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Article 
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Electroconvection/Dissociation of Water and Specific 
Selectivity to Divalent Ions 

Aslan Achoh, Denis Bondarev, Elena Nosova and Stanislav Melnikov * 

Physical Chemistry Department, Kuban State University, 350040 Krasnodar, Russia; 

* Correspondence: melnikov.stanislav@gmail.com 

Abstract: This study focuses on the modification of ion-exchange membranes by incorporating 

phosphorylated dendrimer into sulfonated polytetrafluoroethylene membranes to enhance specific 

selectivity between mono-/divalent ions, using the Ca2+/Na+ pair as an example. The research 

employs mechanical, physico-chemical, and electrochemical analyses to explore the effects of P-H20 

incorporation on membrane properties. Bulk modification significantly increases membrane 

selectivity towards calcium ions (specific permselectivity coefficient rises from 1.5 to 7.2), while 

maintaining the same level of the limiting current density. Other findings indicate that bulk 

modification significantly changes the transport-channel structure of the membrane and alters the 

mechanism of over-limiting mass transfer. The over-limiting current for the pristine membrane is 

mainly due to non-equilibrium electroconvection, while modified membranes actively participate 

in the water-splitting reaction, leading to the suppression of the electroconvection. Despite this 

drawback, the decrease of the over-limiting potential drop results in a decrease in specific energy 

consumption from 0.11 to 0.07 kWh/mol. In the under-limiting current mode, the specific energy 

consumption for all studied membranes remains within the same limits of 0.02-0.03 kWh/mol. 

Keywords: Boltorn H20; cation-exchange membrane; specific permselectivity; voltammetry; 

current-voltage characteristic; electroconvection; water-splitting 

 

1. Introduction 

The problem of creating ion exchange membranes with pronounced specific selectivity is one of 

the oldest and major problems in membrane electrochemistry. Moreover, with the increasing number 

of applications of electromembrane systems in recent years, the need to increase the selective 

permeability between counter-ions and co-ions, as well as counter-ions with different (e.g., Na+ and 

Ca2+) or identical (e.g., NO3– and Cl–) charges, is growing. In particular, processes such as redox flow 

batteries, diffusion dialysis, microbial fuel cells, and ion exchange membrane bioreactors require high 

membrane selectivity between counter-ions with different charges [1].  

Within the scope of this study, we will refer to “selectivity” as the preferential transport of one 

of the ions with the same charge. Whereas typically, the selectivity of an ion-exchange membrane is 

understood as its ability to transport ions of the same charge sign without differentiation between 

them. In this sense, ion-exchange membranes can exhibit charge selectivity (based on the magnitude 

of the charge, for example, Li+ and Mg2+), as well as specific selectivity (for example, based on the 

chemical nature of ions with the same charge). 

Generally, ion-exchange materials exhibit more pronounced selectivity towards double- and 

multiple-charged ions [2]. To enhance selectivity towards single-charged ions, studies have been 

conducted on altering the configuration of the membrane stack [3–5], including the use of 

nanofiltration membranes instead of cation-exchange membranes [5]. However, the overwhelming 
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majority of research in this field is dedicated to modifying the properties of ion-exchange membranes 

through surface modification [6]. 

Sata et al. extensively investigated the possibilities of modifying ion-exchange membranes to 

impart selectivity towards monovalent ions and examined the impact of this modification on the 

resulting characteristics of the electrodialysis process in the 1970s-1980s. These studies were 

summarized in two reviews dedicated to anion-exchange [7] and cation-exchange [8] membranes. A 

review [9] compiled patents on methods for obtaining monovalent-selective cation-exchange 

membranes. The topic of the selectivity of ion-exchange membranes is also briefly discussed in the 

review by Ran et al. [10] and in detail in the review by Luo et al. [1]. Ge et al. [11] published a 

monograph on monovalent-selective cation-exchange membranes, focusing on traditional and new 

methods for obtaining/modifying these membranes. A graph depicting the trade-off between ion flux 

and selectivity for several pairs of single-/double-charged cations is presented. In a more general 

sense, in relation to other membrane processes, this compromise – permeability-selectivity – is well-

known and widely discussed in the scientific literature, for example in the review [12]. 

The potential for separating counter-ions opens up new directions for the application of 

electrodialysis, such as selectrodialysis [3] and metathesis electrodialysis [13]. It may also lead to the 

emergence of new niche applications for electrodialysis, including demineralization of whey [14], 

extraction of nutrients (particularly phosphorus) from wastewater [15], as well as the production of 

high-purity casein isolate [16], among others. 

A commonly used technique for producing membranes with high selectivity involves depositing 

a layer of ion-polymer with a charge opposite to the charge of the ion-exchange matrix of the 

membrane-substrate onto the membrane-substrate surface [7,8,17]. The charge of the deposited layer 

matches the charge of the ions being separated. Recently, there has been a shift towards the 

deposition of multiple layers, in which the polymer matrix charges alternate [1,11,18,19]. 

When a layer of ion-polymer with a charge opposite to the matrix charge of the membrane-

substrate is applied onto the later, the ions being separated act as counter-ions for the membrane-

substrate but as co-ions for the modifying layer. Hence, this process will be referred to as co-ion 

separation. The mechanism of co-ion separation differs somewhat from the process of counter-ion 

separation. Primarily, in the case of co-ion separation, the main mechanism involves the stronger 

electrostatic interaction of multi-charged ions with the polymer matrix of the modifying layer, while 

the physicochemical interaction between ions and the ion-polymer material plays a subordinate role 

(although it is not entirely excluded). A second difference is the reduction in the magnitude of the 

limiting current in the electromembrane system, caused by the transition from outer-diffusional 

kinetics of ion transport to inner-diffusional kinetics [20]. 

The transition to inner-diffusional kinetics not only significantly reduces the current density 

range in which separation of ions is possible but also leads to a transition in the ion-exchange 

membrane's operation from a "selective mode" to the "water-splitting mode," i.e., the membrane acts 

as an asymmetric bipolar membrane [20]. This particular phenomenon was noted by various 

researchers [18,21,22]. 

To avoid the transition to the inner-diffusional limiting current while ensuring high specific 

selectivity of ion-exchange membranes, bulk modification can be employed [23]. In this approach, no 

charged layers are deposited on the membrane surface, and the increase in specific selectivity arises 

either from the physicochemical interaction of ions with the modifier particles [24] or from the 

"reduction" of ionic channels in the transport-channel structure of the membrane [25–27]. 

