overcome limitations associated with 
conventional separation methods. The properites and performances of the AEMs were optimized by brominating 
poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) polymers and the subsequent quaternization using tertiary 
amines of varying chain lengths to form quaternary ammonium bases, promoting their ion association with 
[PdCl4]2− . The AEM matrix optimization also involved adjusting polymer concentration, which affects the charge 
density, hydrophilicity, polymer network density, and microstructure of the membrane, thereby influencing the 
palladium recovery efficiency. A remarkable [PdCl4]2− recovery rate of exceeding 90 % was achieved using the 
tailored AEMs after a 4-hour electrodialysis process.   

1. Introduction 

Palladium, known for its exceptional resistivity and stability against 
corrosion and oxidation, as well as its electrical properties, is a noble and 
precious metal extensively utilized in various industries, including 
automotive, medical, jewelry, catalytic, and electronics [1,2]. The wide 
range of applications for palladium has led to a continuous increase in 
demand. However, palladium naturally occurs in limited quantities in 
ores, and the combination of high demand and scarce reserves has raised 
concerns about the sustainability of its use in these applications [3]. 
Therefore, there has been a shift in focus towards the recycling and 
reclamation of industrial sources containing palladium, aiming to 
address the challenges related to sustainability and the depletion of 
natural sources. 

Typically, the acidic effluents generated from industrial processes or 
materials, such as electronic devices, used catalysts, or electrode as
semblies, contain palladium in varying amounts and complex forms 
[4,5]. As a result, the recovery of palladium from such sources has 
received significant attention. Several technologies have been 

successfully employed to recover palladium, including adsorption [6], 
extraction [2], and precipitation [7]. However, these separation 
methods are chemically intensive, have insufficient recovery rates, 
require regeneration steps, and result in a significant loss of palladium as 
residuals [3,8]. Moreover, it is undeniable that recovering them in trace 
amounts poses technological challenges. 

Recently, membrane-based technologies have received significant 
attention for recovering target metal species. Specifically, liquid mem
branes, such as polymer inclusion membranes, supported liquid mem
branes, and hollow fiber supported liquid membranes, including mobile 
ionic liquid carriers, have found application in palladium recovery 
[4,9–14]. Several studies have investigated the palladium recovery in 
the form of anionic chlorocomplex, [PdCl4]2− . In this approach, the 
transportation of [PdCl4]2− across the liquid membranes is facilitated by 
mobile carriers. Despite the remarkable recovery rates achieved through 
these membranes, they face significant challenges, including the use of 
toxic organic extractants for subsequent re-extraction of the metals, slow 
mass transport rate, the long-term stability, leakage of carrier molecules, 
loss of the solvent phase, swelling of the support swelling, chemical 
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degradation, and saturation of the organic phase [15]. Consequently, 
there is a growing demand for efficient separation methods capable of 
recovering palladium species from solutions without encountering the 
reported obstacles. 

Electrodialysis has emerged as a promising method for separating 
various types of metal species by leveraging an electric field to facilitate 
the transport of metal ions [16–18]. Compared to conventional tech
niques, electrodialysis offers notable advantages, including high recov
ery or removal rates for targeted species, even from diluted sources, 
while minimizing the use of harsh chemicals, avoiding phase changes, 
and reducing waste generation [19,20]. As a result, electrodialysis can 
efficiently purify valuable species with reduced environmental impact 
[21,22]. Given the significant benefits, liquid membranes have been 
employed in electrodialysis to treat effluent based on [PdCl4]2−

achieving the separation of [PdCl4]2− from transition metals or platinum 
with a relatively high transport rate thanks to the aid of applied current, 
solidifying the significance of electrodialysis as a promising technology 
[23,24]. However, the concerns associated with the nature of liquid 
membranes mentioned above persist, regardless of the separation 
process. 

Considering the importance of palladium recovery and the afore
mentioned limitations in traditional palladium recovery technologies, 
using anion exchange membranes (AEMs) in electrodialysis presents a 
promising strategy. AEMs are polymer films incorporating fixed posi
tively charged groups within their matrix [25]. Hence, by exploring the 
potential of AEMs for palladium recovery in electrodialysis, it is possible 
to overcome the limitations associated with liquid membranes. So far, 
AEMs are used in electrolytic cells for various applications, such as the 
removal of harmful ions (e.g., halide anions) from hydrometallurgical 
streams, groundwater purification, and seawater desalination [26–28]. 
Controlling membrane compactness and charge density play a pivotal 
role in achieving intended separation [29–31]. Furthermore, AEMs play 
a crucial role in fuel cells by facilitating the conduction of hydroxyl ions 
for sustainable energy generation [32]. However, to the best of the au
thors’ knowledge, the application of AEMs in solutions containing 
palladium species has not been studied, highlighting the need for im
mediate attention and further investigation in this area. Moreover, the 
application of conventional electrodialysis for precious metal recovery 
remains quite limited. 

This study aims to design and tailor AEMs in electrodialysis for 
efficient and cost-effective recovery of [PdCl4]2− from an industrial 
hydrochloric acid-based solution with a concentration of 1000 mg⋅L− 1, 
comprising metal residuals in trace amounts. AEMs, as an unexplored 
method for recovering [PdCl4]2− , have been developed with quaternary 
ammonium fixed groups from brominated poly(2,6-dimethyl-1,4- 
phenylene oxide) (BPPO) polymers, potentially overcoming limitations 
associated with previously mentioned methods in the literature. PPO is a 
promising choice for synthesizing AEMs due to its chemical and thermal 
stability, rendering it resistant to degradation in diverse electrolytes, 
acidic solutions, and varying temperatures. Furthermore, PPO possesses 
activated aromatic rings and allylic portions, enabling flexible func
tionalization through bromination and easy conversion into ammonium 
groups via quaternization. The optimization of the AEM matrix involved 
adjusting factors such as tertiary amines with varying alkyl spacer and 
polymer concentration to enhance [PdCl4]2− transport through the 
membranes, influencing ion exchange capacity (IEC), hydrophilicity, 
and polymer network density. The resulting membranes were charac
terized through chemical structure analysis, morphological character
istics, physicochemical tests, and electrochemical evaluation. The study 
examined the influence of different membrane microstructures on the 
recovery rate of [PdCl4]2− using the developed AEMs in electrodialysis. 
The electroosmotic water transfer (EWT) and conductivity through 
AEMs were also investigated, as it critically affected the rate of 
[PdCl4]2− transport. The concentration of chloride ions (Cl− ) and solu
tion pH were determined to investigate their effect on the [PdCl4]2−

transport rate as well as the complex forms of palladium species in the 

treated solutions, which were confirmed with UV analysis. This study 
highlights the pivotal importance of membrane material design to 
enhance precious metal ion conductivity while reducing water trans
port. The aim is to maximize resource recovery and minimize energy 
losses associated with industrial electrolyte solutions, suggesting sig
nificant potential of membrane technology in the recovery of noble and 
precious metals. 

