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ABSTRACT 19 

Electrochemical treatments in (waste)water management show high potential in the global water 20 
resource crisis, but are often limited by the ion-exchange membrane (IEM) performance. Low chemical 21 
resistance and fouling are major issues in the development of next-generation IEMs. Sulfonated silica-22 
based nanofiber cation-exchange membranes (CEMs) offer a promising solution to these issues due to 23 
their superior chemical resistance and self-cleaning properties. Via the direct electrospinning of a sol-24 
gel solution starting from tetraethyl orthosilicate (TEOS) and 3-mercaptopropyl triethoxysilane (MPTES), 25 
nanofiber membranes with an ion-exchange capacity (IEC) of 1.3 mmol g-1 can be produced without the 26 
need of an additional matrix. The produced nanofiber CEM performs excellent in lab-scale 27 
electrochemical tests, with a resistance of 3.2 ± 0.4 *10-3 Ω m² and a Coulombic efficiency of ±70% for 28 
the transport of Na+ using a current density of either 128 or 256  29 
A m-2. Furthermore, the nanofiber CEM shows outstanding resistance against strong acidic solutions 30 
and chlorine. After fouling of the membrane with CaCO3, the nanofiber CEM shows self-cleaning 31 
properties, eliminating the need for an additional cleaning step during usage. These results illustrate the 32 
excellent performance of the silica-based nanofiber CEM for industrial water treatment applications. 33 
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HIGHLIGHTS 36 

• Sulfonated silica-based cation-exchange nanofibers were electrospun for the first time 37 
• No additional matrix required; use of nanofibers as porous CEM 38 
• The silica-based nanofiber CEM has an excellent chemical resistance 39 
• The silica-based nanofiber CEM showcases performance in line with the commercial CMI-40 

7000 CEM 41 
• The silica-based nanofiber CEM has self-cleaning properties after fouling 42 
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 44 

1. INTRODUCTION 45 

In battling the global water resource and energy crisis, electrochemical water treatment systems are 46 
deployed as promising techniques for i.e. disinfection of wastewater, resource recovery and energy 47 
production [1]–[6]. Optimizing these electrochemical processes is of utmost importance to tackle the 48 
ongoing water shortages and the depletion of available resources worldwide. For optimal efficiency, 49 
these processes use an ion-exchange membrane (IEM) that separates the anolyte and catholyte 50 
compartments. IEMs can typically be divided into two categories: cation-exchange membranes (CEM) 51 
that allow passage of cations and consist of negatively charged functional groups such as −SO3

−, −COO−, 52 
−PO4

2−; and anion-exchange membranes (AEM) that allow passage of anions and contain positively 53 
charged functional groups such as −NR3

+, −NHR2
+ [7]–[10]. These membranes must meet some very 54 

challenging demands, namely high chemical resistance, mechanical stability, excellent water barrier 55 
properties, good ion affinity and transport, high permselectivity and low electrical resistance [10]–[13]. 56 
Over the past decades, extensive research has been performed in developing stable, optimal IEMs for 57 
fuel cell applications. Recently, the use of IEMs in water treatment applications has been explored as 58 
well and often requires more strict membrane demands such as good fouling resistance [12], [14]. 59 
Current commercial membranes still suffer considerably from fouling and scaling during usage, requiring 60 
extensive and expensive cleaning processes, via acid/alkaline treatment or polarity reversal [15], [16]. 61 
This can significantly damage the membranes and/or reduce industrial efficiency [17]–[26]. Additionally, 62 
many CEMs still consist of fluorinated components, which should be eliminated in view of today’s 63 
environmental challenges. Therefore, there is an urgent need for new membranes that show excellent 64 
chemical resistance and, more specifically, improved fouling properties and/or cleaning efficiency. 65 
These new IEMs should show beneficial properties for water treatment applications but could be applied 66 
in a broader field as well, such as fuel cells and heavy metal ion removal. 67 

An interesting new development is the use of nanofibers in IEMs. Nanofibers typically have a submicron 68 
diameter with values even as low as 50 nm and are generally produced via a process called 69 
electrospinning [27], [28]. Electrospinning allows for the creation of non-woven membranes made of 70 
nanofibers. These nanofibers are commonly made from organic polymers and are often incorporated in 71 
a pore-filling matrix to enhance the mechanical stability of the IEM [29]. Nanofibers have been shown to 72 
improve the resistance and fouling of membranes [30]–[33]. Additionally, their specific morphology 73 
results in a high surface area with various accessible surface groups which can be tuned for optimal ion 74 
transport. The specific surface area increases with decreasing fiber diameter, and the ionic properties 75 
increase exponentially [33]–[36]. However, these organic membranes often show relatively poor 76 
chemical stability, and the presence of the pore-filling matrix often restricts the superior effect of the 77 
nanofiber morphology on their ionic properties [33], [37]. These issues limit the industrial potential of the 78 
organic nanofiber IEMs. Ceramic nanofibers as IEMs can offer a promising solution. They combine the 79 
extraordinary properties of both ceramic and nanofibrous materials, resulting in a high thermal and 80 
chemical resistance and a porous and flexible structure with a high surface area [38]–[41]. Traditionally, 81 
ceramic nanofibers are produced with the aid of a sacrificing polymer to control the rheological properties 82 
during electrospinning. This polymer is then removed by a thermal treatment, resulting in pure ceramic 83 
nanofibers [42]. However, this process results in rough and uneven fibers with poor coherence, resulting 84 
in poor mechanical properties [43], [44]. Direct electrospinning of ceramic nanofibers (without the need 85 
of a sacrificing polymer) is more challenging but allows for dense, mechanically strong and tuneable 86 
nanofibers that can be used as membrane structures [44], [45]. Our earlier work showed the successful 87 



3 
 

electrospinning of silica nanofibers, starting from a sol-gel synthesis of TEOS without the need for the 88 
addition of an organic polymer. This is done by carefully controlling the molar ratios and reaction time 89 
during the synthesis, resulting in a stable sol which can be electrospun for multiple hours and this results 90 
in stable, less brittle, upscalable structures [44], [45]. This is thus the preferred method. 91 

