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 This study investigates the performance of an electrodialysis metathesis 

(EDM) process using polyvinyl chloride/carbon nanotube 

(PVC/MWCNTs) nanocomposite ion-exchange membranes (IEMs) for 

simultaneous water desalination and chemical production. IEMs, with 

MWCNTs loadings of 0% (M1), 4% (M2), 8% (M3), and 10% (M4) by 

weight, were fabricated and characterized for water sorption, areal 

electrical resistance, hydrophobicity, and mechanical strength. Their 

ion selectivity, separation performance, desalination efficiency, and 

production yield were systematically evaluated under varying applied 

voltages, feed compositions, and operation times. Among the fabricated 

membranes, M3 (8 wt% MWCNTs) exhibited the best performance, 

providing optimal ionic conductivity, selectivity, and structural stability. 

The maximum chemical yield was achieved when the solute 

concentrations in the electrode chambers exceeded those in the 

desalination chamber. In contrast, M4 (10 wt% MWCNTs) showed 

reduced efficiency, attributed to the agglomeration of MWCNTs and 

pore blockage that hindered ion transport. Increasing voltage improved 

ion transport to the optimal level, but excessive voltage (15 V) caused 

water splitting and concentration polarization, lowering both chemical 

yield and desalination efficiency. These results highlight the importance 

of optimizing MWCNT loading and controlled operating conditions. 

Overall, PVC/MWCNT composite IEMs exhibited significant potential 

for integrated chemical production and the treatment of saline 

wastewater, providing a cost-effective and scalable strategy for 

resource recovery. 
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1. Introduction  

Advances in science and technology have 

profoundly transformed human social life, 

while simultaneously contributing to 

environmental pollution. Addressing these 

challenges necessitates effective pollution 

control and the development of innovative 

green industrial processes and products [1]. 

Water is an essential resource for human 

societies. However, natural water sources have 

increasingly been contaminated by 

anthropogenic activities. Major pollutants 

include sewage and industrial effluents such as 

dyes, pesticides, oils, heavy metals, and 

various inorganic and organic compounds. 

This contamination poses serious risks to 

environmental and public health and results in 

significant economic consequences. To 

address these challenges, the production of 

freshwater through desalination technologies 

has been proposed [2-4]. Among Various 

desalination techniques, membrane-based 

processes such as reverse osmosis (RO) and 

electrodialysis (ED) are the most commonly 

applied methods for both desalination and ion 

separation [5-8]. ED, using homogeneous or 

heterogeneous ion-exchange membranes (IEMs), 

continues to attract significant interest due to 

its high efficiency in water recovery, 

operational robustness, adaptability, and 

energy-saving potential [9-13]. Various 

strategies, including polymer selection, 

polymer blending, surface modification, and 

incorporation of nanomaterials, have been 

explored to enhance membrane performance,  

[14-16]. Nanomaterials have been employed to 

improve membrane flux, selectivity, and 

chemical and mechanical stability [17-20]. 

Specifically, nanocomposite membranes that 

combine polymers with nanomaterials, such as 

carbon nanotubes (CNTs), have shown 

promise due to the unique properties of CNTs, 

including high mechanical strength, purity, 

cost-effectiveness, and scalability [21-25]. 

More recently, electrodialysis metathesis 

(EDM) has emerged as an advanced variant of 

conventional ED, utilizing standard CEMs and 

AEMs. EDM offers several advantages, 

including lower energy consumption, higher 

product purity, and reduced post-treatment 

requirements [26-28]. The technique has been 

applied to produce high-value potassium salts 

[29].  

Despite these advances, ongoing research has 

focused on the development of nanocomposite 

IEMs based on diverse polymer matrices and 

nanostructured fillers to further enhance 

membrane performance in terms of 

physicochemical, electrochemical, and 

transport properties, including ion 

conductivity, selectivity, hydrophilicity, 

mechanical strength, and fouling resistance. 

From a practical implementation perspective, 

the choice of materials is also strongly 

influenced by economic and scalability 

considerations. Accordingly, cost-

effectiveness remains a critical factor in the 

selection of polymer matrices for large-scale 

applications. In this regard, polyvinyl chloride 

(PVC), a low-cost polymer, is widely 

considered a promising candidate due to its 

favorable combination of chemical stability, 

mechanical robustness, and economic 

feasibility. 

Although PVC/multiwalled carbon nanotube 

(MWCNT) nanocomposite membranes have 

been extensively investigated in 

electrodialysis and related separation 

processes, their application in EDM remains 

scarcely reported in the literature. 

PVC/MWCNT-based heterogeneous IEMs 

have been successfully developed and 

evaluated for ion transport and desalination 

applications, demonstrating improved 

electrochemical performance compared to 

unmodified membranes. For instance, 

PVC/MWCNT mixed-matrix heterogeneous 

IEMs have been fabricated and shown to 
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enhance ionic flux and reduce electrical 

resistance during electrodialysis processes, 

thereby improving the transport of mono- and 

divalent ions in aqueous systems [30]. 

Similarly, PVC-based nanocomposite IEMs, 

containing CNTs and metal nanolayers, have 

exhibited improved selectivity, flux behavior, 

and mechanical stability in desalination 

applications [31]. In addition, PVC-based 

heterogeneous IEMs, modified with MWCNT-

containing nanofillers, have demonstrated 

enhanced water transport properties and 

reduced membrane resistance, confirming the 

beneficial role incorporating MWCNT to 

improve membrane electrochemical 

characteristics [32]. More broadly, CNT-

reinforced polymeric membranes have been 

reported to significantly enhance permeability, 

antifouling resistance, and ion transport 

efficiency in water treatment and separation 

technologies [33]. Despite these advances, no 

specific studies have yet systematically 

addressed the integration of PVC/MWCNT 

nanocomposite IEMs within EDM systems, 

indicating a clear research gap and potential 

for further investigation. 

