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Abstract
Double-layer (DL) electrodialysis cation exchange membranes (CEMs) were fabricated for copper ion removal from water. 
New membranes were prepared by deposition (chitosan-co-TiO2 nanoparticles) layer on polyvinyl chloride–based hetero-
geneous CEMs. The FTIR, FESEM, energy-dispersive X-ray analysis, and 3D-surface images were applied for membrane 
characterization. Membrane hydrophilicity, flux, conductivity, ion exchange capacity, permselectivity, current efficiency, 
energy consumption, and the reusability of membranes were studied. FTIR spectra confirmed formation of DL membrane 
decisively. FESEM and 3D-surface images also showed compact structure and smoother surface for the new DL membrane. 
The sodium flux exhibited a reducing trend for the DL membranes, whereas dialytic rate of copper ions showed an increasing 
behaviour. The modified membrane showed higher permselectivity in copper ion removal. Moreover, double-layer mem-
branes showed high reusability potential after the regeneration. A negligible change was considered on dialytic rate for the 
cleaned membranes after regeneration.

Keywords Double-layer membrane · Cation exchange · Electrodialysis · Heavy metal ions removal · Reusability/
regeneration

Introduction

The treatment of seawater is an attractive way to increase 
the amount of fresh water and reduce water shortage ten-
sion. Many reported researches highlighted various water 
treatment methods to provide required water for utilizing in 
developed industries [1–5]. Membrane filtration processes 
are widely used as active separators for the aim [6–9]. 
Among these, ultrafiltration and nanofiltration as pressure-
driven kinds separate multivalent ions, whereas they do not 
have enough ability to monovalent ions removal which leads 
to a lower degree of purification [10]. However, the only 

water molecules pass through the reverse osmosis membrane 
process, but the higher concentration of dissolved salt in the 
concentrate is usually discharged into the sea and causes 
environmental problems, and requires appropriate treat-
ment [11]. Electrodialysis (ED) is an active process in not 
only brackish water desalination but also has utilized for 
industrial applications as well as manufacturing chemical 
products such as waste acids treatment or chlor-alkali pro-
cesses. The base of this membrane separation technology 
is the selective migration of ions through the ion exchange 
membrane (IEM) [12]. To obtain cost-effective and highly 
efficient separation systems, ED undergoes some changes 
in operating conditions, geometrical correction of mem-
brane, performance of electrodes, and IEM properties. The 
IEMs are subject to various modification techniques that 
can be classified as follows: (a) introducing organic/inor-
ganic additives nanomaterials with special properties such 
as hydrophilic, electrical charge, and absorptivity in the 
polymeric membrane matrixes; (b) study on the use of a 
variety of ionic functional groups such as phosphonic acid, 
sulfonic acid, and carboxylic acid in the matrix of IEMs; 
(c) blend of different types of polymers in the membrane 

