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A B S T R A C T

Electromembrane processes are employed in critical applications such as desalination, lithium recovery, and 
salinity gradient energy conversion. However, issues like fouling and concentration polarisation may limit their 
effectiveness. Profiled ion-exchange membranes offer several advantages over flat membranes, including 
improved fluid mixing, enhanced mass transfer, lower pressure drop (thus, lower energy consumption), and 
elimination of the spacer’s shadow effect. Nonetheless, their preparation is considerably more complex than that 
of flat membranes. In this study, we pioneered the use of solvent-free fused deposition modelling (FDM) 3D 
printing to fabricate flat and profiled (chevron and stripe) cation-exchange membranes (CEMs). The function
alisation of the 3D-printed membranes into CEMs was achieved via sulfonation. The optimised electrical resis
tance and permselectivity of the prepared membranes were 10.7 ± 4 Ωcm2 and 97.3 ± 4 %, respectively, after 
14 h of sulfonation, closely matching commercial alternatives (e.g., FUMASEP FKB-PK-130, 9.7 ± 3 Ωcm2 and 
96.7 ± 1 %). Sulfonation durations exceeding 14 h increased the membranes’ electrical resistance due to the 
formation of sulfone cross-bridges that do not participate in cations’ exchange. Since FDM 3D printing is a 
solvent-free and additive manufacturing method, it significantly reduces waste during membrane fabrication, 
resulting in an E-factor value of 1.5. Therefore, this work opens a path toward customisable, scalable, and 
greener CEM production for electrochemical applications ranging from the recovery of critical raw materials and 
water desalination to renewable energy conversion.

1. Introduction

According to the EU decarbonisation strategy, electrification of in
dustry is one of the critical aspects, since the easiest way to use carbon- 
free renewable energy is to convert it into electricity [1]. Electro
membrane processes such as electrodialysis (ED) [2,3], membrane 
capacitive deionisation (MCDI) [4,5], flow electrode capacitive deion
isation (FCDI) [6–9], and electrolysis (EL) [10] are direct electricity 
users without the need for its conversion into other driving forces, such 
as pressure or temperature gradients. They have been applied in diverse 
areas, such as water desalination, lithium recovery and CO2 use. On the 
other hand, reverse electrodialysis (RED) can harvest salinity gradient 
energy released from a mixture of two streams with different salinities 
[11–13]. However, while membrane processes in general are widely 
considered green and sustainable due to the reduced energy input, the 
production of membranes might not be environmentally friendly, 
resulting in the generation of between 100 and 500 L of wastewater 

contaminated with toxic solvents for each square metre of membrane 
produced [14,15].

The most common arrangement of electromembrane stacks is a 
plate-and-frame configuration, in which spacers separate flat ion ex
change membranes (IEMs) to create internal channels. Several studies 
have shown that replacing flat IEMs with profiled IEMs can have ad
vantages such as higher mass transfer and lower pressure drop, reducing 
the limitations caused by concentration polarisation, fouling and spacers 
shadow effect [16]. For instance, the use of profiled cation-exchange 
membranes in diffusion dialysis (DD) for amino acid separation 
showed an 8-fold increase in phenylalanine flux compared to flat 
membranes [17]. This was attributed to the increased surface area and 
improved hydrodynamics, which reduced the diffusion layer thickness 
and facilitated more efficient mass transfer [17]. In reverse electrodi
alysis, the use of chevron-profiled IEMs [18] led to 8–14 % higher net 
power density compared to stacks with flat IEMs [19] and a 30 % 
reduction in ohmic resistance when using ridge-profiled membranes 
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[20]. However, the preparation and design of such profiled IEMs are 
limited by fabrication methods, namely thermal pressing [19,20], since 
only thermally stable polymers can be used, and the respective equip
ment costs are high [21–23]. Furthermore, a new mould has to be 
fabricated each time a new design is to be explored, making it time- 
consuming. Therefore, there arises a need for more adaptable, green 
and efficient fabrication of profiled IEMs.