2. Materials and methods 

2.1. Materials 

PPO (the number average molecular weight Mn is 20,000 g⋅mol− 1 

and the number average molecular weight Mw is 30,000 g⋅mol− 1), N- 
bromosuccinimide (NBS, 99 %), 2,2′-Azobisisobutyronitrile (AIBN, 98 
%), chloroform (99.5 %), chlorobenzene (99.5 %), ethanol (96 % and 
100 %), trimethylamine (TMA, a 45 wt% aqueous solution), dime
thylhexylamine (DMHA, 98 %), N-methyl-2-pyrrolidone (NMP, 99.5 %), 
deuterated chloroform (CDCl3, 99 %), sodium chloride (NaCl), and so
dium sulfate Na2SO4 were used as received from Aldrich, Germany. An 
industrial solution with a matrix composed of hydrochloric acid, palla
dium, and other metal residual with a pH below 1 was kindly provided 
by K.A. Rasmussen AS (Norway), which was used to assess the recovery 
performance of [PdCl4]2− . The composition of the industrial solution is 
tabulated in Table 1. PC SK end-CEMs (PCCell GmbH, Germany) were 
utilized in the electrodialysis tests. Silver nitrate (AgNO3, 99 %, Aldrich) 
was used to determine Cl− concentrations. 

2.2. Bromination of PPO 

PPO was brominated following the method described in our previous 
study [20]. Initially, 6 g (50 mmol) of PPO was dissolved in 100 mL of 
chlorobenzene in a flask equipped with a water-cooling condenser. Once 
the PPO was completely dissolved, 4.45 g (25 mmol) of NBS and 0.246 g 
of AIBN were added to initiate the bromination reaction. The reaction 
temperature was set at 135 ◦C to specifically target the bromination 
reaction on the benzyl positions, which are the sole sites responsible for 
anion exchange groups within the polymer network [20]. The reaction 
was conducted for 3 h in an oil bath while purging with argon. Following 
the reaction, the mixture was precipitated in 1000 mL of ethanol, 
filtered, and left to dry overnight. For further purification, 70 mL of 
chloroform was used to dissolve the resulting polymers. Subsequently, 
the polymers were precipitated again and washed with pure ethanol at 
40 ◦C for 1 h to remove any residual solvent. Finally, the polymers were 
dried in a vacuum oven at 80 ◦C for 24 h. 

2.3. Preparation of AEMs 

A total of 1.5 g of BPPO was dissolved in NMP at different concen
trations of 10 %, 15 %, and 20 % (w/w). The quaternization reaction 
was initiated by adding TMA or DMHA in a mole ratio of 2:1 to the 
brominated portion of the polymer. The reaction mixture was main
tained at room temperature for 48 h. Subsequently, the reaction mixture 
was poured onto a glass plate and cast to a thickness of 700 μm. The cast 
solution was then placed in an oven at 60 ◦C under a vacuum for 24 h to 
evaporate the solvent. The resulting films were soaked in deionized 
water to facilitate their removal from the glass plate. The AEMs were 
named AEM-x-y, where x represents the BPPO amount in the reaction 
mixture as a weight percentage, and y indicates the tertiary amine used. 
The preparation route of AEMs is illustrated in Scheme 1, and the 

Table 1 
The composition of the industrial solution assessed.  

Palladium (mg⋅L− 1) Platinum (mg⋅L− 1) Rhodium (mg⋅L− 1) Iron (mg⋅L− 1) 

~ 1000 < 20 < 5 < 10  
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composition of the different membrane feeds is provided in Table 2. 

2.4. Characterization and methods 

2.4.1. Chemical structure of the polymers and AEMs 
The chemical structures of both the pristine and brominated poly

mers, along with the resulting AEMs, were analyzed using 1H nuclear 
magnetic resonance (1H NMR) on a Bruker Avance 600 Neo spectrom
eter and Fourier transform infrared spectroscopy (FT-IR) spectra. 
Deuterated CDCl3 and DMSO‑d6 solvents were used to dissolve the 
polymers and membrane samples, respectively, and the 1H NMR anal
ysis was conducted at 600 MHz. The bromination degree at the benzyl 
position was determined by calculating the area under the respective 
peaks using Eq. (1) [33]: 

Bromination degree =
Area peak at 4.3

Area peak at (6.4 − 7.0) + 2⋅Area peak at (6.0 − 6.4)
(1)  

To further confirm the quaternization reaction, both the polymer and 
membrane samples were analyzed using FT-IR spectra. The FT-IR 
analysis was conducted using an iS50 FT-IR spectrometer from 
Thermo Scientific. 

2.4.2. Morphological analysis 
The surface and cross-section topography of the membranes were 

characterized by a scanning electron microscope (SEM, Zeiss SUPRA 55- 
VP) with a field emission electron gun. The SEM samples were cut into 
small pieces and dried at 50 ◦C before the analysis. Then, it was mounted 
in a sample holder and coated with a thin gold layer by a sputter coater 
(Quorum, Q150R ES) to make the samples electronically conductive. 

2.4.3. Physicochemical properties of the AEMs 
Small pieces of membrane samples were first dried in an oven at 

60 ◦C and weighed. Then, the membrane samples were immersed in 1.0 
M NaCl aqueous solution for 24 h to replace the bromide ions in the 
membrane with Cl− from the solution. Afterward, the samples were 
rinsed with deionized water and soaked in 0.5 M Na2SO4 aqueous so
lution for another 24 h to exchange Cl− with sulfate ions. The exchange 
solution containing Cl− was titrated with 0.1 M AgNO3. A 

potentiometric titration (Mettler Toledo, Easy Cl) was used to determine 
the Cl− concentration. The following Eq. (2) was used to calculate the 
IEC values of the membranes [34]: 

IEC
(

mmol
g

)

=
VNa2SO4 ⋅CCl−

Wdry
(2)  

where VNa2SO4 is the volume of Na2SO4 (L), CCl− is the concentration of 
Cl− (M), and Wdry is the dry weight of membrane samples (g). 