In this research, ceramic nanofibers made from silica, produced via a combination of sol-gel synthesis 92 
and direct electrospinning, are developed for ion-exchange. This silica membrane allows for a simple 93 
functionalization due to the presence of reactive hydroxyl groups on the surface of the fibers. This offers 94 
opportunities to tune the material’s properties given a wide range of challenging applications [46]. This 95 
work focuses on the functionalization of the silica nanofiber structure towards a cation conductive 96 
membrane via a straightforward method as inspired by Cano-Serrano et al., who produced sulfonic acid 97 
functionalized silica gels through the oxidation of thiol groups [47]. It is known that electrospinning 98 
charged systems can be very challenging and unstable [29]. Therefore, a thiol-functionalized silica 99 
system was first electrospun into nanofibers and oxidized afterwards to obtain sulfonic acid-100 
functionalized silica nanofibers. As such, the production of a ceramic silica-based nanofiber CEM is 101 
illustrated for the first time, via a direct electrospinning process of a solution produced by the co-102 
condensation of tetraethylorthosilicate (TEOS) and 3-mercaptopropyl triethoxysilane (MPTES) 103 
precursors (Figure 1). Additional focus is given to the functionalization of the silica-based membrane 104 
with hydrophobic alkyl chains, using chlorosilanes and the reactive hydroxyl groups on the silica 105 
structure, to obtain a separation membrane. As a result, the produced non-fluorinated nanofiber 106 
membrane in this work can be used as porous CEM without the need for an additional matrix material. 107 
This is in contrast to most ongoing research on ion-exchange nanofibers, where the produced nanofiber 108 
mat is post-treated into a dense membrane by the addition of a pore-filling matrix. This composition 109 
usually restricts the ionic properties of the nanofibers, and as such, the outstanding performance of the 110 
nanofibers is not fully exploited [29]. By producing a water-repellent ion-exchange nanofiber membrane, 111 
the desired nanofiber morphology is retained, while separation is still assured. This novel membrane 112 
was tested in a lab-scale electrochemical cell (EC) to determine its performance in electrochemical water 113 
treatment applications as well as its fouling stability, which is often a major issue for common 114 
membranes. A commonly used non-fluorinated, dense, commercial membrane, namely CMI-7000 115 
(Membranes International Inc., USA), which has a high robustness, was used as a reference to set a 116 
target value for industrial performance. This work demonstrates that the porous nanofiber CEM already 117 
shows an excellent performance compared with the dense CMI-7000 reference, with superior fouling 118 
performance and self-cleaning abilities, which allows for the elimination of energy-intensive cleaning 119 
and/or polarity reversal steps in industrial applications. 120 

 121 

Figure 1: Overview of the production process of silica-based nanofiber CEM. By co-condensation of TEOS and MPTES, a thiol-122 
functionalized network is obtained and electrospun into nanofibers. Further oxidation of the thiol groups results in sulfonated 123 
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nanofibers. To ensure the water-repellent properties of the silica-based nanofiber CEM, they are functionalized with hydrophobic 124 
alkyl chains using chlorosilanes.  125 

2. MATERIALS AND METHODS 126 

2.1 Materials 127 

For the membrane production TEOS (≥ 99%), MPTES (≥ 80%), hydrochloric acid (HCl, 37%), hydrogen 128 
peroxide (H2O2, 30%) and chloro-trihexylsilane (Cl-THS, 97%) were purchased from Sigma Aldrich. 129 
Ethanol (EtOH, ≥ 99.8%) was obtained from VWR. Chloro-triethylsilane (Cl-TES, ≥ 98%) and chloro-130 
tributylsilane (Cl-TBS, 97%) were purchased from Alfa Aesar. Chloro-butyldimethylsilane (Cl-BdMS, 131 
97%), chloro-hexyldimethylsilane (Cl-HdMS, 97%), chloro-octyldimethylsilane (Cl-OdMS, 97%) were 132 
obtained from ABCR and chloro-trimethylsilane (Cl-TMS, 98%) was obtained from Acros Organics. The 133 
glass fiber woven support (25 g m-2) was purchased from EasyComposites. For the membrane testing 134 
sodium chloride (NaCl, ≥ 99%), sodium sulfate (Na2SO4, ≥ 99%), Sodium phosphate (NaH2PO4, ≥ 99%), 135 
lithium sulfate (Li2SO4, ≥ 98.5%), potassium sulfate (K2SO4, ≥ 99%), potassium carbonate (K2CO3, ≥ 136 
99%) and calcium nitrate (Ca(NO3)2, ≥ 99%) were purchased from Sigma Aldrich. CMI-7000 137 
(Membranes International Inc., USA) was used as a reference CEM. 138 

2.2 Methods 139 

Electrospinning and functionalization of silica-based nanofiber CEM  140 

The silica-based nanofiber CEM was produced by modifying the procedure for pure silica nanofibers 141 
developed by Choi et al. and optimized by Geltmeyer et al. [44], [48]. Nanofibers were produced starting 142 
from a solution of TEOS, MPTES, ethanol, distilled water and HCl with molar ratios of 1:x:2:y:0.01 143 
respectively, with x and y varied from 0.1 to 0.4 and 2 to 3, respectively, to obtain an optimal 144 
electrospinning process with a maximized MPTES loading. TEOS and MPTES were first mixed with 145 
ethanol, and aqueous HCl was added dropwise while stirring. Afterwards, the solution was heated at 146 
80°C in a reflux setup. After 48h the reflux was removed and the reaction was continued under 147 
atmospheric conditions until a viscosity between 150 and 200 mPa s was reached. The viscosity was 148 
measured using a Brookfield viscometer LVDV-II. Electrospinning was done on an in-house developed 149 
rotating drum collector with a high-voltage source from Glassman high voltage inc. and a pump from 150 
kdScientific. Stainless steel needles were used with an inner diameter of 0.8 mm. The flow rate was set 151 
at 1 mL h-1, the tip-to-collector distance at 15 cm and the voltage was set between 20 and 25 kV for a 152 
stable electrospinning process. Nanofiber membranes with a surface density of ± 40 g m-2 were 153 
produced. The obtained nanofiber membranes were oxidized by immersing them for 24h at room 154 
temperature (RT) in 100 mL of a 30% H2O2 solution with ± 5 droplets of H2SO4 added. They were rinsed 155 
afterwards with an excessive amount of deionized water. This resulted in the conversion of -SH into -156 
SO3H [49]. Additionally, to obtain a hydrophobic membrane, the cation-exchange nanofiber membranes 157 
were immersed in solutions of different chlorosilanes for 3h at RT and were rinsed extensively with 158 
ethanol afterwards.  159 

Characterization of the silica-based nanofiber CEM 160 

The morphology of the nanofibers was examined with a Phenom Tabletop SEM XL. ATR-FTIR spectra 161 
were recorded with a Nicolet iS50 FT-IR setup within the range of 400-4000 cm-1. Additionally, the 162 
porosity (ε) was calculated via Eq. (1). 163 