 * Ezatollah Joudaki 
 e-joudaki@araku.ac.ir

 * Sayed Mohsen Hosseini 
 s-hosseini@araku.ac.ir

1 Department of Chemical Engineering, Faculty 
of Engineering, Arak University, 38156-8-8349 Arak, Iran

2 Research Institute of Advanced Technologies, Arak 
University, 38156-8-8349 Arak, Iran

/ Published online: 1 April 2022

Ionics (2022) 28:3037–3048

http://crossmark.crossref.org/dialog/?doi=10.1007/s11581-022-04518-2&domain=pdf


1 3

fabrication is employed to control the pores and the poros-
ity of the membrane and to change the mechanical strength 
and hydrophobicity of the matrix; and (d) surface modifica-
tion is another strategy by applying a thin modifier layer 
on the surface of the IEM [13–19]. Among these methods, 
surface modification by different techniques such as inter-
facial polymerization, surface coating, plasma treatment, 
grafting, ion implantation, and electrodeposition is one of 
the effective methods to increase the efficiency of IEMs. 
In these methods, a thin and uniform layer is bonded to the 
membrane surface to enhance the chemical properties. These 
changes include improvements in ion flux, hydrophilicity 
or hydrophobicity, surface charge density, conductivity and 
permselectivity, chemical and thermal stabilities, antibacte-
rial and anti-organic-fouling property, surface adsorption, 
lower energy consumption, electrical resistance, and ulti-
mately lower the cost of water treatment [20, 21]. Many 
studies reported the modification of membrane surfaces to 
enhance membrane properties and performance. The hydro-
gel, PANI, PAA-co-MWCNT, and acrylic acid/methyl meth-
acrylate as some modifier layers were applied on the IEM 
surface to improve the ionic interactions with the membrane 
surface and control ionic percolation [14, 15]. Zhu et al. 
[22] studied the effect of different cross-linkers, including 
on the surface of CEMs. The modified membranes showed 
smoother surfaces and denser structures. The selectivity 
of membranes depends on the conjunction of many inter-
linked and important factors such as the created narrow ion 
transport channels and the changes in the exchanges sites 
concentration. NaCl rejection was reached (91.7%). Afsar 
et al. [23] prepared the novel polyvinyl alcohol (PVA)-based 
membranes that were prepared with cationic and anionic 
layers. They used from quaternized poly (2, 6-dimethyl-1, 
4-phenylene oxide) and sulfonated poly (2, 6-dimethyl-1, 
4-phenylene oxide) as a cationic and anionic layer, respec-
tively. The deposited layers led to enhance permselectivity 
of the modified membranes. Hosseini et al. [15] use from 
poly(acrylic acid)-co-poly(methyl methacrylate) as sur-
face modifier of poly(vinyl chloride)-based membranes by 
emulsion/graft polymerization technique. These membranes 
showed significant improvement in electrochemical proper-
ties such as selectivity, surface charge density, permeability, 
and ion exchange capacity.

Chitosan, as a multifunctional and biopolymer because of 
its high hydrophilicity, the existence of carboxyl and amino 
functional groups inside the backbone can be helpful in the 
preferential sorption and modification of IEMs [24–26]. 
Amino and hydroxyl functionalization can grow the reac-
tivity of the CEMs surface, leading to an increase of Don-
nan potential and water affinity. Furthermore, the adsorp-
tion of heavy metal ions enhances. Low-cost chitosan as 
an abundant biopolymer was considered in the IEMs [27]. 
Hosseini et al. [28] fabricated the LBL CEMs to separate 

heavy metals by ED. Chitosan-co-activated carbon nano-
particles were applied as a coating layer on the PVC-based 
heterogeneous CEM. The LbL membranes indicated a more 
hydrophilic and smoother surface than the pristine mem-
brane. These membranes showed a high capacity to remove 
heavy metals such as  Cu2+,  Pb2+, and  Ni2+. Ebrahimi et al. 
[29] synthesized activated carbon-co-chitosan composite 
nanoparticles. The various concentrations of synthesized 
nanoparticles were employed in CEMs modification. The 
prepared membranes exhibited suitable capacity in  Cu2+ 
removal. Salehi et al. [30] used the combination of chitosan 
and  Fe3O4 nanoparticles for the surface modification of 
sulfonated polyvinyl chloride (SPVC) CEMs. The electro-
chemical properties of SPVC membranes were enhanced. 
The membrane permeability and permselectivity showed 
increasing trend. Tufa et al. [31] synthesized polypyrrole 
(PPy)/chitosan (CS) composites for the surface modification 
of cation exchange membranes by chemical polymerization. 
The modified membrane’s monovalent selectivity (Na +) 
enhanced threefold compared to the neat membranes.

Besides, nanoparticles have also been widely utilized to 
improve the properties of IEMs, such as thermal resistance, 
antifouling, chemical reactivity, mechanical properties, 
and chemical stability [30, 32]. Metal oxide nanoparticles, 
magnetic nanomaterials, graphene-based materials, multi-
walled nanotubes, metal–organic framework-based materials 
(MOF), etc., have been of interest to many over the years. 
Among the most employed nanometal oxides (NMOs), tita-
nium dioxide  (TiO2) is particularly interested in its exem-
plary performance, such as good chemical stability, and high 
hydrophilicity and adsorption capacity. Studies have shown 
that adding nanoparticles improves the membrane surface 
and structure properties [33]. The use of  TiO2 and modified 
 TiO2 nanoparticles indicated the  TiO2 capacity in desalina-
tion and wastewater treatment [34–37].