The water uptake and swelling ratio of the membranes were deter
mined by measuring the weight and dimensional changes between the 
dry and wet membrane samples. The membrane samples were cut into 2 
cm x 4 cm sizes and dried in an oven at 60 ◦C for 24 h. The weight and 
length of the dried AEM samples were then measured. The dried mem
brane samples were subsequently soaked in deionized water for 24 h, 
and the weight and dimensions of the wet membrane samples were 
measured immediately after removing excess surface water. The water 
uptake and swelling ratio values of the membrane samples were calcu
lated using Eqs. (3) and (4) [34]: 

Water uptake (%) =
(Wwet − Wdry)

Wdry
⋅ 100 (3)  

Swelling ratio (%) =
(lwet − ldry)

ldry
⋅ 100 (4)  

where Wwet and Wdry represent the mass of the wet and dry membrane 
samples, respectively, while lwet and ldry are the lengths of the wet and 
dry membrane samples, respectively. 

The membrane fixed charge concentration (FCC) was calculated 
using Eq. (5), using the IEC and water uptake values [35]: 

FCC
(

mol
L

)

=
IEC

water uptake
⋅ ρw (5)  

where ρw is the density water. 

2.4.4. Water contact angle 
The surface hydrophilicity of the AEM samples was evaluated by 

measuring the water contact angle using an optical tensiometer (T330, 
Biolin Scientific). The dried membrane samples were securely attached 
to a glass plate prior to the measurement. Four measurements were 
conducted for each membrane sample, with 4 μl of deionized water 
droplets used in each measurement. 

2.4.5. Electroosmotic water transfer 
The Micro BED System was utilized to measure the EWT of the AEMs. 

A detailed schematic representation of EWT measurement is presented 
in our previous work [20]. This system consists of a coulomb counting 
device, applying a charge package of 120 A⋅s for a given volume. 
Throughout the operation, a current of 0.3 A was applied. The diluate 

Scheme 1. The synthesis route of an AEM, including bromination of PPO and the quaternization of BPPO with tertiary amines.  

Table 2 
Synthesized AEMs with different polymer concentrations and tertiary amine 
types.  

Polymer 
backbone 

BPPO content 
(weight %) 

Tertiary 
amine 

AEM after 
quaternization 

Thickness 
(μm) 

BPPO 10 TMA AEM-10-TMA 64.8 ± 1.2 
15 TMA AEM-15-TMA 92.5 ± 3.5 
20 TMA AEM-20-TMA 154.0 ± 1.0 
15 DMHA AEM-15-DMHA 90.0 ± 3.5  
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chamber was circulated with a 1 M NaCl solution, while the electrode 
chamber was with a rinse solution of 0.25 M Na2SO4. The open chamber 
served as the concentrate chamber and was filled with a 1 M NaCl so
lution without circulation. The AEM under investigation was positioned 
between the end-CEM and the hydrophobic CEM (PC S 100, PCCell 
GmbH). The purpose of using end-CEMs and hydrophobic CEM was to 
minimize interference from the electrolyte solutions and control water 
transport, respectively. By applying a current, a specific quantity of 
water was transferred through the AEM from the diluate chamber into 
the concentrate chamber. The increase in volume in the concentrate 
chamber was measured using a pipette. The EWT value was determined 
using Eq. (6): 

EWT
(

mol H2O
mol e−

)

=
dn

Q⋅F− 1 = d
(

ρ⋅V
Mw

)

⋅
F

I⋅dt
(6)  

where n, V, ρ, and Mw represent mole, volume (mL), density (g ⋅ mL− 1), 
and molecular weight (g ⋅ mol− 1) of water, respectively. Q denotes the 
amount of charge transported (Coulomb), F corresponds to the Faraday 
constant (96,485.3C ⋅ mol− 1 e− ), I represents the applied current (C ⋅ 
s− 1), and dt (s) is the time change. 

2.4.6. Conductivity measurements 
The conductivity of the membranes was measured using electro

chemical impedance spectroscopy. All membranes were equilibrated in 
industrial solution for 24 h. Five samples of each type of membrane with 
diameters of 2 cm were cut. Impedance measurements were conducted 
using a Gamry Interface 5000E potentiostat, from an initial frequency of 
100 Hz to 1 MHz, zero direct current, and an alternating current of 1 mA 
rms. The resistance of the stacks of 2 to 5 membranes were measured at a 
time in the system shown in Fig. 1. The measured resistance was plotted 
versus the thickness of the stack. A linear regression was constructed, 
and the slope of the resulting linear function was taken as the resistance 
purely from the membranes. The resistance per length of thickness of the 
membrane obtained from the impedance measurements was used to 

calculate the membrane conductivity by the following Eq. (7): 

κ =
l

RA
(7)  

where R (Ω) is the resistance, l (cm) is the membrane thickness, A is the 
membrane area (cm2), and κ is the membrane conductivity (mS ⋅ cm− 1). 

2.4.7. Recovery measurements in electrodialysis 

2.4.7.1. [PdCl4] 2− transport mechanism. The transport mechanism of 
[PdCl4]2− is influenced by the specific type of ammonium groups pre
sent in the media, including quaternary, tertiary, or secondary ammo
nium ions. Each type of ammonium group plays a distinct role in the 
transport process. Secondary and tertiary ammonium groups function as 
weak base groups, while quaternary ammonium groups are strong base 
groups [36]. In the case of weak base groups, the interaction of 
[PdCl4]2− occurs through a process known as chelation [37]. During 
chelation, covalent bonding takes place between the metal ions and the 
nitrogen atom of the functional group, facilitated by the donation of 
electrons [15,37]. This interaction forms a stable chelate complex. 
However, in order to complete the recovery process, subsequent elution 
of the [PdCl4]2− from the base group is required [38]. 