3D printing offers the ability to fabricate structures with intricate 
and highly customisable geometries, including precise surface profiles 
[24,25]. Regarding the preparation of ion exchange membranes (IEMs), 
there are very few studies focused on this subject. Table SI.3 in the 
Supporting Information compares IEMs produced by digital light pro
cessing (DLP), stereolithography (SLA), and fused deposition modelling 
(FDM) (this work) 3D printing techniques. The use of DLP 3D printing, 
combined with quaternisation, allowed the preparation of flat anion 
exchange membranes (AEMs) with a Cl− /SO4

2− selectivity of 24.0 [26]. 
In another study, SLA 3D printing was used to prepare flat heteroge
neous cation exchange membranes by combining photo-curable and 
cation exchange resins, resulting in membranes with an ion exchange 
capacity of 2.23 meq/g and a resistivity of 2200 Ωcm [27]. By using 
custom photolithography, similar to SLA, micropatterned anion- 
exchange membranes (AEMs) were prepared with an ion exchange ca
pacity of up to 1.63 meq/g [28] and resistivity of around 960 Ωcm [29]. 
However, dimension and shape discrepancies were noticed due to errors 
in the SLA printing process, such as light bleeding and overcuring, 
emphasising the importance of optimising the 3D printing process for 
membrane fabrication. In FDM 3D printing, a thermoplastic polymer 
filament is melted and deposited layer by layer onto a printer bed in the 
desired shape. Unlike the earlier explored SLA or DLP 3D printing 
techniques, which require specialised photocurable resins that are 
harmful to the environment and also reduce the chemical and me
chanical durability of the fabricated membranes, FDM uses no solvent or 
resin. Nonetheless, despite all these advantages, no studies have been 
performed on manufacturing ion exchange membranes using this 
method.

Thus, in this work, solvent-free FDM 3D printing was employed for 
the first time to fabricate flat and profiled cation-exchange membranes 
(CEMs). First, the process was optimised while printing flat membranes, 
and afterwards, chevron- and stripe-profiled membranes were also 
prepared. The influence of sulfonation time on membrane chemical 
structure was elucidated by X-ray photoelectron spectroscopy, demon
strating and explaining why there is an optimal sulfonation time. The 
permselectivity and electrical resistance of the fabricated 3D-printed 
CEMs were compared against a commercial CEM.

2. Materials and methods

2.1. Preparation of membranes

Membranes were prepared following a two-step procedure: 3D 
printing and functionalisation for obtaining cation exchange membranes 
through sulfonation. First, flat membranes were 3D printed to optimise 
printing and sulfonation procedures, after which profiled membranes, 
with chevron and stripe corrugations, were fabricated by the optimised 
method. The flat membranes were circular with 40 mm diameter and 
0.24 mm thickness. The base of profiled membranes was also circular 
with a 40 mm diameter and 0.20 mm thickness, with chevron profiles on 
top with a width of 0.02 mm, height of 0.25 mm and distance between 
them of 3 mm, or with stripe profiles with a width of 0.02 mm, height 
0.25 mm and distance between them of 4 mm. The respective designs 
can be seen in Figure SI.1 in the Supporting Information.

2.1.1. 3D printing
After an assessment of different available commercial filaments, 

aiming their sulfonation while keeping good chemical and mechanical 
stability, the Flexfill TPE 90A filament (Filamentum, Czech Republic), a 
combination of a polyolefin and styrene-ethylene-butylene (SEBS), was 
chosen to print the membranes. The thermoplastic elastomer (TPE) 
polymer has high tear resistance, layer adhesion and flexibility. The 
interpolymer nature of TPE provides two polymer domains, which 
makes it mechanically and chemically strong. The aromatic rings of 
SEBS hold positions for functional group attachment (as shown in 
Figure SI.2a in the Supporting Information) [30,31]. The membranes 
were printed using a MK4S 3D Printer (Prusa, Czech Republic). The 
nozzle and bed temperatures were 240 ⁰C and 60 ⁰C, respectively.