In a previous study [28], a methodology was developed for obtaining phosphorylated 

dendrimer Boltorn H20 (referred to as P-H20 hereinafter) and for producing a bilayer (asymmetric 

bipolar) membrane based on it. Due to its chelating properties, the phosphoric acid ionogenic group 

can be highly effective in altering the specific selectivity for certain metal cations (primarily rare earth 

and d-elements). 

As of today, the authors have successfully developed a method for producing thin films from 

sulfonated polytetrafluoroethylene (referred to as SPTFE hereinafter) and the copolymers of N-

diallyl-N,N-dimethylammonium chloride and ethyl methacrylate, which are used as modifiers to 
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create bilayer membranes [20,29], membranes with high specific selectivity [17,30], as well as 

standalone films [31]. In these studies, the films were obtained by pouring a specified amount of 

ionomer solution onto the surface of the substrate membrane (for producing bilayer membranes) or 

directly onto glass plate (for producing individual films). A promising approach for obtaining 

volumetrically modified membranes involves introducing phosphorylated Boltorn H20 into the 

solution of sulfonated polytetrafluoroethylene, followed by casting the resulting ionomer mix to form 

a cation-exchange membrane. 

The objective of this study is to determine the influence of the quantity of introduced P-H20 into 

the matrix of sulfonated polytetrafluoroethylene on the physicochemical and electrochemical 

properties of the resulting film, as well as on the ion transport process through such membranes. 

2. Materials and Methods 

In the conducted study, the following chemicals were used: isopropyl alcohol, 99.9%, CAS-No 

67-63-0; sodium chloride 99.9%, CAS-No 7647-14; calcium chloride, CAS-No. 10043-52-4; nitric acid 

with a standard titer, CAS-No. 7697-37-2. All reagents were manufactured by JSC "VEKTON," Russia. 

The synthesis of phosphorylated hyperbranched polymer was based on the Boltorn H20 

hyperbranched polymer with 16 hydroxyl end groups per molecule, from Polymer Factory Sweden 

AB (www.polymerfactory.com), Switzerland. The product's purity was 99.9%. 

To produce membrane films (SPTFE), a solution of perfluorinated sulfonated polymer in 

isopropyl alcohol at a 10% mass concentration was used, produced by JSC "Plastpolimer," St. 

Petersburg, Russia. 

2.1. SPTFE membrane 

The membranes under investigation were obtained using the casting method, by pouring a 

polymer solution onto a specially prepared form made of inorganic glass. The polymer solution was 

poured at room temperature (25±2 °C) and left to stand for 24 hours until completely dry. 

The sulfonated perfluoroethylene membranes are basicaly the same in polymeric structure as 

Russian MF-4SK membrane. The latter is Russian analogue of the Nafion membrane. MF-4SK and 

Nafion are derived from copolymers of tetrafluoroethylene and perfluorovinyl ether that terminate 

in a sulfonic acid group. The Nafion membrane specifically is a random copolymer with an 

electrically neutral semicrystalline polymer backbone (polytetrafluoroethylene) and randomly 

tethered side-chains with pendant ionic groups (polysulfonyl fluoride vinyl ether) associated with 

specific counterions (e.g., SO3– + H+ → SO3H). 

 

Figure 1. Structural unit of the Nafion membrane. 

These membranes exhibit natural phase separation due to the dissimilar nature of the covalently 

bonded pendant groups and the backbone, which is further enhanced by solvation (introduction of 

water or solvent molecules). The microphase separation is a key structural feature, involving 

clustering of ionomer groups. 

The Gierke’s cluster-channel model, based on X-ray diffraction studies, provides a fundamental 

model for the structure of the Nafion membrane [32]. According to this theory, the sulfonic-acid-side 

chains in Nafion are organized in clusters of approximately 4 nm. The transfer of H+ protons occurs 

through narrow, water-filled channels by means of the sulfonic-acid-terminated side chains (Figure 

2). 
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Figure 2. Gierke cluster-channel model of a swollen Nafion-type membrane. 

2.2. P-H20 synthesis 

The solution of Boltorn H20 (4.37 g, 40.0 mmol hydroxyl groups) in dioxane was treated with 

stoichiometric amounts of POCl3 (3.75 ml, 40.0 mmol). The reaction mixture was heated to 75 °C for 

1 hour with triethylamine as the catalyst, yielding phosphorylated polyether. The reaction mixture 

was then treated with distilled water, and the resulting product was precipitated from the solution 

and dried in a vacuum desiccator. The obtained phosphorylated hyperbranched polymer was 

dissolved in isopropyl alcohol to obtain a 20 % mass fraction solution. 

To produce the investigated SPTFE membranes with different phosphorylated dendrimers, a 

10 % SPTFE solution in isopropanol was mixed with a 20 % solution of phosphorylated BOLTORN 

H20 in different ratios. Complete mixing of the solutions was achieved by immersing the polymer 

mixture in an ultrasonic bath and keeping it there for 5 hours. The membranes were obtained using 

the casting method. The content of hyperbranched phosphorylated dendrimer in the volume of the 

membrane varied from 2 % to 20 % of the dry membrane mass. 

2.3. Mechanical properties 

The mechanical properties of the experimental membranes were examined at a room 

temperature of 25±2°C and a relative humidity of 20±2%. Before the measurements, the samples were 

stored in a desiccator with a constant humidity of 95% for two days. Three strips, each 50 mm long 

and 10 mm wide, were cut for each type of membrane under investigation. The thickness of each strip 

was measured using a micrometer immediately before the experiment, taking the average of five 

points along the entire length of the strip. The distance between the grips of the tensile testing 

machine was 30 mm, and the stretching speed was 5 mm/min, with a pre-load of 1 N. The Young's 

modulus was determined from the slope of the stress-strain curve in the elastic deformation range 

(2-4%). The yield strength was identified as the point of intersection of the tangents to the elastic and 

plastic deformation sections. The values of Young's modulus, yield strength, stress, and strain at 

rupture were obtained for each sample of the tested membranes. The average values for each set of 

samples were computed, and the measurement error was gauged as the standard deviation within 

the sample. 