On the other hand, quaternary ammonium groups are organic cat
ions with a positive charge, while [PdCl4]2− consists of a palladium ion 
coordinated with chloro ligands, which are negatively charged, pro
moting attractive forces between the two entities. Hence, when 
considering the ion association between [PdCl4]2− and quaternary 
ammonium groups, it involves the formation of an ion pair through 
electrostatic interactions [36]. This ion pair formation can have signif
icant implications for the transport of the [PdCl4]2− . The ion association 
enhances the solubility and mobility of the complex. Considering the 
aforementioned observations, incorporating the quaternary ammonium 
group as a pendant carrier in AEMs presents a promising strategy to 
achieve a more efficient exchange rate of [PdCl4]2− , allowing for the 
swift and effective transport of [PdCl4]2− across the fixed charged 
groups without the need for subsequent elution steps. It is noteworthy 
that the interaction of [PdCl4]2− has been reported in a specific order, 
namely quaternary > tertiary > secondary > primary [9]. This hierarchy 
implies that quaternary ammonium groups exhibit the highest affinity 
for [PdCl4]2− . The ion association and chelation mechanisms are iden
tified in Eqs. (8) and (9), and visualized in Scheme 2a,b [37]: 

[R4N+Cl− ]org + [PdCl4]
2−
aq →[R4N+(PdCl4)

−
]org +Cl− aq (8)  

[
RNH+

2 Cl−
]

org + [PdCl4]
2−
aq →[RHN − (PdCl3)

−
]org + H+ + 2Cl− aq (9) 

In this study, the tertiary amines were incorporated into the back
bone of BPPO to generate strong quaternary ammonium groups, aiming 
to facilitate the recovery of [PdCl4]2− . 

2.4.7.2. Electrodialysis performance. Recovery measurements were 
conducted using a PCCell Micro BED System electrodialysis cell. The 
membrane stack consists of four chambers, including one diluate 
chamber, one concentrate chamber, and two electrode chambers. 
Custom-made AEMs were positioned in the middle of the cell, while 
commercial end-CEMs were placed at both ends of the stack to prevent 
interference from the rinse solutions in the feed chambers (Fig. 2). 
During the experiment, a 100 mL 0.25 M Na2SO4 rinse solution was 
circulated through the electrode chambers to generate a current of 0.5 A 
across the membranes, which had an effective area of 6 cm2. The diluate 
and concentrate chambers were circulated with a 70 mL industrial so
lution. The feed was circulated at a flow rate of 120 mL⋅min− 1. The 
electrodialysis measurement lasted for 240 min. Samples were collected 
at regular intervals from both the diluate and concentrate chambers to 
measure the concentration of [PdCl4]2− . The concentration of [PdCl4]2−

in the solution samples was analyzed using a microwave plasma-atomic 

Fig. 1. Illustration of the cell used for electrochemical impedance measure
ments of the membranes. The cell was positioned in a vertical orientation, 
allowing the upper section to securely hold the membrane stack in place 
through the force of gravity. 
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emission spectrometer (Agilent 4210), while Cl− content in the solution 
samples was determined using Easy Cl (Mettler Toledo). To quantify the 
[PdCl4]2− content in the membrane samples, a series of steps were fol
lowed. Firstly, the membranes were dissolved in aqua regia, and heat 
was applied to expedite the dissolution process. Any undissolved residue 
was carefully collected and placed in a crucible. To eliminate any 
organic components, the crucible containing the residue was subjected 
to high temperatures in an oven. Once the organic matter was 
completely burned off, the resulting ashes were dissolved in aqua regia. 
Finally, the solutions from both the initial leaching and the leaching of 
the ashes were combined and subjected to analysis using inductively 
coupled plasma optical emission spectroscopy, enabling the determi
nation of the total palladium content present. 

The transport mechanism of [PdCl4]2− in electrodialysis involves the 
migration of charged palladium species under the influence of an elec
tric field through the ion exchange process. During electrodialysis, an 
electric field is applied across the system, facilitating the release of 
[PdCl4]2− into the concentrate compartment. Efficiencies of the result
ing AEM system were defined in terms of the Eqs. (10) and (11) [9]: 

Removal efficieny (%) =
Ci,d − Cf,d

Ci,d
⋅100 (10)  

Recovery efficieny (%) =
Ci,c − Cf,c

Ci,c
⋅100 (11)  

where Ci,d (mol⋅L− 1) and Cf,d (mol⋅L− 1) are the initial and final con
centration of [PdCl4]2− in the diluate, respectively, while Ci,f and Cf,c 

(mol⋅L− 1) is the initial and final concentration of [PdCl4]2− in the 
concentrate compartment. The molar flux of [PdCl4]2− through the 

AEMs was determined using Eq. (12) [39]: 

J[PdCl4 ]2− =
V dCc

dt

A
(12)  

where V (L) is the feed solution volume, dCc (mol⋅L− 1) is the concen
tration change of [PdCl4]2− , and A (m2) is the active area of the mem
brane. The specific energy consumption (Em) per mole of the transported 
[PdCl4]2− was calculated from Eq. (13) [39]: 

Em =

∫
Um⋅I⋅dt

(
Ci,d − Cf,d

)
⋅V

(13)  

where Um is the voltage drop across the cell, I is the applied current, and 
dt (s) is the time change. 

The complex forms of palladium noble metal species in the solution 
samples from both diluate and concentrate compartments were pre
dicted through pH and Cl− measurements. These predictions were sub
sequently confirmed by MEDUSA software and UV measurements and 
presented in the Supporting Information (Figs. S1–S3). The pH of the 
initial and final solution samples was determined using a SevenDir
ectSD20 pH meter equipped with a high precision pH Sensor InLab Pro- 
ISM (Mettler Toledo). For the UV measurements, a Thermo Scientific 
UV–Visible spectrophotometer with a UVette cuvette of 10 mm path 
length was utilized. The absorbance data were processed using the 
Thermo Insight program. Spectra were recorded from 400 nm to 200 nm 
with a scan rate of 100 nm⋅min− 1 and a resolution of 1 nm. Water was 
used as the reference. 

Scheme 2. Schematic of [PdCl4]2− interaction with; (a) strong ammonium groups via ion association; (b) weak ammonium groups via chelation [37].  

Fig. 2. Membrane stack assembly in an electrodialysis cell.  
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3. Results and discussion 

3.1. 1H nuclear magnetic resonance and Fourier transform infrared 
spectroscopy 

Fig. 3a displays the 1H NMR spectra of PPO, BPPO, and AEMs. The 
successful verification of bromination in the benzyl group of the polymer 
was accomplished by observing new proton peaks at 4.3 ppm, which 
were not observed for PPO [33]. After the incorporation of tertiary 
amines (TMA or DMHA) into the polymer backbone, the 1H NMR peak of 
the bromobenzylic proton at 4.3 ppm disappeared, and new benzylic 
proton peaks adjacent to the head group of quaternary ammonium 
group appeared at 3.1 ppm, providing evidence of quaternization, and 
more pronounced peaks can be observed in AEMs of increased polymer 
concentrations. This can be attributed to the greater abundance of 
brominated moieties due to high polymer concentration available for 
interaction with a higher quantity of amine groups, increasing the total 

fixed charge group in the membrane. Further increasing the polymer 
concentration to 20 % might not necessarily result in a proportionally 
increased quaternization of the benzylic brominated parts due to po
tential limitations in reactant access, yielding lower peak. It is worth 
noting that with the membrane featuring a quaternary ammonium 
group having a longer alkyl chain length (AEM-15-DMHA), a relatively 
lower quaternization peak was observed. DMHA likely impeded the ease 
of the quaternization reaction, thereby reducing the attachment of 
amines to the polymer backbone. Based on the distinct peaks observed in 
the 1H NMR spectra, it can be concluded that quaternary ammonium 
groups were effectively grafted onto the BPPO backbones. 

