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Reinforced saloplastic anion exchange
membranes: balancing ionic transport and
mechanical stability
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Developing anion exchange membranes (AEMs) that combine affordability, high conductivity, chemical

stability and durability is critical to the practical implementation of many electrochemical processes.

Saloplastic AEMs based on polyelectrolyte complexes of poly(styrenesulfonate) (PSS) and poly(diallyldi-

methylammonium chloride) (PDADMAC) meet several of these criteria, offering low-cost fabrication,

good alkaline stability, and the additional advantage of sustainable processing. A major remaining chal-

lenge in the development of saloplastic AEMs is achieving sufficient mechanical stability. In the present

study, this limitation was addressed by reinforcing saloplastic AEMs with woven mesh supports for the first

time. To mitigate conductivity losses from non-conductive reinforcements, membrane thickness was

reduced using a spacer-free hot-pressing approach, in which the apparent viscosity of the polyelectrolyte

complex was tuned by salt concentration. This strategy allowed the fabrication of thin, mechanically

stable and defect-free membranes, thereby minimising membrane area resistance. Reinforcements span-

ning a range of thicknesses and open areas were systematically investigated to decouple their effects on

mechanical and transport properties. While thinner reinforcements minimised area resistance, a lower

reinforcement open area strongly enhanced tensile strength with only a minor impact on ionic conduc-

tivity. Guided by these findings, a thin reinforcement with a 22% open area was selected to improve

mechanical stability, increasing the tensile strength from 1.1 ± 0.2 MPa for the non-reinforced membrane

to 62 ± 2 MPa. Furthermore, a substantial reduction in membrane thickness resulted in ∼30% lower area

resistance compared to the non-reinforced membrane. Overall, this work demonstrates that saloplastic

membrane properties can be tailored to specific applications by tuning reinforcement architecture and

membrane thickness to balance mechanical stability and ionic transport.

1. Introduction

Ion exchange membranes (IEMs) are essential components in
a wide range of electrochemical technologies, including fuel
cells, electrolysers, redox flow batteries and electrodialysis
stacks, by allowing selective transport of ions between
different compartments.1,2 Ideally, IEMs should be highly con-
ductive, selective, sustainable, chemically and mechanically
stable. However, these properties are strongly interdependent
and improvements in one often come at the expense of
others.2–4 Membrane development therefore requires careful
balancing of these trade-offs to meet the requirements of
specific applications.

Alkaline electrochemical technologies, particularly alkaline
fuel cells and alkaline water electrolyser systems, have attracted
renewed attention due to their potential to significantly reduce
costs through the use of non-precious metal catalysts.5–10

Operation under alkaline conditions is enabled by anion
exchange membranes (AEMs), which facilitate hydroxide ion
transport while separating reactive compartments. Despite
their promise, the development of high-performance AEMs
remains challenging. Compared to commercial cation
exchange membranes, AEMs typically exhibit lower ionic con-
ductivity (due to the difference in hydroxide vs. proton conduc-
tivity) and reduced chemical stability, especially under harsh
alkaline conditions.10,11 These limitations have restricted their
broader implementation and highlight the need for alternative
AEM materials that combine efficient ion transport with
sufficient chemical and mechanical stability.

Previous studies have shown that sustainable, chemically
stable AEMs can be fabricated from polyelectrolyte complexes
(PECs) formed by PSS and PDADMAC.12,13 Processing of these
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materials relies on their saloplastic behaviour, which requires
the presence of salt to disrupt ionic crosslinks between oppo-
sitely charged groups.14,15 In combination with water and elev-
ated temperature, salt plasticises the complex to enable hot-
pressing into dense, freestanding membranes without the use
of organic solvents.16 This plasticisation is reversible, allowing
the membranes to be recycled by salt doping and subsequent
hot-pressing, making this approach even more attractive from
a sustainability perspective.17,18 Additionally, PSS-PDADMAC
membranes show good chemical stability under both acidic
and alkaline conditions, as long-term exposure in 1 M NaOH
and 1 M H2SO4 showed no significant changes in their pro-
perties,12 making them good candidates for AEMs and relevant
to develop further.

Building on this foundation, our earlier work focussed on
enhancing the fixed charge density of these saloplastic mem-
branes by exploiting the tendency of the PSS-PDADMAC system
to overcompensate with PDADMAC.19 By systematically varying
the degree of overcompensation, a composition with 30 mol%
excess PDADMAC (based on monomer repeat units) was identi-
fied as the maximum level that provides the highest fixed
charge density while remaining compositionally stable. This
stability was evidenced by the absence of polyelectrolyte leach-
ing and unchanged performance over time. Optimisation of
the fixed charge density led to an 80% increase in ionic con-
ductivity, accompanied by a moderate improvement in perms-
electivity, compared to previously reported PSS-PDADMAC
membranes. However, this optimisation also led to increased
swelling and elasticity of the membranes, revealing a critical
trade-off between ionic transport and mechanical stability that
limits the practical applicability of freestanding PSS-PDADMAC
saloplastic AEMs.19

Mechanical reinforcement is a well-established strategy to
address mechanical limitations in IEMs.4,20,21 A range of
reinforcement architectures, such as woven fabrics,21–23 non-
woven mats,4,24,25 fibrous supports,26–28 and pore-filled
structures,29,30 have been investigated to improve mechanical
strength and dimensional stability. Among these, woven
reinforcements are particularly attractive because their struc-
ture is well defined and reproducible, which allows better
control over parameters such as wire diameter, fabric thick-
ness and open area. Many commercial AEMs incorporate
woven reinforcement layers, including Neosepta AHA and
PTFE-reinforced Sustainion X37-50, underscoring the practical
importance of reinforcement for membrane durability.20,31

However, reinforcement also introduces additional complexity
to membrane design. Because reinforcement fabrics are non-con-
ductive, they occupy volume and partially block ion-transport
pathways, thereby reducing ionic conductivity and increasing
area resistance.4,20,32 The extend of this effect depends strongly
on the structure of the reinforcement fabric and on how it inter-
acts with the polymer. Despite their widespread use in commer-
cial membranes, relatively few studies have systematically investi-
gated how individual reinforcement parameters affect membrane
performance, which is essential information enabling reinforce-
ment selection for specific applications.

In this study, we systematically investigate reinforced
PSS-PDADMAC saloplastic AEMs with the aim of understand-
ing and optimising key reinforcement-related trade-offs. A new
spacer-free hot-pressing approach was developed to allow
membrane thickness to be controlled through the combined
effects of reinforcement thickness and PEC apparent viscosity.
This enabled the fabrication of reinforced membranes over a
wide thickness range and allowed the effect of membrane
thickness on mechanical strength, swelling behaviour, perms-
electivity and area resistance to be examined. The influence of
reinforcement open area was then studied independently to
assess its role in mechanical stability and ionic conductivity.
Finally, insights from these studies were used to guide the
selection of reinforcement structures for the fabrication of
improved PSS-PDADMAC saloplastic AEMs.