The synthesis of  TiO2-based nanoparticles for the appli-
cation in ion-exchange membranes showed higher pure 
water uptake, higher ion exchange capacity, and ionic per-
meability than the pristine membrane. The modified mem-
branes showed superior permselectivity up to ∼99% [38]. 
Nemati et al. [39] investigated the different concentrations 
of  TiO2 nanoparticles into the PVC as an anion exchange 
membrane matrix. The ion exchange capacity, membrane 
permselectivity, and transport number were enhanced by use 
of nanoparticles.

In the current study, double-layer electrodialysis cat-
ion exchange membranes were fabricated for copper ions 
removal from water. New membranes were prepared by 
deposition (chitosan-co-TiO2 nanoparticles) layer on poly-
vinyl chloride-based heterogeneous CEMs. To our knowl-
edge, no research was found to fabrication of double-layer 
(Cs-TiO2 nanoparticles)/PVC-based CEM for the applica-
tion in ED process in copper removal from water. The 
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prepared membranes were characterized by exploiting 
FTIR, FESEM, and energy-dispersive X-ray (EDX) analy-
sis. Furthermore, electrochemical properties, antifouling, 
and energy consumption of membranes were studied by a 
continuous electrodialysis pilot.

Materials and method

Materials

Polyvinylchloride (PVC) (S-7054, 490 g/l) was provided 
by Bandar Imam Petrochemical Company (BIPC), Iran. 
Chitosan (Cs, ACROS Inc., USA) and titanium oxide 
nanoparticles  (TiO2, nanopowders, mean size∼60 nm, 
SSA > 55  m2/g) was also used in membranes fabrication. 
The glutaraldehyde aqueous solution (GA, Grade II, 25%, 
Singapore) also used as cross linker. Tetrahydrofuran 
(THF, 72.11 g/mol) provided by Merck Inc. was applied 
as solvent. Strongly acidic cation exchange resin supplied 
from Merck Inc., Germany was also used. A heterogeneous 
anion-exchange membrane (RALEX® AMH-PES), made 
by MEGA, Czech Republic, was applied during the ED 
process. Distilled water was used throughout the experi-
ments. All other chemicals were purchased from Merck 
Inc, Germany. The electrochemical properties of used ani-
onic membrane are given in Table 1.

Membrane preparation

The cation exchange membranes were fabricated by cast-
ing solution method. Firstly, PVC was dissolved in THF 
by a mechanical stirrer for 4 h. Then, pulverized fine resin 
particles added to the prior solution. The concentration of 
polymeric solution was (20:1) (v/w), and the ratio of used 
resin was (1:1) (w/w). Then, the polymeric solution was 
cast on a clean and dry glass plate at ambient temperature. 
After membranes drying at ambient temperature, dipped in 

deionized water. Finally, produced membranes were placed 
into 0.5 M NaCl solution.

Fabrication of DL membranes

For the first step, PVC-based CEMs were immersed into a 
polymeric solution of 1 wt% chitosan at ambient temperature 
for 20 min, and then sonicated for 20 min using an ultra-
sonic apparatus (Parsonic, IRAN). At the next step, treated 
membranes were placed into various solutions containing 
different percentages of  TiO2 (Table 2), glutaraldehyde (2 
wt%), and hydrochloric acid (1.4 ml). Then, modified mem-
branes were placed in the oven for 2 h at 60 °C to form intra-
crosslinking reactions and better compatibility between the 
membrane surface and Cs chains. Finally, all membranes 
were washed and immersed in distilled water for 4 h. The 
membrane thickness was measured around 80–90 μm by a 
digital caliper device.

Experimental continuous electrodialysis test cell

A simplified flow diagram of a continuous electrodialysis 
unit is shown in Fig. 1. The used equipment consists of two 
tanks, two pumps, and two flow meters, in which the elec-
trolyte solution and the dilution feed are contained. The cell 
is packed with a pair of IEMs and a pair of electrodes (cath-
ode and anode). Both electrodes are made of pure platinum 
and are connected to the DC power supply with 6 V of cell 
voltage. Each compartment of experimental cells was made 
of Plexiglas Spacer in the length of 3 mm and sealed by a 
rubber gasket with a 10  cm2 effective area. In all the experi-
ments, sodium sulfate was used for the electrode chambers 
solution, and the outlet flow rate of the dilute and concen-
trated solutions was 30 cc/min.

