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Abstract 

The interest in studying the structure of ion-exchange membranes is degree of crystallinity, the interplanar 

distance and size of crystallites and other characteristics. This work aimed to study the change in structural 

characteristics of ion-exchange membranes MA-41P and MK-40 during electrodeionization and electrodialysis 

using X-ray diffraction (XRD) analysis and differential scanning calorimetry (DSC). For these processes, 

multicomponent solution model was used, which was similar in composition to industrial solutions used in 

galvanic production. It contained CuSO4, CoSO4, CdSO4, Fe(NO3)3 and Ni(NO3)2 with different initial 

concentration. As a result of the study, it was found that mechanical, chemical and thermal loads lead to the 

formation of defects and the gradual destruction of the membrane structure. The membrane becomes less 

selective, the ion transmission becomes less controllable, and undesirable reactions with the processed medium 

occur. The observed deviation of the diffraction angles at the crystalline peaks of water-saturated and working 

membrane samples indicates the sensitivity of macromolecules to mechanical and thermal loads arising under 

cyclic operation. This is due to a change in structural ordering, polymer matrix amorphization and intermolecular 

interactions within the membrane structure. A comparative analysis of the membrane structural characteristics 

after the separation processes has shown that the structure of the cation-exchange membrane MK-40 contains a 

larger percentage by 2–9 of the crystalline phase compared to the anion-exchange membrane MA-41P, which 

provides it with greater mechanical and chemical resistance during operation. In contrast, the anion-exchange 

membrane MA-41P is more amorphous and has a stronger absorption capacity. 

 

Keywords: Electrodeionization, Electrodialysis, Galvanic production, Industrial solutions, Membrane, Structure  

 

1  Introduction 
 

Ion-exchange membranes are semipermeable 

materials that selectively allow ions of a certain charge 

to pass through. They are used in many technological 

processes, including food production, fuel cells, water 

desalination systems, etc. [1]–[8]. Ion-exchange 

membranes usually consist of a polymer matrix with 

functional groups included in it. These functional 

groups determine the properties of the membrane – 

anionic or cationic [9]. 

Polymer matrices can be both amorphous and 

crystalline, but it is the amorphous phase that plays a 

key role in their functionality, while the crystalline 

phase characterizes the strength properties [10]. 

Therefore, changing the ratio of crystallinity and 

amorphism in ion-exchange membranes affects their 

characteristics and efficiency, as well as selectivity for 
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ions. For example, membranes with a higher degree of 

amorphism, as a rule, have higher ionic conductivity. 

Membranes with a more crystalline structure have 

greater mechanical strength. Higher crystallinity is 

often associated with lower susceptibility to chemical 

attack, as the ordered structure is less susceptible to 

interactions with aggressive substances. Amorphous 

phases usually have large intermolecular spatial gaps 

and a higher specific surface area, which improves the 

adsorption of solute ions and facilitates their penetration 

into the membrane. This is especially important in ion-

exchange processes. It is important to note that 

amorphous membrane structures can be more susceptible 

to chemical and thermal decomposition [11]. 

Crystallinity and amorphism in the structure of 

ion-exchange membranes depend on several factors. 

One of them is the chemical composition of the 

membrane, which can be made using various 

polymeric materials such as polyethylene, 

polytetrafluoroethylene, polyvinyl chloride, etc. 

These materials have different degrees of crystallinity 

(DC) depending on their chemical structure and 

production method [12]. Another factor that can affect 

DC is the membrane production method. Faster 

production methods result in a more amorphous 

structure [12]. Cross-linking and surface modification 

can also affect crystallinity and amorphism. For 

example, the introduction of functional groups such as 

sulfonate or carboxyl groups can increase amorphism 

[12]. In addition, the absorption of water and ions by 

the membrane can affect its crystallinity, since 

hydration and interaction of the membrane with ions 

can destroy the crystalline structure of the membrane, 

increasing amorphism [13]. 

The study of crystalline and amorphous phases 

and other structural characteristics of ion-exchange 

membranes allows for improved membrane efficiency 

in various fields of application and also promotes the 

development of more advanced materials for the needs 

of modern science and industry. Currently, various 

methods can be used to study the structure of ion-

exchange membranes. For example, X-ray diffraction 

(XRD) can be used to study the amorphous and 

crystalline phases in the membrane structure. 

Amorphous phases appear as broad, low-intensity 

halos, while crystalline phases appear as sharp peaks 

[14]. Differential scanning calorimetry (DSC) is used 

to study the thermal characteristics, including the 

melting point and glass transition temperature of the 

polymeric materials from which the ion-exchange 

membrane matrix is made [15], [16]. Optical and 

electron microscopy can be used to visualize and study 

the morphology and structure of membranes at the 

micro- and nanoscale [17]. Infrared or nuclear 

magnetic resonance spectroscopy can be used to 

understand the interactions between ions and the 

polymer matrix [18], [19]. In some cases, when 

membranes are subjected to modification and the 

membrane’s strength data is no longer relevant, 

mechanical methods are used to further examine the 

membrane structure for compressive or tensile 

strength, as well as to assess the impact of such effects 

on the membrane’s durability [20]. 