2. Materials and methods
2.1 Materials

Poly(sodium 4-styrenesulfonate) (PSS, MW = 1000 kg mol−1),
poly(diallyldimethylammonium chloride) (PDADMAC, MW
400–500 kg mol−1), potassium bromide (KBr, ACS reagent
grade ≥99.0%) and potassium chloride (KCl, ACS reagent
grade, 99.0–100.5%) were purchased from Sigma Aldrich.
MilliQ water was supplied by a Millipore Synergy® Water
Purification System.

To enable systematic study of reinforcement parameters,
woven mesh fabrics were purchased from Franz Eckert GmbH
(Waldkirch, Germany). A broad material range was chosen to
allow for studying the effect of reinforcement thickness while
maintaining a constant open area, as well as to investigate
open area using reinforcements manufactured from the same
wire (constant wire thickness). Precision woven fabrics engin-
eered specifically for reinforcement applications and made
from more chemically stable materials were provided free of
charge by Sefar® IEM (Heiden, Switzerland). A summary of
reinforcement fabrics used in this study is given in Table 1.

2.2 Polyelectrolyte complexation

In a previous study, we optimised the fixed charge density of
PSS-PDADMAC saloplastic AEMs by controlling the degree of
overcharging with PDADMAC during the complexation step.19

The best performing PEC from that study, produced from
30 mol% excess PDADMAC (based on monomer repeat units),
was used in the present work.

To attempt to isolate the effect of reinforcements on mem-
brane properties, we prepared one large batch of PEC for all
membranes. Since complexation is difficult to control in large
quantities, this batch was produced by preparing eight separ-
ate PEC batches (10 g calculated dry mass each) under identi-
cal conditions and later combining them.

For each batch, stock solutions of PSS and PDADMAC were
prepared in 125 mM KBr. The PSS solution was prepared at a
concentration of 120 mM with a total volume of 200 mL, while
the PDADMAC solution was prepared at a concentration of
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156 mM with a total volume of 200 mL. These concentrations
correspond to a 30 mol% excess of PDADMAC relative to PSS
and a total polyelectrolyte concentration of 25 g L−1.12,19 The
solids content of both polyelectrolytes was verified gravimetri-
cally, as we found that it varies between batches and can affect
the accuracy of the intended stoichiometry.

The PSS and PDADMAC stock solutions were then com-
bined simultaneously in a third beaker under stirring, follow-
ing previous studies that demonstrated this procedure yields
reproducible complexation.16,18 The mixture was stirred for an
additional 15 minutes to form a solid PEC. All PEC batches
were subsequently washed with Milli-Q water, oven-dried,
ground to a powder and combined to form a single large batch
of dried PEC.

The composition of the combined PEC batch was deter-
mined by 1H-NMR, as described previously,19 yielding a
PDADMAC molar excess of ∼31 ± 1% (based on monomer
repeat units), which corresponds to a fixed charge density of
approximately 0.6 mol L−1 when accounting for PEC swelling.

2.3 Membrane preparation

Reinforced saloplastic membranes were prepared using a
slightly modified version presented previously for hot-pressing
IEMs to give better control over membrane thickness.19 Two
grams of PEC powder was soaked in the desired salt solution
(0.3, 0.5, or 0.7 M KBr) for a minimum of 24 hours. The
hydrated PEC was then removed from the solution, dabbed
with tissue to remove excess water, and weighed to determine
the moisture content.

Delrin plates (15 × 8 × 0.5 cm3) were used as the hot-press-
ing mould. For the control membranes (non-reinforced),
122 µm thick PTFE coated fibre glass spacers (Lubriglas-
CHAP-1540, Reichelt Chemietechnik GmbH + Co, Heidelberg,
Germany) were fixed to the bottom plate to control the thick-
ness of the membrane, as described in our previous work
(Fig. S1a in SI).12,19 For the reinforced membranes, no spacers
were used. Instead, the reinforcement fabric (cut slightly larger
than the Delrin plate) was placed on the bottom plate, and the
hydrated PEC was placed on top of the reinforcement as a
small lump positioned in the centre (Fig. S1b in SI). The
assembly was then covered with the top Delrin plate and
placed directly into the preheated (90 °C) hotpress (FV20R
Rollie Driptech Rosin Press, FVR, Canada). The plates were

positioned so that the top Delrin plate contacted the upper
heating plate, allowing the PEC to heat up without being com-
pressed. The hot press was held in this position for
20 minutes to allow the PEC to plasticise at 90 °C.

After plasticisation, the press was slowly closed until a
pressure of 150 bar was reached and held for an additional
15 minutes. Heating was then switched off and the PEC was
allowed to cool to room temperature under pressure. Once
cooled, the press was opened and the membrane was removed
from between the Delrin plates.

Five test membranes (2 × 2 cm2) were cut from each mem-
brane and soaked in 50 mL of 0.5 M KCl to equilibrate. Test
membranes were equilibrated for at least 7 days, and the equi-
libration solution was refreshed at least twice before testing, as
membranes pressed at 0.7 M KBr required longer equilibration
times to reach stable results.

2.4 SEM

Scanning electron microscopy (SEM) was used to study the
morphology of the reinforced saloplastic films using a
JSM-6010LA instrument (JEOL, Japan). Prior to SEM analysis,
the membranes were first air-dried and cut to the required size
using a sharp razor blade. The samples were then mounted on
SEM stubs and dried under vacuum at 30 °C overnight to
remove residual moisture. The dried samples were sub-
sequently coated with a 5 nm Pt/Pd layer using a Quorum
Q150T ES sputter coater (Quorum Technologies Ltd, UK). SEM
images were obtained from the top surface, bottom surface
and cross sections of the films to check whether the films were
dense, identify defects and examine the adhesion between the
reinforcement fabric and the PEC.

2.5 Thickness

The wet thickness (twet) of each equilibrated test membrane
was measured using a micrometer. Five test membranes were
cut from the original membrane and the thickness of each was
measured. The reported wet thickness corresponds to the
average thickness of the five test membranes, with the 95%
confidence interval as error.