To confirm the occurrence of the quaternization reaction between 
the carbon atom in the methyl group adjacent to the bromine and the 
nitrogen atoms in the head groups of tertiary amines, the FT-IR spectra 
of PPO, BPPO, and AEMs were also subjected to analysis (Fig. 3b). The 
recorded spectral features at wavenumbers approximately 1185 cm− 1, 
1305 cm− 1, 1469 cm− 1, and 1602 cm− 1 were attributed to the 

Fig. 3. The chemical structure of PPO, BPPO, and AEMs; (a) 1H NMR spectra; (b) FT-IR spectra.  
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characteristic vibrations of the PPO polymer, whereas the band observed 
at approximately 1730 cm− 1 was assigned to the vibrational mode of the 
C− N bond present in the quaternary ammonium groups [40,41]. 
Importantly, this distinctive band was absent in the spectra of both PPO 
and BPPO polymers, indicating the successful quaternization reaction. 
Additionally, a broad peak exhibiting a wavenumber of 3400 cm− 1 

emerged, corresponding to the O− H bond, signifying the presence of 
hydrophilic hydrated amine groups in AEMs, which was not observed 
for both PPO and BPPO polymers. 

3.2. Morphology of AEMs 

The AEMs were subjected to morphological analysis employing SEM 
technique. Fig. 4 provides visual presentation of surface topography and 
cross-section images of these membranes. The images reveal that the 
surfaces of all examined membranes exhibit a dense nature (Fig. 4a–d). 
However, a relatively loose and porous membrane bulk structure was 
observed, and the porosities and pore size vary depending on the poly
mer concentration in the cast solution and the type of tertiary amine 
used (i.e., TMA or DMHA). Therefore, the bulk matrix morphology of the 
AEMs was investigated using high resolution SEM images. 

As can be seen in (Fig. 4e), at a low polymer concentration (10 %), 
the membrane bulk is nearly dense without visible pores. It is likely 
because that at a low polymer-to-solvent ratio, the solvent evaporation is 
fast, resulting in well packed polymer chains in the matrix and hence a 
more dense structure with negligible porosity [42]. Differently, when a 
polymer concentration higher than a threshhold value is employed, a 
skin layer may form first, impeding the evaporation of the solvent below 
the skin layer, such as in the cases of AEM-15-TMA and AEM-20-TMA. 
Due to the existing charged groups, microphase separation occurs, 
leading to formation of pores and channels within the polymer matrix, as 
shown in Fig. 4f and g. The porosity and pore size increased with the 
growing number of the charged groups in the cast solutions. This cor
relation is explained by the increased polymer concentration, requiring 
an increased amount of TMA to maintain a 2:1 mol ratio between TMA 
and the brominated part of the polymer. This effect was more pro
nounced when DMHA was introduced (Fig. 4h). The notably lower 
volatility and longer chains of DMHA led to a higher likelihood of phase 
separation and enhance formation of a more porous structure and larger 
size of ionic channels [43]. 

3.3. Ion exchange capacity, water uptake, swelling ratio, and fixed charge 
concentration 

The IEC of the membrane is a metric that quantifies the number of 
fixed charges per unit mass of dry polymer in the membrane. This 
parameter provides valuable insights into the concentration of free 

charge within the membrane. The IEC is a critical property of the 
membrane that directly affects the transport rate of ions. Fig. 5a presents 
a range of IEC values observed for developed membranes. The IEC for 
AEM-15-TMA exhibited higher value, whereas AEMs synthesized with 
10 % and 20 % polymer concentration displayed lower but fairly similar 
IEC values. Normally, an increase in polymer concentration should, in 
principle, yield a relatively consistent IEC per gram. This is attributable 
to the greater mass of both unbrominated and benzyl brominated seg
ments as polymer content increases, thereby maintaining the number of 
fixed charges per unit mass of polymer at a consistent level despite a 
higher degree of quaternization. However, the differences in IEC values 
can be ascribed to either the lower polymer content, which may contain 
slightly less bromobenzylic moieties, or the higher polymer concentra
tion leading to the formation of a denser network structure, limiting the 
access to the reactive sites. Notably, when TMA was replaced with 
DMHA for the same polymer concentration (15 %), the IEC remained 
lower due to the suppressed quaternization reaction. 

Membranes with higher IEC values tend to exhibit more pronounced 
water uptake behaviors. This relationship clarifies the observed corre
spondence between the water uptake tendencies of the AEMs and their 
corresponding IEC magnitudes. Therefore, the AEM-15-TMA membrane 
displayed the highest water uptake among all the developed mem
branes. It is worth noting that AEM-15-DMHA exhibited the lowest 
water uptake value, a consequence attributed to the significant impact of 
a longer alkyl chain length, which contributes to a more hydrophobic 
environment within the membrane network [44]. 