The data obtained in such studies can be used for 

a wide range of tasks, for example, to optimize the 

structure and properties of existing membranes, 

develop new materials with specified characteristics, 

and predict the behavior of membranes under various 

operating conditions [21]–[23]. Therefore, the purpose 

of this work was to study the change in a number of 

structural characteristics of ion-exchange membranes 

during electrodeionization (EDI) and electrodialysis 

(ED) using XRD and DSC methods. 

 

2  Materials and Methods 

 

2.1  Objects of research and methods of separation 

of solutions 

 

2.1.1  The tested membranes  

 

The ion-exchange membranes MA-41P and MK-40 

(Shchekinoazot, Russia, batch production date 2023) 

were selected for the study. These membranes are a 

mechanical composition consisting of particles of 

ground granulated ion exchangers of 5 to 50 μm in 

size, pressed into a matrix of low-pressure 

polyethylene. Polyamide reinforcing fabric is 

introduced into their structure to increase mechanical 

strength. Table 1 provides a brief description of the 

tested membranes [24]. 

Ion-exchange membranes MK-40 and MA-41P 

are used in a number of industrial processes, ensuring 

high efficiency and quality of products. This series 

includes water treatment and desalination, food 

industry (purification and concentration of various 

juices and wines), chemical industry (purification of 

industrial wastewater from heavy metal ions and their 

concentration).
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Table 1: Characteristics of ion-exchange membranes. 

Membrane 
Thickness, 

mm 

Tensile Strength, 

MPa, No less 

Surface Electrical 

Resistance,  

Ω∙cm-2, No more  

Ionic Group Counter Ion Inert Binder 
Reinforcing 

Fabric 

MK-40 
0.3 – 0.5 

11.9 10.0 SO3H Na+ 
Polyethylene Polyamide 

MA-41P 11.0 11.0 N(CH3) Cl- 

 

 
 

Figure 1: Schematic representation of the EDI 

apparatus: 1 – anion-exchange resin particles, 2 – 

cation-exchange resin particles. 

 

 
 

Figure 2: Shape and overall dimensions of the EDI 

module. 

 

 
 

Figure 3: Schematic representation of the 

electrodialysis apparatus. 

2.1.2 Methods of separation of solutions and apparatus 

 

The study of changes in the structure of ion-exchange 

membranes resulting from the separation of industrial 

solutions by the EDI method was carried out using a 

setup whose general operating diagram is shown in 

Figure 1. 

The EDI module, the overall dimensions of 

which are shown in Figure 2, consisted of two parts of 

the housing with channels for solutions, two 

electrodes, two anion-exchange and two cation-

exchange membranes with an active area of 0.0021 m2 

each, three intermembrane and two near-electrode 

gaskets, inlet and outlet fittings for solutions. The 

connection of the module elements was made using a 

bolted connection. The composition of the apparatus 

was as follows: containers for diluate, concentrate, 

anolyte and catholyte, EDI module, pumps for feeding 

solutions into the EDI module chambers, and a 

laboratory power supply. 

The ED separation process was carried out on a 

laboratory apparatus, shown schematically in Figure 3. 

It included an electrodialysis cell, a laboratory power 

supply unit, and lines for the circulation of diluate, 

concentrate, anolyte, and catholyte with auxiliary 

equipment, including solution containers, diaphragm 

pneumatic pumps, pressure gauges, flow meters, inlet 

and outlet valves, etc. 

 

 
 

Figure 4: Shape and overall dimensions of the 

electrodialysis cell. 
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The cell was assembled from two pressure plates 

with channels for solutions, two electrodes laid in 

alternating order, four anion-exchange and four 

cation-exchange membranes of the above-mentioned 

brands with an active area of 0.0306 m2 each, seven 

intermembranes and two near-electrode gaskets, inlet 

and outlet nozzles for solutions. The overall 

dimensions of the cell are shown in Figure 4. The 

assembly was carried out using a bolted connection. 

 

2.1.3 Membrane preparation and experimental 

operating parameters 

 

To study the changes in the structure of ion-exchange 

membranes, four types of samples were used: initial 

dry, initial water-saturated, working after EDI and 

working after ED. All samples of MA-41P and MK-

40 membranes for XRD and DSC studies were taken 

from industrially produced sheets. The initial dry 

membrane samples were not pre-activated and were 

cut out 5×5 mm in size directly from the membrane 

sheets. Half of them were left in distilled water for 24 

h in a dark place to obtain the initial water-saturated 

samples. In parallel, working membranes were cut out 

from industrial sheets for direct use in the EDI and ED 

installations. 

Before the EDI and ED processes, the 

membranes underwent a preparatory activation 

procedure in a 0.6 M NaCl solution for 24 h in a dark 

place. After all EDI and ED processes were 

completed, 5×5 mm samples were cut out from the 

central part of the active zone of the spent membranes. 

Drying of water-saturated and spent samples was not 

allowed before the XRD and DSC studies. 