2.4. Ion-exchange capacity and water uptake 

The ion-exchange capacity is a critical characteristic of ion-exchange membranes that quantifies 

the amount of ion-conducting functional groups per gram of the membrane. This property directly 

influences factors such as ion conductivity, swelling ratio, water uptake, and water/gas permeance. 

The total capacity can be expressed as mol-eq/ml (volumetric) or mol-eq/gm (based on weight). 

The total ion-exchange capacity values of membranes were determined using standard back-

titration methods. The cation exchange membranes total ion-exchange capacity were determined by 
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immersing the membrane in H+ ionic form in NaOH solution for 24 hours to fully neutralize the H+ 

ions in the membrane. The unreacted NaOH was titrate by a standardized HCl solution. 

The total ion-exchange capacity (totIEC) values were calculated as: 

NaOH NaOH HCl HCl ,
wet

V C V C
totIEC

m

−
=  (1) 

where VHCl and CHCl are the volume and concentration of the standardized HCl solution; VNaOH 

and CNaOH are the volume and concentration of the standardized NaOH solution; and wetm
 is the 

weight of dry or wet membrane. 

The water content of ion-exchange membranes is a factor that influences their performance by 

governing their mechanical rigidity, ionic conductivity, and degradation rates. The drying method is 

commonly employed to measure water content [33]. 

100%,h d

d

m m
W

m

−
= ⋅  (2) 

is the water content of the membrane, where md and mh denote the mass of the dry membrane 

and the mass of the same membrane after hydration, respectively. 

2.5. Conductivity and diffusion permeability measurememnt 

Standattized methods were used were used to determine the diffusion permeability coefficient 

and specific conductivity measurements [34–36], with all experiments conducted at a constant 

temperature of 25 °C and repeated at least 3 times. 

In the framework of the microheterogeneous model [37] the membrane can be presented as two 

separate conducting phases: the gel phase and electroneutral solution (intergel). The gel phase (with 

volume fraction f1) comprises the polymer matrix of the ion exchanger, condensed ion pairs, 

counterion-fixed group, solution inside the electric double layer, reinforcing fabric, and inert binder. 

The intergel phase (with volume fraction f2) consists of a solution that mainly fills the macro- and 

partially mesopores in the ion-exchange membrane phase. In the case of Nafion-type membrane the 

electroneutral solution fills central parts of clusters. It is generally accepted that the physicochemical 

properties of such a solution do not differ from the properties of an equilibrium external solution. 

Heterogeneity of membrane structure significantly influences the characteristics of ion exchange 

membranes. Homogeneous membranes are characterized by a very low electroneutral solution 

fraction (f2 = 0.02 – 0.1), lacking macropores and cavities. Conversely, for heterogeneous membranes, 

this value is notably higher (f2 = 0.2 – 0.3) owing to the presence of cavities and caverns between 

different particles. 

2.6. Current-voltage curves and specific permselectivity measurement 

The current-voltage characteristics and effective transport numbers of ions through the 

membrane (𝑇௝) were studied by the method of a rotating membrane disk [38]. The application of this 

method for electromembrane systems is described in detail in several works [39,40]. Scematic 

depiction of the is shown in Figure 3 

The voltammetric characteristics of the membranes were recorded in a galvanostatic mode, with 

a stepwise increase in current density. The membrane disk was rotated at a speed of 100 rpm. The 

solution was fed into the cathode chamber at a rate of 7.5±0.1 ml/min. The initial solution used was 

either 0.03 M NaCl or a mixed solution of 0.015 M NaCl and 0.0075 M CaCl2. The variation in the 

concentrations of Ca2+ and Na+ ions was analyzed using an Aquilon Stayer ion chromatograph. 

The effective transport numbers (Tj) were calculated by the equation: 

.j

j

c VF
T

It

Δ
=  (3) 
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Based on the dependences of the effective transport numbers of Ca2+ and Na+ ions on the current 

density (𝑇௝(𝑖)), the permselectivity coefficients (𝑃ଵ,ଶ(𝑖)) were calculated using Eq. (4): 

1 2 2
1,2

2 1 1

.T z с
P

T z с
=  (4) 

 

Figure 3. Scheme of ion fluxes through the membrane and distribution of electrolyte concentration 

and density in a device with a rotating membrane disk. 1 – Studied membrane, 2 – cathode chamber, 

3 – anode chamber, 4 – Luggin capilaries. 

3. Results and discussion 

3.1. Dopant distribution, mechanical and physico-chemical properties 

The casting technique for applying a mixture of two ionpolymers provides a certain advantage 

in creating materials with a uniformly distributed modifier compared to known methods of 

sequential diffusion or in situ synthesis in commercial membrane [23,29,41]. In the latter case, a high 

concentration of modifier particles is observed on the surface or in a thin layer near the membrane 

surface, which decreases away from the surface. 

The SEM images shown in Figure 3 presents the surface of a polytetrafluoroethylene membrane 

obtained using the casting method, as well as a membrane with a 20% (by volume) P-H20 content. 

Void spaces on the surface ranging in size from units to tens of micrometers are clearly visible. 

Presumably, the phosphorylated dendrimer was located within these cavities; however, during the 

sample preparation for analysis (vacuuming the electron microscope chamber), P-H20, not bound to 

the membrane matrix, evaporated. This assumption is also supported by the visible absence of 

phosphorus in the spectra of local X-ray microanalysis conducted for several areas of the surface. It 

is worth noting that the sulfur signal (ionogenic groups within the sulfonated 

polytetrafluoroethylene) is insignificant in these areas compared to the signals of fluorine and carbon. 

Similar voids are observed in the images of the surface of membranes with lower modifier content 

(Figure 3). Furthermore, with decreasing volume fraction of the modifier, the quantity of such areas 

on the membrane surface also decreases. A similar formation can also be observed on the cross-

section image of the membrane containing 20 % P-H20, indicating that the modifier is uniformly 

distributed throughout the membrane volume, forming micelles through the formation of hydrogen 

bonds between dendrimer molecules [42]. 

− 
Ca2+

Na+ H+

OH− 

+ 

1

2

3

4

4
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Despite the impossibility of direct confirmation of the presence of P-H20 in the matrix of the 

cation exchanger, a number of physicochemical characteristics, in addition to the formation of cavities 

on the surface, indirectly confirm its presence. 

The first of these characteristics is the mechanical strength of the obtained samples (Figure 4), 

and numerical values of the mechanical parameters are given in Table 1. 