The present study investigates the application 

of the EDM process for the dual purposes of 

water desalination and potassium glutamate 

(PG) synthesis, thereby proposing an effective 

and cost-efficient strategy to simultaneously 

address water purification and resource 

recovery. The work specifically evaluates the 

performance of an EDM system employing 

PVC-based IEMs modified with varying 

concentrations of MWCNTs to enhance their 

structural and functional properties. Initially, 

the fabricated IEMs were characterized in 

terms of water sorption, areal electrical 

resistance, hydrophobicity, and mechanical 

strength. To systematically assess the system 

performance, several key operational 

parameters, including the initial feed 

concentration in the cathode, desalination, and 

anode compartments, as well as the applied 

voltage and operation time, were critically 

analyzed to determine their influence on both 

the desalination efficiency and the yield of 

target chemical products. The results of this 

study provide new insights into the design and 

optimization of EDM systems, highlighting 

their potential as sustainable and cost-effective 

platforms for integrated water treatment and 

the production of value-added chemicals. 

 

2. Experimental 

2.1. Materials 

All chemical reagents used in this study were 

obtained from Merck & Co (Germany). 

Sodium chloride (NaCl) and potassium 

chloride (KCl) were introduced into the 

cathode and anode chambers respectively, 

while sodium gluconate (SG) was utilized in 

the desalination chamber. Tetrahydrofuran 

(THF, analytical grade), medical-grade PVC 

(pore size: 50 µm, porosity: 80%, wettability: 

hydrophobic), strongly basic anion exchange resin 

(Amberlite IRA-410) and strongly acidic cation 

exchanger (Amberlyst® 15) were used for the 

fabrications of IEMs. MWCNT (purity: >0.95, 

outside diameter: 20-30 nm, inside diameter: 5-10 

nm, length : 10-30 µm) was obtained from US 

Research Nanomaterials, Inc. To maintain 

solution purity and eliminate the risk of 

contamination, deionized water (DI) was used 

to prepare all experimental solutions. 

 

2.2. Instruments 

A state-of-the-art membrane applicator was 

employed to fabricate IEMs, ensuring high 

uniformity and fabrication quality. To monitor 

the ionic behavior within the anode, cathode, 

and desalination chambers, a total dissolved 

solids (TDS) meter (EZDO 6031) was utilized, 

providing the real-time and accurate 

measurements of the concentrations of ions 

throughout the experimental trials. The system 

performance was monitored using several 
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analytical tools: electrical current fluctuations 

were tracked with a digital multimeter 

(DEC330FC model), and pH changes were 

recorded using a pH meter. To enhance the 

homogeneity of the solution, magnets were 

placed inside the anode and cathode chambers, 

and the entire EDM cell was mounted on a 

magnetic stirrer.  

 

2.3. Setup 

The EDM cell used in this study was 

constructed from Plexiglas and consisted of 

four distinct chambers: an anode chamber (75 

mL capacity), a cathode chamber (75 mL 

capacity), and a dual-function 

production/desalination chamber (37 mL 

capacity). A graphite electrode (3 × 2 cm) was 

installed in the anode chamber, while the 

cathode chamber contained a titanium 

electrode (3 × 3 cm). An external power supply 

(MP-3005D) was connected to generate the 

required electric potential difference across the 

system. The cell configuration consisted of 

two cation-exchange membranes and one 

anion-exchange membrane, enabling efficient 

ion separation and PG production. 

Experimental trials were conducted using three 

distinct initial feed concentration settings 

(IFCSs) in the anode, cathode, and 

desalination chambers: IFCM1 (0.1 M, 0.1 M, 

0.1 M), IFCM2 (0.5 M, 0.5 M, 0.1 M), and 

IFCM3 (0.1 M, 0.1 M, 0.5 M) respectively. 

The applied voltages of 5 V and 10 V were 

tested, and DI water was used in the product 

chamber to ensure purity and minimize 

contamination. A schematic representation of 

the experimental setup is provided in Fig. 1, 

which offers a clear and comprehensive 

visualization of the EDM configuration, flow 

pathways, and overall operational design. 

 

 

Figure 1. Schematic of the EDM process used in this study. 

 

2.4. Preparation of the anion and cation 

exchange membranes 

PVC-based IEMs containing MWCNT 

loadings of 0 wt% (M1), 4 wt% (M2), 8 wt% 

(M3), and 10 wt% (M4) were fabricated via the 

solution casting method. Initially, PVC was 

dissolved in THF under continuous magnetic 

stirring for 1 h at room temperature to obtain a 

homogeneous polymer solution. After 

complete dissolution, the anion and cation 
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exchange resins were gradually introduced 

into the solution and the mixture was stirred for 

an additional 2 h to ensure uniform dispersion 

within the polymer matrix. Subsequently, 

predetermined amounts of MWCNTs were 

added and the suspension was further stirred 

for 1 h. To enhance nanotube dispersion and 

reduce agglomeration, the mixture was 

subjected to ultrasonication for 75 min, 

followed by an additional stirring step to 

maintain homogeneity prior to casting. All 

preparation steps were carried out at ambient 

temperature. 

The resulting homogeneous solution was cast 

onto clean glass plates using a casting 

applicator to achieve a uniform thickness of 

approximately 100 μm. The solvent was then 

allowed to evaporate slowly at room 

temperature to form stable membrane films. 

The cast membranes were subsequently 

immersed in a DI water coagulation bath at 

ambient temperature to induce phase 

inversion. The membranes were then rinsed, 

cut into the required dimensions, and stored in 

DI water for further characterization and 

performance evaluation [7,15]. Fig. 2 

illustrates the IEM fabrication process. 

 

 
Figure 2. Membrane manufacturing steps. 

 

2.5. Analysis and calculation 

2.5.1. Membrane characterization  

2.5.1.1. Hydrophilicity/Hydrophobicity  

The interaction performance of a membrane 

with solvents and solutes is largely governed 

by its surface wettability, which is defined by 

its hydrophilicity/hydrophobicity nature. The 

degree of the hydrophilicity or hydrophobicity 

of the membrane surface was assessed by 

measuring the contact angle (θ). Contact angle 

measurements were performed at room 

temperature using the static water droplet 

method on dry IEMs samples. The behavior of 

a water droplet on the surface of IEMs 

provides both the qualitative and quantitative 

indications of their wettability characteristics 

[14]. 

