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A B S T R A C T   

Properties of ion exchange membranes (IEMs) both cationic and anionic were widely analysed before and after 
chemical. The modification aims to reduce the crossover phenomena typically observed in RFBs by incorporating 
polypyrrole (PPy) at the inner of commercial IEMs. In this work, we have explored the insight of membranes by 
structural and generalized conductivity considerations and its implications in terms of physicochemical char-
acteristics. Transport Structural Parameters (TSP) have been obtained from the electrolyte concentration de-
pendencies (NaCl, in this work). AEMs successfully increased their specific conductivity (between 2.5 and 3.9 
times) whereas CEMs slightly decreased (between 1.3 and 2 times). This approach was useful for the description 
of membrane electro-transport by using the so-called two-phase model which considers an IEM as an heterophase 
system (particularly, gel and interstitial phase) and their arrangement. AEMs almost doubled increased whereas 
CEMs doubled decreased their internal microphase arrangement in terms of structural parameter (α). A modi-
fication of the established model was applied to the CEMs to better understand their specific behaviour after 
polymerization. Up to 3.5 times the diffusion coefficient was obtained in AEMs after PPy modification. Finally, 
based on TSP obtained we propose a microstructural description for the IEMs studied in this work.   

1. Introduction 

Ion Exchange Membranes (IEMs) are used as separating materials 
both in industry and lab-scale for many applications such as in elec-
trolysers, fuel cells, electro-dialysers, and redox flow batteries (RFBs) 
among others. Two characteristics of particular importance are (i) they 
need to be chemical and mechanical resistant and (ii) they possess ion 
conductivity enough for the electrical energy required for the processes 
taking place in the required application. IEMs can be generally classified 
into two wide families depending on the nature of exchangeable group: 
cation exchange membranes (CEMs) with negative charges (e.g., –COO- 

and –SO3
- ) and anion exchange membranes (AEMs) with positive charges 

(e.g., –NR4
+). 

During the hydration process microphase separation is originated in 
IEMs leading to specific membrane morphology that contains water 
cluster domains distributed in the polymer network [1,2]. Thus, this 
structural organization is strongly related to the degree of hydration of a 
membrane when is equilibrated in an electrolyte solution and conse-
quently the ion transport in these materials is concerned. Hence, IEMs 
can be defined as a structure with various levels of inhomogeneity which 

includes polymer own defects, macropores, particle aggregations and 
multiple atomic and molecular association groups. This composition 
deals with micro-heterogeneous regions that determines the properties 
of the membranes as well as the inner ion motion [3–5]. 

Owing to the fact that ion transport is essential to complete the 
electrical demand in electrochemical devices such as RFBs, the effi-
ciency of these membrane processes will depend on their physico-
chemical characteristics. The description of transport phenomena 
through these materials has been widely discussed during many years 
until a model reached an agreement [6–9]. The most convenient theo-
retical approach for the description of IEMs is the so-called two-phase 
model developed by Zabolotsky et al. [10] in which the structural 
fragments are analysed in a general conductance principle based on 
local thermodynamical equilibrium between two conducting micro-
phases and considering the structure organization of these microphases. 
By this applicability, the transport phenomena can be defined getting 
the Transport Structural Parameters (TSP) which are intrinsic and may 
be obtained experimentally [11,12]. Therefore, membrane character-
ization is linked to electrolyte configuration [13,14]. 

Depending on membrane application some properties are more 
relevant than others and thus, their performance will be limited. For 
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instance, membranes for electrolysers usually need to have both high 
chemical resistance to alkaline media [15] and high ion conductivity for 
the proper operational mode of the device whereas in RFBs the ion 
conductivity is also remarkable but the cross-mixing of the redox active 
materials (crossover phenomena) between the cathode and the anode 
tanks is extremely harmful [16,17]. Notwithstanding the above, the 
typical parameters [18] that are used to characterize these materials are 
membrane exchange capacity, water uptake and ion conductivity. 

In this work, we have deeply analysed four IEMs (two cationic and 
two anionic) to foresee their potential application in RFBs and inquire 
about new pathways to enhance their features to address a suitable 
material for these kinds of devices. In our previous work [19], we pro-
posed a membrane modification to prevent or decrease the crossover 
phenomena which is detrimental for the battery capacity decay and 
consequently, the energy efficiency. Such modification consisted of a 
chemical in situ polymerization inside the micropores and interstices by 
soaking the membrane in pyrrole (Py) solution and subsequently soaked 
in FeCl3 solution during a certain time. Besides characterizing the 
typical parameters, we have advanced on measurements leading to some 
microstructural description of the membrane before and after modifi-
cation giving a plausible explanation of the ion motion at the inner of 
IEMs and the different physicochemical properties awarded on the 
resulting material. In this regard, ion motion through the hydrophilic 
channels originated by PPy phase was described in which modified 
AEMs turned out to be more beneficial in comparison to modified CEMs. 

The present work aims to correlate the overall membrane properties 

by the applicability of the micro-heterogenous model and provide some 
molecular structural insight concerning the role of PPy attached to the 
membranes and the state of the mobile ion. Thus, getting entirely 
knowledge concerning the transport phenomena of ions through the 
elucidation of the TSP of the different phases granted in modified 
membranes. Finally, a plausible approach for membrane description in 
terms of structural characteristics was given considering the specific role 
of PPy at the inner for each type of membrane. By this applicability, 
modified membranes were accurately described and especial structural 
characteristics in thick membranes was observed in both types of IEMs. 

2. Theory 

The two-phase model of an IEM consists of a gel phase (in which the 
ion exchangeable sites are attached to the polymeric chain) and an 
interstitial phase (in which the electrolyte solution is hosted), as 
depicted in Fig. 1. This model set the basis on Nernst-Planck approxi-
mation in each element of those phases at steady-state for one- 
dimensional electro-diffusion transport (Eq. (1)): 

ji(x) = − Li
δμi(x)

δx
; ji(x) = − Li

δμi(x)
δx

(1)  

where Li and Li represent the phenomenological parameter for the 
transport equation in the interstitial and gel phase, respectively; δμi(x)/
δx and δμi(x)/δx the gradient of electrochemical potential of a certain 
ion in the interstitial and gel phase, respectively. 