 

Figure 4. SEM images of the surfaces of the pristine SPTFE membrane (a) and membranes containing 

P-H20 (b-d). The fragment (e) show the cross-cut section of the membrane containing 20% P-H20. The 

fragment (f) show results of the lemental analysis of the surface of the membrane containing 20% P-

H20. The volume content of P-H20 is: b – 5%, c – 10%, d – 20 %. Magnification 1000x. 
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Table 1. Mechanical properties of studied membranes. 

P-H20 content Stress, MPa 
Strain at 

rupture, % 

Young's 

modulus, MPa 

Yield strength, 

MPa 

0% 12.0±1.1 118±44 159±12 8.0±0.3 

2% 10.4±0.7 112±7 142±8 7.2±0.3 

5% 11.0±1.3 138±10 116±8 6.5±0.6 

10% 3.4±1.4 22±9 52±22 2.8±1.1 

20% 5.3±1.0 23±12 110±31 3.7±0.7 

The mechanical strength and Young's modulus of the obtained membranes decrease with 

increasing volume fraction of P-H20. With a P-H20 content of over 30%, it is not possible to obtain 

mechanically stable films. Such mixtures, after solvent evaporation, resembled a honey-like 

substance, which is easily disintegrated under external influence. 

The reduction in mechanical properties can be explained by two mechanisms of modifier particle 

localization. In the first case, particles are localized in the hydrophilic cluster area (Figure 5). If the 

size of the modifier particles is smaller or comparable to the size of the clusters, then, considering the 

non-sewn nature of the SPTFE matrix, it is possible to increase not only the cluster size, but also the 

ionic channels connecting individual clusters. This explanation is often encountered within the 

framework of the pseudo-elasticity model of pores in Nafion-type membranes proposed in the work 

[43]. In the second case, large modifier particles localize in the area of the hydrophobic 

perfluorocarbon matrix (backbone). In this case, the forming P-H20 micelles can reach significant 

sizes of several micrometers, as clearly seen by SEM results. The formation of microscale areas 

unbound to both the sulfonated polytetrafluoroethylene material and to each other leads to a 

substantial reduction in the strength of the resulting membrane. When these modifier particles are 

localized, the cluster-channel structure of the SPTFE membrane may also change, for example, 

through the "contraction" of clusters by the macro particles of the modifier or the rupture of the 

conducting channels network of the hydrophobic part of the membrane. 

 

Figure 5. The stress-strain curves for the studied membranes. P-H20 volume fraction: 1 – 0 %, 2 – 2 %, 

3 – 5 %, 4 – 10 %, 5 – 20 %. 
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a 

 

b 

 

c 

Figure 6. Cartoon showing changes in the transport-channel structure of the modified membranes. a 

– initial transport-channel structure, b – 2-5 % P-H20 content, c – 10-20 % P-H20 content1 – 

hydrophobic backbone, 2 – ionic channel, 3 – ionic ionic cluster, 4 – electric double layer, 5 – P-H20 

particle. 

From the results of the measurement of mechanical strength and examination of SEM membrane 

cross-section images, it can be inferred that the first type of P-H20 incorporation into the SPTFE 

matrix is characteristic for low modifier quantities (2-5 %), while the second type is more 

characteristic for membranes with a volume fraction of 10-20% of P-H20. 

The results of the measurement of other physicochemical characteristics (ion-exchange capacity, 

water content, gel phase conductivity, electroneutral solution fraction, integral coefficient of diffusion 

permeability) are provided in Table 2. 
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Table 2. Physico-chemical properties of pristine and modified membranes. 

Volume fraction of P-H20, % 0 2 5 10 20 

Ion-exchange capacity, mmol/gwet 0.83±0.05 0.81±0.05 0.79±0.05 0.72±0.05 0.66±0.05 

Water uptake, % 15.6±0.3 15.4±0.3 14.7±0.3 12.5±0.3 10.3±0.3 

Gel conductivity, kiso, mS/cm 9.7 5.3 4.2 3.7 2.8 

Intergel fraction, f2 0.02 0.06 0.07 0.07 0.07 

Integral diffusion permeability in 1 

M NaCl, Pm, 106·cm2/s 
     

The table indicates a monotonic change in properties with the increase in the modifier quantity 

in the SPTFE membrane: ion-exchange capacity, water content, and gel phase conductivity decrease, 

while the electroneutral solution fraction and diffusion permeability increase. 

The most likely reason for the decrease in ion-exchange capacity is the change in sample density 

with the increase in the volume fraction of the modifier. The authors of the studies [29] (in the case 

of surface modification of SPTFE with a layer of polyaniline with a gradient distribution) and [41] (in 

the case of bulk modification with cerium oxide particles) have already noted this fact. 

The reduction in water content may be linked to the removal of some free water from the region 

of hydrophilic clusters by the modifier particles. For small modifier quantities, the reduction, 

although following the overall trend, is within the statistical error of the experiment. For membranes 

with a higher modifier content, the change in water content is more significant and may be associated 

with the fact that large modifier aggregates occupy a significant portion of the membrane volume 

and their localization (at least partial) in the hydrophobic part of the membrane may result in reduced 

hydration compared to the clusters of sulfogroups in the SPTFE membrane. 

The decrease in the gel phase conductivity may also be associated with the disruption of the 

transport channel structure of the membrane. In the case of membranes containing 2 and 5 % 

modifier, partial ion transport blockage may occur within the membrane clusters due to the overlap 

of the double electrical layers of the cluster walls and modifier particles (Figure 5a). For membranes 

containing 10 % or more modifier, as previously mentioned, the rupture of the continuous transport 

channel structure of the membrane may occur (Figure 5b). Interestingly, the decrease in conductivity 

coincides with an increase in the electroneutral solution fraction and a significant (practically by an 

order of magnitude) increase in the membrane's diffusion permeability. Typically, an increase in the 

electroneutral solution fraction leads to an increase in the membrane's conductivity, especially in 

concentrated solutions. Since the conductivity of the membrane is mainly determined by the 

counterions and the diffusion permeability by co-ions, such a relationship may indicate that a large 

number of pathways for co-ion transport are formed in the membrane, with the areas of localization 

of large modifier particles observed in SEM results (Figure 3). Substance transport in this case occurs 

through a mixed mechanism—alternation of gel phase and electroneutral solution. An unusual 

mobility-conductivity relationship for Li+ ions in perfluorinated matrix was noted in the study [44]. 