Membrane characterization

Fourier transform infrared spectroscopy (FTIR) spectra were 
taken to obtain information about the chemical structure of 
prepared membranes. The morphology of membranes was 
also investigated by using Field Emission scanning electron 

Table 1  Electrochemical properties of used commercial anion 
exchange membrane

a (0.1 M/ 0.01 M) NaCl solution
b 0.5 M NaCl solution

Property

Ion exchange capacity (meq/g) 1.8
Permselectivitya (%)  > 90
Resistanceb (Ω.cm2)  < 8
Water content (%)  < 65
Thickness (µm)  < 850

Table 2  The amount of used  TiO2 nanoparticles in the modification 
of membranes

Membrane (Sn) TiO2 content 
 (TiO2: CS) 
(w/w)

S1 [PVC-co-resin]-Pristine membrane -
S2 [PVC-co-resin]/[Cs] 0: 1
S3 [PVC-co-resin]/[Cs-co-TiO2] 0.25: 1
S4 [PVC-co-resin]/[Cs-co-TiO2] 0.5: 1
S5 [PVC-co-resin]/[Cs-co-TiO2] 1: 1
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microscopy (FESEM) analysis. Energy-dispersive X-ray anal-
ysis (EDX) is an analytical technique to apply in the chemical 
characterization or elemental analysis of membrane samples.

Surface hydrophilicity and water uptake studies

The interaction between membrane-solutes and membrane-
solvents depends mainly on their hydrophobic or hydro-
philic nature. For this purpose, a contact angle and water 
content measurements are done. In this case, the contact 
angle between water and membrane surface was measured 
using a contact angle measuring instrument to evaluate the 
membrane surface hydrophilicity. Deionized water was used 
as the probe liquid in all measurements. The contact angle 
was measured in five random locations for each sample to 
minimize the experimental error, and then, their average 
was reported. All experiments were carried out in ambient 
conditions. The water content was measured as the weight 
difference between the dried and swollen membranes. The 

wet membrane was weighed (OHAUS, Pioneer ™, Read-
ability:  10−4 g, OHAUS Corp.) and then dried in an oven 
until a constant weight was obtained. The following equation 
(Eq. 1) can be used in water content calculation [40]:

Membrane electrochemical properties

The flux of ions (J) through the membrane could be evalu-
ated by Eq. 2 as follows [41]:

where J is the ionic flux (mol  m−2  s−1), Δn is the number 
of migrated ions (mol), t is the electrodialysis time (s), A 
is the membrane’s surface area  (m2), tm is the membrane 

(1)Water content (%) = (
Wwet −Wdry

Wdry

) × 100

(2)J =
Δn

A × t
=

tm × I

F

Fig. 1  Simplified flow diagram 
of the continuous ED unit

Fig. 2  The FESEM images (12 
KX) of unmodified membrane, 
modified membrane with CS, 
and modified membrane with 
CS-co-TiO2 layer

Virgin membrane DL (PVC-substrate)/(Cs) DL (PVC-substrate)/(Cs-co-TiO2)

3040 Ionics (2022) 28:3037–3048
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EC =
∫ t=t

t=0
I×V×dt

Δm
 transport number, I is the current den-

sity (A), and F is the Faraday constant (96,485 As/mol), 
respectively.

Energy consumption (EC) of the electrodialysis process 
is determined by Eq. 3: [13]:

where V is the cell voltage and Δm is the mass of removal 
salt.

Current efficiency is also calculated as follows [42]:

(3)EC =
∫ t=t

t=0
I × V × dt

Δm

(4)CE(%) =
zFQf (Ci − C

0
)

NI
× 100

where Co and Ci are dilute and feed concentrations (mol/
m3), respectively; Qf is the dilute flow rate  (m3/s); F is the 
Faraday constant (96,485 A s/mol); z is the charge of the 
ion; I is the current (A); and N is the number of cell pairs. 
The pH value of dilute and concentration chambers were 
controlled to avoid water dissociation phenomena in over-
limiting current density.