2.1.2. Functionalisation (sulfonation)
The 3D-printed membranes were immersed in a sulfonating agent of 

1:3 chlorosulfonic acid (97 % purity, Sigma-Aldrich): 1,2- dichloro
ethane (99.9 % purity, Sigma-Aldrich) solution at a temperature of 25 ±
0.2 ⁰C. Sulfonation of the flat membranes was carried out for different 
periods: 2, 6, 10, 14, 18 and 24 h. The resulting membranes were named 
as STPE2, STPE6, STPE10, STPE14, STPE18, STPE24, respectively. The 
pristine membrane (0 h of sulfonation) was named USTPE. The chevron 
and stripe profiled membranes were sulfonated for 14 h (this optimal 
time was determined when preparing flat membranes). The sulfonated 
membranes were then neutralised in 20 % w/w aqueous solution of 
NaOH (99.9 % purity, Sigma-Aldrich) for 24 h.

2.2. Characterisation of membranes

2.2.1. Mechanical strength analysis
The mechanical properties of membranes were analysed by deter

mining the elongation percentage, the yield point, and the fracture point 
using a texture analyser equipment (TAXT plus, Stable Micro Systems, 
England) with 5 kg as the cell load. Membrane strips of 60 mm × 20  
mm were clamped between the grips of the texture analyser with a 
crosshead speed of 1 mm/s for the analysis.

2.2.2. Water content
The water content (w%) of membranes was calculated by their im

mersion in deionised water at room temperature for 24 h. Membranes 
were weighed on a microbalance after removing any excess of water 
from the surface. The dry membranes were prepared by vacuum drying 
overnight at 40 ◦C. The percentage of water content (w%) was deter
mined as: 

w% =
ww − wd

wd
× 100 (1) 

where wd(g) and ww(g) are the mass of the dry and the after-immersion 
membranes, respectively.

2.2.3. Water contact angle
The hydrophilicity of membranes was examined by measuring the 

static contact angle using a Drop Shape Analyser DSA25 (KRÜSS, Ger
many). A droplet of distilled water (3 μL) was gently dispensed, using a 
syringe, on the membrane surface (dried previously with filter paper). 
The reported contact angle is the average of measurements with three 
water droplets at different locations, at room temperature.

2.2.4. Thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) analysis

To analyse the thermal properties of membranes, a thermal analyser 
STA 449 F3 Jupiter (Netzsch, Germany) was employed using a ramp of 
10 ◦C/min in the temperature range of 0–550 ⁰C under a nitrogen at
mosphere with a flow rate of 40 mL/min. Samples of approximately 5 
mg weight were placed in the aluminium pan for analysis.
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2.2.5. Fourier transform infrared spectroscopy (FT-IR)
Fourier Transform Infrared Spectra (FT-IR) with attenuated total 

reflectance (ATR) mode was used to determine the surface chemistry of 
membranes. The equipment was a Bruker Spectrometer IFS 66/S FT-IR 
instrument (USA) equipped with H-ATR and ZnSe crystal. Membranes 
were dried with filter paper before obtaining the measurements. Anal
ysis was performed at various positions of membranes over both sides to 
assess homogeneity in chemical bonding. If no significant difference was 
noticed, a single analysis was considered. The normalised spectra were 
recorded in the range of wave numbers from 400 to 4000 cm− 1 at a 
resolution of 4 cm− 1 with 14 scans per sample.

2.2.6. Ion exchange capacity
For the ion exchange capacity (IEC) measurement, membranes were 

equilibrated in a 1 mol/L NaCl (99.9 % purity, Sigma-Aldrich) aqueous 
solution for 48 h to ensure a complete ion exchange between Na+ ions in 
the salt solution and H+ ions associated with the membrane sulfonic 
groups. Due to ion exchange, the acidic membrane is converted to its 
sodium form, and the pH of the solution decreases. The amount of 
released H+ was determined by titration against a 0.02 mol/L NaOH 
(99.9 % purity, Sigma-Aldrich) solution. An average value from 5 
measurements was taken as the result: 

IEC(meq/g) =
VNaOH×MNaOH

Wdry
× 100% 

where NNaOH (meq/l), VNaOH (l), and Wdry (g) are the concentration, the 
consumed volume of NaOH solution and the weight of the dried film, 
respectively.