In the study, it was found that samples of perfluoropolyether electrolytes with high diffusivities 

sometimes exhibited low conductivity. The authors introduced a nondimensional parameter (β), 
which accounts for both microscopic diffusivities and conductivity, revealing that β is sensitive to the 

end-group chemistry. For ethoxylated electrolytes, parameter approaches unity – the expected value 

for electrolytes adhering to the Nernst–Einstein equation. Conversely, perfluoropolyether 

electrolytes lacking ethoxy groups show parameter values significantly lower than one, suggesting a 

considerable discrepancy between microscopic and continuum transport numbers for Li+, potentially 

due to the electrostatic coupling of the cation and anions (fixed groups). 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 December 2023                   doi:10.20944/preprints202312.0397.v1

https://doi.org/10.20944/preprints202312.0397.v1


 11 

 

3.2. Current-voltage curves and mechanisms of ion transport 

The current-voltage curves of ion exchange membranes are typically divided into three regions: 

the underlimiting current region (also known as the ohmic region or linear region), the limiting 

current plateau, and the overlimiting current region. 

Let's consider the ion transport mechanisms corresponding to each of these regions. In 

underlimiting current regimes, it is conventionally assumed that ion transport is purely 

electrodiffusive, and the ion flux through the membrane linearly depends on the current density. 

However, recent studies have noted that, in addition to electrodiffusion, underlimiting current 

regimes may exhibit effects of equilibrium electroconvection [31,45–47], characterized by an excess 

of the experimentally determined limiting current in an electromembrane system over the 

theoretically calculated value. This ion transport is associated with the electroosmosis of the first kind 

(as per the classification of Dukhin-Mishchuk [48]) and is not electrodiffusive. The ability of ion 

exchange membranes to exhibit equilibrium electroconvection is determined by the magnitude and 

sign of the surface charge, its hydrophobicity, and the presence of geometric or electrical 

heterogeneities [49–51]. 

The limiting current plateau corresponds to a state where the concentration of charge carriers 

(ions) at the interface of the depleted diffusion layer/membrane decreases to very low levels, 

approaching zero. The appearance of a sufficiently thin layer in which mobile charge carriers are 

effectively absent leads to an increase in the potential drop in the system with practically no increase 

in current. Analogous to classical electrode systems, this state is referred to as the limiting current. In 

contrast to electrode systems, in electromembrane systems, the growth of the potential drop at the 

interface of the depleted diffusion layer/membrane leads to the appearance of conjugated effects of 

concentration polarization. Two main phenomena that arise with the increase in the potential drop 

are the water-splitting [52,53] and non-equilibrium electroconvection (electroosmosis of the second 

kind according to the Dukhin-Mishchuk classification [54]). These phenomena lead to the appearance 

of charge carriers at the membrane surface and to the deviation of the current-voltage curve from the 

linearity of the limiting current plateau, transitioning the system into an overlimiting current mode. 

Depending on the chemical nature of the ion exchange membrane, the primary mechanism of 

ion transport in the overlimiting state may be either electroconvection [55,56] or a process known as 

"water-splitting" [10,53,57]. There are also studies demonstrating the potential transition from one 

mechanism to the other [58]. Typically, water-splitting is considered an undesirable process because, 

firstly, it alters the pH in the pre-membrane space, and secondly, the transport of hydrogen and 

hydroxide ions does not significantly increase the ion transport of salt (except for a slight increase in 

useful mass transfer due to the exaltation effect [59]). Occasionally, this effect can be utilized to 

involve initially electroneutral particles in mass transfer through protonation/deprotonation 

reactions [60]. On the other hand, the development of electroconvection is seen as a positive process 

because it allows for an increase in the salt ion flux beyond the limiting value [55,56]. However, the 

applicability of this phenomenon is limited by the fact that the required potential drop (and 

consequently, the energy consumption) often far exceeds the increase in the ion flux. 

Consider how the introduction of phosphorylated dendrimer affects the ion transport processes. 

The current-voltage characteristics of the SPTFE membrane and a modified membrane containing 

10% P-H20 in a 0.03 M NaCl solution are presented in Figure 7. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 December 2023                   doi:10.20944/preprints202312.0397.v1

https://doi.org/10.20944/preprints202312.0397.v1


 12 

 

 

Figure 7. Current-voltage curves for pristine SPTFE membrane and membrane with 10 % P-H20 

obtained in 0.03 M NaCl. 1, 4 – total CVCs, 2, 5 – water dissociation products current, 3, 6 – salt current 

corrected for exaltation effect. 

The current-voltage curves presented in the figure show that volumetric modification does not 

have a significant impact on the magnitude of the limiting current in the electromembrane system. 

The original membrane exhibits a limiting current of 18 mA/cm2, while the modified membrane 

shows a limiting current of 17 mA/cm2. In both cases, the experimentally determined limiting current 

exceeds the value theoretically calculated using the Pierce equation. This particular peculiarity of 

membranes made of sulfonated polytetrafluoroethylene has been previously reported in [61–63] The 

theoretical value of the limiting current for the studied system is 13.5 mA/cm2. 

The modified membrane has a smaller limiting current plateau and enters the overlimiting state 

earlier. However, the ion transport mechanism in the overlimiting state differs for the investigated 

membranes. For the SPTFE membrane, the contribution of water-splitting is lower compared to the 

modified membrane, while the fraction of current carried by salt ions is higher. This indicates that 

electroconvection is the primary ion transport mechanism in the overlimiting state for the SPTFE 

membrane. In contrast, the modified membrane exhibits a significant contribution of water-splitting 

to overall mass transfer, and the salt ion flux, even taking the exaltation effect into account, is lower 

compared to the SPTFE membrane. 

The increase in the contribution of water-splitting to overall mass transfer in the modified 

membrane can be explained by the presence of modifier particles on the membrane surface. The 

phosphoric acid groups contained in these particles are among the most active catalysts for the water-

splitting reaction, as indicated by a range of catalytic activity of ionogenic groups [53]. 