Also for the EDI process, the ion-exchange 

resins were activated. For this purpose, an excess 

volume of a 4% NaCl solution was placed in 2 separate 

containers with anion-exchange AB-17-8 and cation-

exchange KU-2-8 resins for 4 h to saturate the resins 

with Na+ and Cl- ions. During this time, the solution 

was renewed twice. This concentration of the 

preparatory solution was chosen to prevent damage to 

the resin due to osmotic shock caused by intense ion 

exchange. 

For the EDI process, model multicomponent 

solutions were used, which were similar in 

composition to industrial solutions used in galvanic 

production. They contained CuSO4, CoSO4 and 

CdSO4 with an initial concentration of 63, 53 and 37 

mg/dm3, respectively. The operating parameters of the 

experiment were: current density – from 5 to 25 A/m2, 

average flow rate of the separated solution in each 

section of the unit – from 0.16∙10–5 to 0.17∙10–5 m3/s, 

duration of one experiment – 3600 s, initial volume of 

solutions – 2∙10–3 m3 in each section, width of the 

intermembrane channel – 1∙10–3 m. A total of 16 such 

experiments were conducted. 

The model multicomponent solutions used in the 

ED separation process, similar to industrial solutions 

of galvanic production, contained CuSO4, Fe(NO3)3 

and Ni(NO3)2 with an initial concentration of 350, 700 

and 520 mg/dm3, respectively. The operating 

parameters of the experiment were: current density – 

from 10 to 40 A/m2, average flow rate of the separated 

solution in each section of the setup – from 8∙10–5 to 

9∙10–5 m3/s, duration of one experiment – 3600 s, 

initial volume of solutions – 5∙10–3 m3 in each section, 

width of the intermembrane channel – 1∙10–3 m. A 

total of 16 such experiments were carried out, as in the 

case of using EDI. 

The choice of the initial solutions is due to the 

fact that all the ions mentioned in the article are 

present in wastewater and industrial solutions in the 

form of various compounds. Cu2+ cations enter 

wastewater due to the galvanic deposition of copper 

on holes in printed circuit boards for subsequent 

application of a metal resist and in copper etching 

processes. The presence of Ni2+ cations is due to the 

fact that nickel is most often used as a sublayer for 

other metal-deposited coatings. For example, it is 

effective as a barrier sublayer to prevent diffusion 

between copper and other metals. Fe3+ cations are 

present in industrial solutions and wastewater as a 

result of copper etching processes. or copper, nickel-

iron alloys and steel in the production of printed circuit 

boards, metal photolithography and metal finishing. 

The presence of Cd2+ and Co2+ cations is due to the 

galvanic processes of cadmium plating and cobalt 

plating. The presence of SO4
2– and NO3

– anions in the 

effluents can be explained, for example, by the use of 

CuSO4 in the processes of galvanic deposition of 

copper and NH4NO3 to accelerate the etching process. 

The choice of electric current densities from 10 

to 40 A/m2 is due to the process being carried out in 

super-limit current modes. Such modes are aimed at 

intensifying the processes of electromembrane 

purification, which is beneficial to the industry. 

Despite the fact that in this case energy costs increase, 

the super-limit current mode allows for a significant 

increase in the efficiency of removing target 

substances from solutions. This ultimately offsets the 

extra costs of electricity [25]. 
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The selected flow rate is determined by the 

experimental setup designs and the average values 

used in industrial setups. It should be noted that for the 

EDI setup, the flow rate values were scaled due to their 

small size after a comparative analysis with industrial 

setups. 

 

2.2  Methods of membrane study 

 

The main interest in studying the structure of ion-

exchange membranes is DC, the interplanar distance 

of crystallites, their size, and the heat flow released 

from 1 mg of sample mass. This is due to the fact that 

during cyclic use of membranes, these characteristics 

are subject to change first of all. They can be used to 

evaluate the structural transformations occurring in 

the membrane. 

The X-ray diffraction and DSC methods are 

widely used to study the structure of ion-exchange 

membranes. Thus, X-ray diffraction is used to study 

the morphology and heterogeneity of membranes, 

allowing one to study the shape and size of crystallites 

and their distribution in the membrane structure. 

These methods can also be used to assess the 

interaction of the membrane with water and the effect 

of this factor on transport properties. The study of 

these aspects can help in assessing the mechanical and 

chemical properties of the membrane. The DSC 

method is used to determine the melting point of 

membrane components and to study the 

thermodynamic processes occurring in the membrane 

when heated. This allows one to understand the 

stability of materials at different temperatures. 

The study of changes in the crystallinity and 

amorphism of the membrane structure was carried out 

using an X-ray diffractometer “Difray-401” (JSC 

Nauchnie pribory, Russia). The Bragg-Brentano 

focusing method was used, which allows the recording 

of scattered X-ray radiation from different areas of the 

sample. CuKα radiation with a wavelength of 1.54 Å 

was used for the study. The range of angles 2θ was 

from 7 to 60°, which provided a large amount of 

information on the structure of ion-exchange 

membranes. 