2.6 Swelling

Water uptake and swelling ratio (in length and thickness) were
tested to evaluate the swelling behaviour of the saloplastic

Table 1 Woven mesh fabrics specifications from suppliers33,34

Supplier: product Material Mesh opening (µm) Open area (%) Wire diameter (µm) Fabric thickness (µm)

Eckert: PA-150/50 Polyamide 150 50 62 95
Eckert: PA-120/49 Polyamide 120 50 51 80
Eckert: PA-90/49 Polyamide 90 50 39 60
Eckert: PA-64/45 Polyamide 64 45 33 50
Eckert: PA-41/31 Polyamide 41 31 33 50
Eckert: PA-31/24 Polyamide 31 24 33 55
Eckert: PK-35/22 Polyether ether ketone 35 22 38 71
Sefar IEM 17-195/70C Polyether ether ketone 195 70 — 40
Sefar IEM 25-195/70 Polyphenylene sulphide 195 70 — 60
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membranes. Membrane samples, equilibrated in 0.5 M KCl at
room temperature, were cut into 4 × 1 cm2 (lwet × wwet) strips
using a razor blade. The membranes were blotted dry with a
tissue paper and then weighed and measured to obtain the wet
weight (wwet), wet length (lwet = 4 cm) and the wet thickness
(twet). The membrane strips were placed between Delrin plates
to prevent curling during drying, and placed in an oven at
105 °C for 3 hours. The samples were then weighed and the
dimensions measured to obtain the dry weight (wdry), dry
length (ldry) and the dry thickness (tdry). The water uptake
(WU), swelling ratio length (SRlength) and swelling ratio thick-
ness (SRthickness) was calculated and reported as the average of
a minimum of three measurements with the 95% confidence
interval as error.1,35

WU ð%Þ ¼ wwet � wdry

wdry
� 100%;

SRlength ð%Þ ¼ lwet � ldry
ldry

� 100%;

SRthickness ð%Þ ¼ twet � tdry
tdry

� 100%:

For reinforced membranes, the water uptake and through-
plane swelling ratio of the PEC phase were also calculated by
correcting for the reinforcement mass (wreinf ) and thickness
(treinf ). For this correction, the dry weight and thickness of a 4
× 1 cm2 reinforcement sample were measured separately. The
water uptake of the PEC phase (WUPEC) and the through-plane
swelling ratio of the PEC layer (SRthickness, PEC) were then calcu-
lated as follows:

WUPEC ð%Þ ¼ wwet � wdry

wdry � wreinf
� 100%;

SRthickness;PEC ð%Þ ¼ twet � tdry
tdry � treinf

� 100%:

2.7 Mechanical strength

Stress–strain curves were obtained from an electromechanical
testing system (Instron 5800), operating at a speed of 2 mm min−1

at room temperature. Membrane samples (5 × 50 mm2 strips)
were prepared according to the ASTM D882 standard for thin
(<1 mm) polymer films.36 A minimum of three measurements on
separate samples were taken for each data point.

2.8 Water transport

Water transport measurements were performed using a
diffusion cell in which an IEM (diameter 5 cm, exposed area
19.6 cm2) separated two compartments containing KCl solu-
tions of different concentrations (0.1 M and 0.5 M). The total
liquid volume in each compartment, including a connected
graduated pipette used as a level indicator, was approximately
80 mL.

Each compartment contained a magnetic stir bar to con-
tinuously mix the solution adjacent to the membrane surface.
Changes in liquid volume were monitored using the graduated

pipettes (mL scale) connected to each compartment. After
filling and initiating stirring, initial pipette readings were
recorded (t = 0), and volume changes were recorded at regular
time intervals over 8 hours. Water transport was quantified as
water flux, calculated from the total change in pipette volume
(V2 − V1) over time (t2 − t1) and normalised by the membrane
area (A). Experiments were conducted at room temperature,
and selected membranes were tested in duplicate.

Water flux ðmLm2 hÞ ¼ ðV2 � V1Þ
ðt2 � t1Þ � A

:

2.9 Permselectivity

Permselectivity was evaluated by measuring the membrane
potential generated under an imposed ionic concentration gra-
dient. Membrane samples were mounted between two com-
partments containing KCl solutions of 0.1 M (low concen-
tration side) and 0.5 M (high concentration side). The electro-
lyte solutions were continuously circulated through a thermo-
static bath to maintain a constant temperature of 25 °C.

Ag/AgCl reference electrodes positioned in close proximity
to the membrane surfaces in each compartment were used to
measure the resulting potential difference across the
membrane.

Permselectivity was calculated as the ratio of the experi-
mentally measured potential difference (Δφmeasured) to the
theoretical Nernst potential (ΔφNernst):

Permselectivity ð%Þ ¼ Δφmeasured

ΔφNernst
� 100%

ΔφNernst ¼
RT
zF

ln
C2γ2
C1γ1

where R is the universal gas constant, T the absolute tempera-
ture, z the ionic valence, F the Faraday constant, C1 and C2 the
electrolyte concentrations (0.1 and 0.5 M, respectively), and γ1
and γ2 their corresponding activity coefficients. Reported
values represent the mean of at least five independent
measurements, with the 95% confidence interval indicated as
the error.

2.10 Area resistance

The ionic resistance of the membranes was measured using a
six-compartment Plexiglas cell, as described previously.19,37,38

The test membrane was placed between the two central com-
partments, which were circulated with 0.5 M KCl. The adjacent
compartments were also circulated with 0.5 M KCl, while the
outermost compartments, containing the platinum-coated tita-
nium electrodes, were circulated with 0.5 M K2SO4. Haber-
Luggin capillaries connected to Ag/AgCl reference electrodes
(VWR, The Netherlands) were positioned on opposite sides of
the membrane, facing each other, to measure the voltage drop
across the membrane.

Stepwise currents from 0 to 15 mA were applied using a
Metrohm Autolab potentiostat (PGSTAT302N, The
Netherlands), and the resulting current–voltage curve was used
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to determine the total system resistance. The area resistance of
the membrane (Rarea) was calculated by subtracting the solu-
tion resistance (Rsolution) and multiplying by the membrane
area (A = 1.77 cm2).

The area resistance of the membrane (Rarea) and ionic con-
ductivity (σ) were calculated as:37,38

Rarea ðΩ cm2Þ ¼ ðRtotal � RsolutionÞ � A

σ ðmScm�1Þ ¼ twet
Rarea

where twet is the membrane thickness measured with a
micrometer. Both area resistance and ionic conductivity are
reported as the average of five measurements, with the 95%
confidence interval indicated as the error margin.

3. Results and discussion
3.1 Fabrication and thickness control of reinforced
saloplastic AEMs

In previous work, the hydrated PEC was placed between Delrin
press plates separated by fixed PTFE-coated fiberglass spacers
during hot-pressing.12,19 These spacers formed a mould with a
defined gap that controlled the membrane thickness. In the
present study, these spacers were removed to enable the fabri-
cation of reinforced membranes. This spacer-free configur-
ation enables a fundamentally different route to membrane
thickness control compared to conventional spacer-defined
hot-pressing methods. The reinforcement fabric with the
hydrated PEC placed on top was pressed between two Delrin
plates, as shown in Fig. S1 in the SI. As a result, the thickness
of the reinforced membranes was no longer set by the spacer
height, but instead determined by the thickness of the
reinforcement fabric and the apparent viscosity of the PEC. In
this work, apparent viscosity refers to the resistance to flow of
this plasticised, soft, viscoelastic material.