The permselectivity of membranes is also quantitatively 
expressed based on the migration of counter-ions through 
the IEMs between  Na+ and  Cu2+ using Eq. 5: [40]:

where tCu2+ and tNa+ are the transport numbers in the mem-
brane phase; CCu2+ and CNa+ are the concentration (M) of 

(5)PCu2+

Na+
= (

CNa+∕CCu2+

tNa+∕tCu2+
) × 100 = (

JCu2+ × CNa+

JNa+ × CCu2+
) × 100

Fig. 3  EDX mapping of N related to amine groups in Cs: a modified membrane with Cs, b modified membrane with Cs-co-TiO2 nanoparticles, 
and c EDX mapping of Ti element for the (PVC-substrate)/(Cs-co-TiO2) DL membrane

Fig. 4  FTIR analysis of   TiO2 nanoparticles,  Chitosan,  [(PVC-co-
resin] membrane, and  [PVC-co-resin] /[Cs-co-TiO2] membrane

Fig. 5  The suggested reaction mechanism between Cs,  TiO2, and GA 
on the surface of PVC-substrate CEM

3041Ionics (2022) 28:3037–3048
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these ions in the compartment, and JCu2+ and JNa+ are the 
fluxes of  Cu2+ and  Na+ (mol  m−2  s−1), respectively.

The ion exchange capacity (IEC) determination was also 
performed using titration method. For the IEC measurement, 
the membranes in acid form  (H+) were converted to  Na+ 
form by immersing in 1 M NaCl solution to liberate the  H+ 
ions. The  H+ ions in the solution were then titrated with 
0.01 M NaOH and phenolphthalein indicator. The IEC can 
be calculated by Eq. 6 [38]:

where a is the milli-equivalent ion-exchange group in mem-
brane and Wdry is the weight of dried membrane (g).

The electrical resistance of the equilibrated membrane 
was measured in NaCl solution with a concentration of 
0.5 M by using an alternating current bridge with a 1500-
Hz frequency. The membrane resistance is calculated using 
the different resistance between the cell and electrolyte solu-
tion [43]. The areal resistance membrane (r) was expressed 
as follows:

(6)IEC = (
a

Wdry

)

where Rm is membrane resistance and A is the surface area 
of the used membrane.

Results and discussions

Characterization of membrane

The membrane morphology and structure play a fundamen-
tal role in electron transport properties and electrochemi-
cal characteristics of them [44]. FESEM images from the 
surface of membranes with 12KX magnification are shown 
in Fig. 2. As shown, the surface of the virgin membrane 
is uniform. The membrane surface shifts to some porous 
and with typical ridges structure after chitosan deposition. 
Also, the use of chitosan-co-TiO2 nanoparticle layer on the 
membrane surface led to a denser and homogeneously sur-
face because filling the hollow surfaces with the nanopar-
ticles. Amino and hydroxyl groups of chitosan chain and 
polar functional groups on  TiO2 molecules cause improved 
interactions due to creating a hydrogen bond network. These 
interactions enhanced compatibility between TiO2 and CS, 
which is greatly useful for avoiding interfacial deficiency 
between them. Therefore, the densification of the CS-co-
TiO2 surface against the modification with CS is predict-
able. Moreover, it enhances the density of amino, hydroxyl, 
and other polar functional groups on the membrane surface, 
leading to improved membrane potential in the adsorption 
of metal ions. The fabrication of membrane structure with a 
smaller interfacial gap is necessary to ensure selective per-
meation of ED membranes [28].

(7)r = (Rm × A)Table 3  The water contact angle and water content for the prepared 
membranes

Membrane (Sn) Content angle (°) Water content (%)

S1 109.2 ± 4.8 22 ± 2
S2 68.1 ± 3.5 31 ± 3
S3 55.6 ± 3.4 36 ± 2
S4 50.2 ± 2.1 41 ± 4
S5 48.3 ± 2.6 47 ± 4

Fig. 6  3D surface images for 
pristine membrane (S1), (PVC-
co-resin)-(CS) membrane (S2), 
and (PVC-co-resin)-(TiO2-co-
CS) DL membranes (S3 to S5)

S1: Ra: 61.62 nm S2: Ra: 35.71 nm S3: Ra: 49.23 nm

       S4: Ra: 18.84 nm                 S5: Ra: 22.39 nm

3042 Ionics (2022) 28:3037–3048
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Also, the EDX mapping analysis of nitrogen (N) 
depended on amino groups of chitosan chain for CS coat-
ing, and CS-co-TiO2 coating is shown in Fig. 3. According 
to the mapping analysis, it is clear that adding  TiO2 makes 
a denser and uniform surface. It would improve the number 
of functional groups on the membrane surface.