In the study [47], a methodology was proposed to assess the contribution of different 

mechanisms to overall mass transfer in an electromembrane system. Assuming that in the 

underlimiting current regime, ion transport occurs either solely through electrodiffusion or through 

both electrodiffusion and equilibrium electroconvection, the contribution of the latter to the limiting 

current can be found as the difference between the experimental limiting current and the theoretical 

value calculated using the Pierce equation: 

exp theor
lim lim

eq exp
lim

.i i

i
β

−
=  (5)

In the limiting and overlimiting states, the contribution of non-equilibrium electroconvection 

can be assessed, taking into account the partial current of water-splitting products and the exaltation 
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n-eq .i i i i

i
β

− − −
=  (6)

The exaltation current was assessed using the Kharkats equation[59]: 

exz w
OH

.D
i i

D −

+=  (7)

The total current of salt ions in the overlimiting current mode consists of the experimental 

limiting current, the exaltation current, and the current resulting from electroconvection.  

s w .i i i= −  (8)

By using the Eq. (5), it was determined that the equilibrium electroconvection's contribution to 

the overall mass transfer in the SPTFE membrane is 25 %, and for the modified membrane, it is 20 %. 

The slight observed difference in the contributions of equilibrium electroconvection corresponds to 

the observed difference in the magnitudes of the limiting currents (18 and 17 mA/cm2). It can be 

concluded that the presence of P-H20 particles on the surface of the SPTFE membrane slightly reduces 

its ability to develop equilibrium electroconvection, leading to a decrease in the magnitude of the 

limiting current in the electromembrane system. This phenomenon may be due to a decrease in the 

hydrophobicity of the SPTFE surface caused by the appearance of P-H20 particles. We hypothesize 

that P-H20 particles should have sufficiently low hydrophobicity, given that the micelles formed by 

the molecules of phosphorylated Boltorn H20 contain hydroxyl and phosphonate groups capable of 

forming hydrogen bonds with water molecules. The observed effect is contrary to the effect shown 

in work [64], where the application of a hydrophobic non-conductive modifier to the membrane 

surface led to the development of equilibrium electroconvection and an increase in the limiting 

current. 

Bulk modification also alters the overlimiting current transfer. An assessment of the contribution 

of various mechanisms to the overall mass transfer in the electromembrane system at fixed potential 

drops is presented in the Table 3. 

Table 3. Contribution of different transport mechanisms into the overall masstransfer at different 

potential drops in the studied system. 

Membrane SPTFE SPTFE+P-H20 

Volume fraction of P-H20, % 0 10 

Limiting current density, mA/cm2 18 17 

Potential drop Δφ = 1 V 

Total current, mA/cm2 14.8 16.4 

Salt ions current, mA/cm2 13.6 14.6 

Water-splitting products current, mA/cm2 1.3 1.8 

Non-eqilibrium electroconvection current, mA/cm2 - - 

Exaltation current, mA/cm2 0.2 0.3 

Potential drop Δφ = 2 V 

Total current, mA/cm2 21.3 21.7 

Salt ions current, mA/cm2 19.1 16.9 

Water-splitting products current, mA/cm2 2.2 4.9 

Non-eqilibrium electroconvection current, mA/cm2 1.8 - 

Exaltation current, mA/cm2 0.3 0.7 
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Potential drop Δφ = 4 V 

Total current, mA/cm2 30.4 44.5 

Salt ions current, mA/cm2 25.3 24.8 

Water-splitting products current, mA/cm2 5.1 19.8 

Non-eqilibrium electroconvection current, mA/cm2 7.6 4.9 

Exaltation current, mA/cm2 0.7 2.8 

Data shown in the table reveals that the total current on the modified membrane is higher, while 

the current of salt ions (useful mass transfer) is lower. This difference increases with increasing 

potential drop. Moreover, for the SPTFE membrane, the contribution of non-equilibrium 

electroconvection begins to manifest earlier; already at a potential drop of 2 V, it accounts for 8 % of 

the total current. The contribution of exaltation current for the SPTFE membrane is extremely low, 

not exceeding 5%, attributed to the low current of water-splitting products. Conversely, for the 

modified membrane, there is an increase in the current of H+/OH– ions, caused by the high catalytic 

activity of phosphoric acid groups of the modifier deposited at the surface of the membrane in the 

water-splitting reaction. As a result of the water-splitting reaction occurring on the surface of the 

SPTFE+P-H20 membrane, hydroxide ions enter the solution. In addition to practically not leading to 

the physical transport of water molecules within hydrated shells (which, according to work [65], is 

one of the factors enhancing ion transport under the action of electroconvection), these ions also "blur" 

the space-charge region, reduce the electric field strength, and lead to a decrease in the volumetric 

electric force. All these factors contribute to a decrease in electroconvective transport at overlimiting 

currents. While for the SPTFE membrane, the contribution of non-equilibrium electroconvection to 

overlimiting mass transfer begins to manifest already at a potential jump of 1.5 V, for the modified 

membrane, it requires a potential drop >3.2 V. 

Hence, the addition of phosphorylated dendrimer into the volume of the SPTFE membrane leads 

to a reduction in the contribution of non-equilibrium electroconvection in overlimiting current 

regimes and an increase in the water-splitting reaction rate (resulting in an increase in the current of 

water-splitting products). Meanwhile, there is a minor change in the magnitude of the limiting 

current due to the decreased contribution of equilibrium electroconvection on the modified 

membrane. This latter phenomenon is likely associated with a modification of the membrane's 

surface hydrophobicity due to the localization of some proportion of the modifier particles on it. 

The current-voltage characteristics of the SPTFE membrane and modified membranes with 

different bulk content of phosphorylated dendrimer obtained in a mixed electrolyte of 0.015 M NaCl 

+ 0.0075 M CaCl2 are presented in the Figure 8. 
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Figure 8. Current-voltage curves for pristine SPTFE membrane and membranes with different P-H20 

content obtained in 0.015 M NaCl + 0.0075 M CaCl2 solution.  

Curves 1-5 – total current, 6-10 – partial current carried by OH–-ions.  

P-H20 volume fraction: 1, 6 – 0%, 2, 7 – 2 %, 3, 8 – 5 %, 4, 9 – 10 %, 5, 10 – 20 %. 