ε (-) = 1 - 
m

ρ⁄

l b t
                                                          (1)  164 

With m the mass of the nanofiber membrane, ρ the density of the nanofiber membrane (set at the value 165 
for pure dense amorphous silica (2.2 g cm-3)), l, b and t are the length, width and thickness of the 166 
membrane, respectively, and were measured with a micrometer. The theoretical average pore size 167 
diameter and specific surface area of the nanofibers were calculated using the work of Eichhorn et al. 168 
[50]. Ion-exchange capacity (IEC) measurements were performed by immersing the samples in 1 mol.L-169 
1 NaCl solutions for at least 24h during which H+ on the membrane is exchanged with Na+ from the 170 
solution. Afterwards, the amount of exchanged H+ was measured by an acid-base titration with 0.01 171 
mol.L-1 NaOH. The IEC was calculated according to Eq. (2). 172 
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IEC (mmol g-1) = 
cNaOH VNaOH

m
                                                          (2)  173 

With cNaOH the concentration of NaOH, VNaOH the titrated volume and m the mass of the membrane. The 174 
water uptake was measured by immersing the membranes in H2O for 24h at RT. Afterwards, the surface 175 
water was removed and the wet mass was determined (Wwet). The membranes were dried and their dry 176 
mass was determined (Wdry). The water uptake was calculated according to Eq. (3). 177 

                WU (%) = 
Wwet − Wdry

Wdry
                                                                     (3) 178 

The XPS and sputter-profiling experiments were carried out in UHV on an ESCALAB (VG Scientific) 179 
spectrometer. XPS spectra were recorded using an Al Kα(1486.6 eV) X-ray source. A low-energy 180 
electron flood gun of 3 eV was used as a neutralizer. The samples were analyzed using a nickel grid to 181 
minimize peak distortion due to charging. All peak deconvolution is performed with Shirley background 182 
subtraction and a mixed Gaussian/Lorentzian symmetrical peak shape using Casa XPS software and 183 
sensitivity factors as provided within the software. Peak positions were calibrated towards a value of 184 
284.6 eV for the C1s peak for adventitious carbon. Water contact angle (WCA) measurements were 185 
performed with optical contact angle measurement and drop analysis at RT (Dataphysics Instruments). 186 
For each sample, 10 measurements were done after the droplets were stabilized (< one minute) and 187 
the average was taken. Mechanical properties were determined with a DMA Q800 (loadcell 18 N, strain 188 
rate 1 % min-1). Per test, 3 samples were measured. The samples had a gauge length of 2 cm and a 189 
width of 0.7 cm. The cross-section was calculated based on the mass and density of the samples. Both 190 
dry and wet samples were tested, with the wet samples being immersed in 1 mol.L-1 NaCl for at least 191 
24h. Thermal resistance was tested with thermogravimetric analysis (TGA) (Netzsch STA 409 PC) with 192 
a temperature increase of 10°C min-1 until 900°C in air.  193 

Performance of the silica-based nanofiber CEM 194 

A lab-scale EC made of plexiglass was used (12x8 cm). The EC consisted of two compartments 195 
separated by the nanofiber membrane sandwiched between glass fiber woven support, or CMI-7000, 196 
respectively (8x1 cm). A titanium plate with mixed metal oxide (MMO) coating was used as the anode; 197 
a stainless steel mesh was used as the cathode. Rubber sheet seals were sandwiched between the 198 
compartments to avoid leakage, and the compartments were bolted together (Figure 2). The lab-scale 199 
reactor was then connected to a power supply (AIM TTi PL601 of 60 V and 1.5 A). 200 

 201 

Figure 2: Lab-scale EC setup made from plexiglass with two compartments separated by a cation-exchange membrane. 202 

For all tests, the samples were first immersed in 1 mol.L-1 NaCl for 24h as pre-treatment. The membrane 203 
resistance was determined by a current interrupted (iR) test with a 1 mol.L-1 NaCl solution at both anolyte 204 
and catholyte. A VSP Multi Potentiostat (Bio-Logic Science Instruments SAS, Claix, France) was used 205 
to perform the iR tests. A three electrode system was used with the working electrode at the cathode, 206 
and two Ag/AgCl reference electrodes placed at the cathodic and anodic compartment consecutively. A 207 
current density of 256 A m-2 was applied for 2 s, followed by an interruption of 0.2 s. This was repeated 208 
for 10 cycles and the average resistance was calculated from the change in potential. When the 209 
reference electrode was placed at the cathodic compartment, the resistance of the solution was 210 
measured (Rs). When the reference electrode was placed at the anodic compartment, the resistance of 211 
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the solution and membrane was measured (Rs+m). The membrane resistance (Rm) was then calculated 212 
via Eq. (4).  213 

R (Ω m²) = (Rs+m – Rs) * A                                                          (4) 214 

With A the surface area of the membrane, which equals 8*10-4 m² is this research. 215 

The Coulombic efficiency (CE) was determined by performing ion migration tests for 48h with 1 mol.L-1 216 
Na2SO4 at both 128 and 256 A m-2. Na+ concentration at both anolyte and catholyte was assessed by 217 
ion chromatography (IC) measurements (Metrohm AG, Herisau, Switzerland). From these 218 
measurements the CE could be determined by Eq. (5). 219 

CE (%) = 100 * 
(𝑛𝑡−𝑛0) 𝑧 𝐹

I t
                                                          (5) 220 

With nt - n0 the amount of Na+ (in moles) that migrated determined via IC, z is the valence of the cations, 221 
F is the Faraday constant, I the current and t the time (48h).  222 

The permselectivity was determined after 48h by calculating the selectivity number via Eq. (6).  223 

Selectivity number (-) = 
n

Na+

nNa++ n
SO4

2−
                                              (6) 224 

With nNa+ the amount of Na+ that migrated after 48h and nSO4
2− the amount of SO4

2− that migrated after 225 

48h.The energy consumption (Ec) during ion migration was calculated via Eq. (7). 226 

Ec (Wh g-1) = 
I V t

mNa
      (7) 227 

With I the current, V the voltage, t the time (in this research 48h) and mNa the amount of Na+ that migrated 228 
after 48h. The selectivity of the membranes was determined by doing an ion migration test with 0.25 229 
mol.L-1 of Na2SO4, Li2SO4 and K2SO4 at 128 A m-2. IC measurements determined the concentration of 230 
cations at both anolyte and catholyte over time. The chemical resistance was first determined ex-situ by 231 
immersing membrane samples in solutions of  1, 2 and 3 mol.L-1 HCl and 1, 2 and 3 mol.L-1 H2SO4 at 232 
RT for one week. Afterwards the samples were rinsed with deionized water, and SEM analysis and IEC 233 
measurements were performed. Additionally, chlorine resistance of the membranes was tested in-situ 234 
with solutions of 5 mol.L-1 NaCl at both anolyte and catholyte. A current density of 512 A m-2 was applied 235 
and the potential was monitored over time. Periodically, a iR test was performed to determine the 236 
membrane resistance. A change in resistance is due to damage of Cl2 gas on the membrane. Fouling 237 
resistance was tested with 1 mol.L-1 Ca(NO3)2 and 1 mol.L-1 K2CO3 solution at the anolyte and the 238 
catholyte, respectively. A current density of 256 A m-2 was applied and the time until fouling (set at a 239 
potential of 27 V) was reached was monitored. This fouling was a result of the formation of CaCO3 at 240 
the cathodic compartment due to the migration of Ca2+ through the CEM and the high pH at the catholyte. 241 
Consecutively, the membranes were cleaned for 1h in 1 mol.L-1 H2SO4. The membrane resistance was 242 
measured before and after fouling and after cleaning. 243 