DSC studies were carried out using a thermal 

analyzer “STA 449 F3 Jupiter” (Netzsch Geratebau 

GmbH, Germany), in crucibles made of aluminum 

oxide Al2O3, the samples were heated in air in the 

range from 30 to 500 °C at a rate of 10 °C/min. Such 

heating parameters and experimental conditions made 

it possible to study the behavior of the samples at 

different temperatures and evaluate their thermal 

properties. These data were important for further 

understanding of the thermochemical processes and 

material behavior in the samples studied. 

Experimental studies of membrane structure 

using X-ray diffraction and differential scanning 

calorimetry (DSC) were repeated three times for each 

type of membrane sample to ensure the stability of the 

results. 

 

2.3  Processing of study results 

 

The experimental data obtained as a result of the 

studies using the XRD and DSC methods were 

processed in the OriginPro 2024b software package 

for a more detailed analysis and determination of the 

structural characteristics of the membranes, as well as 

a number of parameters of the destruction process. The 

use of built-in algorithms for analyzing the location 

and shape of peaks made it possible to more accurately 

determine the structural features of the membranes 

and estimate the parameters of their destruction as a 

result of the operation. 

For the analysis, the main parameters of the 

diffraction peaks obtained from the experimental data 

were used. They made it possible to calculate the size 

of the interplanar distance in crystallites, the size of 

the crystallites and the DC of the membrane samples 

under study. 

To determine the crystallographic parameters of 

reflections at different angles, the Bragg equation was 

used, which is based on the principle of interference 

of X-rays reflected from atomic planes in a crystal. 

The Bragg equation has the following form Equation (1) 

[26]: 

 
1

λ(2sin θ) ,d


                            (1) 

 

where λ – the wavelength of X-ray radiation, Å; θ – 

the diffraction angle, °. 

To determine the size of crystallites in the 

membrane structure, the Scherrer formula [27] was 

used, which is based on the analysis of the diffraction 

peak profile [Equation (2)]: 

 

1
λ

,
βcosθ

K
L                (2) 

 

where K1 – the dimensionless particle shape factor 

(taken equal to 0.9 [28]); λ – the wavelength of X-ray 
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radiation, nm; β – the width of the reflection at half-

maximum (half-width) of the peak, °.  

To determine the degree of crystallinity (DC) of 

the polymer material, the Aggarwal-Till method was 

used [29]. The essence of this method is to separate 

reflections associated with the crystalline and 

amorphous phases in the diffraction pattern of the 

polymer material. Then, the DC was calculated using 

the relationship: 

 

2

100%,k

k a

I
DC

I K I
 

 
              (3) 

 

where Ik – the integral intensity of the crystalline 

phase; K2 – the coefficient taking into account the 

polarization and monochromatic factors (adopted 

equal to 0.556 [30]); Ia – the integral intensity of the 

amorphous phase. 

 

3  Results and Discussion 

 

3.1  Results of the study using the XRD 

 

During the X-ray structural study of ion-exchange 

membranes MA-41P and MK-40, diffraction patterns 

of the initial dry and water-saturated membrane 

samples, as well as samples after the EDI and ED 

processes were obtained (Figures 5 and 6). It should 

be noted that all diffraction patterns are presented after 

background subtraction. 

The diffraction pattern of the initial dry sample 

of the MA-41P membrane (Figure 5a) is characterized 

by the presence of two clearly defined peaks at 2θ 

angles of 22.07 and 24.47°. Such angle values are 

typical for the crystalline phase of polyethylene and 

polyamide included in the samples. A small area with 

weakly defined peaks at 2θ angles greater than 35° is 

also observed in the diffraction patterns. The 

interplanar distance in the crystallites of the sample 

varies between 3.63–4.03 Å. The maximum crystallite 

size of this sample is 3.47 Å. The amorphous phase of 

the membrane is expressed by one halo across the 

entire width of the diffraction pattern with a maximum 

intensity of 60 conventional units. The DC of this 

sample calculated using the formula Equation (3) was 

45.06%. 

 

 
Figure 5: X-ray diffraction patterns of MA-41P 

membrane samples after background subtraction: a – 

initial dry; b – initial water-saturated; c – after EDI; d 

– after ED. 
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The saturation of the initial sample with water 

resulted in some structural changes. This is expressed 

in the shift of pronounced crystalline peaks (Figure 

5(b)) towards smaller 2θ angles to 21.65 and 24.08°, 

respectively. In addition, there was a decrease in the 

absolute intensity of these peaks by about 30%. The 

interplanar distance in the crystallites slightly 

increased on average and varied in the range of 3.69 – 

4.09 Å. These observations can be explained by the 

fact that during water saturation, water molecules 

penetrate the membrane structure, and the ions 

contained in the membrane begin to bind with water 

molecules. This leads to an increase in the membrane 

volume and creates defects and inhomogeneities in its 

crystalline phase, which ultimately leads to a blurring 

of the peaks and a decrease in their intensity [31]. The 

amorphous halo was similar to the halo of the dry 

sample, but the maximum intensity was lower – 50 c.u. 

The DC of the water-saturated sample decreased 

almost and amounted to 39.17%.  

The diffraction pattern of the working membrane 

sample after EDI (Figure 5(c)) shows peaks at 

diffraction angles of 21.65 and 24.32°. It shows a shift 

of the second peak to the right compared to the water-

saturated sample, which is associated with a decrease 

in the interplanar distance in the crystallites to 3.65 Å. 