Nomenclature and acronyms 

Acronyms 
AC Alternating Current 
AEM Anion Exchange Membrane 
BET Brunauer-Emmett-Teller 
CEM Cation Exchange Membrane 
DI Deionized Water 
EIS Electrochemical Impedance Spectroscopy 
FRA Frequency Response Analyzer 
IEM Ion Exchange Membrane 
PE Polyethylene 
PPy Polypyrrole 
Py Pyrrole 
RFB Redox Flow Battery 
TSP Transport Structural Parameter 
WU Water Uptake 

Symbols 
ai Molal activity of i in the interstitial phase 
ai Molal activity of i in the gel phase 
Cex Membrane Exchange Capacity 
C˝

ex Exchange Capacity in the gel phase 
ci Concentration of i 
Ciso Concentration at the isoconductance point 
Di Diffusion coefficient of i in the gel phase 
F Faraday constant 
f1 Volume fraction of gel phase 
f ′

1 Volume fraction of pure gel phase 
f2 Volume fraction of interstitial phase 
f ′

2 Volume fraction of unfilled interstitial region 
f3; fPPy,Total Volume fraction of polypyrrole phase 
fPPy,1 Volume fraction of charged polypyrrole 
fPPy,2 Volume fraction of filled interstitial region 
i*i (x) Ion current density flux 

j*i (x) Macro-flux ion density 
ji(x) Micro-flux ion density in the interstitial phase 
ji(x) Micro-flux ion density in the gel phase 
L*

i Phenomenological parameter 
Li Phenomenological parameter in the interstitial phase 
Li Phenomenological parameter in the gel phase 
nreleased Number of ions released by the membrane 
R Constant of gases 
T Temperature 
W˝ Water content in the gel phase 
wd Membrane weight in dry state 
ww Membrane weight in wet state 
zi Charge of i 

Greek symbols 
α Structural parameter 
γi Activity coefficient of i in the interstitial phase 
γi Activity coefficient of i in the gel phase 
κ*

i Membrane specific conductivity 
κi Conductivity of the external electrolyte solution and 

conductivity of interstitial phase 
κi Conductivity of the gel phase 
κiso Conductivity at the isoconductance point 
μi Electrochemical potential of i in the interstitial phase 
μi Electrochemical potential of i in the gel solution 
μ∘

i Standard chemical potential of i in the interstitial phase 
μ∘

i Standard chemical potential of i in the gel phase 
ρm Membrane density 
ρm,w Hydrated membrane density 
ρw Water density 
σ Ion conductivity 
φ Electrical potential in the interstitial phase 
φ Electrical potential in the gel phase  
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Macro-flux density of electro-diffusion limited to equipotential 
planes section (x) and (x+ dx) can be understood as described in Eq. (2) 
where the conductance coefficient corresponds to L*

i , and may be ob-
tained experimentally as a function of electrolyte concentration in 
equilibrium with the IEM. 

j*i (x)= − L*
i
dμi

dx
(2) 

By the incorporation of the electrochemical potential definitions 
(μi = μi

◦

+ RT lnai + ziF∅ and μi = μ◦

i + RT ln ai + ziF∅ ) and considering 

the activity coefficients constant (γi and γi), the macro-flux density 
expression can be written as Eq. (3). 

j*i (x)=L*
i

(

RT
dlnci

dx
+ ziF

d∅
dx

)

(3) 

However, the preferable considered approach is the one which in-
cludes two limiting cases of arrangement of the two phases of IEM (see 
Fig. 2), summarized as parallel and in series disposition. Then, the 
quantitative consideration for transport phenomena for IEMs can be 
determined as a function of geometric and structural parameters [20] of, 

Fig. 1. Schematic representation of the two-phase micro-heterogenous model for an IEM based on Nernst-Planck approximation for electro-diffusion processes. The 
shaded and non-shaded areas correspond to gel and interstitial phase, respectively. 

Fig. 2. Schematic representation of the ion flux density through an IEM based on the arrangement of gel phase (shaded areas) and interstitial phase (non-shaded 
areas) in (a) parallel and in (b) series disposition between two equipotential planes section (x) and (x+ dx). f1 corresponds to the volume fraction of the gel phase and 
f2 corresponds to the volume fraction of the interstitial phase; therefore, f1 + f2 = 1. 
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at least, two different phases. Depending on how they are disposed in the 
inner of IEM, linear diffusion can be differently defined along axis x. 

In case of parallel disposition, the macro-flux is a combination of 
both gel and interstitial phase and the micro-gradients coincides 
whereas in the case of series, the disposition of the macro-flux coincides 
with the local flux densities but not the micro-gradients. By the incor-
poration of the corresponding volume fractions of each phase and con-
cerning the geometrical and structural considerations exposed in Fig. 2, 
the macro-flux definition at each phase is given in Eqs. (4)–(5) and 
considering Eq. (2), where the electro-diffusion parameter in series 
connection is the reciprocal of parallel connection. 

Parallel j*i (x) = − (f1Li + f2Li)
dμi

dx
; L*

i = f1Li + f2Li (4)  

Series j*i (x) = −
(
f1L− 1

i + f2L− 1
i

)− 1dμi

dx
; L*

i =
(
f1L− 1

i + f2L− 1
i

)− 1 (5) 

Thereby, the arrangement of the phase elements can be described for 
a membrane with different interconnected phases (as represented in 
Fig. 1) and a generalized expression can be obtained as given in Eq. (6). 

L*
i =

(
f1Lα

1 + f2Lα
1

)1/α
; where [ − 1< α< 1] (6) 

Concerning an experimentally measurable membrane property (e.g., 
the membrane specific conductivity) which would let us analyse its 
microstructure, Electrochemical Impedance Spectroscopy (EIS) will help 
in elucidating the Transport Structural Parameters (TSP) of IEMs. 

In this scenario, when passing alternating current (AC) at enough 
high frequency through the IEM and let the local concentration of gra-
dients be absent in a separate phase, Eq. (3) can be transformed as given 
in Eq. (7). 

j*i (x)= L*
i ziF

d∅
dx

̅̅̅̅̅̅̅ →
current density i*i (x) = κ*

i
d∅
dx

(7)  

where κ*
i is the specific membrane conductivity and can be obtained in 

the laboratory and thereby, find the rest of TSP (f1, f2, κ and α) in IEMs. 
Therefore, the total current passed through the membrane will be the 
main responsible for the transport of ions and the phenomenological 
parameter will be discussed in terms of membrane conductivity (κ*

i ). 
By repeating the same transformations to Eq. (1), the analogue 

expression of Eq. (6) for specific membrane conductivity is obtained: 

κ*
i =

(
f1κα

i + f2κα
i

)1/α (8) 

According to this model, the dependence of κ*
i with the electrolyte 

solution near the isoconductance point (κ*
i = κi = κi) and in the range of 

external solution concentrations 0.1Ciso < c < 10Ciso, κ*
i depends slightly 

on α and Eq. (8) becomes Eq. (9) and this expression depends linearly on 
ln κ as can be seen in Fig. 3. 