3. RESULTS AND DISCUSSION 244 
 245 

3.1 Production of the sulfonated silica-based nanofiber CEM 246 

Inspired by the procedure for the direct electrospinning of pure silica nanofibers based on TEOS [44], 247 
[45], the molar composition was adapted and extended to a TEOS/MPTES blend. As such, silica-based 248 
nanofibers containing a MPTES functionality were produced via a reproducible and stable direct 249 
electrospinning process for the first time. For optimal ionic properties, the amount of MPTES in the 250 
nanofibers should be as high as possible. The sol production was optimized by varying the molar ratios 251 
of the components used in a pure TEOS mixture (Table 1, Figure 1). At the initial molar ratios of 2:2:0.01 252 
for ethanol:water:HCl, respectively (which are the optimal molar ratios for a pure TEOS sol-gel system), 253 
a maximum TEOS/MPTES molar ratio of 1/0.1 could be obtained, resulting in successful electrospinning 254 
of the sol into nanofibers. Afterwards, the nanofibers were oxidized in H2O2 to obtain the conversion of 255 
-SH into -SO3H. This resulted in an IEC of 0.7 mmol g-1. Higher MPTES concentrations, without other 256 
alterations of the sol composition, led to a film deposition instead of nanofibers during electrospinning. 257 
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This is due to a reduced reactivity of the sol by the presence of MPTES. This reduced reactivity results 258 
in insufficient crosslinks in the network structure to allow nanofiber formation. Generally, the reaction 259 
kinetics can be increased by changing the H2O/TEOS (R) molar ratio. When R=2, as was the case, 260 
incomplete hydrolysis occurs. This is desired in view of electrospinning to allow the formation of a stable, 261 
electrospinnable sol [45]. However, with the presence of MPTES, R should be increased to improve the 262 
reaction kinetics and network formation [51], [52]. As such, by increasing R to 3, a molar ratio of 263 
TEOS/MPTES up to 1/0.4 could be reached. This resulted in a maximum IEC of 1.8 mmol g-1. Higher 264 
molar ratios of TEOS/MPTES were not possible to electrospin into nanofibers. However, although SEM 265 
images show uniform nanofibers for the ratio of 1/0.4 (Table 1), this membrane showed little 266 
macroscopic coherency due to insufficient interconnections again during the sol-gel synthesis, impeding 267 
its use as a separation membrane. For electrochemical applications, it is important that the membrane 268 
is robust, coherent and does not break during assembling and usage. It was observed that the 269 
TEOS/MPTES 1/0.4 membrane did not allow this. Therefore the TEOS/MPTES molar ratio of 1/0.3 was 270 
used as optimal membrane as this showed a much better mechanical coherence, and thus the resulting 271 
IEC is 1.5 mmol g-1. This is comparable to state-of-the-art polymeric cation-exchange nanofibers and 272 
commonly used commercial membranes (e.g. the IEC of Nafion© and CMI-7000 is 0.9 and 1.6 mmol g-273 
1, respectively) [33], [53], [54].The nanofibers could be electrospun for several hours with a stable 274 
process, resulting in a thick, coherent membrane (Supporting information Figure S1), optimal for 275 
implementation in lab-scale EC setups, as shown in Figure 2. The membrane has a thickness of ±100 276 
µm, consisting of many layers of fibers with a diameter of 352 ± 149 nm. After oxidation in H2O2, the 277 
nanofiber structure is preserved with no significant change in fiber diameter (Figure 5). 278 

Table 1: Sol-gel composition required for stable electrospinning of different TEOS/MPTES molar ratios, combined with the 279 
corresponding IEC values after oxidation and SEM images of the membrane structure. The IEC increases upon increasing the 280 
MPTES loading. 281 

Molar ratios (-) 

IEC (mmol g-1) SEM image 

TEOS MPTES EtOH H2O HCl 

1 0.1 2 2 0.01 0.7 ± 0.1 

 

1 0.2 2 2.5 0.01 1.3 ± 0.0 

 

1 0.3 2 3 0.01 1.5 ± 0.0 

 

1 0.4 2 3 0.01 1.8 ± 0.0 
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 282 

The successful bonding of the functional thiol groups in the silica-based nanofiber CEM was confirmed 283 
by ATR-FTIR spectroscopy (Figure 3). Signals corresponding to the silica network were observed and 284 
are indicated on Figure 3. Additionally, signals at 690 cm-1 were also observed, which are originating 285 
from Si-CH2 vibration bonds [55]. Those Si-CH2 bonds are only present in the MPTES group, thus 286 
proving the presence of the functional group in the silica-based network. As expected, the peak 287 
increases with increasing MPTES loading, which confirms the increasing IEC values after oxidation as 288 
discussed in Table 1. 289 

 290 

Figure 3: ATR-FTIR spectra of the silica-based nanofiber CEM with different MPTES loadings show an increased Si-CH2 signal 291 
at 690 cm-1 with increasing amount of MPTES, proving the presence of the MPTES functional group on the nanofibers after 292 
electrospinning. All spectra are normalized based on the signal at 1076 cm-1 which is attributed to Si-O-Si vibrations. 293 

Additionally, the successful oxidation of -SH into -SO3H for TEOS/MPTES 1/0.3 was further 294 
characterized via XPS (Figure 4). Signals corresponding with O 1s (533 eV), C 1s (285 eV), Si 2s (155 295 
eV) and Si 2p (104 eV) are observed, originating from the silica structure [56], [57]. Before oxidation, 296 
signals corresponding with sulphide (S2-, 228.6 eV for S 2s and 163.8 eV for S 2p) and sulphite (SO3

2-, 297 
232.3-233 eV for S 2s and 168.2-168.4 eV for S 2p) are present with around 60-70% corresponding to 298 
sulphide [47], [49], [58], [59]. After oxidation in H2O2 for 24h at RT, all signals corresponding with 299 
sulphide disappeared and only signals corresponding with sulphite remain. These results confirm the 300 
successful oxidation of -SH into -SO3H, leading to the IEC values as mentioned in Table 1. 301 
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 302 

Figure 4: XPS analysis of the nanofiber CEM before oxidation (red line) and after oxidation (green line). The shifts in signals 303 
indicate the successful oxidation of the membrane. 304 