Using this spacer-free hot-pressing approach, the first part
of this study focused on modifying membrane thickness to
investigate its effect on membrane properties. To achieve this,
three polyamide (PA) reinforcements with similar open areas
(50%) but different fabric thicknesses (60, 80 and 95 µm) were
selected (see Table 1 for specifications). In this study,
reinforced membranes are labelled by the properties of the
reinforcement, given as (material, fabric thickness, open area).

The thickness of the PEC layer was adjusted by equilibrat-
ing dried PEC powder in solutions with varying salt concen-
trations (0.3, 0.5 and 0.7 M KBr) prior to hot-pressing. This
works because salt plasticises the PEC by screening electro-
static interactions and breaking ionic crosslinks during the
heating step.14,15,19 Consequently, at higher salt concen-
trations, the apparent viscosity of the PEC is reduced, resulting
in thinner membranes once pressed.

The effectiveness of this approach is clearly demonstrated
in Fig. 1, which shows a decrease in membrane thickness with
increasing PEC salt concentration and decreasing reinforce-

ment thickness. The error bars represent the variation in thick-
ness across specimens cut from a single pressed membrane.
Although a reduction in thickness is observed for all reinforce-
ment types, the trend is not consistent between reinforce-
ments, with the thinnest fabric (60 µm) showing the most pro-
nounced decrease. Hot-pressing of plasticised PEC is sensitive
to processing conditions, therefore, precise control over mem-
brane thickness remains challenging. Further optimisation of
the process is therefore required. Nevertheless, the overall
downward trend confirms that salt concentration can be used
as a tuning parameter to control membrane thickness.

SEM was used to examine the membrane structure and
adhesion between the PEC layer and the reinforcement.
Representative SEM images of membranes prepared using the
thinnest PA reinforcement (60 µm) and PEC equilibrated in
0.3, 0.5 and 0.7 M KBr solutions are shown in Fig. 2a–c,
respectively. For each salt concentration, images of the cross-
section (left), top-surface (middle) and bottom-surface (right)
are presented.

The cross-sectional images show a distinct PEC layer on top
of the reinforcement for all membranes, with the PEC layer
becoming thinner as the equilibration salt concentration
increases. The indicated thickness values correspond to the
dry membrane thickness, as SEM analysis was performed on
dried samples. Good adhesion between the PEC layer and the
reinforcement is observed in all cases, with no signs of delami-
nation. However, long-term interfacial stability under extended
operation remain to be evaluated in future work.

The top surface images show dense PEC layers without visu-
ally observable defects. For the membrane prepared using 0.7

Fig. 1 Wet thickness of reinforced saloplastic membranes (measured in
0.5 M KCl) as a function of the KBr concentration used during hot-
pressing. Data are shown for membranes fabricated with three polya-
mide (PA) woven reinforcements of different fabric thicknesses and
similar open areas. Legend entries are given as (reinforcement material,
fabric thickness, open area). Each data point represents the average
thickness of five specimens cut from a single pressed membrane, with
error bars showing the 95% confidence interval. Note that some error
bars were smaller than the marker and are therefore not visible.
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M KBr (Fig. 2c), the reinforcement mesh is faintly visible at the
surface, indicating that the PEC layer is very thin while still
providing full surface coverage. The bottom surface images
show that the PEC largely fills and covers the reinforcement
after hot-pressing, although small areas of exposed mesh are
visible. This is expected since PEC was placed on top of the
reinforcement and pressed down into the mesh openings
without PEC present below the reinforcement to completely
cover that surface. Nevertheless, because the mesh openings
are filled and the top surface is fully covered, overall mem-
brane integrity is preserved.

To illustrate the mechanical enhancement provided by
woven mesh reinforcement, Fig. 3 shows the stress–strain
response of reinforced membranes compared to a non-
reinforced membrane (PEC only), together with the response
of the reinforcement fabric. Only membranes fabricated using

the thinnest reinforcement (PA, 60 µm) are shown, as these are
representative of all trends. The stress–strain curves of the
other reinforcement fabrics are provided in the SI (Fig. S2a).
The non-reinforced membrane exhibits low mechanical
strength and a much higher elongation at break. In contrast,
the reinforcement fabric alone displays a steep stress–strain
curve, characteristic of a woven mesh.23,39,40

The comparison with the non-reinforced PEC membrane
indicates that the reinforcement fabric is the dominant load-
bearing component of the composite, as the PEC alone exhi-
bits significantly lower mechanical strength and a distinctly
different stress–strain response. In contrast, reinforced mem-
branes show behaviour more closely resembling that of the
reinforcement fabric, suggesting that the overall mechanical
response is primarily governed by the woven mesh. Reinforced
membranes nevertheless show intermediate behaviour, with

Fig. 2 SEM images of dry reinforced saloplastic membranes fabricated using the thinnest polyamide reinforcement (60 µm fabric thickness). Cross-
sectional (left), top-surface (middle) and bottom-surface (right) images are shown for membranes hot-pressed using PEC equilibrated in (a) 0.3 M
KBr, (b) 0.5 M KBr and (c) 0.7 M KBr.

Paper RSC Applied Polymers

RSCAppl. Polym. © 2026 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/3
0/

20
26

 3
:2

3:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lp00113k


the contribution of the reinforcement becoming more pro-
nounced as the PEC layer thickness decreases. Although thick-
ness normalisation complicates quantitative comparison of
tensile stress in composite materials, the observed trends
suggest that the mechanical behaviour of the reinforced mem-
branes is largely governed by the reinforcement. The corres-
ponding load-strain curves without thickness normalisation
are provided in the SI (Fig. S2b).

Overall, reinforcements greatly enhanced the mechanical
strength of the membranes, converting the weak, highly
deformable PEC into a strong, reinforcement-dominated com-
posite membrane. By carefully controlling reinforcement thick-
ness and the PEC hot-pressing viscosity, membranes were fab-
ricated as thin as possible, which limits the trade-off between
mechanical strength and ionic resistance.

3.2 Effect of membrane thickness on membrane properties

3.2.1 Swelling behaviour as a function of membrane thick-
ness. Our previous work showed that PSS-PDADMAC saloplas-
tic AEMs swell considerably and deform during performance
testing, motivating the use of mechanical reinforcement.19

Reinforcement of IEMs is commonly reported to reduce swell-
ing by limiting polymer chain mobility and suppressing
deformation.20,41 To evaluate this, water uptake and in-plane
(SR length) and through-plane (SR thickness) swelling ratios of
reinforced membranes were measured and compared to non-
reinforced saloplastic membranes. To focus on the intrinsic
swelling behaviour of the PEC, water uptake and SR thickness
are reported for the PEC phase only. Swelling results of the
overall composite membrane (PEC + reinforcement) show a
thickness dependence arising from the polymer-to-reinforce-

ment ratio rather than from interactions between the polymer
and the reinforcement and are therefore less relevant for this
study. For completeness, results for the overall reinforced
membranes are provided in Fig. S3 in the SI.