κ*
i = κf 1

i κf 2
i (9) 

In this manner, by using this model approach of electroconductivity 
in IEMs and by assuming local thermodynamical equilibrium between 
conducting microphases, the analysis in the inner of IEMs is a helpful 
approximation to elucidate the electro-transport of ions across this kind 
of systems. 

3. Experimental sections 

3.1. Materials 

FAA-3-50, FAA-3-PE-30, FS-950 and FS-930 membranes were pro-
vided from Fumatech BWT Company (membranes specification are lis-
ted in Table 1). Sulphuric acid (95–98 % wt) and hexahydrate iron 
chloride(III) (98%) were provided from Panreac. Sodium chloride 
(99.90%) was purchased from Aldo. Pyrrole (98%) was purchased from 
Sigma-Aldrich (Merck) and distillation procedure was required before 
use. 

3.2. Modification of ion exchange membranes 

Modified IEMs were done following the same procedure as described 
in our previous work [19]. The strategy consists of soaking the IEM in an 
acidic Py solution (0.1 M solution) and subsequently soaked to an 
oxidizing solution (FeCl3 0.5 M solution, in this case) to carry out the 
polymerization during a certain time (6 and 18 min, respectively). After 
modification, the membranes were stored in DI water. 

3.3. Water uptake and membrane density 

Membranes were previously exchanged with the desired counter-ion; 
Na+ and Cl− ions, in this work. For water uptake and density, mem-
branes were dried under vacuum using an oven at 60 ◦C at 100 mbar for 
24 h (Memmert Vacuum drying oven VO). Afterwards, immersion in DI 
water for 24 h was addressed and water on the membrane surface was 
removed before measurements. The water uptake was obtained by using 
Eq. (10), where wd and ww correspond to the weight of membranes 
before and after soaking, respectively. 

Fig. 3. Simulation of the variation of ln FS-950 membrane conductivity (ln κ*) 
vs. ln solution conductivity (lnκ) based on Eq. (8) at a given values of α. f1 and κ 
are 0.70 and 1.68 mS cm− 1, respectively. 

Table 1 
Membrane characteristics of the evaluated commercial ion exchange membranes (both anionic and cationic).  

Sample FS-950 FS-930 FAA-3-50 FAA-3-PE-30 

Type CEM CEM AEM AEM 
Thickness (µm) 61.3 ± 1.4 32.0 ± 2.5 46.3 ± 3.8 24.0 ± 0.3 
Structure property Per-fluorinated Per-fluorinated Non-fluorinated Non-fluorinated 
Charge group Sulfonic type Sulfonic type Ammonium type Ammonium type 
Reinforcement – – – PE  
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Water uptake=
ww − wd

wd
⋅100 (10) 

The overall membrane density (ρm) was estimated from the dried and 
wet weight and the volume of the corresponding membrane samples. 
The membrane volume was obtained by measuring the thickness and 
area of the membrane by a micrometre and a vernier calliper. 

3.4. Solution and membrane conductivity 

Solution conductivities were determined using sensION EC7 (HACH) 
conductivity meter at room temperature and magnetic stirring. The in-
strument was previously calibrated, and the ion conductivity of the DI 
water used for the electrolyte solutions was in the range 0.76–1.02 μS 
cm− 1. 

The membrane conductivity measurements were conducted in a 
single flow cell (40 mL min− 1 of flow rate) with different concentrations 
of NaCl solutions in the range of 10− 3 – 10− 1 M. IEMs were previously 
equilibrated in NaCl solutions of given concentration and resistance 
values were determined using Electrochemical Impedance Spectroscopy 
at room temperature and open circuit potential. The membranes were 
placed between two hydrophilized carbon felts (SGL 4.6 EA) of 4 cm2 of 
geometric surface area. Membrane impedance diagrams were plotted in 
a range of 106–1 Hz with an amplitude perturbation wave of 10 mV 
using an AUTOLAB equipment (PGSTAT 302 N) linked to a Frequency 
Response Analyzer (FRA) and monitored with NOVA software. Con-
ductivity (σ) was calculated according to Eq. (11). 

σ =
l

RA
(11)  

where A (cm2) and l (cm) are the active area and the thickness of the 
membrane, respectively. R is the membrane resistance obtained from 
the real part axis of the Nyquist plot. 

3.5. Membrane exchange capacity (Cex) 

Membranes were previously exchanged with the desired counter- 
ions. In case of CEMs, membranes were firstly immersed in HCl 0.01 
M solution during 24 h and secondly, rinsed with DI water to remove any 
excess before soaking in NaCl 1 M solution during 24 h to release the 
protons to the solution. In case of AEMs, the procedure was the same but 
using NaNO3 1 M solution instead of HCl 0.01 M solution; in this case, 
NO3

− were released to the NaCl 1 M solution. Finally, a linear regression 
was built with different standard solutions (basic-phenolphthalein and 
nitrate ion solutions for CEMs and AEMs, respectively) were used to 
determine the number of displaced ions by using a UV–Vis spectro-
photometer. Further details of the procedure can be found in our pre-
viously work [19]. IEC was calculated using Eq. (12): 

Cex =
nreleased

wd
(12)  

where nreleased and wd correspond to the amount (mmol) of ions released 
in the final step of the procedure and the membrane weight in dried state 
(g), respectively. 

4. Results and discussion 

The use of modifications on IEMs is rather important to get new 
membrane materials of better benefits. Such modifications can inten-
tionally be performed depending on the membrane property to be 
improved, e.g., the permselectivity of a membrane for separation tech-
nologies preventing the cross-mixing of the redox active compound for 
energy storage devices, the mechanical properties, etc [21–26]. 
Regardless the property of interest, there is something in common in the 
different modification strategies to be applied which is the microstruc-
ture and the way of ions cross the membranes. From the microscopic 

point of view, membranes may differ structurally and chemically when 
performing modifications and that affects the processes that are taking 
place at the inner. Therefore, the importance of inquire about the 
membrane microstructure is fundamental to foresee the benefits of this 
materials in pursuits of a potential application [27,28]. 