 

2.5.1.2. Water Sorption 

The water sorption capacity of the IEMs was 

evaluated by calculating the ratio of the 

absorbed water mass (in mg) to the dry mass 
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of the membrane samples, as defined in Eq. 1. 

This was determined based on the weight 

measurements conducted before and after 

drying. Prior to testing, all IEM samples were 

immersed in DI water for 48 hours to ensure 

complete hydration. After immersion, the 

surface moisture was gently removed using 

tissue papers, and the samples were 

immediately weighed. The membranes were 

then dried in an oven at 70 °C until a constant 

weight was achieved. The interaction behavior 

of the IEMs with solvents and solutes is 

significantly influenced by their 

hydrophobicity/hydrophilicity nature, which is 

characterized by the contact angle (θ) 

measurement [14]. 

 

𝑊𝑆 =
𝑊𝑤𝑒𝑡−𝑊𝑑𝑟𝑦

𝑊𝑑𝑟𝑦
× 100                              (1)                                                                

 

2.5.1.3. Area-Specific Resistance (ASR) 

Measuring the ASR of IEMs is a key parameter 

for assessing the energy consumption of EDM 

systems. ASR measurements were conducted 

using a 0.5 M NaCl solution and an alternating 

current (AC) bridge. The total system 

resistance (R₁) was measured with the 

membrane placed inside the electrochemical 

cell containing the electrolyte solution. 

Subsequently, the cell resistance without the 

membrane (R₂) was measured under identical 

conditions. The membrane's intrinsic electrical 

resistance was then calculated using the 

following equation [34]: 

 

𝑅𝑚 = (𝑅1 − 𝑅2)                                           (2)                                                                                                       

 

𝑅𝑚 can be used to measure the areal resistance 

(r) as: 

 

 r (Ω.𝑐𝑚2) = (𝑅𝑚.A)                                    (3)                                 

 

 

 

where A is the effective membrane area (in 

cm²). 

 

2.5.1.4. Tensile Strength  

The tensile strength of the IEMs was assessed 

by cutting the samples to specified dimensions 

and evaluating their tear resistance at room 

temperature [14]. For the dry hollow fiber 

IEMs, tensile properties were measured at 

room temperature using a Shimadzu Universal 

Testing Machine EZ-LX (Kyoto, Japan) with a 

maximum load capacity of 5 kN, following the 

previously established procedure [5]. 

Membrane specimens with the dimensions of 

30 × 20 mm were subjected to tensile testing to 

determine their tensile strength at the point of 

failure. 

 

2.5.1.5. Structural and Morphological 

Characterization (FTIR and SEM) 

The chemical structure of the prepared 

membranes was examined using the Fourier 

transform infrared spectroscopy (FTIR). The 

FTIR analysis was employed to identify the 

characteristic functional groups of the polymer 

matrix and to evaluate possible chemical 

interactions between the polymer chains and 

MWCNT nanoparticles. 

The surface morphology and internal structure 

of the membranes were investigated using the 

scanning electron microscopy (SEM). The 

SEM analysis was used to evaluate the 

dispersion and distribution of MWCNTs 

within the polymer matrix and to examine the 

overall membrane morphology. 

 

2.5.2 Chamber Product Analysis 

The product compartment and desalination 

chamber of the EDM cell were investigated. Table 

1 summarizes the parameters used to evaluate the 

performance of both the production and 

desalination chambers [35].  

 



Behvand Usefi et al. / Iranian Journal of Chemical Engineering, Vol. 23, No. 1, 62-86, (2026) 

 

68  

 

Table 1.  

Expressions used to evaluate the electrodialysis EMD cell performance 

Name Formula Parameters 

Yield (%) Rt% =
CtVpt

C0Vf0
× 100  𝐶𝑡= Molar concentration of potassium ions at 

time t in the product chamber  (g. 𝐿−1). 

C0=Initial molar concentration of glutamate ions in the 

feed chamber (g. 𝐿−1). 

𝑉𝑝𝑡= The volume of the product chamber (L). 

𝑉𝑓0= The volume of the feed chamber (L). 

Energy consumption, 

 (kWh.kg−1) 
𝐸 = ∫

𝑈𝐼𝑑𝑡

𝐶𝑡𝑉𝑝𝑡

𝑡

0
  U= applied voltage (V). 

I= electrical current (A) 

Current efficiency (%) CE% =
ZFVptCt

N𝑀 ∫ 𝐼(𝑡)𝑑𝑡
 × 100  Z= Ionic charge. 

F= Faraday’s constant (26.8 A. h. mol−1). 

N= The number of IEM pairs. 

M= PG molecular weight (185.22g. mol −1
). 

Salt removal efficiency 

(SRE,%) 
%Ri = (1 −

C𝑡

C0
) × 100  𝐶𝑡= Salt concentration at time t in the feed chamber 

(𝑔. 𝐿−1). 

𝐶0= Initial salt concentration in the feed chamber 

(𝑔. 𝐿−1). 

Salt removal rate (SRR, 

𝒈. 𝒎−𝟐. 𝒉−𝟏) 
SRR =

(C0−Ct)V

∆t.S
  ∆𝑡= Experimental time (h). 

S= Membrane area (m2). 

Vf= The volume of desalination chamber (L). 

 

3. Result and Discussion 

MWCNTs were employed in the fabrication of 

membranes with various compositions. The 

primary aim of this study was to investigate the 

influence of voltage fluctuations on the 

product efficiency and yield during the 

desalination process, in three different initial 

concentrations specific to each compartment 

(CSICs) for the anode, cathode, and 

desalination chambers: (CSIC1) 0.1, 0.1, 0.1 

M; (CSIC2) 0.5, 0.5, 0.1 M; and (CSIC3) 0.1, 

0.1, 0.5 M. Additionally, the effect of the 

operation time on product yield was examined. 