Fig. 4 shows the water uptake of the PEC phase as a func-
tion of membrane thickness for both reinforced and non-
reinforced membranes. Within experimental uncertainty, the
water uptake is the same for reinforced and non-reinforced
membranes and shows no dependence on membrane thick-
ness. To better understand this behaviour, in-plane (SR
length) and through-plane (SR thickness) swelling ratios were
examined and are shown in Fig. 5. The swelling ratios were cal-
culated as the relative change in dimension (length and thick-
ness) between the hydrated and dry states. The dry thickness
of non-reinforced membranes could not be reliably measured
due to brittleness and curling of samples; therefore, SR thick-
ness values for non-reinforced membranes are not included.

As shown in Fig. 5a, the SR length of the PEC layer is rela-
tively low (∼8%) for all membranes and shows no discernible
dependence on reinforcement or membrane thickness.
Similarly, Fig. 5b shows that the SR thickness of the PEC layer,
calculated as described in see section 2.6, is largely indepen-
dent of both reinforcement and membrane thickness. These
results are consistent with the water uptake data and indicate
that reinforcement does not significantly restrict PEC swelling,
even when mechanical properties (specifically elastic modulus)
have greatly increased.

This behaviour contrasts with literature reports, which typi-
cally show that incorporation of a mesh restricts water trans-
port and polymer expansion.20,22,41 If strong interactions
between the PEC and the reinforcement were present, a
reduction in SR length would be expected for reinforced mem-
branes, along with lower PEC water uptake. In addition,

Fig. 3 Tensile stress–strain curves of reinforced saloplastic AEMs pre-
pared using the same polyamide (PA) woven reinforcement (60 µm
fabric thickness, 50% open area) and different PEC layer thicknesses,
obtained by equilibrating the PEC in 0.3, 0.5 and 0.7 M KBr prior to hot-
pressing. The response of the reinforcement fabric alone and the non-
reinforced membrane (PEC only) is shown for comparison. Three repeat
measurements are shown for each membrane.

Fig. 4 Water uptake of the PEC fraction as a function of wet membrane
thickness for reinforced saloplastic AEMs with systematically varied
thicknesses. Data for a non-reinforced membrane (PEC only) are
included for comparison. Error bars represent the 95% confidence inter-
val (n = 5).
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thinner PEC layers would be expected to swell less than thicker
layers due to a larger fraction of the polymer being in close
contact with the reinforcement, leading to a thickness depen-
dence of SR thickness. None of these trends are observed in
our study.

One possible explanation is that the reinforcing mesh is too
open or flexible to effectively constrain polymer swelling. In
addition, swelling of the PSS-PDADMAC membranes occurs
predominantly in the through-plane direction, with SR thick-
ness (∼40%) being much larger than the in-plane swelling
(∼8%), even in non-reinforced membranes. Since the reinforce-
ment is primarily expected to restrict in-plane expansion, the
comparatively low in-plane swelling may explain why reinforce-
ment does not lead to a measurable reduction in PEC swelling.

3.2.2 The effect of membrane thickness on ion transport.
Membrane thickness is an important parameter to consider
when optimising IEM performance, as reducing thickness
lowers the area resistance without significantly affecting
permselectivity. Permselectivity is generally considered to be
independent of membrane thickness, provided that the mem-
branes do not contain any through-thickness defects.42–44

Having confirmed that the reinforced membranes of all thick-
nesses are visually free of defects (see Fig. 2), the effect of
membrane thickness on ion transport properties was exam-
ined next.

Fig. 6a shows the area resistance of non-reinforced and
reinforced membranes as a function of wet membrane thick-
ness. As expected, the area resistance of reinforced membranes
is higher than that of non-reinforced membranes of a similar
thickness since the woven mesh is non-conductive.20,22

Moreover, we find that the resistance scales almost linearly
with membrane thickness, although a slight deviation (higher
resistance) is observed for thinner membranes. Extrapolation
of the resistance-thickness trend gives an intercept close to
zero, suggesting that no other resistances or impedances, such

as boundary layer effects, were present under the applied test
conditions.

The ionic conductivity (thickness-normalised) of the same
membranes is shown in Fig. 6b. Conductivity values for non-
reinforced membranes show larger uncertainty, as these mem-
branes deform during testing (see Fig. S4 in SI). Stretching
during the measurement reduces the membrane thickness
and therefore the measured resistance, whereas the thickness
is determined after the test when the membrane has partially
recovered. As conductivity is calculated by normalising resis-
tance by thickness,37,38 this can lead to an overestimation of
conductivity for non-reinforced membranes. Consequently, the
actual difference in conductivity between reinforced and non-
reinforced membranes is likely smaller than suggested by the
measured values. This is encouraging, as it shows that
reinforcement can be introduced to saloplastic membranes
with only a limited impact on ionic transport.

The conductivity results also confirm that the thinnest
reinforced membranes (prepared using 0.7 M KBr) are free of
through-thickness defects, as no increase in conductivity is
observed for thinner membranes.29,32 This observation is con-
sistent with the absence of visible defects in the SEM images
(Fig. 2). The slightly lower conductivity observed for thinner
membranes is expected, as they contain a higher fraction of
non-conductive reinforcement relative to conductive PEC.

To explore whether the ionic conductivity of the reinforced
saloplastic AEMs can be expressed as a function of the
polymer-reinforcement ratio, ionic conductivity was analysed
as a function of PEC content (Fig. 7a), defined as the mass
fraction of PEC relative to the combined mass of PEC and
reinforcement. A dashed line is included to indicate the
expected linear scaling between the conductivity of the non-
reinforced membrane (100% PEC content) and zero conduc-
tivity at zero PEC content. From this graph it can be seen that
membranes prepared with 0.7 M KBr, i.e. membranes with the

Fig. 5 Swelling ratio of saloplastic AEMs as a function of wet membrane thickness: (a) in-plane swelling (SR length) and (b) through-plane swelling
(SR thickness, PEC layer only). Data for a non-reinforced membrane (PEC only) are included for comparison. Error bars represent the 95% confidence
interval (n = 5).
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thinnest PEC top-layers, follow the expected scaling of conduc-
tivity with PEC content more closely. In contrast, membranes
with thicker PEC layers deviate from this behaviour and
exhibit lower conductivities than expected based on PEC
content. This suggests that PEC content alone does not fully
describe ionic transport behaviour.

A likely explanation is that ion transport occurs through at
least two distinct regions within the reinforced membranes,
shown schematically in Fig. 7c. The first region is a dense PEC
layer, which provides a relatively direct pathway for ion trans-
port. The second region consists of the PEC-reinforcement
composite, where the presence of the non-conductive
reinforcement reduces the effective conductive area and intro-
duces more tortuous transport pathways, resulting in a higher
resistance. When the PEC layer is very thin, the membrane
effectively behaves as a single transport region. In this case,
thickness normalisation provides a reasonable approximation
of the effective transport distance, which also explains why
these membranes follow the expected scaling between PEC
content and conductivity more closely. As the PEC layer
becomes thicker, transport through the dense PEC region
becomes increasingly important. Because two transport
regions with different conductivities contribute to ion trans-
port, normalising conductivity using the total membrane
thickness becomes less representative of the effective transport
distance. As a result, simple scaling with PEC content no
longer holds.