In this work, we addressed an in situ chemical polymerization of Py to 
some IEMs to reduce the permeation of redox active materials for RFBs 
in aqueous solution. Py polymerization was induced by using FeCl3 as 
oxidizing agent and polymeric chains were grown up inside the micro-
pores as well as slightly covering the membrane surface enhancing the 
mechanical properties and without compromising the battery opera-
tional mode due to some electrical contributions of the PPy attached to 
the membrane. This approach shows different structural and chemical 
behaviours depending on the nature of the IEM (cationic or anionic) and 
therefore, a different ion motion at the inner of IEM and the subject of 
thorough analysis provided in this paper. 

4.1. Membrane properties 

In this work, we have addressed the modification to different types of 
commercially available ion exchange membranes (two cationic and two 
anionic) as cost-effective materials alternative to Nafion® membrane 
which are collected in Table 1. IEMs were selected based on chemical 
structure and thickness characteristics to foresee the performance of the 
modification in membranes as well as the PPy role attached to CEMs and 
AEMs. Two thick (FS-950 and FAA-3-50 with 61.3 and 46.3 m, respec-
tively) and two thin (FS-930 and FAA-3-PE-30 with 32 and 24 m, 
respectively) membranes were selected for this study. Based on previ-
ously reported on literature [19], the selected CEMs and AEMs were not 
chemically the same between them. CEMs revealed similar composition 
to N117 membrane (per-fluorinated membrane) due to the character-
istic peaks from IR spectra near 1203–1147, 1078, 624 and 510 cm− 1 

assigned to CF2, –SO3H, C–H and C–F groups [29]. By contrast, AEMs 
showed hydrocarbon chemical composition (non-fluorinated) with main 
characteristic peaks from IR spectra around 1460, 1303 and 2900 cm− 1 

attributed to –CH2, –CH3 and C–H st. Additionally, polyethylene (PE) 
was present in the case of FAA-3-PE-30 membrane although it was 
omitted during the microstructure analysis for an easy comprehension of 
the phenomenon and the model studied. Furthermore, among chemical 
structure properties, CEMs and AEMs revealed to be mainly sulfonic and 
ammonium type membranes, respectively. 

Membrane properties were evaluated in terms of water uptake and 
membrane exchange capacity before and after the modification. The 
values obtained are shown in Fig. 4. All tested pristine membranes 
showed values of water uptake and exchange capacity in good agree-
ment for battery purposes (with <30% and 0.3–2.2 mmol g− 1 of range, 
respectively) [30–33]. However, after modification the behaviour of 

Fig. 4. Water uptake (filled columns) and Membrane Exchange Capacity 
(dashed columns) before and after PPy modification. 
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IEMs completely changed and depending on the nature of the IEM, the 
membrane characteristics became distinctive. Water uptake was slightly 
decreased in CEMs whereas greatly increased in AEMs. In addition, the 
membrane exchange capacity was drastically reduced in CEMs whereas 
potentially increased in AEMs. It is known that PPy is a hydrophobic 
polymer, and it would mean that the water content in membranes 
should dramatically decrease in all tested membranes. Nevertheless, the 
values obtained revealed the slightly hydrophilic contribution of PPy 
due to doping during the modification procedure leading to oxidised PPy 
structures with positive charges along the polymeric chains. Thus, PPy 
molecules acts as ionomer at the inner of membranes leading to different 
chemical structures containing positively charge groups known as 
polaron and bipolaron fragments [34]. These fragments may be deter-
mined spectroscopically [35], as we did in our last work [19]. Thus, 
these PPy positive structures may interact with the exchangeable sites of 
the pristine membranes leading to more hydrophilic character and then, 
greater water content in case of AEMs. By contrast, in case of CEMs these 
PPy positively charged may interact electrostatically with the 
exchangeable sites of pristine CEMs leading to a smaller number of 
exchangeable sites (by blocking effect) and then, lower water content. 
Additionally, membrane exchange capacity further reinforces the idea of 
having positively charged PPy structures since AEMs showed greater 
values whereas CEMs lower values after membrane modification. 
Otherwise, these effects would not be expected. We would have 
observed lower membrane exchange capacity values in both types of 
IEMs. Thereby, the higher the amount of these hydrophilic regions, the 
greater the effect of water content and exchange capacity in IEMs. 

4.2. Micro-heterogeneous model: Transport Structural Parameters (TSP) 

4.2.1. Two-phase model 
According to the so-called two-phase model developed by Zabolotsky 

et al. [10], we can understand an IEM as a function of phases that confers 
structural characteristics and physical chemical properties to mem-
branes. The gel phase which contains the exchangeable sites and the 
interstitial phase in which the inner electrolyte solution has the same 
properties as external solution (sodium chloride, in this case) and it is 
completely dissociated. Each phase is defined as a fraction of the total 
membrane volume and may be found experimentally when equilibrating 
the IEM in different electrolyte solutions in the range of concentrations 
0.1Ciso < c < 10Ciso, where the membrane conductivity function is 
described (see section 2. for the theory description): 

ln κ* = f1 lnκ + f2 ln κ (13)  

where κ* is the overall membrane conductivity (mS cm− 1); κ and κ are 
the conductivities of the gel (assumed to be constant) and interstitial 
phase (same as external solution in mS cm− 1), respectively; Ciso is the 
isoconductance concentration (mM) when κ* = κ = κ; f1 and f2 are the 
volume fractions of gel an interstitial phase, respectively. 

This model approach was carried out to both types of IEMs before 
and after PPy modification and some characteristics are collected in 
Fig. 5 and Table 2. The corresponding concentrations in the intersection 
point between membrane conductivity curves and the external electro-
lyte solution curve is known as the isoconductance point as described in 
Eq. (13) for 0.1Ciso < c < 10Ciso range. In addition, the obtained results 
in Fig. 5(b1 – b2) properly confirms the theoretical approach in our 