The DC of this sample has significantly decreased 

compared to the dry and water-saturated samples to 

32.75%. This diffraction pattern is also characterized 

by one amorphous halo, the maximum intensity of 

which was slightly higher than that of the water-

saturated sample – slightly more than 52 c.u. 

Analysis of the MA-41P membrane sample after 

ED separation allowed us to establish crystalline peaks 

at angles of 22.07 and 24.56° (Figure 5(d)). Their 

intensity and width are comparable with similar 

parameters of the spent membrane sample after EDI, 

while the DC was slightly higher and amounted to 

38.38%. The interplanar distance in the crystallites 

decreased and varied in the range of 3.62–4.02 Å. The 

maximum intensity of the amorphous halo on the 

diffraction pattern is the lowest among all MA-41P 

membrane samples and is equal to 42 c.u.  

Table 2 shows the ratio of a number of 

diffractometric parameters of the anion-exchange 

membrane MA-41P. As a result of a general analysis 

of the obtained experimental data, it can be explained 

as follows. The shift of the crystallinity peaks towards 

larger diffraction angles and the decrease in the overall 

intensity in the diffraction patterns of the working 

samples are due to changes in the structure of the 

crystalline phase of the membranes. This is probably 

caused by the preparatory procedures of membrane 

activation and compression and the actual conduct of 

the experiments. These procedures could lead to 

compaction of the membranes and a subsequent 

change in the interactions between molecules, which 

affected the parameters of the crystalline phase [32]. 

The decrease in the maximum intensity of the 

amorphous halo and, at the same time, the increase in 

the integral intensity is due to the saturation of the ion-

exchange resin particles in the membrane structure 

with moisture. 

Water saturation and the implementation of EDI 

and ED processes had a greater effect on the 

crystalline phase of the MA-41P membrane structure 

than on the amorphous one. This conclusion was led 

by a decrease in the DC of the membrane samples. In 

addition, this thesis is confirmed by a stronger 

decrease in the intensity of crystalline peaks compared 

to the maximum and integral intensities of the 

amorphous halo, as well as a decrease in the size of 

crystallites in the samples. 

Next, the data obtained for the MK-40 cation-

exchange membrane were analyzed. The diffraction 

patterns of each sample show two distinct peaks 

characterizing crystallinity due to the presence of 

polyethylene and polyamide in the membrane 

structure, two amorphous halos with angle ranges 

greater than 15, and an area with weakly expressed 

crystalline peaks. Based on the membrane 

composition, it can be assumed that the crystallinity 

peaks are due to polyethylene, which acts as a binder 

for combining ion-exchange resins, and polyamide, 

which acts as a substrate to impart mechanical strength 

to the membrane. The amorphous part of the 

membrane is an ion-conducting material made of ion-

exchange resins based on a styrene copolymer. 

Thus, the diffraction pattern of the initial dry 

membrane sample (Figure 6(a)) shows two clear 

crystalline peaks at 2θ angles of 21.07 and 23.44° with 

an interplanar distance of 4.21 and 3.79 Å, 

respectively, as well as several weakly expressed 

crystalline peaks in the 2θ angle range from 34 to 45° 

and from 52 to 56°. In addition, unlike the anion-

exchange membrane MA-41P, the diffraction pattern 

of the dry initial MK-40 sample shows two amorphous 

halos in the angle ranges from 10 to 35° and 35 to 60°. 

These areas correspond to the particles of the cation-

exchange resin included in the membrane. The DC of 

the sample was 51.1%, which is 6% higher than that 

of a similar sample of the MA-41P membrane. 
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Table 2: Comparative table of structural characteristics of MA-41P anion-exchange membrane samples. 

Parameter 

Sample 

Initial  

dry 

Initial 

water-saturated 

Worked 

after EDI 

Worked 

after ED 

Absolute intensity of a 

crystalline peak, Ic.abs, c.u. 

1st peak 376.908±18.468 
247.358±11.378  

(34.37% ↓) 

238.684±11.934 

(36.67% ↓) 

236.449±12.059 

(37.27% ↓) 

2nd peak 149.684±7.035 
107.105±5.141 

(28.45% ↓) 

84.286±4.046 

(43.69% ↓) 

107.978±4.643 

(27.86% ↓) 

Half-width of a crystalline peak, 

FWHM, ° 

1st peak 0.430±0.021 
0.5040±0.023 

(17.21% ↑) 

0.424±0.022 

(1.40% ↓) 

0.514±0.023 

(19.53% ↑) 

2nd peak 0.642±0.033 
0.859±0.040 

(33.80% ↑) 

0.673±0.031 

(4.83% ↑) 

0.807±0.038 

(25.70% ↑) 

Crystallite maximum size Lmax, Å 3.474±0.153 
2.958±0.148 
(14.85% ↓) 

3.517±0.176 
(1.24% ↑) 

2.908±0.147 
(16.29% ↓) 

Maximum intensity of an amorphous halo Iam, 

c.u. 
59.989±2.879 

50.792±2.590 

(15.33% ↓) 

52.349±2.670 

(12.74% ↓) 

42.869±1.929 

(28.54% ↓) 

Integral intensity of an amorphous halo Iam.i, 

c.u. 
1193.199±53.694 

1217.341±54.780 

(2.02% ↑) 

1325.577±62.302 

(11.09% ↑) 

1084.68±55.319 

(9.09% ↓) 

Common integral intensity Icom.i, c.u. 1737.337±83.392 
1653.250±77.703 

(4.84% ↓) 

1684.549±84.227 

(3.04% ↓) 

1460.371±62.796 

(15.94% ↓) 

The water saturation process had the opposite 

effect on the cation-exchange membrane compared to 

the same process for the anion-exchange membrane. 