Figure 4a–d shows the FTIR analysis of  TiO2, chitosan, 
(PVC-co-resin) substrate CEM, and the modified (PVC-
substrate)/(Cs-co-TiO2) DL membrane, respectively.

Strong absorption band in the range of 3600 to 3000  cm−1 
attributed to the overlapping of N–H in Cs and O–H stretch-
ing vibrations in the surface of  TiO2 nanoparticles; two 
peaks at 2970.44  cm−1 and 2912.28  cm−1 related to methyl-
ene C-H symmetrical stretching and asymmetric; the peak 
of moderate-intensity at 1641.82   cm−1 related to C = O 
stretching vibrations from amide groups or carboxyl due to 
interactions between GA and Cs [45]. GA-Cs grafting can 
enhance chitosan compatibility with PVC [28]. The peak at 
1196.06  cm−1 is associated with the possible partial inter-
chain interactions between C–Cl bonds in PVC and C–N 
bonds in the chitosan chain. These changes show the possible 
interaction between the PVC with –OH, –NH2 of Cs. Some 
peaks at the lower wavenumber region below 850  cm−1 
attributed to the absorption band of O-Ti–O [45, 46]. Fig-
ure 5 shows the suggested reaction mechanics between Cs, 
 TiO2, and GA on the surface of (PVC-co-resin) membrane. 
Studies showed that the stretching vibrations of amino, C–O, 
and hydroxyl groups are firmly attached to  TiO2 nanopar-
ticles, which promote the formation of CS –TiO2 through 
the electrostatic interaction of N–H–O–Ti bonds. Moreover, 
O–Ti–O bonds form between  TiO2 and Cs. The CS and  TiO2 
chemically adsorbed and bonded into the Cs matrix due to a 
cross-linking process and the complex composite structure 
[47, 48]. Nonetheless, during the preparation of Cs–TiO2, 
the agglomeration of  TiO2 nanoparticles is unavoidable due 
to creating Van der Waals influences between the chitosan 
and  TiO2 nanoparticles [49].

Membrane surface hydrophilicity and water content

Obtained results presented in Table 3 revealed that deposi-
tion of chitosan along with increase of TiO2 concentration 

led to an improvement in membrane surface hydrophilicity 
and water content in prepared membranes. The water contact 
angle was measured 68.1° for the (PVC-co-resin)-(CS) mem-
brane that was much lower than the measured one (109.2°) 
for virgin membrane. The contact angle was reduced up 
to 48.3° for (PVC-substrate)/(Cs-co-TiO2) membrane. At 

Table 4  The IEC and MAER for the prepared membranes

Membrane (Sn) IEC (meq/g) MAER (Ω  cm2)

S1 0.85 ± 0.02 17.1 ± 1.5
S2 0.82 ± 0.03 25.3 ± 2.2
S3 0.91 ± 0.03 19.2 ± 1.1
S4 0.93 ± 0.02 21.4 ± 1.8
S5 0.83 ± 0.03 22.3 ± 1.5
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)
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b

Fig. 7  a The sodium flux and b current efficiency and energy con-
sumption for the prepared membranes in desalination process

Fig. 8  Flux and permselectivity for the prepared membranes in the 
elimination of copper ions from water
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the same time, the water contact result illustrates a steady 
growth from 33 to 59% for samples S1 to S5, respectively.

This result introduces a more hydrophilic surface and 
nature of prepared membranes. Decrease of contact angle 
besides increased water content in these samples can be 
explained by the presence of polar functional groups of CS 
chain and their ability to create hydrogen bonds with water 
molecules (OH…O and OH…N). Also, the polar functional 
groups in the Cs chains are changed the interfacial free 
energy between the membrane and electrolyte environment. 
The decrease of water contact angle for the LbL membranes 
containing  TiO2 could be substantiated by the fact that  TiO2 
spontaneously filled the valleys on the membrane surface, 
which produces a smoother surface for them. Furthermore, 
the contact angle results for the membranes agree with the 
results of the surface roughness analysis (Fig. 6), which 
means samples with lower surface roughness have lower 
contact angle values. This is a fact that contact angle is not 
only affected by the surface chemistry but also affects by the 
surface geometry. The suitable amount of membrane water 
content can better control the pathways of ion traffic and 
improve membrane selectivity. Additionally, the high water 
content can provide more and wider transfer channels for co 
and counter ion transportation that decrease the selectivity, 
and lead to a loose structure for the membranes. However, 
this is not always true and depends on the membrane struc-
ture and properties. The measurements were carried out 
three times for each sample, and then, their average value 
was reported to minimize experimental errors.