Other important factors that influence ion transport across a dense 
membrane include membrane swelling degree and FCC, both of which 
are investigated for the developed AEMs (Fig. 5b). Ion sorption and 
mobility, as steps of ion transport through the membrane, are notably 
affected by the concentration of fixed charge groups and water content 
present within charged polymers. Therefore, the distribution and con
centration of fixed charge groups, along with their associated water 
content within the AEMs, hold significant relevance in the context of ion 
transport. The swelling ratio of AEM-15-TMA was observed to be the 
highest, a phenomenon primarily attributable to its higher IEC and 
water uptake. The greater swelling characteristic of AEM-20-TMA 
compared to AEM-10-TMA can be attributed to its more porous struc
ture. On the other hand, AEM-15-DMHA displayed the lowest degree of 
swelling, primarily due to the hydrophobic nature of the quaternary 
ammonium group. The results also revealed an inverse relationship 
between the swelling ratio and FCC. The stems from the fact that a 
membrane with high IEC leads to the increased swelling capacity due to 
the hydration of ion exchange groups, decreasing the FCC within the 
network. Notably, when DMHA was introduced in place of TMA, the FCC 
reached its maximum value despite comparable IECs. This outcome can 
be attributed to the relatively lower swelling ratio associated with 

Fig. 4. SEM images of the AEMs; a,e) AEM-10-TMA; b,f) AEM-15-TMA; c,g) AEM-20-TMA; d,h) AEM-15-DMHA, and images a, b, c, and d are the mebrane surface; 
and e, f, g, and h are the high resolution SEM images of the membrane bulk matrices. 
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DMHA. 3.4. Hydrophilicity of the membranes 

Water contact angle measurements were conducted to assess the 
surface hydrophilicity of the AEMs (Fig. 6). AEM-15-TMA, with the 

Fig. 5. (a) IEC and water uptake values; (b) swelling ratio and FCC values of the investigated AEMs.  

Fig. 6. Water contact angle values of the investigated AEMs.  
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highest IEC, was capable of absorbing the largest amounts of water 
among developed membranes, resulting in the lowest water contact 
angle value. On the other hand, the AEM-10-TMA membrane displayed a 
greater water contact angle than AEM-20-TMA despite both membranes 
having similar IEC values. This distinction can be attributed to the 
reduced count of total fixed charge groups in the membrane with lower 
polymer concentration. Additionally, maintaining a polymer concen
tration of 15 % and introducing hydrophobic side chains of DMHA into 
the polymer backbone led to a notably increased water contact angle. 
This structural modification hindered water retention by the polymer 
backbone, leading to a much higher hydrophobic surface. 

3.5. Electroosmotic water transfer 

The membrane’s crucial role in excluding water transport is high
lighted by its significant impact on the transportation of the target ion, 
directly influencing the recovery efficiency of the electrodialysis pro
cess. Consequently, the examination of the water transport properties of 
AEMs becomes imperative in analyzing the rate of [PdCl4]2− transport. 
Under the influence of an electric current, the co-transport of water 
outweighs the osmotic flux, rendering the impact of water transport 
through osmosis negligible [45]. Therefore, the analysis primarily fo
cuses on electroosmosis as the predominant factor to consider. 

The transport of water varied among the investigated AEMs due to 
differences in their microstructures (Fig. 7). For instance, increasing 
polymer concentration from 10 % to 15 % increased water transfer due 
to elevated IEC and inherent hydrophilic characteristics [46]. However, 
membranes 20 % polymer content showed diminished water drag owing 
to their reduced IEC, lower swelling ratio and higher water contact angle 
compared to AEM-15-TMA. On the other hand, the introduction of hy
drophobic alkyl chains within the AEM-15-DMHA membrane conferred 
a more hydrophobic structural framework, leading to a reduced capacity 
for water molecule absorption and improved anti-swelling properties, 
resulting in a substantial reduction in water transport. Furthermore, it is 
worth emphasizing that when Cl− ions dissolve in water, they attract the 
positively charged hydrogen ends of water molecules, forming a stable 
structure around Cl− , known as the hydration shell, which tends to 
release water molecules as they transport through hydrophobic mem
branes, thus less water co-transport occurrence with Cl− . All of these 
factors suggest that membranes possessing a more pronounced hydro
phobic structure significantly impede the migration of water. 

3.6. Conductivity of the membranes 

Fig. 8 presents data on the ionic conductivity of the membranes. The 
results show that the membrane conductivity, directly associated to the 
total number of ion exchange groups within the membrane, is greater in 
the AEMs made of a higher polymer concentration. As a result, AEM-15- 
TMA displayed an elevated overall charge density throughout the 

membrane, rendering an enhanced conductivity when compared to 
membranes with lower polymer concentration (AEM-10-TMA). As the 
polymer concentration was further increased, a notable enhancement in 
conductivity was observed. This increase can be attributed to a more 
porous structure as confirmed by SEM in addition to an increased total 
charge within the membrane, which accelerated ion transfer. 

Conversely, when the membrane contained a quaternary ammonium 
group with an extended alkyl chain, a substantial decrease in conduc
tivity was observed. This can be attributed to the longer alkyl chains 
within the quaternary ammonium groups, which introduced steric hin
drance and increased the separation between the charged amine group 
and its surrounding environment. This led to the formation of micro
domains or amine group aggregation, disrupting the continuous path
ways for ion transport within the membrane. Consequently, ions 
encountered longer, obstructed pathways, which reduced ion mobility. 
Moreover, longer alkyl chains resulted in a decreased IEC, leading to 
fewer available sites for ion exchange and transport, ultimately dimin
ishing conductivity. 

3.7. Recovery performances of the AEMs in electrodialysis 

The transport ability of ions in electrodialysis is primarily governed 
by the characteristics of the employed membranes. In this study, we 
synthesized four AEMs with varying microstructures to explore their 
effects on the transport capabilities of [PdCl4]2− and co-existing Cl− , 
along with the recovery efficiency in an acidic feed solution, by con
ducting electrodialysis tests. 

The [PdCl4]2− is transported via electromigration from the bulk of 
the feed solution to the interface of the AEM, where they interact with 
fixed charge groups through ion association. Subsequently, [PdCl4]2−

ions transport into the concentrate compartment across the AEM. Fig. 9 
illustrates the concentration profiles of [PdCl4]2− in both the diluate and 
concentrate compartments, while Fig. 10 presents the removal and re
covery efficiencies of the membranes, as well as the residual [PdCl4]2−

content in the membrane phase. Depending on the characteristics of the 
AEMs, distinct concentration profiles and [PdCl4]2− transport rates were 
observed through the developed membranes (Fig. 10a). Moreover, 
detectable amounts of [PdCl4]2− were observed in the AEMs after the 
electrodialysis tests. The residual [PdCl4]2− content in the membrane 
phase varied depending on the characteristics of the AEMs (Fig. 10b). 

The results indicate that the membrane fabricated with a polymer 
concentration of 10 % exhibited the most minimal change in [PdCl4]2−

concentration, implying the slowest transport of [PdCl4]2− through the 
membrane. The similar color of the solutions from both diluate and 
concentrate compartments after the electrodialysis test also approves 
the inadequate transport of [PdCl4]2− through AEM-10-TMA. Conse
quently, this particular membrane highlighted its limited ability to 
facilitate recovery of [PdCl4]2− (20 ± 0.6 %). Notably, increasing the 
polymer concentration to 15 % and 20 % resulted in a substantial Fig. 7. EWT values of the investigated AEMs.  