Fig. 5. Concentration dependence of the solution conductivity in (a1) CEMs and (a2) AEMs at a given electrolyte concentration and the logarithm of membranes 
conductivity vs. the logarithm of solution electrolyte (b1) in CEMs and (b2) in AEMs based on the theoretical predictions of Eq. (9) in which the model is well 
described. Note: conductivity measurements were carried out in a flow cell to ensure the water absorption was the maximum and hence keep the resistance values 
stabilized when using impedance measurements. 
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membrane samples. 
The modification strategy involves polymer grow when using an 

excess of FeCl3 as an oxidizing agent and a concomitantly sequence of re- 
oxidation over the PPy chains leading to a partially positively charged 
organic polymer network (doped polymer). It has been demonstrated 
that this PPy attached to the commercial IEMs has a significantly impact 
on their chemical properties due to the kind of polymeric chains inside 
the membranes and its degree of oxidation, which is able to reach from 
37 to 72% values of yield depending on the starting commercial mem-
brane and its structural and chemical characteristics [19]. Two different 
kinds of behaviours were observed between CEMs and AEMs after 
membrane modification. In case of CEMs, membrane conductivities 
slightly decreased after modification. However, the opposite trend was 
observed in case of AEMs, being the FAA-3-50 remarkably enhanced in 
terms of conductivity after modification. This fact is concomitant with 
the results discussed in section 4.1 by the formation of in situ partially 
oxidised PPy chains with positive charges that may interact electro-
statically with the exchangeable sites of the IEMs; attraction interactions 
in case of CEMs whereas some repulsion interactions in case of AEMs. In 
fact, some PPy residual solid can be observed during the modification 
procedure in case of AEMs, whereas in case of CEMs is not observed (see 
Fig. S1 in the SI) indicating a much more PPy content in CEMs compared 
to AEMs. 

Based on the collected results in Table 2 from Fig. 5, pristine CEMs 
showed larger isoconcentration points (Ciso) rather than pristine AEMs 
as well as their thinnest version for each type of membrane (in CEMs: 
12.9 mM and 7.79 mM for FS-950 and FS-930, respectively; in AEMs: 
6.56 mM and 0.48 mM for FAA-3-50 and FAA-3-PE-30, respectively). At 
the isoconcentration point the specific conductivities of the different 
phases remain equal (κiso) and this intrinsic property is related to the 
number of exchangeable sites per volume of gel phase that possess each 
membrane. Concomitantly, the same trend was observed in which 
pristine CEMs showed larger κiso values rather than pristine AEMs as well 
as their thinnest version for each type of membrane (in CEMs: 1.42 mS 
cm− 1 and 0.80 mS cm− 1 for FS-950 and FS-930, respectively; in AEMs: 
0.48 mS cm− 1 and 0.11 mS cm− 1 for FAA-3-50 and FAA-3-PE-30, 
respectively). After membrane modification, all intersections from the 
curves in Fig. 5 were shifted; in case of CEMs Ciso and κiso were decreased 
whereas in case of AEMs were increased. In CEMs the Ciso points 
decreased down to 11.1 and 2.4 mM, for FS-950 and FS-930, respec-
tively, whereas in AEMs increased up to 12.6 and 2.12 mM, for FAA-3-50 
and FAA-3-PE-30, respectively. Consequently, in CEMs decreased 1.15 
and 2.58 times their corresponding κiso point, respectively, whereas in 
AEMs increased 2.90 and 2.55, respectively. In general trends, the 
thinnest version of membranes (FS-930-PPy and FAA-3-PE-30-PPy) 
showed a major influence on such physicochemical property after 
membrane modification. This may be due to a possible ease in the ab-
sorption of the Py monomers during the modification process in case of 
thinnest membranes in comparison with the thickest ones. Anyway, the 
different kinds of behaviours observed agree with the statement of 
electrostatic interactions with the in-situ formation of positive charges in 
the PPy structures and the exchangeable sites of membranes. In addi-
tion, this idea is reinforced according to the Cex analysis of membranes 

before and after chemical modification as depicted in Fig. 4. 
In Fig. 5, it is showed the theoretical approach of Eq. (13) of given 

membranes both pristine and modified. The slope of the lines gives the 
average volume fraction corresponding to the interstitial phase, f2, and 
therefore, the rest of TSP can be obtained for a given membrane. The 
discrepancies found before and after membrane modification will give a 
deeper understanding of the know-how of ion motion processes in this 
kind of systems. 

In a general view, all tested pristine membranes (see Fig. 5(b1 – b2)) 
showed elevated volume fractions of interstitial phase to be considered 
in a RFB system since the crossover of redox active materials would be 
favoured; being the AEMs with the highest values with 0.39–0.54 in 
comparison with CEMs with 0.27–0.30. Lower f2 values are strongly 
recommended for this kind of devices to ensure the viability of using 
more cost-effective materials than Nafion® membrane. Conductivity of 
gel phase (κ) was calculated from the intercept of the lines depicted in 
Fig. 5(a1 – a2) and the values obtained are well confirmed with the 
approximated values of κiso recorded in Table 2. As expected, thinnest 
membranes were those in which the κ is the lowest, being the AEMs the 
worst; especially for FAA-3-PE-30. Hence, the addressed modification 
strategy was to disable this type of undesired transport phenomena and 
decrease f2. 

Considering modified AEMs in Table 3, f2 was successfully decreased 
in all tested membranes as well as f1 was increased. The inclusion of PPy 
at the inner of membranes pursuits reducing the interstitial phase to 
prevent the crossover phenomena for a RFB prototype, being the 
thickest membrane the most reduced one (FAA-3-50 and FAA-3-PE-30 
decreased 2.8 and 1.8 times their interstitial phase, respectively). PPy 
is doped during the modification procedure giving rise to positively 
charged structures throughout the membrane and therefore, the gel 
phase from the pristine membrane couples with the one generated from 
the PPy vesting the composite material an enriched conducting gel 
phase. In this case, both membranes equally increased up to 0.7 times 
their f1. However, the conductivity of gel phase (κ) was not equally 
enhanced (FAA-3-50 and FAA-3-PE-30 increased 2.5 and 3.9 times their 
κ values, respectively). Such differences are directly related to the 
number of exchangeable sites of membranes (membrane exchange ca-
pacity) which was higher in case of FAA-3-PE-30 (see Fig. 4). From this 
data we can estimate the PPy content in the conducting phase and the 
responsible for the increase in conductivity being the FAA-3-PE-30-PPy 
the highest one (FAA-3-50-PPy and FAA-3-PE-30-PPy showed a content 
of 9 and 23% of PPy within the overall gel phase as collected in Table S1 
in the SI). This fact is also in relation with the degree of oxidation of the 
PPy attached to the membranes which is strongly different between 
them (FAA-3-50-PPy and FAA-3-PE-30-PPy with 37 and 72%, respec-
tively). The higher the amount of positive charged PPy structures, the 
greater the conductivity, in case of AEMs. This fact is concomitant with 
the conductivity and membrane exchange capacity values shown in 
Figs. 4 and 5 and would be an interesting advantage as a competitive 
material in RFBs since cell overpotential could be mitigated. 