To further evaluate this hypothesis, a simple series resis-
tance model was considered in which the total membrane re-
sistance is approximated as the sum of the resistances of the
dense PEC layer and the PEC-reinforcement composite region.
The thickness of the composite region was set equal to the
thickness of the reinforcement fabric, while resistance data
from non-reinforced membranes (PEC only) were used to esti-
mate the resistance of the dense PEC layer. Details of this ana-

lysis are provided in the SI, section S5 estimation of resistance
contribution of two transport regions.

Fig. 7b shows the calculated resistance contributions for
the two transport regions for all reinforced membranes. The
thickness of each region is indicated inside the corresponding
bar in µm. The resistance of the dense PEC region scales line-
arly with the thickness of this layer. Importantly, the resistance
contribution of the PEC-reinforcement region remains approxi-
mately constant for each reinforcement set and decreases
when thinner reinforcement fabrics were used. This indicates
that the series resistance model captures the general behaviour
and supports the concept of two transport regions in the
reinforced membranes. Deviations from perfect scaling are
expected, as ion transport may also be influenced by the
reinforcement architecture and transport processes occurring
at the PEC-reinforcement interface.

The permselectivity of these membranes were also exam-
ined as a function of membrane thickness, as shown in Fig. 8.
In our previous work, the permselectivity of saloplastic AEMs
was negatively affected by low mechanical stability and high
swelling.19 Reinforcement was therefore expected to improve
permselectivity by mitigating both of these limitations. As dis-
cussed in the previous sections, reinforcement enhanced
mechanical stability (Fig. 3), thereby preventing membrane
deformation during testing, but did not reduce the swelling of
the PEC (section 3.2.1). Consequently, any observed changes in
permselectivity can be attributed primarily to improved
mechanical stability rather than differences in water uptake.

Consistent with this expectation, reinforced membranes
show a slight improvement in permselectivity compared to
non-reinforced membranes, especially for thicker membranes
(Fig. 8). As illustrated in Fig. S4 of the SI, reinforced mem-
branes maintain their shape while non-reinforced membranes
stretch and deform during testing. Such deformation can lead
to the formation of small defects that reduce permselectivity

Fig. 6 Area resistance (a) and ionic conductivity (b) of saloplastic AEMs as a function of wet membrane thickness. Data for a non-reinforced mem-
brane (PEC only) are included for comparison. Error bars represent the 95% confidence interval (n = 5).
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and contribute to increased variability between samples. The
lower permselectivity values observed here result from testing
at 0.5 M KCl, a concentration close to the membrane’s fixed
charge density (∼0.6 mol L−1), where the Donnan effect is wea-
kened. This testing condition was chosen deliberately, as oper-
ating near the fixed charge density makes any improvement in
permselectivity easier to detect. However, previous work have
shown that these membranes remain highly permselective
(>90%) at lower electrolyte concentrations (0.02/0.1 M KCl).19

Although permselectivity in IEMs is generally expected to
be independent of thickness,42–44 Fig. 8 shows a gradual
decrease in permselectivity with decreasing thickness for
reinforced saloplastic membranes. This behaviour is unlikely
caused by macroscopic defects, as it is inconsistent with the
SEM (Fig. 2) and conductivity (Fig. 6b) results. Moreover, the
reduction in permselectivity shows an approximately linear
dependence on membrane thickness, rather than the highly

scattered and variable results typically associated with defec-
tive membranes.

This thickness dependence of permselectivity might be
explained by the significant swelling of the saloplastic mem-
branes (Fig. 4). The measured permselectivity of IEMs reflects
contributions from both ion transport and water transport,
with the latter described by the water transference
coefficient.45,46 While ion transport is generally independent
of membrane thickness, water transport can depend on thick-
ness and may therefore influence the permselectivity. To inves-
tigate whether water transport contributes to the observed
decrease in permselectivity with decreasing thickness, water
transport experiments were performed under identical chemi-
cal potential gradient conditions as the permselectivity tests
(0.1/0.5 M KCl). Due to the time-intensive nature of these
measurements, the experiments were conducted only for the
thinnest reinforcement (PA, 60 µm) and for membranes pre-

Fig. 7 (a) Ionic conductivity of reinforced saloplastic membranes as a function of PEC content. The dashed line indicates the expected linear
scaling between the conductivity of the non-reinforced membrane (100% PEC) and zero conductivity. (b) Estimated resistance contributions of the
dense PEC layer and the PEC-reinforcement composite region obtained using a simple series resistance model. Numbers in the stacked bars indicate
the thickness of each region (µm). (c) Schematic illustration of the proposed two transport regions in reinforced saloplastic membranes: a dense
PEC layer and a PEC-reinforcement composite region. Error bars represent 95% confidence intervals.
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pared using the thickest and thinnest PEC layers (PECs hot-
pressed with 0.3 and 0.7 M KBr), representing the extremes of
the investigated thickness range. For the thinnest membrane
(∼100 µm), a water flux of 61 ± 9 mL m−2 h−1 was measured,
whereas the thickest membrane (∼220 µm) exhibited a sub-
stantially lower water flux of 12 ± 5 mL m−2 h−1. For reference,
a commercial reinforced membrane of similar thickness
(216 µm), Neosepta AHA, was measured to have a water flux of
4.2 ± 1.2 mL m−2 h−1, confirming the relatively hydrophilic
nature of saloplastic membranes. Together with the signifi-
cantly higher water flux observed for the thinner membranes,
this supports the hypothesis that the thickness dependence of
permselectivity of the reinforced saloplastic membranes may
largely be related to water transport. Future work could further
investigate this by quantifying the ion transport number and
water transference coefficient in these saloplastic
membranes.45

To better understand the observed differences in water flux,
the membrane structure must also be considered. The
reduction in water flux does not scale linearly with membrane
thickness, supporting the two-region transport concept intro-
duced earlier (Fig. 7c). Water transport through the PEC-
reinforcement composite likely differs from that through the
dense PEC layer, and interfacial regions between the highly
swollen PEC and the rigid reinforcement may further influence
transport. While the precise mechanisms remain to be
studied, these results further highlight the complex and
heterogeneous transport occurring in the PEC-reinforcement
region.

Overall, these results show that incorporation of woven
mesh supports enables the fabrication of thinner saloplastic
membranes, thereby minimising membrane area resistance.
Reinforcement also leads to a modest improvement in perms-
electivity by enhancing dimensional stability. However, perms-

electivity decreases slightly with decreasing membrane thick-
ness, which is likely due to the increased contribution of water
transport in thinner membranes. Importantly, the resulting
loss in permselectivity is outweighed by the substantial
reduction in area resistance achieved by fabricating thinner,
mechanically reinforced membranes, demonstrating that the
resistance-mechanical stability trade-off can be effectively
managed through thickness optimisation.