The developed silica-based nanofiber CEM showed excellent ionic properties (see IEC values in Table 305 
1). However, due to the presence of the highly hydrophilic -SO3H groups and the porous structure of the 306 
nanofiber membrane, the membrane showed no water-barrier properties. Therefore further 307 
functionalization to ensure the anolyte-catholyte compartment separation was necessary.  308 

3.2 Design of the optimal sulfonated silica-based nanofiber CEM suitable for electrochemical processes 309 

For implementation in electrochemical systems, the CEM must act as a mechanically robust separation 310 
barrier with no water cross-over. In this research, the separation performance was obtained via a novel, 311 
alternative method which allows for the nanofiber morphology to be preserved. Instead of processing 312 
the nanofibers into a dense membrane via a pore-filling matrix, the nanofibers were functionalized with 313 
hydrophobic groups. As a result, the membrane has water-repellent properties and acts as a separation 314 
unit, despite the porous structure. In this way, the excellent ionic properties of the nanofibers could be 315 
preserved while allowing separation of the compartments. Generally, silica-based materials are known 316 
for their ease of functionalization with chlorosilanes [60], [61]. Due to incomplete hydrolysis and 317 
condensation during the sol-gel synthesis (as a result of limiting the amount of H2O during synthesis), 318 
many silanol groups remain present on the structure. These silanol groups react with chlorosilanes to 319 
form a stable silica structure with Si-R bonds, as shown in Figure 5. Different chlorosilanes with varying 320 
alkyl chains (Cl-TMS, Cl-TES, Cl-TBS, Cl-THS, Cl-BdMS, Cl-HdMS, Cl-OdMS) were used as 321 
functionality and their hydrophobicity was measured using WCA measurements (Figure 5,Table 2). A 322 
hydrophobic membrane could be produced by using long alkyl chlorosilanes such as Cl-THS and Cl-323 
OdMS, which showed excellent water barrier properties. WCAs were measured both before and after 324 
immersion in 1 mol.L-1 NaCl, to ensure the water-repellent behaviour independently of the ionic group 325 
present on the membrane.  326 
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 327 

Figure 5: Functionalization of a silica network with chlorosilanes: procedure and different chlorosilanes used in this research. Cl-328 
TMS = chloro-trimethylsilane, Cl-TES = chloro-triethylsilane, Cl-TBS = chloro-tributylsilane, Cl-THS = chloro-trihexylsilane, Cl-329 
BdMS = chloro-butyldimethylsilane, Cl-HdMS = chloro-hexyldimethylsilane, Cl-OdMS = chloro-octyldimethylsilane. 330 

Despite the presence of the water-repellent alkyl groups, the membranes still showcased excellent 331 
affinity towards ions, as proven by the IEC values in Table 2. Both Cl-THS and Cl-OdMS showed a high 332 
WCA both before and after immersion in 1 mol.L-1 NaCl. However, for Cl-THS the WCA decreased 333 
substantially after immersion in NaCl and some hydrophilic spots were observed, indicating that the 334 
functional group is not completely effective as hydrophobic component. For Cl-OdMS, the hydrophobic 335 
shielding was better and therefore, the functionalization with Cl-OdMS resulted in the most desired 336 
properties and further tests were all performed on this membrane. Figure 6 shows SEM images after 337 
each step of the production process towards the optimized nanofiber CEM. It is visible that both oxidation 338 
in H2O2 and functionalization in Cl-OdMS do not influence the morphology of the membrane structure. 339 
However, a clear porous fiber structure remains visible, with a significant increase in fiber diameter after 340 
immersion in Cl-OdMS. This can be a result of the long alkyl chains forming a film around the individual 341 
nanofibers during functionalization, and thus increasing the fiber diameter. Using the fiber diameter and 342 
the theoretical calculations from Eq. (1) and Eichhorn et al. [50], the porosity, pore size diameter an 343 
specific surface area of the nanofiber membrane can be calculated as 0.89, 19 µm and 8 m² g-1, 344 
respectively. In Table 3, a comparison is given with other fibrous and non-fibrous porous CEMs 345 
described in literature. The silica-based CEM from this research has a relatively large porosity and pore 346 
size diameter due to the nanofiber structure. Due to this high pore size, a relatively high water uptake is 347 
also observed (108 ± 15 %), despite the hydrophobic nature. It should be noted that properties such as 348 
porosity and pore size diameter are often measured or calculated differently and, as such, should be 349 
compared carefully.  350 

It is observed that the IEC slightly decreased from 1.5 to 1.3 mmol g-1, due to the hydrophobic treatment. 351 
This could be attributed to the additional chemical groups originating from the Cl-OdMS that contribute 352 
to the total weight of the membranes, or a slight steric hindrance of the ionic groups. To investigate this, 353 
the mass difference of the oxidized nanofiber membrane before and after functionalization with Cl-OdMS 354 
was measured using TGA (Supporting information Figure S2). Still, no significant mass difference was 355 
observed after functionalization in Cl-OdMS (when accounting for the evaporation of solvents). 356 
Consequently, the decrease in IEC is not a result of the additional weight of Cl-OdMS but is most likely 357 
attributed to the steric hindrance. The presence of long alkyl chains can block the ionic groups, limiting 358 
their accessibility for ion-exchange and thus lowering the IEC. However, since the reduction in IEC is 359 
limited, the effect of steric hindrance is expected to be small. In addition, the thermal resistance was 360 
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determined via TGA as well. For some electrochemical applications, an increased temperature (ranging 361 
from 100 to > 200°C) can improve the efficiency of the process [62]–[65]. Around 100°C a small drop is 362 
observed in the TGA analysis, which is attributed to the loss of absorbed solvents such as water [66]. 363 
Around 400°C, another significant drop is observed, indicating the degradation of the organic 364 
components (Supporting information Figure S2). As a result, the nanofiber CEM shows an excellent 365 
thermal resistance up to 400°C, which is already beneficial for many applications. At higher 366 
temperatures, only the inorganic backbone remains. 367 

Table 2: IEC and WCA values before and after immersion in 1 mol.L-1 NaCl for the nanofiber CEM functionalized with different 368 
alkyl chlorosilanes. The results show the excellent ion transport combined with water barrier properties for the nanofiber CEM 369 
functionalized with Cl-OdMS. 370 

 Cl-TMS Cl-TES Cl-TBS Cl-THS Cl-BdMS Cl-HdMS Cl-OdMS 

IEC (mmol g-1) 1.4 ± 0.0 1.4 ± 0.0 1.3 ± 0.0 1.3 ± 0.0 1.3 ± 0.0 1.2 ± 0.1 1.3 ± 0.0 

 
 

WCA (°) 
  

 

 
0 ± 0 

 

 
0 ± 0 

 

 
107 ± 10 

 

 
119 ± 8 

 

 
0 ± 0 

 

 
0 ± 0 

 