Fig. 8. Conductivity of the investigated AEMs.  
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enhancement in recovery, with values ranging from 81.8 ± 1.2 % to 
90.7 ± 1.0 %, respectively. Apparent color changes in solution samples 
have also supported the reported recoveries of [PdCl4]2− upon 
completion of the electrodialysis process for the AEM-15-TMA and AEM- 
20-TMA membranes. It is also worth noting that AEM-15-TMA and AEM- 
20-TMA contained a higher amount of [PdCl4]2− , as confirmed by 
indicating the darker color observed for the membranes, supporting 
their high interaction with [PdCl4]2− . On the other hand, incorporating 

a hydrophobic chain length into the polymer network substantially 
reduced the recovery rate to 26.4 ± 0.8 % for AEM-15-DMHA, which 
contained the least amount of [PdCl4]2− in its structure after 
electrodialysis. 

The noticeable difference in [PdCl4]2− recovery between AEM-10- 
TMA and AEM-15-TMA/AEM-20-TMA stems from disparities in both 
charge densities and membrane morphologies, which intricately influ
ence the ionic conductivity, thereby exerting a significant impact on the 

Fig. 9. Concentration profiles of [PdCl4]2− in diluate and concentrate compartments across the developed AEMs during the electrodialysis tests. C0 and C denote for 
the concentration of [PdCl4]2− at time zero and t, respectively. 

Fig. 10. (a) Percentage decrease in diluate compartment (removal), increase in the concentrate compartment (recovery), and residual in the membrane phase of 
[PdCl4]2− after 4 h of electrodialysis. (b) The images depict AEMs and solution samples before and after electrodialysis. The untreated membrane and stock (feed) 
solutions refer to samples before electrodialysis. The right side of the arrow represents the membranes and the solutions, referring the diluate (left) and concentrate 
compartments (right), after 4 h of electrodialysis. The minimal color changes observed for the solutions obtained from the electrodialysis tests of AEM-10-TMA and 
AEM-15-DMHA indicated slow transport rate of [PdCl4]2− . In contrast, the solutions with significant color changes for AEM-15-TMA and AEM-20-TMA suggested a 
high transport rate of [PdCl4]2− across them. 
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membranes’ efficacy in recovery processes. AEM-10-TMA, characterized 
by its densely compacted structure and low matrix porosity, exhibited a 
low conductivity. This reduced conductivity directly correlates with a 
decelerated [PdCl4]2− transport rate. On the other hand, the existing 
pores in membranes cast by increased polymer concentration elevate 
[PdCl4]2− transport [47]. Another consequence of the higher conduc
tivity is triggered by the higher charge density of the membranes, as 
observed in the cases of AEM-15-TMA and AEM-20-TMA (as substanti
ated by IEC and H-NMR analysis). Membranes with higher total charge 
and a more porous structure efficiently facilitate ion movement. Typi
cally, such membranes demonstrate amplified ionic conductivity, 
contributing to the augmented [PdCl4]2− recovery rate. 

Another intriguing observation was the increase in [PdCl4]2− upon 
increasing the polymer concentration of the membrane from 15 % to 20 
%. A higher IEC value with a lower polymer content in AEM-15-TMA 
resulted in increased water content, leading to a lower wet membrane 
FCC (Fig. 5b) [48]. Moreover, a higher swelling ratio and water uptake 
increase the distance between fixed charge groups in a membrane, 
reducing the effectiveness of the Donnan potential for AEM-15-TMA 
compared to that of AEM-20-TMA [49,50]. The reduced potential 
weakens the attractive forces and slows down the transport of [PdCl4]2− , 
consequently lowering the recovery efficiency [51–54]. Furthermore, 
the electroosmotic water drag was lower through AEM-20-TMA 
compared to AEM-15-TMA, comparatively impeding the passage of 
water. This characteristic also enhances the concentration stage of the 
target [PdCl4]2− . 

The investigation also included an analysis of the recovery efficiency 
of [PdCl4]2− while mitigating water transport using a more hydrophobic 
membrane, achieved through the incorporation of quaternary ammo
nium groups with longer chain lengths as fixed charge groups (AEM-15- 
DMHA). Despite its highest FCC, a porous structure, and relatively low 
EWT, the presence of hydrophobic side-chains detrimentally affected the 
conductivity of the membrane. This impedance can be ascribed to the 
reduced density of exchangeable ions due to the inclusion of longer 
hydrophobic alkyl units, leading to weakened interactions with 
[PdCl4]2− , thereby hindering the transport rate of [PdCl4]2− . Never
theless, it is essential to highlight that the performance of AEM-15- 
DMHA exceeded that of AEM-10-TMA. This observation potentially 
suggests that the membrane’s porosity exerts a more pronounced in
fluence on recovery performance, despite its lower conductivity, when 
compared to the denser yet more conductive AEM-10-TMA. 

The recovery performance of [PdCl4]2− by the best-performing AEM 
is compared with the existing literature, predominantly comprising 
different types of liquid membranes (Table 3). AEM-20-TMA demon
strates competitive [PdCl4]2− recovery rates in electrodialysis, elimi
nating the need for elution process and the use of harsh organic phases. 

Importantly, this work introduces the effectiveness of AEMs for the first 
time within the author’s knowledge, unveiling their immense potential 
in this particular field. Exploring different combinations of polymer 
materials to further optimize the microstructure of AEMs can enhance 
their performance in recovering [PdCl4]2− within shorter electrodialysis 
process times. Moreover, unlike liquid membranes that can undergo 
carrier leaching and solvent evaporation, AEMs have huge potential to 
offer stable and long-lasting performance without requiring frequent 
replenishment, which can withstand diverse pH conditions, temperature 
variations, and chemical environments. Therefore, assessing the long- 
term stability of the AEM membranes in electrodialysis and imple
menting appropriate post-cleaning procedures are crucial steps when 
upscaling this process for precious metal recovery. 

3.8. Transport rates and energy consumption 

In electrodialysis, the interplay between the transport rates of ions 
and energy consumption is influenced by the magnitude of the applied 
voltage gradient. Fig. 11a depicts the fluxes of [PdCl4]2− and Cl− . The 

Table 3 
Overview of [PdCl4]2− recovery through membranes.  