The key parameters monitored included the 

applied voltage, pH levels in the anode and 

cathode chambers, current generation, and 

TDS in both the desalination and production 

chambers. Measurements were recorded at 

predetermined time intervals. 

The results indicated that increasing the 

applied voltage resulted in a corresponding 

increase in current generation, in agreement 

with findings reported in the literature [35]. As 

expected, the pH in the anode compartment 

decreased due to the accumulation of hydrogen 

ions, while the cathode compartment exhibited 

an increase in pH due to the production of 

hydroxide ions [14,36]. Furthermore, voltage 

levels were positively correlated with current 

output, as illustrated in Fig. 3 and Fig. 4 [37].
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Figure 3. Effect of the type of CSICs (a: CSIC1, 

b: CSIC2, and c: CSIC3) and IEMs (M1: , 

M2: , M3: , and M4 : ) on the 

electric current under an applied voltage of 5V. 

 

 

 

 
Figure 4. Effect of the type of CSICs (a: CSIC1, 

b: CSIC2, and c: CSIC3) and IEMs (M1: , 

M2: , M3: , and M4: ) on the 

electric current under an applied voltage of 10V. 

 

3.1. Membrane analysis 

3.1.2. Hydrophilicity/Hydrophobicity 

Table 2 shows that the contact angle of both 

AEMs and CEMs increases progressively with 

the higher content of MNCNTs. This trend 

confirms that the incorporation of MNCNTs 

into the solution alters the surface free energy 

of the IEMs, imparting greater hydrophobicity. 

The gradual rise in the contact angle suggests 

that MWCNTs are reasonably well-dispersed 

within the polymer matrix, contributing both to 

chemical modification of the surface and to an 

increase in nanoscale roughness. Such 

modifications are expected to influence key 
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membrane properties: reduced surface 

wettability may suppress excessive water 

sorption and swelling, while simultaneously 

affecting ionic transport pathways. Therefore, 

while the hydrophobic reinforcement caused 

by MNCNTs may enhance dimensional 

stability and potentially improve resistance to 

fouling, an optimal MWCNT loading must be 

identified to balance surface hydrophobicity 

with ion-exchange performance [38]. 

 

 

Table 2.  

Results of the contact angle measurements for the fabricated AEMs and CEMs 

Contact angel 

Membrane M1 M2 M3 M4 

Anionic 50 60 63 70 

Cationic 40 57 65 70 

 

 

3.1.1. Water sorption 

Figs. 5a and 6a show the water sorption of the 

fabricated AEMs and CEMs, indicating a 

decrease in water sorption by increasing the 

content of MWCNTs. For the AEMs, water 

sorption decreases sharply from approximately 

220% in the pristine sample (M1) to about 50% 

in the membrane containing 8 wt% MWCNTs 

(M3), followed by a slight increase at 10 wt% 

(M4). CEMs exhibit a similar trend, though 

with lower overall water sorption values 

(maximum ~100% for M1 and minimum 

~40% for M3). This reduction is attributed to 

the enhanced polymer network density, 

decreased membrane matrix polarity due to 

strong MWCNT-polymer interactions, and 

tortuous diffusion pathways created by well-

dispersed MWCNTs. The slight increase at 10 

wt% MWCNT loading (M4) likely results 

from nanotube agglomeration, creating 

microstructural heterogeneities that facilitate 

limited water sorption. These results align with 

the enhanced hydrophobic character of the 

membranes upon the incorporation of 

MWCNT into the solution. The  nonpolar 

nature of nanotubes reduces polar sites for 

hydrogen bonding, confirming increased 

hydrophobicity and compactness. Overall, 

adding MWCNTs effectively enhances the 

structural integrity and hydrophobicity of the 

fabricated IEMs. The observed difference 

between AEMs and CEMs suggests that the 

nature of the ionic functional groups 

significantly influences water sorption, with 

AEMs exhibiting a higher affinity for water. 

These findings confirm that adding MWCNT 

is a promising approach for tailoring the 

hydrophilic/hydrophobic balance and 

improving the dimensional stability of the 

IEMs. [39]. 
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(a) 

 
(b)  

 
(c) 

 
Figure 5. Measured properties of the fabricated 

AEMs based on PVC/MWCNTs composites: (a) 

water sorption, (b) area resistance, and (c) 

mechanical resistance. 

 (a)  

 
(b)   

 
   (c)  

 
Figure 6. Measured properties of the fabricated 

CEMs based on PVC/MWCNTs composites: (a) 

water sorption, (b) area resistance, and (c) 

mechanical resistance. 

 

3.1.3. Area-Specific Resistance (ASR) 

Figs. 5b and 6b show the area-specific 

resistance (ASR) of the fabricated AEMs and 

CEMs. Both membrane types exhibit a non-

linear ASR trend by increasing the content of 

MWCNT. For AEMs, ASR increases from the 

pristine membrane (M1) to 8 wt% MWCNTs 

(M3) and then decreases at 10 wt% (M4). 



Behvand Usefi et al. / Iranian Journal of Chemical Engineering, Vol. 23, No. 1, 62-86, (2026) 

 

72  

 

CEMs show a similar trend, with ASR rising 

from M1 to M4 before slightly declining. The 

initial increase in ASR is attributed to the 

reduced water content and increased polymer 

network compactness due to the enhanced 

hydrophobicity caused by the addition of 

MWCNT, limiting water sorption and 

hydrated ionic pathways. The subsequent 

decrease in ASR at higher loadings (>8 wt%) 

of MWCNTs likely results from the formation 

of conductive percolation pathways, 

facilitating charge transfer and improving 

conductivity. Furthermore, excessive amounts 

of MWCNTs can cause agglomeration, 

creating microvoids that enhance local ion 

mobility, reducing resistance. These results 

demonstrate that adding MWCNT 

significantly affects the electrochemical 

properties of the fabricated IEMs. The optimal 

amount of MWCNT balances increased 

compactness and hydrophobicity (increased 

ASR) with the formation of conductive 

pathways at higher loadings (lowering ASR). 