The crystalline peaks were shifted to the right to 

angles of 21.25 and 23.61°, and the interplanar 

distance decreased to 4.18 and 3.76 Å, respectively 

(Figure 6(b)). The areas with weakly expressed 

crystalline peaks were found in the intervals between 

2θ angles from 33 to 37°, from 46 to 55°, and from 58 

to 60°. The ranges of amorphous halos partially 

changed due to the saturation of the cation-exchange 

resin particles with moisture and were 12.5–37° and 

37–60°, and the maximum intensity was slightly more 

than 55 conventional units. However, the DC of the 

sample changed insignificantly and was 50.9%. 

The differences in the water saturation process of 

the cation-exchange membrane MK-40 from the 

anion-exchange membrane MA-41P can be explained 

by the small size and high hydrophilicity of the 

counterions contained in the cation-exchange 

membranes. Therefore, their structure can more 

effectively interact with water molecules, which 

contributes to faster activation of ion exchange [33].   

The diffraction pattern of the working membrane 

sample after the EDI process (Figure 6(c)) is 

characterized by two crystalline peaks at 2θ angles of 

21.79 and 24.23°, which indicates an even greater shift 

to the right than in the case of a water-saturated 

membrane, and a decrease in the interplanar distance 

of the crystallites to 4.10 and 3.69 Å. An increase in 

the intensity of two amorphous halos was also found, 

which is associated with the saturation of ion-exchange 

resins with components of the studied solutions in 

addition to moisture. The maximum intensity reached 

65 c.u. The location intervals of both correspond to 2θ 

angles from 10 to 36° and from 36 to 60°. The DC of 

the sample significantly decreased to 39.52%. 

The diffraction pattern of the working sample of 

the membrane after ED (Figure 6(d)) is characterized 

by the presence of two crystalline peaks at angles of 

21.79 and 24.24°. A further shift of the peaks to the 

right compared to the previous samples is probably 

due to a stronger hydrodynamic effect on the 

membrane in the ED cell during the separation of 

solutions and subsequent compaction of the 

membrane. Regions with weakly expressed crystalline 

peaks were practically not detected, with the exception 

of a small area between angles of 36 and 37°. The DC 

of this working sample is higher than that of the 

sample after EDI and is 41.03%. 

For the MK-40 membrane samples, after EDI 

and ED, there is a general decrease in the interplanar 

distance of the crystallites compared to the original 

samples. This is due to the gradual compaction of the 

membrane structure and a change in their properties as 

a result of cyclic operation. In addition, a denser 

structure leads to a change in the electrostatic fields 

inside the membrane. Ultimately, this can hinder the 

movement of ions and reduce the overall permeability 

of the membrane.
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Figure 6: X-ray diffraction patterns of MK-40 

membrane samples after background subtraction: a – 

initial dry; b – initial water-saturated; c – after EDI; d 

– after ED. 

 

Table 3 shows the ratio of the main 

diffractometric parameters of the MK-40 membrane 

samples, which allows us to analyze and identify 

patterns of changes in the structure of the MK-40 

cation-exchange membrane during EDI and ED. It 

should also be noted that both working membrane 

samples are characterized by an increase in intensity 

and a decrease in the width of crystalline peaks 

compared to the water-saturated sample. At the same 

time, a general decrease in these intensities is observed 

against the background of the diffractogram of the 

original dry sample. No such observations were noted 

for the MA-41P membrane samples. 

As a result of the XRD research conducted, the 

following general conclusions can be drawn for both 

types of membranes. During the process of water 

saturation and operation of membranes in the EDI and 

ED processes for both types of ion-exchange 

membranes, in most cases, there is a decrease in the 

values of the main structural characteristics of the 

crystalline phase of the membranes (for example, the 

values of intensity and half-width of peaks, crystallite 

sizes). This is primarily due to defects and 

inhomogeneities in the crystalline phase of ion-

exchange membranes due to the penetration of water 

molecules into the membrane structure and their 

interaction with the membrane components. 

The observed deviation of diffraction angles in 

the diffraction patterns of membrane samples during 

water saturation and use in EDI and ED processes 

indicates the sensitivity of macromolecules to 

mechanical and thermal loads that arise under cyclic 

operation conditions. This is due to a change in 

structural ordering, amorphization of the polymer 

matrix and intermolecular interactions within the 

membrane structure. 