2.2.7. Degree of sulfonation
The degree of sulfonation (DS) of membranes was calculated using 

the following equation [32]: 

DS(%) =
Mp × IEC

1000 − (Mf × IEC)

where IEC (meq/g) is the ion exchange capacity, Mp is the molecular 
weight of the unsulfonated polymer repeating unit (which was assumed 
as 194000 g/mol [33]) and Mf is the molecular weight of the sulfonic 
acid group (81 g/mol).

2.2.8. Electrical resistance
The electrical resistance of membranes was measured in a home

made 3D-printed six-compartment cell. The details about its construc
tion and set-up can be found in Section 3 of the Supporting Information. 
The current–voltage curves were obtained through linear sweep vol
tammetry measurements with a 10 mV/s scan rate and a potential step 
of 10 mV in the range of ± 0.05 V. Vertex 5A potentiostat (Ivium 
Technologies, The Netherlands) was used as the power source. First, the 
measurements were performed in a cell with the membrane under study 
to obtain the combined resistance of solution and membrane (Rm+s) (Ω) 
as described by equation 4: 

Rm+s =
U
i 

where U is the voltage drop measured between the electrodes (V) and i is 
the current (A). To obtain the membrane resistance, the resistance due to 
the solution must be subtracted from the combined resistance. The so
lution resistance was calculated by performing the steps mentioned 
above but in a cell without the central membrane under study [34].

2.2.9. Permselectivity
The permselectivity (α) of each membrane was calculated as the ratio 

between measured (vm) and theoretical potential difference (vt) as 
described by equation 5: 

α =
vm

vt
× 100 

The experimental potential difference was measured in open circuit 
voltage (OCV) mode in a two-compartment cell (the details about its 
construction and set-up can be found in Section 4 of the Supporting 
Information) using a Vertex 5A potentiostat (Ivium Technologies, The 
Netherlands).

The theoretical potential difference was calculated from the Nernst 
equation (eq. 6), assuming membrane permselectivity (α) as 100 % [34]: 

vt =
αRT
zF

ln(
acon

adil 

where R is the universal gas constant (8.314 J mol− 1 K− 1), T is the 
temperature in Kelvin (K), z is the valency of the ion, F is the Faraday’s 
constant (96485 C mol− 1), acon and adil are the activities of the concen
trated and diluted solution, respectively.

2.2.10. X-ray photoelectron spectroscopy (XPS)
The XPS analysis of membrane surfaces and cross-sections was per

formed with a Kratos Axis Supra (Kratos Analytical, UK), using mono
chromated Al Kα irradiation (1486.6 eV). Scans were acquired with an 
X-ray power of 150 W, and pass energies of 180 eV (wide scans) and 10 
eV (detail scans). The membranes were mounted in an aluminium cru
cible and showed charge accumulation during the measurement. Charge 
neutralisation with an electron flood gun was employed, and the lowest 
binding energy component of C 1 s was referenced at 284.8 eV in 
CasaXPS, which was the software used for data analysis.

2.2.11. Scanning electron microscopy with energy dispersive spectroscopy 
(SEM-EDS)

The morphology of the profiled membranes was analysed via scan
ning electron microscopy (SEM) Hitachi TM4000Plus II (Japan), with an 
accelerating voltage of 5 kV, SE (secondary electron) as the image signal 
and 85x magnification. The presence and distribution of sulfur, sodium, 
and chlorine in flat membranes were confirmed by energy-dispersive 
spectroscopy using an X-ray detector (Oxford, model INCA 150) by 
Hitachi Regulus 8220 Scanning Electron Microscope (Mito, Japan). 
Membranes were coated with an Au/Pd film of 15 nm thickness using a 
Sputter Quorum.

3. Results and discussion

3.1. Membrane preparation and their mechanical properties

Fig. 1 shows (a) USTPE (unsulfonated membrane), (b) STPE2 (2 h of 
sulfonation), (c) STPE14 (14 h of sulfonation) and (d) STPE24 (24 h of 
sulfonation) flat membranes fabricated in this study by FDM 3D print
ing. The discussion about profiled membranes is done in section 3.3.