Considering modified CEMs in Table 4, f2 was not apparently 
possible to decrease in all tested membranes. In fact, the obtained f2 
values followed the opposite trend as in AEMs (FS-950 and FS-930 

Table 2 
Determination of intersection point of IEMs before and after chemical 
modification.  

Samples Type Thickness (µm) Ciso (mM) κiso (mS cm− 1) 

FS-950 
CEM 

61.3 ± 1.4 12.86 1.42 
FS-950-PPy 61.0 ± 0.3 11.07 1.23 
FS-930 CEM 32.0 ± 2.5 7.00 0.80 
FS-930-PPy 32.7 ± 1.4 2.36 0.31 
FAA-3-50 

AEM 
46.3 ± 3.8 5.32 0.48 

FAA-3-50-PPy 47.0 ± 2.5 12.56 1.39 
FAA-3-PE-30 

AEM 
24.0 ± 0.3 0.48 0.11 

FAA-3-PE-30-PPy 24.7 ± 1.4 2.12 0.28  

Table 3 
Determination of membrane microstructural configuration for pristine and 
modified AEMs.  

AEM Samples f2 f1 κ (mS cm− 1) 

FAA-3-50 0.39 0.61 0.55 ± 0.06 
FAA-3-50-PPy 0.14 0.86 1.39 ± 0.06 
FAA-3-PE-30 0.54 0.46 0.069 ± 0.002 
FAA-3-PE-30-PPy 0.30 0.70 0.27 ± 0.03 

Note: The errors of volume fraction can be found in Fig. 5(b2) from the slopes of 
the curves. 
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increased up to 1.1 and 1.7 times their interstitial phase, respectively) 
and consequently, the f1 values apparently decreased after membrane 
modification (FS-950 and FS-930 were 1.3 and 2.0 times less their initial 
gel phase, respectively). However, according to our permeability tests of 
some organic materials, the crossover was successfully reduced after 
membrane modification [19]. Thus, the interstices of modified IEMs (f2) 
should have changed hindering the diffusion of active materials. 
Therefore, this is apparently contradictory with the main objective of 
membrane modification. Additionally, κ trend values went the other 
way around compared to AEMs, the conductivity of gel phase of CEMs 
was decreased after membrane modification (FS-950 and FS-930 
decreased down to 1.3 and 2 times their κ values). This fact may be 
explained by the formation of ionic pairs between the oxidised PPy 
structures and the exchangeable sites of CEMs blocking some active 
exchangeable sites of the CEMs. 

In contrast to AEMs, the incorporation of PPy in CEMs does not 
contribute to the generation of an enriched monopolar gel phase that 
contributes to overall membrane conductivity nor to ion exchange. 
Therefore, the interpretation of the model in the case of CEMs should be 
reconsidered based on the experimental evidence and the discrepancies 
observed in the gel and interstitial phase values. 

Since the incorporation of a new phase is not considered in Eq. (13), 
here we propose an approach that gives a plausible explanation of the 
discrepancies found in Table 4 and the role of PPy in modified CEMs. 
Then, both the average gel and interstitial phase of a modified CEM 

would be disclosed into two volume fractions more as shown in Eq. (14), 
one coming from the pristine membrane (f ′

1 and f ′

2) and the other one 
corresponding to the PPy phase (fPPy,1 and fPPy,2) and may be obtained 
experimentally. 

f1 = f ’
1 + fPPy,1 = 1; f2 = f ’

2 + fPPy,2 = 1 (14) 

On one hand, f ′

1 and fPPy,1 corresponds to the volume fraction of pure 
gel and PPy content within the gel phase of the membrane, respectively, 
and may represent the charged PPy structures that couples with the 
exchangeable sites of CEMs. On the other hand, f ′

2 and fPPy,2 corresponds 
to the volume fraction of unfilled interstitial region (primitive mem-
brane pores or cavities) and PPy filled region within the interstitial 
phase of the membrane, respectively, and may represent the uncharged 
(or neutral) incorporated PPy segments. 

The gel phase contributions can be found by considering the mem-
brane exchange capacity before and after the modification (see Eq. (15)) 
whereas the contributions of the interstitial phase can be found through 
the differences in total nitrogen gas absorbed in pristine and composite 
membrane through Brunauer–Emmett–Teller (BET) analysis (see 
Table S3 in the SI). 

C˝
ex =

Cexρm,w

1 + WU
(15)  

where C˝
ex correspond to the exchange capacity in the gel phase (mmol 

cm− 3); Cex is the overall membrane exchange capacity (mmol g− 1) and is 
calculated as described in section 3.5; ρm,w correspond to the membrane 
density in hydrated state (g cm− 3). And finally, WU correspond to the 
amount of water that membrane can absorb. 

By this applicability, the following approach can be understood as 
given in Eq. (16). Thereby, the total volume fraction of PPy (f3) in 
modified membranes will be the sum of fPPy,1 and fPPy,2 contributions. 

ln κ* =
(
f ’
1 + fPPy,1

)
lnκ +

(
f ’
2 + fPPy,2

)
ln κ ;

fPPy,1 + fPPy,2 = fPPy,Total ≡ f3
(16) 

Table 4 
Determination of membrane microstructure for pristine and modified CEMs.  

CEM Samples f2 f1 κ (mS cm− 1) 

FS-950 0.30 0.70 1.68 ± 0.10 
FS-950-PPy 0.34 0.66 1.32 ± 0.01 
FS-930 0.27 0.73 0.74 ± 0.11 
FS-930-PPy 0.46 0.54 0.37 ± 0.04 

Note: The errors of volume fraction can be found in Fig. 5(b1) from the slopes of 
the curves. 

Fig. 6. Volumetric fraction evolution of the different phases that confers CEMs before and after PPy modification. (a1 – b1) FS-950 and FS-930, respectively. (a2 – 
b2) FS-950-PPy and FS-930-PPy, respectively. Each volumetric fraction approach was built up through the two-phase model and from the experimental data obtained 
from the membrane exchange capacity and from the isotherm characteristics. 

I. Salmeron-Sanchez et al.                                                                                                                                                                                                                    



Journal of Membrane Science 659 (2022) 120771

9

The results obtained by this approach are presented in Fig. 6 (see 
Tables S1 and S2 in SI for detail information). In general trends, both 
membranes showed lower pure gel phase content after membrane 
modification due to the coulombic interaction between exchangeable 
sites of the membranes and PPy ionomer (FS-950 and FS-930 decreased 
1.5 and 1.6 times their f ′

1, respectively). This effect disables the ability to 
exchange ions in some of the regions which leads to a more heteroge-
neous composite material containing bipolar hydrophilic and uncharged 
hydrophobic regions. 