Membrane surface roughness

The average roughness (Ra) values and 3D images for the 
fabricated membranes are shown in Fig. 6. As evident in 
Fig. 6, the surface roughness of the modified membrane 
reduced compared with [PVC-co-resin] membrane. This 
reduction comes back to the filling of valleys on the mem-
brane surface by the deposition of Cs-co-TiO2 layer. Also, 
the incorporation of  TiO2 nanoparticles on the membrane 
surface makes a smoother surface than (PVC-co-resin)/CS 
membrane. Because the formation of hydrogen bonds among 
functional groups in  TiO2 and Cs leads to improve com-
patibility valleys on the membrane surface and the decline 
of cracks or interfacial defects on the membrane surface, 
decline of membrane roughness could enhance the mem-
brane hydrophilicity and decline the fouling phenomenon. 
Because valleys as steric hindrance prevent passing water 
molecules via cavities, therefore, hydrogen bonding between 
the surface of membrane and water molecules cannot form 
easily.

Ion exchange capacity and electrical resistance

IEC results (Table 4) indicated that utilizing CS and  TiO2 
on PVC-substrate led to change in ion exchange capacity in 
prepared membranes. Initially, deposition of Cs on PVC-
based CEM led to some decrease in membrane IEC which 
may be assigned to resin particles surrounding or cover-
ing by the Cs chains that would restrict their accessibility. 
Slight increase of membrane IEC by utilizing of TiO2 NPs 

Fig. 9  EDX analysis of DL membrane: adsorption of  Cu2+ ions on 
the surface

Fig. 10  The agglomeration of  TiO2 at high additive concentration

3044 Ionics (2022) 28:3037–3048
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in surface layer is attributed to improvement of membrane 
wettability and possibly formation of voids in this layer that 
could promote the possibility of ion exchange by the ionic 
functional groups. Decrease of membrane IEC at higher 
TiO2 ratio also may be assigned to NPs agglomerations.

The membrane areal electrical resistance (MAER) 
(Table 4) was also enhanced by formation of Cs layer on the 
PVC-based substrate which may be due to increase of mem-
brane thickness after coating process. Decrease of MAER by 
incorporating of  TiO2 NPs in the surface layer may be due 
to increase of membrane water uptake that would enhance 
the ions percolation through the membrane.

Desalination study

The sodium flux is shown in Fig. 7a. Results showed that 
sodium flux was reduced by introducing (Cs-co-TiO2) layer 
on the PVC-based membrane surface. Moreover, current effi-
ciency reduced, and energy consumption increased by the 
deposition of new layer on the PVC-based substrate (Fig. 7b). 
These trends attributed to the increase of membrane thick-
ness by introducing (Cs-co-TiO2) layer along with formation 
of a compact structure on the surface of virgin membrane (see 
FESEM images) that would limit the transportation of sodium 
ions across the membrane and reduced the flux.

Fig. 11  Variation in dialytic rate 
for the pristine membrane (S1), 
and modified membranes (S3 
and S4) over time

Fig. 12  Dialytic rate of DL 
membranes in copper removal 
after cleaning process
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Heavy metal ion removal