The physical dimensions of the produced membranes are summar
ised in Table SI.1 in the Supporting Information. The average thickness 
of the 3D-printed flat membranes (0.25 mm) was very similar to the 
targeted thickness (0.24 mm, as designed in the.stl file), indicating that 
the FDM 3D printing technique accurately produced objects with the 
required membrane geometry. After sulfonation, the average thickness 
increased by 0.01 mm (~4%) due to swelling.

To quantitatively assess their mechanical properties, elongation 
percentage, fracture strength and yield point were determined. The 
elongation percentage for flat membranes was in the range of 104 % −
435 % with a fracture strength above 3.6 MPa, indicating they have high 
elasticity and high fracture strength. The yield points of USTPE, STPE2, 
STPE14 and STPE24 membranes were 2.29 MPa, 2.17 MPa, 2.08 MPa 
and 1.87 MPa (with error value of ± 50 Pa) respectively, confirming 
their exceptional mechanical strength. In practical terms, the membrane 
samples used in mechanical tests could be stretched between 4 and 17 
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cm before breaking, which is clearly above any possible deformation 
that might occur in any electromembrane process application.

3.2. Characterisation of flat membranes

3.2.1. Water content and contact angle
The water content (Fig. 2 (a)) and contact angle (Fig. 2 (b)) of the 

fabricated flat membranes increased from 10 to 90 % and decreased 
from 74⁰ to 26⁰, respectively, with the increase in sulfonation time.

The water contact angle measurement showcases that the hydro
phobicity of the interpolymer backbone decreased with the incorpora
tion of hydrophilic sulfonic acid functional groups. However, since only 

the hydrophilic domain (SO3H) of the nano-structure is capable of 
becoming hydrated in the presence of water, there is a probability of 
dissociation of some sulfonic acid groups from the polymer backbone 
into the aqueous solution as the polymer becomes hydrated. This might 
lead to the degradation of characteristics such as stability and me
chanical properties, according to the literature [35–37]. Nevertheless, 
the mechanical tests performed on these membranes (section 3.1) show 
that even the membranes with 24 h of sulfonation have good mechanical 
properties. On the other hand, appropriate membrane hydrophilicity 
and water content must be maintained to ensure high cations conduc
tivity within the ionic network of the sulfonated polymer membranes.

Fig. 2. (a) Water content and (b) water contact angle of the prepared flat membranes.

Fig. 1. Photos of (a) USTPE, (b) STPE2, (c) STPE14 and (d) STPE24 3D-printed flat membranes.
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3.2.2. Thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC)

The thermal degradation behaviour of flat membranes was investi
gated by TGA. The weight loss of the membranes as a function of tem
perature is shown in Fig. 3a. From the three major peaks observed, it can 
be concluded that membranes undergo three distinct weight-loss stages. 
The first degradation started around 100 ◦C due to the evaporation of 
water molecules trapped in the interpolymer mesh and those attached to 
the sulfonic acid group. STPE14 membrane has more water weight loss 
(8.3 %) than STPE2 and STPE24 membranes (3.2 % and 2.6 %, 
respectively). This might be due to the difference in how water mole
cules are trapped inside the membranes. The results suggest that water 
molecules in STEP14 are more easily removed, while for STPE24 the 
water is more deeply involved in solvation interactions with other 
chemical groups within the material and, therefore, more structured and 
less free. The second weight loss in the range of 150–250 ◦C was 
attributed to the desulfonation of the STPEs membranes, as this weight 
loss is absent in the case of the USTPE membrane. The highest degree of 
degradation for the STPE14 membrane in this range might indicate the 
presence of more sulfonic acid groups, which will be explained in detail 
in section 3.2.5. The third stage of weight loss between 250–380 ◦C is 
associated with the thermal degradation of the aromatic rings of the
styrene blocks. Above 400 ◦C occurs the final degradation of the inter
polymer backbone. The obtained results agree with earlier studies that 
found that all sulfonated styrene-ethylene-butylene membranes exhibi
ted three major degradation steps [35,38]. The thermal behaviour of 
membranes was also characterised by DSC (Fig. 3b). The membranes 
had two endothermic peaks. The first broad peak between 130 and 
160 ◦C corresponds to the material’s glass transition temperature (Tg), 
which is in the previously reported range for styrene block in TPE 
polymer [39]. Moreover, as the temperature increased, the above- 
mentioned interpolymer demonstrated broadening in peak area 
compared to the USTPE membrane from 150 to 180 ◦C. As previously 
explained, this peak may be ascribed to the evaporation of residual 
water in the hydration shell of the sulfonate groups, hence it lacks for the 
USTPE membrane. The distinct, split into two domains peak of the 
STPE24 membrane might indicate a difference in sulfone structure 
bound to the interpolymer (R2SO2 and RSO3Na), which is discussed in 
detail in section 3.2.5. Simultaneously, it is also observed that the peak 
height increases with an increase in sulfonation time, indicating an 
increased amount of sulfone in the membranes.