In addition, the thickness it is a remarkable parameter during the 
modification process since determines the PPy content on membranes. 
FS-950-PPy showed greater values of PPy content, as indicated by f3 in 
Fig. 6 (FS-950-PPy and FS-930 with 0.48 and 0.17% of PPy/gel phase). 
Therefore, the thicker the membrane, the higher the content of PPy will 
be. Concerning about the interstitial phase (f ′

2), Py polymerization grows 
preferentially up in these hydrophilic cluster regions (pores) where it 
can be more easily allocated (see Fig. 7). However, the amount of PPy 
that thinner membranes can withhold is much lower than thicker ones. 
Therefore, the pores and cavities of modified thin membranes is less 
concerned rather than membrane surface according to the obtained Cex 
and isotherm data (see Table S3 in the SI). In fact, the amount of PPy in 
the pores of thin membranes showed a negligible impact on BET analysis 
and that is the reason why f ′

2 values are not so consistent in the case of 
FS-930 vs. FS-930-PPy (0.01371 and 0.01103 mmol g− 1, respectively, 
which means 0.0486 and 0.0401 cm3 of N2 absorbed, respectively). 
Regardless, both CEMs (FS-950 and FS-930) are chemically the same 
differing in thickness (see section 4.1) and the approximation carried out 
is also valid to justify the behaviour and provide a plausible description 
of the PPy at the inner of thinner membrane. 

4.2.2. Membrane microstructural characteristics 
The structural parameter (α) recorded in Table 5 provides informa-

tion regarding the structural organization of the different phases of an 
IEM from the microscopic point of view when a flux of ions across 
through the membrane [36]. If α→1 the arrangement of gel and inter-
stitial phase is in parallel disposition whereas if α→ − 1 corresponds to a 
serial disposition in relation to the macro-flux of ions (see section 2 for 
detail information). When α→0 indicates a randomly transport of ions 
through the membranes, a mix of parallel and in-line arrangement of gel 
and interstitial phases. Typically values for this parameter are usually 
found in 0.1–0.4 range in most of IEMs [11,37–41]. In this work, the 
structural parameter (α) was determined by fitting experimental data 

shown in Fig. 4 in Eq. (8) by fixing f2 and κ values for each corresponding 
membrane and then, after a mathematical treatment α was obtained as 
y-intercept by plotting lnΔκ*

i vs. lnΔκi (see Fig. S2 in the SI). We obtained 
0.094–0.34 range for all tested membranes (see Table 5) which are 
comparable with those typically found in literature. Greater values of α 
were obtained in CEMs (FS-950 and FS-930 with 0.34 and 0.28, 
respectively) rather than in AEMs (FAA-3-50 and FAA-3-PE-30 with 0.17 
and 0.094, respectively), being the highest values for thickest mem-
branes (FS-950 and FAA-3-50). The discrepancies found between pris-
tine membranes with the same chemical nature are probably due to the 
mechanical processing of the membrane preparation since α parameter 
is related to the industrial manufacturing procedure [42]. In the modi-
fication strategy performed, Py polymerization mainly grows up in the 
interstitial regions of the IEMs reducing the pore size and therefore 
modifying the inner structure of IEMs. The recorded α values obtained 
for modified IEMs significantly confirm such structural characteristics. 
In general trends, it was observed in case of CEMs α was decreased 
(FS-950-PPy and FS-930-PPy down to 0.25 and 0.15, respectively), 
whereas in case of AEMs α was increased (FAA-3-50-PPy and 
FAA-3-PE-30-PPy up to 0.31 and 0.18, respectively). This fact is 
concomitant with the entire analysis performed in these materials and 
within the statement of PPy with positives charges that block the ion 
exchangeable sites in CEMs favouring a chaotic transport of ions through 
the membrane (see Fig. 8(a)) and consequently furthering a mismatch in 
the electrical balance of a RFB to long-term experiments. By contrast, an 
enriched gel phase in modified AEMs due to the oxidised PPy is shown 
which favours the flux of ions through the membranes (see Fig. 8(b)) and 
consequently would gain in ion exchange stability during the opera-
tional mode of RFBs. In fact, this circumstance is in relation to our 
previous study [19] of the effect of membrane heterogeneity on limiting 
current densities by polarizing the membranes before and after the 
modification in which a loss of diffusion boundary layer was observed in 
CEMs whereas the opposite trend was found in AEMs; a gained in 
diffusion boundary layer was observed in the latest case. 

Therefore, the analysis reported in this work further highlighted the 
different physicochemical behaviour between CEMs and AEMs when 
performing the PPy modification. And these results demonstrate at 
microstructure level the relevance impact of incorporating PPy mole-
cules into commercial IEMs providing a detail explanation of ion 
transport in terms of membrane conductivity and microstructural 
characteristics. 

4.2.3. Refinement of the gel phase 
The volumetric fractions approach pointed out the structural char-

acteristics and chemical behaviour of modified membranes. However, 
another interesting parameter have been considered for the transport 
processes occurring in the membrane phase, such as the diffusion of the 
counter-ions and the hydrophilic characteristics in the gel phase [43]. 
The diffusion of counter-ion (Di) in the gel phase will be key for the 
description of ion motion at sub-microscale level. The diffusion co-
efficients were calculated using Eq. (17) and are listed in Table 6, 

Di =
RT
F2

κiso

C˝
ex

f ′

1 (17)  

where R (J K− 1 mol− 1), T (K) and F (C mol− 1) are the constants of gases, 
temperature, and Faraday constant, respectively. κiso corresponds to the 

Fig. 7. Schematic representation of PPy mainly hosted in the pores of a cation 
exchange membrane favoured due to hydrophilic domains. Red and green dots 
represent the negative charge of the CEM and the positive charges of PPy 
structures attached to the membrane, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Table 5 
Determination of membrane microstructure for pristine and modified IEMs.  

CEM Samples α AEM Samples α 

FS-950 0.34 ± 0.04 FAA-3-50 0.17 ± 0.04 
FS-950-PPy 0.25 ± 0.01 FAA-3-50-PPy 0.31 ± 0.06 
FS-930 0.28 ± 0.09 FAA-3-PE-30 0.094 ± 0.004 
FS-930-PPy 0.15 ± 0.02 FAA-3-PE-30-PPy 0.18 ± 0.04  
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conductivity at the isoconductance. C˝
ex (mmol cm− 3) and f ′

1 corresponds 
to the ion exchange capacity and volume fraction of the pure gel phase. 