The slight differences between AEMs and 

CEMs suggest that the type of ionic functional 

groups and their interaction with MWCNTs 

influence ion transport resistance [14,39,40]. 

 

3.1.4. Tensile Strength  

Figs. 5c and 6c compares the tensile strength 

of the fabricated IEMs. The results of tensile 

strength measurements (grf·mic⁻¹) reveal that 

adding MWCNTs has significant effects on the 

mechanical properties of IEMs. In the pristine 

sample (M1), the tensile strength of CEMs is 

higher than that of AEMs (≈1.7 vs. 1.3 

grf·mic⁻¹).  By adding MWCNTs (M2 and 

M3), both membranes exhibit an upward trend 

in tensile strength. At this stage, MWCNTs act 

as reinforcing agents, causing a remarkable 

enhancement in mechanical properties. The 

maximum tensile strength for both IEMs is 

observed in M3 (≈2.0 grf·mic⁻¹ for the CEM 

and ≈1.65 grf·mic⁻¹ for the AEM). These 

results confirm the reinforcing effect of 

MWCNTs in improving the polymer structure 

and enhancing mechanical resistance. Finally, 

at higher loading of MWCNTs (10%, M4), the 

tensile strength of both CEM and AEM 

decreases, returning to the values close to those 

of the pristine IEMs. This deterioration can be 

attributed to the aggregation of MWCNTs at 

high concentrations, which introduces weak 

zones within the polymer matrix and reduces 

structural integrity.  

Overall, the findings demonstrate that the 

addition of MWCNTs up to an optimal 

concentration (≈8%) strengthens the tensile 

properties of IEMs. However, the excessive 

loading leads to the agglomeration of 

MWCNTs and reduced structural uniformity, 

resulting in a decline in mechanical strength. 

Furthermore, at all stages, CEMs consistently 

exhibit higher tensile strength compared to 

AEMs, indicating the superior compatibility of 

the cationic polymer matrix with MWCNTs 

[14]. 

 

3.1.5. FTIR and SEM analysis 

The FTIR spectra of the neat PVC membrane 

(Fig. 7a) and the PVC/MWCNT (8 wt%) 

membrane (Fig. 7b) were analyzed to evaluate 

structural changes and intermolecular 

interactions within the polymer matrix. In both 

spectra, a broad absorption band in the range 

of 3300-3260 cm⁻¹ is attributed to O–H 

stretching vibrations, arising from the 

absorbed moisture, hydroxyl groups of the 

cationic resin, and hydrogen-bonding 

interactions. A slight shift toward lower 

wavenumbers in the MWCNT-containing 

membrane suggests the enhanced 

intermolecular interactions between carbon 

nanotubes and PVC chains. 

The bands observed at 3020-2910 cm⁻¹ 

correspond to the aliphatic and vinyl C–H 

stretching vibrations of the PVC backbone and 

residual THF solvent. Minor shifts and 
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intensity variations after adding MWCNT 

indicate changes in the local chemical 

environment and reduced polymer chain 

mobility. The peak at approximately 1614-

1612 cm⁻¹ is assigned to C=C skeletal 

vibrations, with increased intensity in the 

modified membrane confirming the presence 

of graphitic carbon structures caused by 

MWCNTs. The region between 1476 cm⁻¹ and 

1426 cm⁻¹ is associated with CH₂ bending and 

PVC chain vibrations, where slight shifts 

further indicate the physical interactions 

between MWCNTs and the polymer matrix. 

Bands in the 1328-1248 cm⁻¹ and 1100-1000 

cm⁻¹ regions correspond to C–O and C–C 

stretching vibrations, likely related to the resin 

phase and residual solvent effects, with 

intensity changes reflecting the modifications 

in polymer chain arrangement and improved 

structural compactness. 

Finally, peaks in the 900-700 cm⁻¹ range are 

attributed to C–H out-of-plane bending and C–

Cl stretching vibrations characteristic of PVC. 

The slight sharpening and shifting of these 

bands after the addition of MWCNT suggest 

restricted chain mobility and increased 

structural ordering. Overall, the FTIR results 

confirm that no new chemical bond was 

formed, indicating that MWCNTs were added 

primarily through physical interactions and 

van der Waals forces, while significantly 

influencing the membrane microstructure. 

 

 

(a) 

 
(b) 

 
Figure 7. FTIR spectra of the prepared membranes: (a) PVC membrane without MWCNTs and (b) 

PVC/MWCNT (8 wt%) nanocomposite membrane. 
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The SEM images of the pristine PVC 

membrane (Fig. 8a) and the PVC/MWCNT 

membrane containing 8 wt% MWCNT (Fig. 

8b) were analyzed at magnifications of 25x, 

30x, and 100x to evaluate the effect of the 

addition of MWCNT on the morphology of 

membranes. The pristine PVC membrane 

exhibits a relatively rough and heterogeneous 

surface with irregular domains and localized 

protrusions. At higher magnification, surface 

defects and non-uniform regions become more 

evident, which can be attributed to solvent 

evaporation during the phase inversion process 

and the intrinsic morphology of PVC-based 

membranes. 

In contrast, the PVC/MWCNT membrane 

shows a more compact and homogeneous 

surface morphology across all magnifications. 

The addition of MWCNTs reduces surface 

irregularities and results in a finer and more 

uniform texture. At 100x magnification, the 

modified membrane appears denser and 

smoother compared to the pristine membrane, 

indicating improved structural organization. 

This morphological improvement is attributed 

to the effective interaction between MWCNTs 

and PVC chains, which enhances matrix 

integrity and suppresses defect formation 

during membrane casting. The absence of the 

noticeable agglomeration of MWCNTs further 

confirms the good dispersion of MWCNTs 

within the polymer matrix.  