 
124 ± 10 

 
 

WCA after 24h 
in 1 mol.L-1 

NaCl (°) 
  

 

 
0 ± 0 

 

 
0 ± 0 

 

 
0 ± 0 

 

 
84 ± 29 

 

 
0 ± 0 

 

 
0 ± 0 

 

 
122 ± 5 

 371 

 372 

Figure 6: SEM-images a) directly after electrospinning, b) after oxidation in H2O2 and c) after functionalization in Cl-OdMS. 373 

Table 3: Overview of properties for different fibrous and non-fibrous porous CEMs as described in literature and in this work. 374 
Porosity and pore size diameter are often measured in different ways and are therefore difficult to compare. 375 

Material Method 
Porosity 

(-) 
Pore size 

diameter (µm) 
IEC (mmol g-1) WU (%) REF 

sPPO 
nanocomposite 

Phase 
inversion 

0.35-0.62 - 1.0-1.4 29-58 [67] 

sPES 
Phase 

inversion 
- 0.05-0.20 0.7 239-275 [68] 

PVC 
Phase 

inversion 
0.24-0.43 - 1.3-2.8 30-41 [69] 

PAN Electrospinning 0.84 - 0.5-0.6 - [70] 
PS Electrospraying 0.75 1.87 1.3 - [71] 

Silica Electrospinning 0.89 19 1.3 108 This work 

 376 

The mechanical robustness of the membranes is a crucial parameter in the overall performance of the 377 
membrane in electrochemical systems. Tensile tests were performed on the nanofiber CEM at dry and 378 
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wet conditions (Figure 7). Despite forming a coherent membrane after electrospinning, its general tensile 379 
strength is rather low. To improve the robustness of the nanofiber CEM, the membrane was sandwiched 380 
in between two reinforcing layers made of low-density glass fiber woven fabric (see Figure 1). These 381 
support layers do not influence the ionic and separation properties of the nanofiber CEM because of 382 
their high porosity. While the UTS and Young’s modulus of the nanofiber membrane in dry conditions 383 
are 4.6 ± 0.7 MPa and 439 ± 36 MPa, respectively, the UTS and Young’s modulus with reinforcing layers 384 
are 21.5 ± 3.3 MPa and 1916 ± 143 MPa, respectively. This is an increase of 367% in strength and 385 
336% in Young’s modulus, proving the positive effect of the supporting layers on the mechanical 386 
robustness (Figure 7 and Supporting information Table S1). Note that the tensile tests of the reinforced 387 
membrane were performed until the point of failure of the nanofiber CEM (1.2% strain for the dry state 388 
and 3.2% for the wet state) and the UTS was determined as the maximum value within that region. Due 389 
to the excellent mechanical properties of the reinforced membrane, this structure was used in all further 390 
testing. Based on the results in this section, an optimal sulfonated silica-based nanofiber CEM was 391 
obtained, which could be subjected to lab-scale tests to assess its electrochemical performance, as 392 
detailed in Section 3.3. 393 

 394 

Figure 7: Example of stress-strain curves of the nanofiber CEM show the increased failure strain for the wet sample and the 395 
improved strength in the presence of the supporting layers. The tensile test with supporting layers was performed until the 396 
nanofiber membrane reached its failure strain at 1.2% (dry) or 3.2% (wet). The UTS was, as such, determined as the maximum 397 
value within that region. 398 

3.3 General lab-scale performance of the optimized sulfonated silica-based nanofiber CEM 399 

The newly developed hydrophobic sulfonated silica-based nanofiber CEM, sandwiched between 400 
reinforcing layers, could be implemented in a lab-scale EC to act as selective separation membrane 401 
between the anolyte and catholyte compartment in water treatment processes. To assess the 402 
performance of the nanofiber membrane, a comparison was made with the commercially available CEM: 403 
CMI-7000 (from Membrane International). This sulfonated polystyrene-based CEM is commonly used 404 
in many water treatment applications due to its robustness [11], [72], [73]. The performance of this 405 
commercial membrane was set as target for the desired performance of the nanofiber CEM. The 406 
performance was evaluated based on membrane resistance, Coulombic efficiency, permselectivity, 407 
energy demand, water flux, ion selectivity, acidic resistance, chlorine resistance and fouling resistance.  408 

The membrane resistance was measured after initial usage (Rinitial) and after 24h of usage (R24h). The 409 
initial resistance of the newly developed nanofiber CEM is higher than for the commercial CMI-7000 410 
(Table 4). However, after 24h the resistance of the nanofiber CEM has become significantly lower. This 411 
evolution in resistance is attributed to the gradual acclimatization of the membrane. Before testing, all 412 
membranes receive a pre-treatment which consists of 24h submersion in a salt solution that contains 413 
the same cations as the intended test solution. This is done to assure the best performance. However, 414 
in contrary to the CMI-7000 reference, the nanofiber CEM has a high hydrophobicity (WCA of 67 ± 8° 415 
for CMI-7000 vs. 124 ± 10° for the nanofiber CEM), resulting in a low affinity for water compounds 416 
initially. Therefore, the pre-treatment is most likely not completed after 24h for the nanofiber CEM and 417 
a higher membrane resistance is observed. During testing, the resistance decreases gradually due to 418 
additional contact with the salt solution, resulting in a superior performance compared to the CMI-7000 419 
reference after pre-treatment. Note that the newly developed nanofiber CEM shows a lower resistance 420 
than CMI-7000 despite its lower IEC (1.3 vs. 1.6 mmol g-1). This is attributed to the interesting 421 
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morphology of the nanofiber membrane for ion transport, namely the presence of ion-transport channels 422 
along the fiber length and a high specific surface area of the nanostructure with many accessible ionic 423 
groups, resulting in improved ion transport despite the lower IEC [34], [35]. Due to the elimination of a 424 
pore-filling matrix in this research, the nanofiber’s morphology effect on the membrane’s performance 425 
can be fully exploited. 426 

The Coulombic efficiency was calculated based on the ion migration through the membranes after 48h. 427 
The results show a similar efficiency and performance for both membranes, proving an already effective 428 
performance of the newly developed silica-based nanofiber CEM (Table 4). The selectivity number was 429 
calculated to be 0.90 ± 0.00 for the nanofiber CEM and 0.88 ± 0.00 for CMI-7000, proving a similar 430 
permselectivity for both membranes. For prolonged use, the energy demand is similar at a current 431 
density of 128 A m-2 and the energy demand is slightly higher for the nanofiber CEM at 256 A m-2. These 432 
results are also comparable to values found in literature [74], [75]. Additionally, the water flux through 433 
the membranes was investigated and it was observed that the nanofiber CEM had a water flux of 3.2 ± 434 
1.6 mol H2O/mol Na+, whereas the CMI-7000 reference had a water flux of 5.7 ± 1.6 mol H2O/mol Na+. 435 
Despite the porous membrane structure of the nanofiber CEM, the water cross flow is lower, most likely 436 
because of its hydrophobicity due to the functionalization with Cl-OdMS. It is known in literature that 437 
electrospun nanofibers have a high surface roughness, therefore entrapping air and increasing the 438 
hydrophobicity compared to their corresponding film materials [76], [77]. However, in the electrochemical 439 
cell, the air entrapment will eventually disappear and the hydrophobicity will be completely due to nature 440 
of the hydrophobic groups. When a significant concentration difference is present, the osmotic flow 441 
through the nanofiber CEM tends to be higher (16% vs. 5.6 %). 442 