Operation of membranes in the EDI process is 

characterized by a decrease in the membrane DC and 

an increase in their amorphous phase compared to the 

ED separation process, which contributes to better 

transfer of the corresponding ions through the 

membrane. The membranes themselves in this case 

are more susceptible to destruction and wear over time 

due to the effects of chemicals, which will ultimately 

lead to a decrease in their efficiency. 
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Table 3: Comparative table of structural characteristics of MК-40 anion-exchange membrane samples. 

Parameter 

Sample 

Initial  

dry 

Initial 

water-saturated 

Worked 

after EDI 

Worked 

after ED 

Absolute intensity of a crystalline 

peak, Ic.abs, c.u. 

1st peak 825.561±37.151 
373.839±17.944 

(54.72% ↓) 

780.227±39.011 

(5.49% ↓) 

716.461±32.241 

(13.22% ↓) 

2nd peak 403.547±18.563 
185.164±8.703 

(54.12% ↓) 

308.865±13.590 

(23.46% ↓) 

231.258±11.794 

(42.69% ↓) 

Half-width of a crystalline peak, 

FWHM, ° 

1st peak 0.701±0.034 
0.959±0.050 

(36.80% ↑) 

0.543±0.024 

(22.54% ↓) 

0.559±0.026 

(20.26% ↓) 

2nd peak 0.930±0.046 
1.246±0.053 

(33.98% ↑) 

0.384±0.019 

(58.71% ↓) 

0.690±0.032 

(25.81% ↓) 

Crystallite maximum size Lmax, Å 2.118±0.106 
1.551±0.081 
(26.77% ↓) 

3.957±0.202 
(86.83% ↑) 

2.670±0.134 
(26.06% ↑) 

Maximum intensity of an amorphous halo Iam, 

c.u. 
115.733±5,092 

55.178±2.759 

(52.32% ↓) 

65.422±3.009 

(43.47% ↓) 

57.951±2.666 

(49.93% ↓) 

Integral intensity of an amorphous halo Iam.i, 

c.u. 
2311.675±97,090 

1145.951±57.298 

(50.43% ↓) 

2068.492±88.945 

(10.52% ↓) 

1761.82±79.282 

(23.79% ↓) 

Common integral intensity Icom.i, c.u. 3655.203±175,450 
1807.381±86.754 

(50.55% ↓) 

2819.943±121.258 

(22.85% ↓) 

2443.282±109.948 

(33.16% ↓) 

Comparative analysis of the structural 

characteristics of the studied membranes after EDI and 

ED allowed us to establish that the structure of the 

cation-exchange membrane MK-40 contains a greater 

percentage of the crystalline phase compared to the 

anion-exchange membrane MA-41P, which provides 

it with greater mechanical and chemical resistance 

during operation. In contrast, the anion-exchange 

membrane MA-41P is more amorphous and has a 

stronger absorption capacity. 

The crystalline phase of ion-exchange 

membranes plays a key role in the ion transport 

process and their durability in industrial conditions. It 

determines the number of available paths for ion 

transport and can limit the movement of ions. This is 

due to the strictly ordered lattice compared to 

amorphous structures, which do not have such an 

order and provide freer channels for ion migration. 

The balance between these phases is key to optimizing 

the properties of ion-exchange membranes. The 

optimal ratio can make it possible to create 

membranes that combine high selectivity, and good 

permeability, have a long service life and withstand 

mechanical loads under operating conditions. 

 

3.2  Results of the DSC study 

 

Figure 7 shows DSC curves for samples of the MA-

41P membrane. The initial section of the DSC curves 

from 30 to 100 °C is characterized by an endothermic 

reaction, which is caused by the release of moisture 

onto the surface of the samples and its subsequent 

evaporation. 

The DSC curves in the temperature range of 

130–137 °C showed a characteristic endothermic peak 

for all four membrane samples. This peak is due to the 

melting point of low-pressure (high-density) 

polyethylene, which is the binding polymer in the 

membrane structure [34]. The thermal effect ΔH for 

this peak on the DSC curves varied within the range 

of 1.448–4.841 J/g, with the highest being 

characteristic of the working membrane sample after 

the EDI process. 

 

 
Figure 7: DSC curves of MA-41P membrane samples: 

1 – initial dry; 2 – initial water-saturated; 3 – after 

EDI; 4 – after ED. 
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It should be noted that at temperatures above 65 °C, 

the heat flux released from 1 mg of sample mass for 

working membrane samples after EDI and ED begins 

to increase significantly compared to the initial dry 

and water-saturated samples. This is primarily due to 

the fact that these membrane samples absorbed some 

of the substances contained in the solutions being 

separated during EDI and ED. This resulted in an 

increase in sample mass and greater heat release [35]. 

In the temperature range of 218–240 °C, a clear 

exothermic peak with ΔH equal to 4.135 and 4.244 J/g 

is observed for the DSC curves of the initial dry and 

water-saturated samples. It is typical of polyamide 

used in the membrane production as a reinforcing 

material. However, for the working sample after EDI, 

an increase in the released energy is observed in the 

range from 210 to 230 °C, but the characteristic peak 

is not observed. For the membrane sample after ED, 

this peak is recorded, but it is less pronounced 

compared to the similar peak in the DSC curves of the 

initial samples. Its thermal effect ΔH is equal to 1.309 

J/g. Probably, such differences between the initial and 

working samples are associated with the heterogeneity 

of the membrane thickness after the experiment. 