In general trends, thick membranes (both CEM and AEM) showed 
greater values than those obtained in thin membranes (0.47–1.4 × 10− 7 

cm2 s− 1 and 0.07–0.69 × 10− 7 cm2 s− 1 for thick and thin membranes, 
respectively) which agrees with the values obtained of κ (see Tables 3 
and 4). The higher is the conducting region in the gel phase, the better is 
the transfer of ions. When addressing the modification to IEMs, the 
diffusion of ions through the pure gel phase of the composite membrane 
revealed interesting behaviours in both type of membranes. In case of 
CEMs, the diffusion of sodium ions was nearly the same despite of PPy 
incorporation disabling some exchangeable areas of the pristine CEMs, 
whereas in case of AEMs, the diffusion of chloride ions was potentially 
increased due to the oxidised forms of PPy structures that contributes to 
the overall conductance of AEMs (both modified AEMs increased near 
3.5 times their chloride diffusion rate). 

Considering the total volume fraction of gel phase (f1) and if 
assuming the volume of micro-/meso-pores are filled with water mole-
cules of ρw = 0.997 g cm− 3, the content of water accommodated in the 
gel phase of membranes [44] could be approximately estimated from 
water uptake and hydrated membrane density values as given in Eq. 
(18). 

W˝ =

(

WU −
ρw

ρm,w

)/(

1 −
ρw

ρm,w
f2

)

(18) 

Water content in the gel phase (W˝) of thick membranes are listed in 
Table 7. Note that W˝ of thin membranes was not able to find due to 
large uncertainty. Gel phase content of thin membranes is negligible 
when compared to thick membranes. Nevertheless, since thin mem-
branes are chemically as their thick version the interpretation of the 
results would be the same. 

In case of CEMs, the overall water content found has no significant 
impact when performing the modification whereas in case of AEMs 
followed the opposite trend. FAA-3-50-PPy membrane reached 10 times 

its water content after PPy modification. This fact suggests that AEM 
membranes accomplished a more well-defined hydrophilic channels at 
the inner where the ions can go through for better exchange processes, 
and this is concomitant with the structural parameter obtained (among 
others such as water uptake and diffusion coefficients) due to the overall 
rearrangement of positive charges of the membranes in the gel phase 
after modification. Once more, the hydrophilic effect of modified CEMs 
due to charged PPy structures content is evidenced by the water content 
in the gel phase although showed a negligible effect. This fact suggests 
that modified CEMs became into a pseudo-bipolar membrane. Other-
wise, the water content in gel phase would decrease after modification 
and even more due to the hindering effect of ionic pair formation be-
tween charged PPy and the exchangeable sites of pristine CEMs. Prob-
ably, such bipolar contribution into the gel phase in modified CEMs 
makes the sodium diffusion favoured by negative-positive hydrophilic 
channels that push ions through the membrane since the water content in 
FS-950 and FS-950-PPy is nearly the same. 

Thus, this analysis let us confirm the different ion motion occurred in 
the different membranes in terms of diffusional coefficients and hydro-
philic characteristics which are essential components to foresee the 
performance of exchangeable processes. These results demonstrate that 
the modification proposed in this work is susceptible to the type of ion 
exchange membrane and the membrane thickness and consequently it 
has a strong impact on physicochemical properties as well transport 
phenomena at the inner of IEMs. 

5. Conclusions 

We have explored the ion motion through different type of IEMs, two 
cationic (CEMs) and two anionic (AEMs) before and after pyrrole 
polymerization. It is also evaluated whether the thickness of the mem-
brane has any effect on the processes. From the microscopical point of 
view, an exhaustive and depth explanation of the role of PPy hosted at 
the inner of selected membranes by using a novel modification of the so- 
called two-phase model for IEMs is given. The existence of the PPy 
incorporated phase was analysed. For AEMs, the PPy phase enhanced 
the membrane conductivity and the exchange capacity while reducing 
the interstices regions where the crossover can be easily addressed. By 
contrast, in case of CEMs the PPy phase hindered some of the possible 
exchangeable regions leading to a more depleted membrane exchange 
capacity although the interstices regions were successfully reduced. 

In the modification process, the PPy is partially doped, forming 
positive charges along the polymeric chains, acting as an ionomer within 
the membrane microstructure. This fact suppresses the expected benefits 
of CEMs although can boost the performance of AEMs for their potential 
application in RFBs. 

The set of tests for determination of thermodynamic and structurally 
kinetic membrane parameters (f1 f2, κ, α and Di) was helpful to elucidate 
the membrane microstructure. Through the proposed novel modifica-
tion of the two-phase model, a detail description of how PPy is attached 
to the different types of IEMs is given. The PPy disposition was 
throughout in all tested membranes reducing the macropore volumes of 
pristine membranes with a special emphasis in thickest membranes. 

Fig. 8. Schematic representation of the flux of ions through the inner of an IEM when (a) the gel and the interstitial phases are randomly interconnected and when 
(b) the gel and the interstitial phases are accordingly arranged based on the found structural parameter approach. 

Table 6 
Determination of diffusion coefficient of the counter-ion (sodium and chloride 
ions for CEMs and AEMs, respectively) in the pure gel phase (f ′

1).  

CEM Samples DNa+ (cm2 s− 1)  
x 10− 7 

AEM Samples DCl− (cm2 s− 1)  
x 10− 7 

FS-950 1.4 ± 0.1 FAA-3-50 0.47 ± 0.03 
FS-950-PPy 1.4 ± 0.1 FAA-3-50-PPy 1.5 ± 0.1 
FS-930 0.69 ± 0.04 FAA-3-PE-30 0.07 ± 0.01 
FS-930-PPy 0.94 ± 0.07 FAA-3-PE-30-PPy 0.25 ± 0.02  

Table 7 
Determination of water content of the gel phase of thick membranes (both 
cationic and anionic).  

CEM Samples W˝ (H2O(g) gel− 1
(g)) AEM Samples W˝ (H2O(g) gel− 1

(g)) 

FS-950 0.08 FAA-3-50 0.05 
FS-950-PPy 0.07 FAA-3-50-PPy 0.51  
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Nevertheless, a significant structural arrangement was observed in case 
of AEMs suggesting a more well-defined hydrophilic ionic pathways 
where the ions can go through for better exchange processes compared 
to CEMs. Finally, the suggested microstructural description is an 
outstanding approach to pursuit better understanding of these materials 
and set the basis for new membrane modification developments. 
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