The ion selectivity test shows an ion migration preference of K+ > Na+ > Li+. In Table 4 the relative 443 
amount of Li+, Na+ and K+ in the anolyte is given after 48h compared to 0h, with lower amounts resulting 444 
from cations that have migrated through the membrane. This ionic preference is also commonly found 445 
for other CEMs and is strongly influenced by the hydration shells of the cations. Ions with a larger 446 
hydration shell will migrate slower than ions with a smaller hydration shell. This hydration shell is 447 
influenced by both the charge and atomic radius of the cations, resulting in a larger hydration shell for 448 
smaller cations and cations with a higher charge (thus the hydration shell increases from K+ < Na+ < 449 
Li+). Cations with a smaller hydration shell also have a lower dehydration energy, this is the energy 450 
required to break down the hydration shell. During electrolysis, the hydration shell gets partially disrupted 451 
when ions migrate through the membrane. Ions with a smaller hydration shell, and thus smaller 452 
dehydration energy, will therefore migrate more easily through the membrane [78]–[83]. Additionally, 453 
under a high applied voltage, the K+/Na +/Li+ selectivity gradually converges to their mobility ratio. This 454 
mobility difference can be attributed to the contrasting exchange rates of the ion’s hydration water. The 455 
exchange rate discrepancy implies that the hydrated Li+ is more rigid than K+, resulting in a larger 456 
drifting resistance in water and a lower ion mobility [84], [85]. The general trends observed for both the 457 
nanofiber CEM and CMI-7000 confirm this behaviour and are in line with what is expected. So a strong 458 
selectivity can be observed for the nanofiber CEM despite its higher porosity, similar as for the dense 459 
CMI-7000. 460 

In general, the newly developed silica-based nanofiber CEM shows excellent performances in lab-scale 461 
ECs, with results already in line with commercially available membranes (Table 4). Furthermore, the 462 
nanofiber CEM’s  straightforward and cheap production method shows a high potential for future 463 
industrial applications. 464 

Table 4: Membrane resistance after 0 and 24 h of usage, Coulombic efficiency based on ion migration, energy consumption and 465 
ion selectivity after 48h of both the nanofiber CEM and commercial CMI-7000 reference. 466 

 
Rinitial  

(*10-3 Ω m²) 

R24h 

(*10-3 Ω m²) 

CE (%) Ec (Wh g-1) C/C0 after 48h (%) 

128 A m-2 256 A m-2 128 A m-2 256 A m-2 Li Na K 

Nanofiber 

CEM 
4.9 ± 1.1 3.2 ± 0.4 69 ± 3 71 ± 2  6.1 ± 0.7 7.5 ± 0.5 98 ± 1 87 ± 5 79 ± 8 
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CMI-7000 

(Reference) 
4.6 ± 0.0 4.6 ± 0.0 75 ± 11 73 ± 6 6.4 ± 1.5 6.9 ± 0.7 87 ± 1 80 ± 2 69 ± 2 

 467 

3.4 Chemical resistance of the optimized sulfonated silica-based nanofiber CEM 468 

For many electrochemical processes, the chemical and chlorine resistance of the IEM is crucial for the 469 
large-scale electrochemical application. The newly developed sulfonated silica-based nanofiber CEM 470 
has an excellent chemical stability in the pH range 0-10, similar to the CMI-7000 reference (pH 1-10). 471 
At alkaline conditions (pH >10), the Si-O-Si bonds within the nanofibers debond resulting in membrane 472 
degradation [86]. Additionally, the chemical resistance in two commonly used acidic solutions, namely 473 
HCl and H2SO4, was tested at various concentrations via immersion (Table 5). The nanofiber 474 
membranes showed extraordinary resistance without fiber damage. In these extreme conditions, the 475 
IEC values are slightly lower (from 1.3 to 1 mmol g-1), which is most likely attributed to a small loss in 476 
ionic groups over time, which is generally known as ageing, and could be a consequence of the absence 477 
of pre-treatment of the membranes for this specific test [87], [88]. For the CMI-7000 reference, the IEC 478 
remained more or less the same, but microscopic holes were visible on the SEM images, which can be 479 
attributed to the top-layer that starts to comes loose in these conditions. However, this was not yet 480 
noticeable on a macroscopic scale. 481 

Table 5: IEC values and SEM images of the nanofiber CEM and CMI-7000 reference after immersion in HCl and H2SO4 for one 482 
week show an overall good chemical stability of the membranes. 483 

 484 

The chlorine stability of the membranes was tested in an EC in which chlorine gas was produced as a 485 
result of the anodic reactions taking place (Eq. 4).  486 

 2Cl− (aq) → Cl2 (g) +  2e− (4) 

 487 

Figure 8a shows that there is no significant change in resistance due to the presence of chlorine. So 488 
there is no degradation of ionic groups, both for the newly developed nanofiber CEM and the CMI-7000 489 
reference. The initial decrease in resistance for the nanofiber CEM is attributed to the earlier discussed 490 
pre-treatment. SEM images show no significant damage of the membrane structures on a microscopic 491 
scale (Figure 8b and 8c), which was confirmed by ATR-FTIR spectroscopy as well for the nanofiber 492 
CEM (see Supporting information Figure S3). On a macroscopic scale, the CMI-7000 reference started 493 
to show some discolouring, most likely attributed to some initial degradation. The nanofiber CEM 494 
remained completely identical as before the test (Supporting information Figure S4). Therefore it is 495 

  REF 1M HCl 2M HCl 3M HCl 1M H2SO4 2M H2SO4 3M H2SO4 

Nanofiber 
CEM 

IEC (mmol g-1) 1.3 ± 0.0 1.0 ± 0.0 1.0 ± 0.1 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 0.9 ± 0.2 

SEM image 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CMI-7000 
(Reference) 

IEC (mmol g-1) 1.6 ± 0.1 1.4 ± 0.0 1.5 ± 0.0 1.5 ± 0.0 1.5 ± 0.0 1.6 ± 0.0 1.6 ± 0.0 