Membrane Active group Transport mechanism Feed solution Palladium 
concentration 

Recovery Ref 

Supported liquid membrane mobile carrier facilitated transport of the Pd-carrier 
complex 

diluted high level waste 1006 mg⋅L− 1 99.9 % [11] 

Hollow fiber supported liquid 
membrane 

mobile carrier facilitated transport of the Pd-carrier 
complex 

spent automotive catalyst 
leachate 

500 mg⋅L− 1 100 % [12] 

Hollow fiber supported liquid 
membrane 

mobile carrier facilitated transport of the Pd-carrier 
complex 

industrial wastewater 100–400 mg⋅L− 1 91 % [13] 

Hollow fiber supported liquid 
membrane 

mobile carrier facilitated transport of the Pd-carrier 
complex 

electronic wastewater − 87.1 % [9] 

Polymer inclusion membrane mobile carrier facilitated transport of the Pd-carrier 
complex 

model solution 1000 mg⋅L− 1 98 % [10] 

Polymer inclusion membrane mobile carrier facilitated transport of the Pd-carrier 
complex 

model solution 0.001 M 87.2 % [14] 

Polymer inclusion membrane mobile carrier facilitated transport of the Pd-carrier 
complex 

model solution 1000 mg⋅L− 1 95 % [4] 

AEM-20-TMA fixed charge 
group 

electromigration of [PdCl4]2− in 
electrodialysis 

industrial concentrated acid 
solution 

1000 mg⋅L− 1 90.7 ± 1.0 
% 

This 
work  

Fig. 11. (a) The fluxes of [PdCl4]2− and Cl− through investigated AEMs; (b) the 
energy consumption of the investigated AEMs per mole of [PdCl4]2− . 
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presented data demonstrates a significantly lower transport rate for 
[PdCl4]2− compared to that of Cl− . The differences in transport rates 
were more pronounced for membranes with superior hdyrophobicity 
(AEM-15-DMHA) and lower polymer concentration (AEM-10-TMA). The 
hydrophobic nature of AEM-15-DMHA allowed Cl− to shed water mol
ecules from its hydration shell due to its low energy of hydration, 
resulting in efficient transport through the membrane [55]. Moreover, 
AEM-10-TMA with denser structure impeded the transport of [PdCl4]2− , 
while facilitating the easier transport of Cl− , owing to having higher 
diffusion coefficients and smaller size (Cl− > [PdCl4]2− ), thus resulting 
in substantial transport rate differences between Cl− and [PdCl4]2− . On 
the contrary, the migration rate of [PdCl4]2− was found significantly 
higher for AEM-15-TMA and AEM-20-TMA due to elevated total charge 
density and porosity within the membrane matrix, boosting ionic con
ductivity. Nevertheless, due to the concentration of Cl− being approxi
mately 400 times higher than that of [PdCl4]2− , with the former having a 
measured concentration of 1.5 M (Fig. S1), this difference significantly 
influences the charge transfer in favor of Cl− during electrodialysis. 
Consequently, it leads to a notable difference in flux between [PdCl4]2−

and Cl− . 
The energy consumption of AEMs per mole of [PdCl4]2− was calcu

lated and presented in Fig. 11b. Notably, membranes with lower poly
mer concentration or longer hydrophobic alkyl units exhibited a higher 
energy consumption per mole of [PdCl4]2− , implying high resistance to 
the migration of [PdCl4]2− , thereby implying increased resistance to the 
migration of [PdCl4]2− . In contrast, AEMs with higher [PdCl4]2− re
covery (AEM-15-TMA and AEM-20-TMA) demonstrated notably lower 
energy consumption compared to membranes with lower recovery rates 
(AEM-10-TMA and AEM-15-DMHA). This observation suggests a cor
relation between energy consumption and the transport rate of 
[PdCl4]2− across the membranes. 

4. Conclusions 

This study introduced a new approach utilizing AEMs in electrodi
alysis for recovering [PdCl4]2− from an industrial solution, containing 
approximately 1000 mg⋅L− 1 of palladium dissolved in hydrochloric acid 
with a pH below 1. The AEMs were custom-tailored through a two-step 
process involving bromination and quaternization of BPPO polymers 
with tertiary amines. Optimization of factors such as tertiary amines 
with varying alkyl spacer and polymer concentration substantially 
enhanced the recovery efficiency of [PdCl4]2− by favorably influencing 
the membrane microstructure and fixed charge density. 

The type of quaternary ammonium groups played a pivotal role in 
the ion association process. The inclusion of a quaternary ammonium 
group with a hydrophobic chain length in the polymer network sub
stantially reduced the recovery rate due to the diminished density of 
exchangeable ions. Conversely, the incorporation of a hydrophilic qua
ternary ammonium group facilitated the transport rate of [PdCl4]2− . The 
polymer concentration in the casting solution significantly impacted 
membrane porosity. Increased polymer concentration notably improved 
the recovery efficiency of [PdCl4]2− due to enhanced porosity and 
charge densities, thereby affecting membrane conductivity and the 
attractive forces between the positively charged pendant groups in the 
membrane and [PdCl4]2− . The residual [PdCl4]2− content in the mem
brane phase varied based on AEM characteristics and remained rela
tively low, eliminating the need for subsequent elution steps. The 
transport rate of Cl− was considerably higher compared to that of 
[PdCl4]2− , primarily due to high concentration difference between these 
ions. 

As solid membranes, AEMs are easier to handle, shape, and integrate 
into systems. The unique properties of AEMs render them attractive 
candidates for use in electrodialysis, enabling the recovery of [PdCl4]2−

from secondary sources. This contribution aids in the development of 
sustainable and resource-efficient recovery methods. Further research 
and development, particularly in the field of hydrometallurgy, play a 

crucial role in unlocking the full potential of membrane-based tech
nology in electrodialysis. This technology holds promise for recovering 
valuable metals from solution matrices, thereby addressing the chal
lenges associated with their scarcity and the rising demand in various 
industries. 
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selective recovery of HCl, zinc and iron from simulated mining effluents, 
Desalination. 440 (2018) 78–87, https://doi.org/10.1016/j.desal.2018.02.005. 

[19] P. Zimmermann, Ö. Tekinalp, S.B.B. Solberg, Ø. Wilhelmsen, L. Deng, O. 
S. Burheim, Limiting current density as a selectivity factor in electrodialysis of 
multi-ionic mixtures, Desalination. 558 (2023), https://doi.org/10.1016/j. 
desal.2023.116613. 
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