The observed patterns during the investigation of membranes in a sodium chloride solution 

persist when transitioning to ternary electrolytes containing a mixture of sodium chloride and 

calcium chloride: the introduction of P-H20 into the SPTFE membrane reduces the length of the 

limiting current plateau; an increase in the flux of water-splitting products is observed for the 

modified membranes. However, no correlation with the volumetric fraction of the modifier is 

observed for the latter. One possible reason for this is that the water-splitting product flux depends 

on two factors: the electric field strength at the boundary of the depleted diffusion layer/membrane 

and the concentration of catalytically active groups. With the increase in the volumetric fraction of 

the modifier, the number of catalytically active centers on the membrane surface increases, while the 

potential for transitioning to the overlimit state decreases, meaning the intensity of the electric field 

at a fixed current density decreases. These two effects offset each other.  

One should also take into account the possibility of super-equivalent absorption of calcium ions 

from solution, discovered in the work [66]. The specific adsorption of Ca2+ ions leads to a change in 

the membrane surface charge density from negative to positive. The latter causes a delay in the onset 

of unstable electroconvection, that is, a reduction in membrane performance. 

The contribution of various mechanisms to the overall mass transfer at a fixed potential drop 

and at a fixed current density is presented in Table 4 and Table 5. 

Table 4. Contribution of different transport mechanisms into the overall masstransfer at potential 

drop of 2 V in the studied system. 

Membrane SPTFE SPTFE+P-H20 

Volume fraction of P-H20, % 0 2 5 10 20 

Limiting current density, mA/cm2 18 18.5 19 21 22 

Total current, mA/cm2 21.3 16.4 21.8 21.9 26.7 

Salt ions current, mA/cm2 19.1 14.6 16.1 14.3 19.2 

Water-splitting products current, mA/cm2 2.2 1.8 5.7 7.6 7.5 

Non-eqilibrium electroconvection current, 

mA/cm2 
1.8 - - - - 

Exaltation current, mA/cm2 0.3 0.3 1.5 2.0 2.0 

Table 5. Contribution of different transport mechanisms into the overall masstransfer at constant 

current density of 25 mA/cm2 in the studied system. 

Membrane SPTFE SPTFE+P-H20 

Volume fraction of P-H20, % 0 2 5 10 20 

Potential drop, V 3.4 2.8 2.4 1.9 1.8 

Salt ions current, mA/cm2 21.5 14.8 14.3 18.7 18.6 

Water-splitting products current, mA/cm2 3.4 10.6 10.1 6.8 6.6 

Non-eqilibrium electroconvection current, 

mA/cm2 
2.7 - - - - 

Exaltation current, mA/cm2 0.9 2.8 2.7 1.8 1.8 
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As can be seen from Table 4, at a fixed potential drop close to or slightly exceeding the potential 

drop at the limiting current on the modified membranes, the water-splitting reaction actively occurs. 

Moreover, with the increase in the volumetric fraction of the modifier, the flux of water-splitting 

products increases. This dependency directly indicates that the quantity of modifier particles on the 

membrane surface increases with the growth of the volumetric fraction of P-H20. Under these 

conditions, there is no electroconvection development on the modified membranes, and the useful 

mass transfer slightly increases due to the exaltation effect. 

Interestingly, in the mixed solution containing sodium chloride and calcium chloride, the 

limiting current slightly increases with the increase in the volumetric fraction of the modifier 

compared to the original membrane, rather than decreasing as in the case of a solution containing 

only sodium chloride. 

When considering the transport mechanisms in the membranes at a constant current density 

(Table 5), the following regularities are observed: the introduction of the modifier leads to an almost 

twofold reduction in the salt ion flux. Meanwhile, as the volumetric fraction of the modifier increases, 

there is an increase in useful mass transfer and a decrease in the portion of the current carried by 

water-splitting products. Additionally, the total potential drop in the electromembrane system 

decreases. Similar to the conditions of a constant potential drop, there is no contribution of non-

equilibrium electroconvection to the overall mass transfer on the modified membranes under these 

conditions. 

Under conditions of constant current density, the modified membranes can be divided into two 

groups. Membranes containing a modifier with a volumetric fraction of less than 10% demonstrate 

larger potential drops and a greater contribution of the water-splitting reaction to the overall mass 

transfer. Membranes with a volumetric fraction of  

P-H20 > 10% show a greater contribution of salt ion transport to the overall mass transfer and smaller 

potential drops. The high concentration of P-H20 on the membrane's surface may explain this, 

allowing the water-splitting reaction on such membranes to occur with a smaller potential drop, and 

additional charge carriers appear earlier.  

Thus, under constant current density, the concentration of modifier particles on the membrane 

surface plays a more significant role. In contrast, when operating in a potentiostatic mode, the 

magnitude of the potential drop itself is more crucial. This is because at equal values of the potential 

drop, membranes with a higher volumetric fraction of the modifier will more actively participate in 

the water-splitting reaction. 

An important characteristic that can largely determine the feasibility of using specific ion-

exchange membranes is the energy consumption for substance transport. From the obtained data, the 

specific energy consumption can be calculated as follows: 

s

.i
E F

i
ϕ= Δ  (9)

The first factor essentially represents the effective number of transports of all counterions 

through the membrane. The calculated values of the specific energy consumption at a constant 

current density of 15 (underlimiting state) and 25 (overlimiting state) mA/cm2 are presented in Figure 

9. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 December 2023                   doi:10.20944/preprints202312.0397.v1

https://doi.org/10.20944/preprints202312.0397.v1


 17 

 

 

Figure 9. Specific energy consumption at different current densities for pristine SPTFE and modified 

membranes. 

At a deliberately underlimiting current density (15 mA/cm2), the specific energy consumption 

for the original membrane is 0.03 kWh/mol, while for all modified membranes, it is 0.02 kWh/mol. 

More interesting results are obtained when considering the results obtained at a current density 

of 25 mA/cm2 (a slight excess of the limiting current for all the studied membranes). For membranes 

containing 2 % and 5 % of the modifier, there is a certain increase in specific energy consumption, 

directly related to the relatively high potential drop and the low effective counterions transport 

number. In contrast, for modified membranes containing 10 % and 20 % of the modifier, there is a 

40 % reduction in energy consumption compared to the SPTFE membrane, despite the overall 

reduction in salt ion transport. This phenomenon is associated with the reduction in the potential 

drop in the system. 

Thus, these membranes can be used in the electrodialysis process when the processed solution 

is not highly sensitive to changes in pH. 

3.3. Prospects for application 

3.3.1. Monovalent/divalent selectivity 

The study of the specific selectivity of the membranes was conducted in a mixed solution 

containing 0.015 M NaCl and 0.0075 M CaCl2. The results of the investigation of the dependence of 

the Specific permselectivity coefficient on the dimensionless current density are presented in Figure 

10. 
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Figure 10. Specific permselectivity coefficient between Ca2+ and Na+ as a function of dimensionless 

current density for studied membranes.  