3.2.3. Fourier Transform Infrared spectroscopy (FTIR) characterisation
According to previous studies [35,36,38,40], FTIR characteristic 

peaks of the TPE polymer are at 2850–2920 cm− 1, while peaks near 
1350–1342 cm− 1 and 1165–1150 cm− 1 are due to the presence of the 
sulfonic acid group in the membranes. Moreover, the intense and 
broadened band in the region of 1250–1150 cm− 1 is due to the asym
metric stretching vibration of S=O (forms of sulfone), and the sharp 

absorption peaks at 1100–1000 cm− 1 are due to the symmetric 
stretching vibration of S=O. All of them can be observed at FTIR spectra 
of the prepared sulfonated membranes (Fig. 4). Therefore, it indicates 
that the sulfonic acid groups were grafted onto the para-position of the 
SEBS block of the TPE polymer.

3.2.4. Electrochemical properties
Fig. 5 shows the main electrochemical properties of prepared flat 

membranes: degree of sulfonation, ion exchange capacity, electrical 
resistance and permselectivity.

The ion exchange capacity (IEC) represents the amount of fixed ionic 
charges per unit mass of the membrane. The sulfonic acid groups in the 
membrane were determined by potentiometric titration owing to the 
acid-base neutralisation reaction [41]. The IEC increased with an in
crease in sulfonation time to 14 h (Fig. 5a). For the STPE14 membrane, it 
reached the highest value of 2.8 meq/g; thereafter, with a further in
crease in sulfonation time, the IEC started to decrease. The unexpected 
value out of trend for the STPE10 membrane might result from a rela
tively high error value of ± 0.7 meq/g. A similar trend was observed for 
the degree of sulfonation (Fig. 5a), which reached a maximum value of 
70 % (error value of ± 10 %) for the STPE14 membrane. These results 
show that, despite the increase in sulfonation time, the membrane sul
fonated during 14 h reached the highest degree of sulfonation and IEC, 
which will be discussed in detail in section 3.2.5.

The degree of sulfonation and ion exchange capacity strongly influ
ence the permselectivity and resistance of the membrane. The results 
show that the electrical resistance decreases to 10.7 ± 4 Ωcm2, and 
permselectivity increases to 97.3 ± 4 % till the 14 h of sulfonation 

Fig. 3. (a) Thermogravimetric analysis (TGA) and (b) Differential scanning calorimetry (DSC) of USTPE, STPE2, STPE14 and STPE 24 membranes.

Fig. 4. FTIR spectra of prepared flat membranes.
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(Fig. 5b). These values are comparable to the commercial cation ex
change membrane (FUMASEP® FKB-PK-130) with an electrical resis
tance value of 9.7 ± 3 Ωcm2 and permselectivity of 96.7 ± 1 % and are 
much better than those of recycled ion-exchange membranes (56 Ωcm2 