The second half of the DSC curves after 300 °C 

is characterized by more intense reactions and 

processes associated with changes in the composition 

and structure of the membrane sample. There is a 

strong release of energy (the spread of ΔH for the 

samples varies within 218–414 J/g), which entails a 

loss of mass of the samples. This is due to the complete 

burnout of the carbon skeleton with the release of 

mainly CO2, H2O, CH4. This is evidenced by the 

signals for the corresponding mass numbers. It should 

be emphasized that the DSC curves of the working 

membrane samples show a shift of all peaks in the 

above-mentioned region towards higher temperatures 

compared to the original samples. 

The DSC curves for the MK-40 membrane 

samples are shown in Figure 8. The initial section of 

these dependencies up to 100 °C, as with the MA-41P 

membrane, is characterized by an endothermic 

reaction associated with the release of moisture onto 

the surface of the samples and its evaporation. 

For the MK-40 membrane, it is necessary to note 

the fact that, unlike the MA-41P membrane, in this 

case, there is no significant increase in the heat flow 

on the DSC curves of the working samples after EDI 

and ED compared to the initial dry and water-saturated 

samples. This can be explained by the higher DC of 

the cation-exchange membrane, which entails a lower 

absorption capacity, as well as its greater mechanical 

and chemical resistance. 

 

 
Figure 8: DSC curves of MK-40 membrane samples: 

1 – initial dry; 2 – initial water-saturated; 3 – after 

EDI; 4 – after ED. 

 

After a temperature of 100 °C, an endothermic 

peak standard for the MK-40 membrane is observed. 

It corresponds to the melting of polyethylene at 

temperatures from 132 to 134 °C, depending on the 

type of the membrane sample under study. The 

magnitude of the thermal effect ΔH from the melting 

of polyethylene for different membrane samples was 

small and did not exceed 5.561 J/g. In addition, a peak 

was recorded in the range of 248–256 °C, which, as in 

the case of the anion-exchange membrane, 

corresponds to polyamide. A greater thermal effect for 

this peak was found in the water-saturated sample and 

amounted to 11.366 J/g. 

In the third section of the diagram at a 

temperature of over 400 °C, a large region is observed 

corresponding to the release of a significant amount of 

energy with a parallel loss of mass. In this case, the 

energy release characteristic of the working sample of 

the membrane after EDI is almost twice as large as that 

of the other samples. The thermal effect ΔH for this 

sample was 546.019 J/g. For the working samples of 

the membrane in this section, the observed greater 

energy surge is due to the release of adsorbed ions of 

heavy metals during the thermal destruction of ion-

exchange resins, as well as the presence of defects in 

the crystalline phase of the membrane. The difference 

in the values of maximum temperatures, exothermic 

effects and half-widths of the peaks indicate different 
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chemical processes and phase transitions occurring in 

this section since the membranes were used to separate 

different solutions during EDI and ED. 

  

4  Conclusions  

 

EDI and ED processes use both anion-exchange and 

cation-exchange membranes to separate solutions 

from different types of ions. However, mechanical, 

chemical and thermal loads during the membrane 

operations in EDI and ED separation lead to the 

formation of different defects and the gradual 

destruction of the membrane structure. For example, 

the polymer matrix degradation and the formation of 

microcracks occur. These defects lead to a change in 

the anisotropic properties of the membrane and a 

violation of the ordering of ion-exchange groups. The 

membrane becomes less selective, the transmission of 

ions becomes less controllable, and undesirable 

reactions with the processed medium occur. In 

addition, due to the compaction of the membrane 

structure and the deformation of the interplanar 

distance of crystallites, a change in the dimension of 

ion transport channels is observed. These changes lead 

to a decrease in the selectivity of the membrane with 

respect to certain ions. These differences in the 

structural characteristics of the membranes under 

study are significant for their practical application in 

various processes. The cation-exchange membrane 

MK-40, due to its more crystalline structure, is more 

often used for tasks requiring membrane stability and 

durability. The anion-exchange membrane MA-41P is 

used in processes where high absorption capacity and 

interaction with ionic solutions are important. 

In conclusion, it should be noted that the 

experimental data obtained as a result of the work 

demonstrate structural transformations of amorphous 

and crystalline phases in heterogeneous ion-exchange 

membranes MA-41P and MK-40 during repeated use 

for EDI and ED separation of multicomponent 

solutions. Understanding these transformations is 

important since more amorphous structures can 

provide better conditions for ion transport compared 

to crystalline ones. The obtained data will contribute 

to the development of membranes with high ion 

conductivity and selectivity, and further study of 

membrane material degradation. This will ultimately 

improve their durability and membrane efficiency 

under various operating conditions. This aspect is 

critically important for fuel cells, water purification 

and demineralization systems, as well as other 

industrial and scientific applications of ion-exchange 

membranes.  
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