P-H20 volume fraction: 1 – 0%, 2 – 2 %, 3 – 5 %, 4 – 10 %, 5 – 20 %, 6 – MK-40. 

As can be seen from the figure, the original SPTFE membrane exhibits weak selectivity towards 

divalent ions. For comparison, the research results of the heterogeneous MK-40 membrane, with an 

ion exchange matrix related to polystyrene-divinylbenzene resins (divinylbenzene serves as a 

crosslinking agent), are presented. Detailed reasons for the differences in specific selectivity between 

membranes based on non-crosslinked ion polymers and membranes based on polystyrene-

divinylbenzene matrices are detailed in [17]. 

The introduction of P-H20 with a volumetric fraction of 2 % and 5 % leads to an increase in 

selectivity towards divalent ions to a level comparable to that of the MK-40 membrane. Introducing 

a greater amount of the modifier further increases specific permselectivity. For the membrane with a 

volumetric fraction of P-H20 at 20%, the maximum value of the specific permselectivity coefficient is 

7.2, which is five times higher than the value for the SPTFE membrane, which is 1.5. According to 

theoretical considerations of the dependence of the specific permselectivity coefficient on the 

dimensionless current density, as the current approaches the limiting value, the coefficient decreases. 

However, for membranes containing 10 % and 2 0% of the modifier, it remains sufficiently high, up 

to a value of i/ilim = 0.5. 

The high values of the specific permselectivity coefficient, together with the practically 

unchanged value of the limiting current, enable the use of modified membranes with a volumetric 

fraction of phosphorylated dendrimer at 10–20% for the separation of single and multivalent ions. 

3.3.2. Bipolar membranes 

The high catalytic activity of membranes containing phosphorylated Boltorn H20 in the water-

splitting reaction suggests that they could be effectively used as the cation-exchange layer of a bipolar 

membrane. The anion-exchange layer, in turn, could be made of a copolymer of DADMAC and ethyl 

methacrylate (this material is extensively described in [31]), as previously developed by the authors. 

The thickness of the anion-exchange layer and the thickness of the cation-exchange layer were 200 

micrometers. 

Since the cation-exchange and anion-exchange layers of the bipolar membrane are made of 

polymers of different natures, the layers were cast using the same solvent – isopropyl alcochol - to 

enhance adhesion between them. This method allows for partially dissolving the solidified polymer 

during the application of the cation-exchange layer onto the anion-exchange layer, enabling the 

intertwining of the chains of the cation-exchange and anion-exchange layers. 
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For comparison, a bipolar membrane was prepared in which the cation-exchange layer was 

made of unmodified SPTFE. 

The current-voltage characteristics of the obtained bipolar membranes in 0.5 M NaCl are shown 

in Figure 11. 

 

Figure 11. Current voltage curves of homogeneous bipolar membranes. 1 – cation-exchange layer is 

made of SPTFE, 2 – cation-exchange layer is made of SPTFE+20% P-H20. 

As seen in the figure, using a membrane modified with P-H20 as the cation-exchange layer of 

the bipolar membrane allows for a reduction in the operating voltage on the bipolar membrane from 

11.3 V to 9.8 V at a current density of 8 mA/cm2. However, both obtained membranes have a high 

voltage that precludes their use in real processes. 

The high voltage for the homogeneous membrane is due to the low initial activity of the 

ionogenic groups in the anion-exchange and cation-exchange layers. The results obtained for the 

membrane with the cation-exchange layer made of SPTFE are comparable to the MB-2 membrane 

[67]. At the same time, when using the modified membrane, the fraction of phosphorylated 

dendrimer particles in contact with the anion-exchange layer is insufficient for the effective 

progression of the water-splitting reaction. Additionally, two other factors play a role. Firstly, during 

the production of membranes, the interpenetration of polymer chains causes the area of the bipolar 

interface to "blur," which typically leads to a reduction in the intensity of the electric field at the 

cation-exchange/anion-exchange boundary. As a result, the water-splitting process occurs later in 

such systems than in systems with a "sharp" boundary [67]. Secondly, membranes with a high 

fraction of P-H20 are characterized by high diffusion permeability. The influx of co-ions (salt ions) to 

the bipolar boundary also reduces the intensity of the electric field and slows down the water-

splitting process. 

Therefore, to use modified membranes as the cation-exchange or intermediate catalytic layer in 

bipolar membranes, it is necessary to refine the method of producing bipolar membranes, as well as 

increase their catalytic activity and decrease diffusion permeability. 

4. Conclusions 

In the present work, cation-exchange membranes made of sulfonated polytetrafluoroethylene 

and bulk-modified membranes with the phosphorylated dendrimer Boltorn H20 were obtained and 

characterized using various methods, including mechanical, physico-chemical, and electrochemical 

analyses. Due to the presence of the phosphoric acid group in the modifier, the obtained membranes 

exhibit high specific permselectivity for calcium ions, and possibly other multivalent metals. The 

introduction of the modifier into the membrane volume leads to the localization of some of its 
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particles on the membrane surface, which, also due to the presence of phosphoric acid groups, results 

in a change in the mechanisms of overlimiting mass transfer in the electro-membrane system. While 

for the SPTFE membrane, the dominant mechanism of overlimiting mass transfer is the non-

equilibrium electroconvection, for the modified membranes, the primary current carriers in the 

overlimiting state are the water-splitting reaction products. The water-splitting reaction results in a 

reduction of the potential drop at which the membrane transitions into the overlimiting state, leading 

to a decrease in specific energy consumption, despite the reduction in the current carried by the 

counterions. Another important aspect for the effective application of the obtained membrane 

materials is the high experimental limiting current density, which sets these membranes apart from 

many known specimens in the literature. 

Despite their high activity in the water dissociation reaction, it has not been possible to apply 

the modified membranes as a catalytic or cation exchange layer in bipolar membranes to date. The 

homogeneous bipolar membranes obtained have a high operating voltage, thus preventing their 

effective use in real processes. 

Therefore, the bulk-modified membranes can be effectively applied in the separation processes 

of mono- and multivalent ions with high specific permselectivity coefficient and high ions fluxes. 
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