and 65 %, respectively) [42]. It is also important to note that the 3D- 
printed sulfonated membranes were 0.26 mm thick, whereas the 
thickness of the commercial membrane was 0.15 mm, which is almost 
half. Hence, the resistivity of the sulfonated 3D-printed membrane is 
lower than that of the commercial membranes (412 vs. 647 Ωcm). This 
material property offers an exciting starting point for future optimisa
tion of 3D-printed membranes, especially if the reduction of their 
thickness becomes possible (which depends on 3D printers’ capabil
ities). As the resistance of the prepared STPE14 and the commercial 
membrane is very similar, the cation flux was also practically the same 
for both (Figure SI.5 in the Supporting Information). For membranes 
with more than 14 h of sulfonation, an increase in the resistance and a 
decrease in the permselectivity is observed with the increase of sulfo
nation time. One of the major reasons for this phenomenon can be sul
fone cross-bridging (Figure SI.2b in Supporting Information), which may 
occur due to high exposure time towards chlorosulfonic acid during 
sulfonation [43]. This phenomenon is further discussed with the help of 
XPS spectra, in the next section (Section 3.2.5).

3.2.5. Trend of resistance and permselectivity explained through XPS
Fig. 6a shows the S 2p XPS spectra of the STPE14 membrane, which 

portrays a single kind of sulfone bond present within the membrane, 
which represents S 2p3/2 and S 2p1/2 peaks of RSO3H with an oxidation 
state + 6, in the region of 169.31 eV. In Fig. 6b, the sulfur 2p XPS spectra 
of the STPE24 membrane show four peaks, which correspond to S 2p3/2 
and S 2p1/2 of RSO3H and S 2p3/2 and S 2p1/2 of R2SO2. Even though the 
S 2p3/2 peak falls under the + 6 oxidation state, one of them shifts from 
168.17 to a lower binding energy value of 167.5 eV, which indicates the 
presence of both the sulfonic acid group and the sulfone cross-bridge. In 
the structure of the sulfone cross-bridge (Figure SI.2b in the Supporting 
Information), since one of the oxygens is replaced with carbon, which 
has lesser electronegativity, the XPS peak S 2p shifts to a lower binding 
energy. The results clearly indicate the presence of a single chemical 
state for sulfur in the STPE14 membrane, which is the sulfonic acid 
group, and two chemical states of sulfur for the STPE24 membrane, 
which are the sulfonic acid group and the sulfone cross-bridge.

The sulfonic acid group, in the presence of strong electrophiles like 
chlorosulfonic acid, can be alkylated at the O or the S atom. Pearson’s 
hard/soft acid/base (HSAB) concept provides insight into the direction 
of alkylation. Among the O and S, the S, which is the soft nucleophilic 
centre, is more easily deformed by electrophiles than the O electron 
shell. This S-alkylation leads to sulfone formation between two aryl rings 
[39,44,45]. The addition of a sulfonating medium is a highly exothermic 

Fig. 5. (a) Degree of sulfonation and ion exchange capacity and (b) electrical resistance and permselectivity of prepared membranes vs time of their sulfonation. (For 
comparison, the commercial cation exchange membrane (FUMASEP® FKB-PK-130) has an electrical resistance of 9.7 ± 3 Ωcm2 and permselectivity of 96.7 ± 1 %). 
Average values and error bars were calculated based on at least 3 replicates of the membranes.

Fig. 6. Sulfur 2p XPS spectrum of (a) STPE14 and (b) STPE24 membranes. The dotted line corresponds to experimental data points, while the green and blue lines 
correspond to fitted curves resulting from simulated peaks.
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Fig. 7. SEM-EDS images of the STPE10 membrane (a) cross-section and (b) sulfur mapping, and of the STPE14 membrane (c) surface image and (d) carbon, (e) 
oxygen, (f) chlorine, (g) sodium and (h) sulfur mapping.
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process. Further, the evaporation of the sulfonating medium initiates 
inter- and intramolecular crosslinking reactions within TPE and can lead 
to the formation of entangled sulfonate chains [46]. These uninten
tionally introduced sulfone cross-bridges decreases the effective degree 
of sulfonation by eliminating free sulfonic acid groups that promote 
cation exchange and increases the cross-linking density in a network 
that is already highly cross-linked (TPE polymer). This further inhibits 
the extra incorporation of the sulphonic acid groups into the polymer 
[45,47]. Therefore, till 14 h of sulfonation, there is a decrease in resis
tance as more cation exchange groups (sulfonic acid groups) are incor
porated into the polymer backbone, but after 14 h, the resistance starts 
to increase due to crosslinking of those cation exchange groups and their 
conversion into sulfone cross-bridges.