3.3 Effect of reinforcement open area on membrane
properties

To investigate the effect of reinforcement open area indepen-
dently of membrane thickness, all membranes in this section
were fabricated using the same hot-pressing conditions with
an optimised PEC salt concentration of 0.7 M KBr.
Commercially available polyamide (PA) woven fabrics made
from identical 33 µm diameter wires were used as reinforce-
ments, resulting in similar membrane thicknesses across all
samples. Differences in reinforcement open area therefore
arise solely from variations in weave pattern, allowing the
effect of open area on membrane properties to be examined
independently of membrane thickness.

Fig. 9 shows the tensile strength of reinforced saloplastic
membranes as a function of reinforcement open area, with the
non-reinforced membrane included as a reference (100% open
area). The non-reinforced membrane exhibits very low tensile
strength (∼1 MPa). Incorporation of woven reinforcement
leads to a substantial increase in tensile strength, which
increases steadily with decreasing open area. This indicates
that tighter weaves provide enhanced mechanical stability,
consistent with literature.23

The ionic conductivity of the same membranes is shown in
Fig. 10a as a function of reinforcement open area. As expected,

Fig. 8 Permselectivity of saloplastic AEMs as a function of wet mem-
brane thickness. Data for a non-reinforced membrane (PEC only) are
included for comparison. Error bars represent the 95% confidence inter-
val (n = 5).

Fig. 9 Tensile strength of saloplastic AEMs as a function of reinforce-
ment open area. Data for a non-reinforced membrane (PEC only, 100%
open area) are included for comparison. Error bars represent the 95%
confidence interval (n = 3).

RSC Applied Polymers Paper

© 2026 The Author(s). Published by the Royal Society of Chemistry RSCAppl. Polym.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/3
0/

20
26

 3
:2

3:
29

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6lp00113k


the incorporation of non-conductive reinforcement reduces
the conductivity relative to the non-reinforced
membrane.20,30,47 Within the reinforced membrane set, con-
ductivity increases slightly with increasing open area.
However, the dependence is relatively weak, decreasing only
from 2.7 ± 0.1 to 2.4 ± 0.1 mS cm−1 when the open area is
reduced from 45% to 24%. Given that these membranes were
fabricated with very thin PEC top-layers, ion transport was
expected to be largely dominated by the PEC-reinforcement
composite region. Thus, a stronger dependence of conductivity
on reinforcement open area was expected.

To explore this behaviour further, the series resistance
model introduced in section 3.2.2 was applied to separate the
total membrane resistance into contributions from the dense
PEC layer and the PEC-reinforcement composite region.
Because identical reinforcement fibres were used for all
samples, the thickness of the PEC-reinforcement region was
assumed to be constant, with only the weave density (and thus
open area) varying. As shown in Fig. 10b, even when separating
the resistance into these two regions, the resistance of the
PEC-reinforcement region does not vary as strongly with open
area as might be expected. Membrane resistance is typically
measured and reported as area resistance, which scales line-
arly with membrane area (i.e. membrane size). By analogy, one
would expect that reducing the open area of the reinforcement
would proportionally reduce the conductive area of the PEC-
reinforcement region, leading to a corresponding increase in
resistance. However, ions can still move around the non-con-
ductive reinforcement, creating tortuous and complex trans-
port pathways.20,48 This prevents a simple linear scaling with
open area and highlights the intricate ion transport behaviour
in this composite region.

These results reveal a surprising but highly beneficial
feature: reinforcement with very low open areas can greatly

increase membrane mechanical strength without imposing a
proportional penalty on ionic transport. In the next section,
membranes with more extreme variations in open area will be
examined to further examine these effects.

3.4 Selection of reinforcements and performance trade-offs

Based on the separate investigations of reinforcement thick-
ness and open area in the preceding sections, the following
experiments combine these insights to guide the selection of
reinforcements for improved saloplastic AEM performance.
Section 3.2 shows that reducing overall membrane thickness is
an effective strategy to lower area resistance, highlighting the
importance of using thin reinforcement fabrics in addition to
thin PEC layers. Section 3.3 shows that reinforcement open
area introduces a trade-off between mechanical stability and
ionic conductivity, with lower open areas providing substan-
tially higher mechanical strength, while higher open areas
lead to slightly higher conductivity. However, the influence of
open area on ionic transport was noticeably weaker than
expected. Together, these results provide a clear motivation for
selecting thin reinforcements with distinctly different open
areas to further explore these trade-offs.

Accordingly, thin woven reinforcements with large open
areas (70%) were selected to favour ionic transport, while a
reinforcement with a much lower open area (22%) was
included to maximise mechanical stability. These reinforce-
ments are based on chemically stable materials, which is an
important consideration for practical membrane
applications.22,29 All membranes were fabricated using an opti-
mised PEC salt concentration of 0.7 M KBr to minimise the
thickness of the PEC top layer. Under these conditions, the
dense PEC layer is expected to be very thin, meaning that ion
transport is largely dominated by the PEC-reinforcement com-
posite region. This selection allows us to examine the conduc-

Fig. 10 (a) Ionic conductivity of saloplastic AEMs as a function of reinforcement open area. (b) Estimated resistance contributions of the dense PEC
layer and the PEC-reinforcement composite region of reinforced membranes with different open areas. Numbers in the stacked bars indicate the
thickness of each region (µm). Error bars represent the 95% confidence interval (n = 5).
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tivity-mechanical stability and resistance-permselectivity trade-
offs identified in the preceding sections with optimised
reinforcements (Fig. 11).

Fig. 11a compares the tensile strength and ionic conduc-
tivity of these membranes. The results are consistent with the
trends observed in the open area study (section 3.3). The mem-
brane reinforced with the PEEK fabric having 22% open area
exhibits a threefold increase in tensile strength compared to
membranes reinforced with fabrics of 70% open area. Despite
this large difference in reinforcement structure and PEC
content (58% vs. 80%), the associated reduction in ionic con-
ductivity (2.7 ± 0.1 vs. 2.4 ± 0.1 mS cm−1) remains modest and
not proportional to the loss in open area or PEC content. Even
when considering these more extreme designs, reinforcement
open area still has a surprisingly limited influence on ionic
transport in reinforced saloplastic membranes.

Several factors may contribute to the weak dependence of
ionic conductivity on reinforcement open area. First, mem-
branes reinforced with lower open area fabrics exhibit a more
uneven, corrugated structure on both the top and bottom sur-
faces (Fig. S5), leading to local thickness variations and a more
complex transport geometry. Because membrane thickness is
measured using a micrometer, which records the maximum
thickness, such corrugation can lead to an overestimation of
the thickness used for normalisation and, consequently, an
overestimation of the calculated ionic conductivity. In
addition, lower open area reinforcements increase the inter-
facial area between the PEC and the reinforcement, which may
promote the formation of local voids or shortened transport
pathways at the PEC-reinforcement interface (Fig. 7c).