 

(a) 

                    25x                                             30x                                         100x  

(b) 

                    25x                                              30x                                        100x 

Figure 8. SEM micrographs of the prepared membranes at different magnifications (25×, 30×, 

and 100×): (a) PVC membrane without MWCNTs and (b) PVC/MWCNT (8 wt%) 

nanocomposite membrane. 
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3.1.6. Comparative Performance of the 

Prepared PVC/MWCNT IEMs 

Compared with the commercial and reported 

synthetic IEMs, as presented in Table 3, the 

PVC/MWCNT IEMs prepared in this work 

exhibit distinctive performance characteristics. 

The water contact angle increased from 40° to 

70° by increasing the amount of MWCNT, 

indicating tunable surface wettability, in 

contrast to the same in some reported 

membranes such as PES/PANI-co-MWCNT 

(46.8-63.4°). The water uptake (50-200%) was 

significantly higher than that of PES/PANI-co-

MWCNT (72-73%) and PPO/sCNT (42.3-

53.8%), suggesting enhanced hydration 

capability. 

The electrical resistance of the fabricated 

membranes (0.05–0.6 Ω·cm²) was 

considerably lower than those of Nafion 117 

(1.8-3.2 Ω·cm²), Nafion 115 (1.5-2.2 Ω·cm²), 

CMX (2.2-2.6 Ω·cm²), PPA/MWCNT (13-25 

Ω·cm²), and PVC/AC-co-CS (13-21 Ω·cm²), 

indicating favorable ion transport and reduced 

ohmic losses. Overall, PVC/MWCNT IEMs 

demonstrate a favorable combination of high 

water uptake, low electrical resistance, 

adequate mechanical stability, and tunable 

wettability, making them promising candidates 

for advanced ion separation and electro-

membrane applications. 

 

 

Table 3.  

Comparison of some characteristics of commercial and synthetic membranes 

Membrane Water uptake 

(%) 

Electrical resistance 

(𝛀. 𝒄𝒎𝟐) 

Contact angle 

(°) 

Ref. 

Nafion 117 11.7 1.8-3.2 − [48] 

CMX 25.5 2.2-2.6 − [48] 

Nafion 115 11.2 1.5-2.2 − [48] 

Fuji-CEM 34 2.4-9 − [48] 

PVC/AC-co-CS 12-21 13-21 62-80 [49] 

PPO/sCNT 42.3-53.8 1-19-1.39 − [50] 

PVDF/NWCNTs/𝑺𝒊𝑶𝟐 − − 84-92 [51] 

PPA/MWCNT 13-17 13-25 − [52] 

PES/PANI-co-MWCNT 72-73 − 46.76-63.43 [53] 

PVC/MWCNT 50-225 0.05-0.06 40-70 This work 

 

 

3.2. Production analysis 

A systematic experimental investigation was 

carried out to evaluate the performance of 

electrodialysis (ED) cells in the synthesis of 

target products. The study initially focused on 

concentration changes over a 2-hour period 

under varying conditions of feed 

concentration, membrane type, and applied 

voltage. Fig. 9 presents the results for the 

production of PG using different IEMs under 

the applied voltages of 5 V and 10 V, across 

three CSICs in the anode, desalination, and 

cathode chambers. According to the results, 

M3 was identified as the most effective, 

exhibiting the highest current response and the 

greatest concentration of PG in the production 

compartment. The results indicate that product 

yield increased by increasing  voltage in the 

CSIC2 configuration. In contrast, under CSIC1 

and CSIC3 conditions, an increase in voltage 

led to a reduction in the production rate of PG. 
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Figure 9. Concentration of PG in the production 

chamber after 2 h at the applied voltages of (a): 5 

V and (b): 10 V under different CSICs. (M1: 

, M2: , M3: , and 

M4: ). 

 

Following the selection of the optimal IEMs 

(8% nanoparticle content, M3) for the 

enhanced production of PG, the production 

performance of PG was further evaluated at the 

applied voltages of 5 V and 10 V over a 4-hour 

period. The concentrations of potassium ions 

in the production chamber were quantified 

using a flame photometer, and key 

performance metrics, including product yield, 

current efficiency, and energy consumption, 

were systematically assessed.  
The results of this study clearly demonstrate 

the significant influence of operating 

conditions, particularly the concentration of 

reactant solutions and the applied voltage, on 

the overall performance of the electrodialysis 

process for the production of potassium 

glutamate using IEMs. The comparison of the 

three experimental configurations (CSIC1, 

CSIC2, and CSIC3) provides valuable insights 

into the optimization of this process. As 

observed in the results, the CSIC2 condition, 

with higher concentrations of the electrolyte 

(0.5 M in both anode and cathode 

compartments) and an applied voltage of 10 V, 

achieved the highest production efficiency of 

PG (35.55%). This finding indicates that 

increasing both the electrochemical driving 

force and the availability of reactive ions plays 

a critical role in enhancing the efficiency of ion 

transport and conversion. Although the energy 

consumption under these conditions increased 

to 24.52 units, this rise appears justifiable 

when weighed against the substantially higher 

yield, representing an optimal balance between 

the energy input and product efficiency. 

In contrast, the CSIC1 condition (0.1 M in all 

compartments and 5 V) resulted in relatively 

low efficiency (8.44%), despite lower energy 

consumption (11.73 units). This outcome 

highlights that at lower concentrations and 

voltages, mass-transfer limitations and 

insufficient driving force prevent the 

achievement of high yields. A further notable 

observation is the diminished performance 

observed under CSIC3 conditions (0.5 M in the 

desalination compartment, combined with 

lower concentrations of the electrolyte and 5 

V), which yielded the lowest efficiency 

(3.83%). This result underscores the 

complexity of maintaining concentration 

balance across compartments and its effect on 

membrane-related phenomena and ion 

transport efficiency. It appears that increasing 

the concentration  of target species in the 

desalination compartment, without 

proportionally raising the driving potential and 

electrolyte concentrations, may lead to 

membrane surface saturation or increased 



Behvand Usefi et al. / Iranian Journal of Chemical Engineering, Vol. 23, No. 1, 62-86, (2026) 

 

 77 

 

resistance, ultimately reducing the overall 

process efficiency [41,42].  