3.2.6. Assessment of chemical elements distribution by SEM-EDS
Assessment of sulfur distribution in the membranes (equilibrated in 

0.1 M NaCl) was done by elemental mapping. Fig. 7a and b show SEM- 
EDS images of the STPE10 membrane cross-section. The images confirm 
that sulfur has penetrated the membrane and that the membrane 
modification was uniform. Additionally, the surface SEM-EDS images of 
the STPE14 membrane also confirm an evenly distribution of sulfur 
throughout the surface of the membrane. The elemental mapping of the 
STPE14 membrane (Fig. 7c-h) also provides an interesting insight into 
the presence of sodium and chloride. Sodium and sulfur are present in 
almost equal quantities (1.94 and 1.79 atomic per cent) at the mem
brane surface, while the chlorine amount is just 0.55 atomic per cent, 
thus less than one-third of the quantity of sodium, which can be 
explained by Donnan exclusion of co-ions by the membrane. This data 
highlights that in the STPE14 membrane, sulfur is present in a sulfonic 
acid form, hence it could interact sodium to form RSO3

- Na+ ion-pair.

3.3. Profiled membranes

One of 3D printing’s advantages is the possibility of manufacturing 
objects with complex designs. Thus, state-of-the-art chevron-profiled 

membranes and stripe-profiled membranes (Fig. 8) were manufactured 
to verify whether the proposed method allows for preparing such pro
filed cation-exchange membranes. Based on the optimisation done for 
flat membranes, the sulfonation time was 14 h.

Profiled membranes exhibited very similar mechanical properties to 
those of flat membranes, with an elongation percentage in the range of 
106–307 % and yield points of 2.08 MPa and 1.53 MPa (with an error 
value of ± 50 Pa) for chevron and stripe profiled membranes, respec
tively. The results indicate the highly elastic nature of the profiled 
membranes. The chevron-profiled membrane shows an electrical resis
tance of 10.9 ± 2 Ωcm2 and a permselectivity of 80.2 ± 4 %. The stripe- 
profiled membrane has an electrical resistance of 12.2 ± 2 Ωcm2 and a 
permselectivity of 84.0 ± 4 %. These results demonstrate the effective
ness of the FDM 3D printing technique for fabricating profiled mem
branes, which can be functionalised into cation-exchange membranes. 
Furthermore, since FDM 3D printing does not require solvents and most 
reagents are consumed during sulfonation (Section 6 in the Supporting 
Information), the environmental factor (E-factor) is notably low (1.5) 
compared to traditional manufacturing methods, where it can reach up 
to 2000. Thus, the method developed and presented here offers a much 
greener and sustainable alternative for manufacturing cation-exchange 
membranes for electrochemical applications.

4. Conclusions

The fused deposition modelling (FDM) 3D printing method, followed 
by sulfonation of the obtained thermoplastic polymer elastomer (TPE) 
membranes (made of a combination of a polyolefin and styrene- 
ethylene-butylene), allowed for fabrication of flat, chevron- and stripe- 
profiled cation-exchange membranes, addressing the environmental 
drawbacks of conventional membrane manufacturing, particularly the 
generation of wastewater contaminated with toxic solvents. The 3D- 
printed membranes demonstrated electrochemical properties similar 
to those of commercial CEMs used in an increasing number of sustain
able electromembrane processes. Sulfonation time had to be optimised 

Fig. 8. Photos of (a) chevron and (b) stripe profiled cation exchange membranes (14 h sulfonation) and respective SEM images of their small section focused on (c) 
chevron and (d) stripe profile.
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(herein, it was 14 h) to find a compromise between a high degree of 
sulfonation and over-sulfonation that leads to sulfone cross-bridging, 
which restricts cations’ conductivity. Finally, the FDM 3D printing 
method is solvent-free, labour and time-effective, and it allows for 
mould-free preparation of profiled membranes with complex geome
tries. This formulation opens up opportunities for an easier and greener 
use of profiled membranes in various electromembrane processes, 
leading to intensified mass transfer and reduced energy consumption.
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