Further insight into the transport behaviour is provided by
water transport measurements. The membrane reinforced with
the lowest open area fabric (PEEK, 71 µm, 22%) exhibits a sub-
stantially higher water flux (70 ± 15 mL m−2 h−1) than the
membrane reinforced with a more open fabric (PEEK, 40 µm,

70%), which has a water flux of 28 ± 5 mL m−2 h−1. This
suggests that transport within the PEC-reinforcement region is
not uniform, but that an additional interfacial transport
region may exist where the swollen PEC contacts the rigid
reinforcement, i.e. the interfacial region (Fig. 7c). In mem-
branes with lower open area fabrics, the relative fraction of
this interfacial region is increased, which may contribute to
enhanced water and ion transport. This provides a possible
explanation why reductions in reinforcement open area have
only a modest impact on overall ionic conductivity. A more
detailed investigation of ion and water transport within the
PEC-reinforcement composite region, including the role of tor-
tuosity and interfacial area, remains an interesting topic for
future work.

While tensile strength and ionic conductivity provide
important insight into membrane durability and transport
behaviour, the overall electrochemical performance is ulti-
mately defined by area resistance and permselectivity.2,3

Fig. 11b therefore compares the area resistance and permselec-
tivity of the improved reinforced saloplastic membranes.
Because all membranes were fabricated using identical proces-
sing conditions, the PEC top layer is very thin and the mem-
brane thickness is primarily determined by the reinforcement
fabric. As a result, area resistance correlates strongly with
reinforcement thickness. The lowest area resistance, 2.3 ± 0.1
Ω cm2, is obtained for the membrane reinforced with the thin-
nest and most open fabric (PEEK, 40 µm, 70%), which has a
wet membrane thickness of only 70 µm.

This represents a substantial improvement compared to
non-reinforced PSS-PDADMAC saloplastic membranes.12,19

Previously, further reduction in membrane thickness was not
possible due to insufficient mechanical stability, leading to
severe stretching and deformation during testing.19

Reinforcement enabled the fabrication of thinner membranes
that retain their shape under test conditions (Fig. S4), allowing

Fig. 11 Performance of reinforced saloplastic AEMs fabricated using thin, chemically stable woven reinforcements and PEC equilibrated in 0.7 M
KBr. (a) Tensile strength and ionic conductivity and (b) area resistance and permselectivity, for membranes labelled by reinforcement material, fabric
thickness and open area. Error bars represent the 95% confidence interval (n = 5).
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the resistance contribution of the non-conductive reinforce-
ment to be compensated by the reduction in membrane thick-
ness. As a result, the achieved area resistances are comparable
to those of some commercial AEMs measured under similar
conditions, such as Neosepta AHA (4.1 Ω cm2) and Selemion
AMVN (2 Ω cm2).49,50

While commercial AEMs typically exhibit higher permselec-
tivities (>90% in 0.1/0.5 M KCl), the saloplastic membranes
show lower permselectivity under these conditions due to their
higher swelling and lower fixed charge density.19 However, at
lower concentration gradients (0.05/0.1 M KCl), the saloplastic
membranes also exhibit high permselectivity (>90%), high-
lighting the importance of matching membrane properties to
the intended application. Moreover, as shown in section 3.2,
permselectivity can be partially tuned by adjusting PEC layer
thickness, providing flexibility to tailor membrane properties
to specific applications.

Overall, these results demonstrate that the trade-offs identi-
fied in the preceding sections can be effectively managed
through appropriate selection of reinforcement structure and
membrane thickness. In reinforced saloplastic AEMs, substan-
tial improvements in mechanical stability can be achieved
while maintaining low area resistance and largely unchanged
permselectivity. This highlights reinforcement as a powerful
design tool for tuning the performance of saloplastic IEMs
according to application requirements. Future work will focus
on evaluating long-term stability under relevant electro-
chemical operating conditions to further assess the durability
of these membranes.

4. Conclusion

This study shows that mechanical reinforcement is an effective
way to improve the performance of PSS-PDADMAC saloplastic
AEMs. A spacer-free hot-pressing approach is introduced, in
which the conventional spacers used in previous studies are
removed, representing a new processing strategy for saloplastic
IEMs. This enables direct integration of hydrated PEC with
woven mesh supports. Compared to spacer-defined hot-press-
ing, this configuration allows the overall membrane thickness
to be tuned through the combined effects of reinforcement
geometry and salt-induced plasticisation of the PEC, which
controls its apparent viscosity and thus the resulting PEC layer
thickness. This approach enabled the fabrication of thin,
mechanically stable, and defect-free membranes with low area
resistance and permselectivity comparable to that of non-
reinforced membranes.

Reinforcement significantly enhanced mechanical strength
and dimensional stability, allowing the fabrication of much
thinner membranes compared to the non-reinforced saloplas-
tic films. Although the incorporation of a non-conductive
support reduced the conductivity of the membrane, this was
offset by the reduced membrane thickness, resulting in lower
area resistances than those of thicker, weaker non-reinforced
membranes. However, ionic conductivity did not scale linearly

with the PEC content, i.e. PEC-reinforcement ratio. To better
understand this behaviour, a series resistance model was used,
supporting the presence of two distinct transport regions: a
conductive dense PEC layer and a less conductive PEC-
reinforcement composite region. Transport in the composite
region is likely complex, as ions must move around the
reinforcement, and interfacial regions between the rigid
reinforcement and the swollen PEC may provide faster or
alternative pathways for ion transport.

Changing the reinforcement open area showed that a lower
open area leads to much higher mechanical strength, with
only a modest reduction in ionic conductivity. This limited
impact suggests that interfacial regions play an important role,
as decreasing open area increases the relative interfacial area
within the PEC-reinforcement region. These regions may
contain voids or provide shorter transport pathways that facili-
tate ion and water transport, partially compensating for the
reduced conductive area. At the same time, the presence of a
continuous dense PEC layer ensures that membrane integrity
and selectivity are maintained.

Despite the improved dimensional stability, permselectivity
remained similar to that of non-reinforced saloplastic AEMs.
This is related to the high swelling of the PEC. Reinforcement
was expected to reduce swelling and improve permselectivity,
but this effect was not observed. Further improvements may
therefore require additional strategies, such as chemical cross-
linking, although this remains challenging for the
PSS-PDADMAC system.

Overall, the results show that the trade-offs between
mechanical stability, area resistance and permselectivity in sal-
oplastic AEMs can be effectively managed through careful
selection of reinforcement architecture and membrane thick-
ness. Reinforcement enabled the fabrication of thin, defect-
free membranes with high mechanical stability and area resist-
ances comparable to commercial AEMs, representing a clear
advancement in the performance of saloplastic membranes
for electrochemical applications.
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