From an industrial perspective, the observed 

energy consumption values should be 

interpreted in the context of laboratory-scale 

operations, where energy requirements are 

typically higher due to limitations in cell 

geometry, membrane surface area, 

hydrodynamic conditions, and non-optimized 

operating parameters. In industrial 

electrodialysis and electro-membrane systems, 

the optimization of flow dynamics, membrane 

configuration, and current efficiency generally 

leads to a significant reduction in the specific 

energy consumption. Therefore, although the 

CSIC2 configuration exhibited higher energy 

consumption, its substantially improved PG 

production efficiency results in a more 

favorable overall energy-to-product ratio and 

demonstrates the potential applicability of the 

process for further scale-up and optimization. 

Figs. 10 and 11 summarize the performance 

outcomes in the production chamber. 

 
Figure 10. Yield ( ) and Current efficiency ( )for the production of PG in a: 5 V for 

CSIC1 and CSIC3, and b: 10V for CSIC2 with 8% membrane. 

  

Figure 11. Energy consumption ( ) for the production of PG in a: 5 V for CSIC1 and CSIC3, and 

b: 10V for CSIC2 with 8% membrane. 

 

3.3. Desalination analysis 

3.3.1 Salt removal efficiency (SRE) 

 Fig. 12 illustrates the influence of the 

concentration of the feed, membrane type, and 

applied voltage on SRE. The key findings of 

this study highlight the significant impact of 

concentration configuration on process 

efficiency. At both applied voltages examined 
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(5 and 10 V), the CSIC1 configuration, 

characterized by low concentrations (0.1 M) in 

the anode, cathode, and desalination 

compartments, achieved the highest 

desalination efficiency (approximately 68% at 

5 V and 66% at 10 V) utilizing M3. This 

observation indicates that under more dilute 

conditions, the transport of the target ions 

across IEMs toward the electrodes occurs more 

readily, likely due to a more favorable 

concentration gradient and lower resistance 

throughout the process. In contrast, increasing 

the concentrations of the electrolyte in the 

anode and cathode compartments to 0.5 M 

(CSIC2), as well as raising the concentration 

of sodium glutamate (SG) to 0.5 M (CSIC3), 

led to a substantial reduction in the 

desalination efficiency at both voltage levels. 

For example, at 5 V, the desalination 

efficiency decreased from 68% in CSIC1 to 

approximately 48% in CSIC2 and 47% in 

CSIC3. This performance decline can be 

attributed to several factors, including the ionic 

competition, increased electrical resistance, 

and reduced permeability of the target 

molecule. At higher concentrations, the 

competition between salt ions for passage 

through IEMs increases, potentially decreasing 

membrane selectivity. Moreover, Increasing 

the concentration of the solution can lead to 

higher electrical resistance across the 

electrodialysis cell. This increased resistance 

either requires a higher voltage to maintain the 

same current or results in the reduced current 

at a fixed voltage, ultimately negatively 

affecting desalination efficiency. At higher 

concentrations of SG (CSIC3), the likelihood 

of larger glutamate molecules penetrating the 

membrane or blocking membrane pores 

increases, further reducing salt separation 

efficiency. 

The effect of increasing the applied voltage 

from 5 to 10 V was also investigated. The 

results indicated that this change does not 

significantly improve desalination efficiency. 

Even in the CSIC1 configuration, the 

efficiency slightly decreased from 68% to 

66%. This phenomenon may be related to the 

membrane behavior at higher voltages, where 

the accumulation of ions near the membrane 

surface increases local resistance and reduces 

the effectiveness of ion transport [14,42]. 

 

 

Figure 12. Effect of the applied voltage (a: 5 V, and b: 10 V) on the salt removal efficiency of the  

desalination chamber with various concentrations and 8% membrane. 

 

3.3.2. Salt removal rate (SRR) 

Fig. 13 depicts the SRR for M3 under different 

experimental conditions. Variations in SRR 

among these conditions are influenced by 
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multiple factors, such as the intrinsic 

characteristics of the membrane, the effect of 

voltage on ion transport mechanisms, 

fluctuations in output current with increasing 

voltage, the availability of electrolyte channels 

that enable the movement of ions, and the 

concentration gradients of the salt within the 

system [43,44]. 

SRR exhibited similar patterns at both the 5 V 

and 10 V applied voltages. The CSIC3 

configuration, where the desalination chamber 

contained a higher concentration of the salt 

than the anode and cathode chambers, 

achieved the maximum SRR. This observation 

suggests that creating a concentration gradient 

between compartments provides an additional 

driving force, in addition to the electric field, 

for ion transport. In other words, the presence 

of a concentration gradient enhances the 

efficiency of ion transfer from the desalination 

compartment toward the anode and cathode 

compartments. This phenomenon was 

observed at both 5 V and 10 V, with the SRR 

slightly higher at 10 V. The increase in SRR at 

the higher voltage can be attributed to the 

stronger electric field, which facilitates the 

ionic movement.  In contrast, the CSIC2 mode, 

with a relatively low concentration of the salt 

in the desalination chamber, resulted in the 

lowest SRR. However, the lower SSR of 

CSIC2 compared to that od CSIC1 can be 

attributed to the reduced mass transfer 

resistance under more dilute conditions, as 

well as to the minimization of disruptive 

effects such as the ionic accumulation near the 

membrane surface. Therefore, unlike the 

CSIC3 configuration, where the synergistic 

effect of the electric field and concentration 

gradient resulted in the highests SRR, 

increasing the voltage from 5 to 10 V in the 

CSIC1 and CSIC2 configurations did not 

produce a noticeable improvement in the salt 

removal performance. It should be noted that 

SRR reflects the instantaneous membrane 

performance and the initial ionic flux, whereas 

SRE represents the overall process 

performance and the total amount of ions 

transferred. The discrepancy between these 

two parameters arises from the effect of the 

concentration, local resistance, ionic 

accumulation, and limitations in membrane 

selectivity [43,44]. 