The presence of heavy metals such as copper ions as toxic 
metal ions is a threat to public health. Copper ions should 
be removed from the water. Nanomaterials in nanocom-
posite membranes are an efficient method in heavy metal 
removal [50]. The prepared membranes were employed to 
investigate  Cu2+ ion removal from wastewater. An aque-
ous solution of Cu(NO3)2 with a concentration of 20 ppm 
 Cu2+ and 0.05 M  Na2SO4 was applied as feed and electro-
lyte chamber, respectively. The removal of  Cu2+ ions was 
determined by atomic emission spectroscopy (Shimadzu, 
Japan). Figure 8 shows the flux of  Cu2+ ions by prepared 
membranes. As evident in this figure, the flux of  Cu2+ 
ions was reduced initially by introducing CS layer on the 
PVC-based substrate which may be due to positive electric 
charge of the second layer [51]. After that, introducing the 
 TiO2 NPs into surface layer caused to increase of  Cu2+ 
ions flux due to unique adsorptive characteristic of used 
nanoparticles in heavy metals adsorption. The increase 
of negative electric charge on the DL membrane due to 
abundant hydroxyl groups provided by TiO2 nanoparti-
cles could enhance the adsorption potential. EDX analy-
sis (Fig. 9) shows the adsorption of  Cu2+ ions by the DL 
membranes. Some decline of dialytic rate at higher loading 
 TiO2 nanoparticles may be attributed to the tight and rigid 
surface of the membrane that restricts the transportation of 
metal ions. Moreover, the possible agglomeration of nano-
particles at high concentration (Fig. 10) would decline the 
adsorptive capacity of them.

At the same time, the given results illustrate an increase 
in permselectivity (PCu2+

Na+
) for the prepared membrane that 

may be assigned to the adsorptive characteristic of Cs and 
 TiO2 in heavy metal ions compared to monovalent ions. 
The heavy metal ions tend to create complexes with polar 
functional groups of modified membranes.

A typical comparison between the prepared membranes 
in this study with commercial HCEM (RALEX® CMH-
PES) in Cu removal from water in ED process showed 
good ability for the modified membranes. The Cu flux 
measured 0.99 (mol/m2 S ×  105) for S3, whereas that was 
0.89 (mol/m2 S ×  105) for commercial membrane along 
with higher permselectivity for S3 compared to commer-
cial membrane ( Ps

S3,Cu2+∕Na+

Ps
commercial,Cu2+∕Na+

> 1.8).

Investigation the reusability and antifouling 
properties of modified membrane

Decrease of  Cu2+ dialytic rate was measured -44.7% after 
1 h for the pristine membrane whereas that was − 38.7% 
and − 50.2%. or S3 and S4, respectively (Fig. 11).

The reusability study of prepared membrane was done for 
the fouled membranes with  Cu2+ ions. Firstly, fouled mem-
branes were washed by ultrasonic cleaner bath (Parsonic, 
100 W, 28 kHz, PARS NAHAND Co., Iran) for 1 h, and then 
kept in distilled water for 2 h. The washed membrane was then 
employed in the ED process again to investigate the ability of 
used membranes in the removal of  Cu2+ ions.

Also, as shown in Fig. 12, after the cleaning process, dia-
lytic rate was improved over + 3.1% and + 0.99% for S3 and 
S4, unexpectedly. The use of ultrasound waves during the 
cleaning process can lead to relaxation of CS chains that could 
increase their latitude by rearranging polymer chains [28]. This 
can enhance membrane surface area, which may increase the 
removal efficiency. Moreover, the presence of highly hydro-
philic groups on the membrane surface and the reduction of 
membrane roughness leads to promote membrane flux. The 
experiments were repeated twice for each sample.

Conclusion

In this study, new LBL membranes were prepared by depo-
sition of CS-co-TiO2 layer on PVC-based heterogeneous 
CEMs. FTIR spectra confirmed the formation of new layer 
on the PVC-based substrate. The FESEM images showed a 
compact structure for the prepared membranes. Also, some 
agglomerations considered on the membrane surface at high 
 TiO2 nanoparticles. All double-layer membranes showed 
smoother surfaces than the virgin membrane. It was found 
that the sodium flux was reduced by deposition of the CS-co-
TiO2 layer on the PVC-based CEMs. However, double-layer 
membranes showed higher dialytic rate in  Cu2+ removal than 
pristine membrane. Among the double-layer membranes, S3 
with (0.25: 1) (w/w)  (TiO2/Cs) ratio exhibited highest dia-
lytic rate in copper removal compared to others. Moreover, 
results showed an increasing trend in permselectivity (PCu2+

Na+
) 

for the DL membranes obviously. The double-layer mem-
branes showed high reusability potential after the regenera-
tion. A negligible change was considered on dialytic rate for 
the cleaned membranes (S3 and S4) after regeneration.

Funding The authors received financial support from Arak University 
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