SEM image 
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concluded that the nanofiber CEM has an excellent chlorine resistance, and generally chemical 496 
resistance, slightly exceeding that of the commercially available membrane. 497 

 498 

Figure 8: a) Membrane resistance over time during chlorine production of the EC. The nanofiber CEM shows an excellent 499 
resistance against chlorine gas, comparable to the commercially CMI-7000. b) SEM images of the nanofiber CEM before and 500 
after exposure to chlorine, c) SEM images of CMI-7000 before and after exposure to chlorine. 501 

3.5 Fouling performance of the optimized sulfonated silica-based nanofiber CEM 502 

A very important phenomenon of ion-exchange membranes for water treatment applications is fouling, 503 
and more specifically scaling, upon long-term usage [89], [90]. Scaling products consist mainly of Ca2+ 504 
and/or Mg2+ and need to be removed. This is done by harsh acidic cleaning to dissolve the precipitates, 505 
often damaging the membrane and limiting their industrial applicability. Alternatively, the precipitations 506 
can also be removed by a process called polarity reversal in which the current is reversed for a short 507 
period. However, this method requires the need for expensive, corrosion resistant electrodes such as 508 
platinum instead of stainless steel [15], [16]. The fouling resistance of the nanofiber CEM was tested in 509 
a lab-scale EC in which CaCO3 fouling precipitates were formed on the membrane at the cathodic 510 
compartment (pH > 5). Figure 9 shows the evolution of the membrane resistance before and after 511 
fouling, and after a cleaning action with a 1 mol.L-1 H2SO4 solution, for both the nanofiber CEM and CMI-512 
7000 during three cycles. The nanofiber CEM does not show an increased resistance after fouling 513 
(Figure 9a). This means that the fouling products only occur on the surface of the membrane and are 514 
easily removed, even without needing an acid. On the contrary, CMI-7000 shows a clear resistance 515 
increase after fouling and needs a cleaning action to remove the fouling products (Figure 9b). Both 516 
membranes show constant behaviour over multiple cycles. Note that the slight decrease in resistance 517 
observed for the nanofiber CEM is attributed to the pre-treatment, as discussed in Section 3.3. It can be 518 
concluded that the nanofiber CEM shows promising self-cleaning properties. This is an important and 519 
innovative CEM property demonstrating the potential of the newly developed sulfonated silica-based 520 
nanofiber CEM in industrial applications.  521 

 522 

Figure 9: Membrane resistance before and after fouling and after 1 h of cleaning with 1M H2SO4 over 3 cycles for a) the nanofiber 523 
CEM and b) CMI-7000. The nanofiber CEM showed no increase in resistance after fouling, indicating that the fouling products are 524 
easily removed and are mostly found on the exterior surface of the membrane. 525 
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SEM images after the fouling and cleaning cycles show no degradation of the nanofiber membrane and 526 
small microscopic holes for CMI-7000 as a result of the cleaning action in 1 mol.L-1 H2SO4 (Figure 10). 527 
ATR-FTIR spectra (Supporting information Figure S5) confirmed no structural degradation of the 528 
nanofiber CEM. Additionally, no trace amounts of CaCO3 were detected on the membranes after 529 
cleaning. To confirm the self-cleaning ability of the nanofiber CEM, SEM images were also taken in the 530 
case of no cleaning action (Figure 10). For CMI-7000, there is a complete coverage of the membrane 531 
surface of CaCO3 precipitation, as expected from the resistance data. For the nanofiber CEM, only small 532 
CaCO3 precipitates are visible and the nanofibers are still clearly visible and accessible for ion transport, 533 
proving that most of the precipitates were removed. A possible explanation for the self-cleaning ability 534 
of the nanofiber CEM can be found in the high hydrophobicity of the membrane, which is typical for 535 
silica-based nanofibers produced via the direct electrospinning of a sol, as described in Section 3.1. 536 
Surfaces with a high contact angle have a low surface energy, which is accompanied with low adhesion 537 
forces for scaling/fouling products [91]. 538 

 539 

Figure 10: SEM-images of a) nanofiber CEM and b) CMI-7000 after fouling in the case of a cleaning action and no cleaning action. 540 
Both membranes show no degradation due to fouling and/or cleaning. However, CMI-7000 is completely covered with CaCO3 541 
when no cleaning is done, whereas the nanofiber CEM shows only small spots where CaCO3 precipitates remains present due to 542 
its self-cleaning ability. 543 

To further prove their potential, fouling tests were performed for two different cases: a) with a cleaning 544 
action in H2SO4 after each cycle and b) with no cleaning step at all (Figure 11). For each case, the time 545 
until fouling was monitored over 3 cycles at 256 A m-². 546 

 547 

Figure 11: Time until fouling occurred (determined by the potential that reached 27 V) for the membranes with a) a cleaning action 548 
in H2SO4 after each cycle and b) no cleaning. The nanofiber CEM shows self-cleaning properties with no drop in time over multiple 549 
cycles. 550 
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For the silica-based nanofiber CEM, it was observed that fouling occurs more quickly than for CMI-7000 551 
during the first cycle, but tends to go slower during the next cycles after cleaning in H2SO4, reaching the 552 
same range as CMI-7000 (Figure 11a). This low time for the nanofiber CEM during cycle 1 could again 553 
be a consequence of the earlier discussed pre-treatment. When the cleaning action in H2SO4 is omitted, 554 
the time until fouling for CMI-7000 drops almost to zero, while the nanofiber CEM shows a similar trend 555 
as in the case of cleaning in H2SO4, however, with a slower increase. These results prove the 556 
requirement of a cleaning action for the commercial CMI-7000, whereas for the nanofiber CEM this can 557 
be eliminated due to its self-cleaning ability. 558 

4 CONCLUSION 559 

A sulfonated silica-based nanofiber CEM with superior self-cleaning ability during fouling was produced. 560 
The nanofibers were produced for the first time via direct electrospinning of a sol-gel solution, consisting 561 
of the co-condensation of TEOS and MPTES. Post-functionalization with hydrophobic alkyl 562 
chlorosilanes enables to produce membranes with excellent water barrier properties without the need 563 
of an additional pore-filling matrix, resulting in an innovative nanofiber CEM. The produced CEM, with 564 
an IEC of 1.3 mmol g-1, showcased a resistance of 3.2 ± 0.4 Ω m², which is lower than the commonly 565 
used commercially available CEM CMI-7000. Lab-scale performance tests showed an excellent 566 
behaviour of the nanofiber CEM in view of water treatment applications. Furthermore, the nanofiber 567 
CEM has an outstanding chemical resistance, in acidic solutions and for chlorine gas, which is of utmost 568 
importance for water treatment applications. These properties, combined with the self-cleaning ability of 569 
the nanofiber CEM during fouling, prove that the membrane has beneficial properties and a high 570 
potential for industrial water treatment applications. 571 
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