 

 

Figure 13. Effect of the applied voltage (a: 5 V, b: 10 V) on the salt removal rate for desalination 

chambers with various concentration. 

 

3.4. Optimal voltage and anode/cathode 

concentrations  

Building on the strong performance of M3, the 

influence of the applied voltage of 15 V on the 
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SRE in the desalination chamber and the 

changes in the concentration of PG in the 

product chamber were examined. These results 

were compared with those obtained at 5 and 10 

V. As shown in Fig. 14, the experiments 

conducted for ISIC1 at 15 V demonstrated 

lower yield and product output than at lower 

voltage conditions (5 and 10 V). 

 

Figure 14. Comparison of a: PG concentration 

changes and b: SRE at different voltages (5V: 

, 10V: , and 15V: ) 

in the M3 membrane. 

 

This reduction in the performance at higher 

voltages can be attributed to the concentration 

polarization and the accumulation of deposits 

on the IEMs surfaces, which collectively 

reduce the dehumidification rate and 

production efficiency. The elevated voltage 

accelerates the migration of ion ions toward 

IEMs, resulting in an increased accumulation 

of ions at the membrane surfaces. 

Consequently, this leads to a higher ionic 

concentration at the interfaces between IEMs, 

causing an increase in electrical resistance. 

The heightened resistance impedes ion 

transport across IEMs, thereby diminishing the 

overall process efficiency. Additionally, the 

deposition of ions on the IEMs surfaces at high 

voltages further obstructs the movement of 

ions and exacerbates the decline in efficiency 

[45]. In CISC2, raising the voltage from 5 to 

10 V resulted in enhancing the production of 

PG and improving SRE. However, further 

increasing the voltage to 15 V caused a decline 

in both parameters. This reduction is likely due 

to the predominance of the adverse high-

voltage effects, such as the increased leakage 

currents, ohmic heating, and decreased 

membrane selectivity. In the case of CSIC3, 

the increase in the voltage produced different 

effects. Increasing the voltage from 5 to 10 V 

led to a decrease in the production of PG, while 

for SRE, a slight improvement was observed. 

Nevertheless, further increasing the voltage to 

15 V resulted in a significant drop in the 

desalination efficiency, indicating the 

operational limitations of the process at high 

voltages. 

The results in Figs. 9, 10, and 11 show that the 

highest PG production occurred when high 

concentrations were applied in both the 

cathode and anode chambers relative to the 

desalination chamber (CSIC2), with the M3 

AEM/CEM pair identified as optimal at 10 V. 

Therefore, a further comparative investigation 

was conducted to determine the optimal initial 

concentrations of the cathode and anode 

chambers, using 0.4 and 0.6 M solutions. 

According to the results shown in Table 4, the 

greatest increase in the concentration of PG 

was recorded at the concentration of 0.5 M, 

reaching 574 mg·L⁻¹ (Fig. 9b). Furthermore, 

SRE was significantly enhanced when both 

anode and cathode concentrations were 

maintained at 0.5 M, achieving a desalination 

effect value of 51.6, which exceeded those 

observed under other tested conditions [46,47]. 
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Table 4.  

SRE% and the concentration of PG for the CSIC2 configuration with M3 IEMs: Effect of the 

concentrations of cathode and anode. 

CSISs (mol.𝐋−𝟏) 
𝐒𝐑𝐄 (%) 

PG Concentration 

(mg.𝐋−𝟏) Anode Cathode Desalination 

0.4 0.4 0.1 39 125 

0.5 0.5 0.1 51.6 574 

0.6 0.6 0.1 48.1 234 

 

This finding indicates the presence of optimal 

concentrations in the anode and cathode 

compartments. At lower concentrations (0.4 

M), the concentration gradient provides an 

insufficient driving force, resulting in mass 

transfer limitations. In contrast, at higher 

concentrations (0.6 M), effects such as the 

ionic aggregation, increased electrical 

resistance, and reduced membrane selectivity 

are likely to occur, causing a decline in 

performance. Thus, the intermediate 

concentration of 0.5 M offers a more favorable 

balance between the ionic driving force and 

system stability, ultimately yielding the 

highest production and desalination efficiency 

[47]. 

 

4. Conclusions 

This study investigated the effectiveness of 

EDM for the simultaneous desalination and 

chemical synthesis using PVC/MWCNTs-

based AEMs and CEMs. IEMs with varying 

loadings of MWCNTs were compared with 

pristine PVC IEM (M1), and the performance 

was evaluated under different concentrations 

of anode, desalination, and cathode chambers 

at 5 and 10 V. The M3 membrane containing 

8% MWCNTs exhibited the highest 

production of PG, with maximum yields 

occurring when the of the anode and cathode 

exceeded that of the desalination compartment 

(CSIC2). M3 also consistently achieved the 

highest SRE across concentration ranges, 

while the optimal desalination was observed 

under lower concentration of the anode and 

cathode (CSIC3). The enhanced SRE was 

attributed to the increased hydrophobicity of 

the MWCNT-modified IEMs, as reflected by 

greater contact angles. 

Building on the strong performance of M3, 

further investigation revealed that both the 

production of PG and SRE were highly 

dependent on the applied voltage and initial 

concentrations of compartments. The highest 

yield of PG and SRE (574 mg·L⁻¹ and 51.6, 

respectively) were obtained at 10 V with an 

intermediate concentration of 0.5 M, whereas 

higher voltages (15 V) did not improve the 

performance. These results underscore the 

importance of optimizing both the voltage and 

concentrations of compartments to maximize 

the efficiency of simultaneous desalination and 

chemical production using the fabricated IEMs 

and CSIC configurations. 
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