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Abstract: Waste newspapers were converted into high-value cellulose and used as a bio-based additive in the
production of polyethersulfone (PES) composite membranes. It was aimed to improve proton transport while
maintaining mechanical stability. Cellulose was obtained from the newspaper through successive deinking,
cleaning and hydrolysis steps. Then incorporated into PES at weight percentages of 1%, 5%, and 10% via solution
casting. Fourier transform infrared (FTIR) and X-ray diffraction (XRD) confirm that the cellulose backbone is
preserved and the PES structure is maintained, with no evidence of new covalent bond formation, indicating a
physical mixture where secondary interactions are dominant. Thermal analysis reveals that although cellulose
addition alters the thermal degradation behavior of the membrane, the same mass conservation value is achieved
at 800°C. Hydration-related properties were temperature-dependent and not monotonic with loading. The highest
water uptake was observed with 5% cellulose (water uptake capacity: 7.91 at 25°C and 9.97 at 80°C), whereas
10% cellulose exhibited lower water uptake (water uptake capacity: 2.16 at 25°C; 3.09 at 80°C), which is due to
morphology and distribution effects. Mechanical tests showed that the tensile strength increased from 48.3 MPa
to 58.7 MPa with 5% cellulose doped. Electrochemical impedance spectroscopy determined that the resistance of
the PES-%10 Cellulose membrane decreased by %58.7 compared to pristine PES, and the proton conductivity
increased from 2.73 to 14.8 mS cm™!. Overall, waste-derived cellulose effectively improved proton transport in
PES membranes, and performance depended on the balance between hydrophilic pathway coupling and composite
structure.
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PEMFC'ler icin Atik Gazeteden Elde Edilen Seliiloz ile Katkilanmis Flor
Icermeyen Polieter Siilfon Kompozit Membranlar

Ozet: Atik gazeteler, yiiksek katma degerli selilloza déniistiiriilmiis ve polietersiilfon (PES) kompozit
membranlarin sentezinde biyobazli bir katki maddesi olarak kullanilmistir. Bu ¢alismada, mekanik kararlilik
korunurken proton iletkenliginin iyilestirilmesi hedeflenmistir. Seliiloz, gazete atiklarindan miirekkep giderme,
temizleme ve hidroliz adimlartyla elde edilmistir. Elde edilen selilloz daha sonra ¢ozelti dokiim yontemiyle
agirlikca %1, %5 ve %10 oranlarinda PES matrise dahil edilmistir. Fourier doniisiimlii kizil6tesi spektroskopisi
(FTIR) ve X-151m1 kirinimi (XRD) analizlerinden, seliiloz ve PES yapisinin korundugu belirlenmistir. Ayrica yeni
kovalent bag olusumuna dair bir bulgu olmadig1 dogrulamis, dolayisiyla ikincil etkilesimlerin baskin oldugu
fiziksel bir karigim yapisina ait oldugu belirlenmistir. Termal analizler, seliiloz ilavesinin membranin termal
bozunma davranigini degistirmesine karsin 800°C’de ayni kiitle korunumu degerine ulasildigini gostermistir.
Hidratasyonla iliskili 6zellikler sicakliga bagli olup katki orani ile paralel bir degisim sergilememistir. En yiiksek
su tutma kapasitesi, %5 seliiloz igeren membranda gozlenmis (su alma kapasitesi: 25°C’de 7.91 ve 80°C’de 9.97)
iken, %10 seliiloz iceren membran daha diisiik su alma degerleri gostermistir (su alma kapasitesi: 25°C’de 2.16;
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80°C’de 3.09). Bu durum morfoloji ve dagilim etkilerine atfedilmistir. Mekanik testler, cekme dayaniminin %5
seliloz katkisiyla 48.3 MPa’dan 58.7 MPa’a yiikseldigini ortaya koymustur. Elektrokimyasal empedans
spektroskopisi, PES-%10 Selilloz membraninin direncinin saf PES’e kiyasla %58,7 azaldigin1 ve proton
iletkenliginin 2.73 mS cm™’ten 14.8 mS cm™’e arttigini belirlemistir. Sonug olarak, atik kaynakli seliiloz PES
membranlarda proton taginimini etkin bigimde iyilestirmis, performansin ise hidrofilik yolaklarin baglantilanmasi
ile kompozit mikro yapi1 arasindaki dengeye bagl oldugu goriilmiistiir.

Anahtar Kelimeler: PDMYP, Membran, Seliiloz, PES, Kompozit

1. Introduction

At present, global energy demand is largely met by fossil fuels such as oil, coal, and natural gas.
However, the finite nature of these resources, combined with rapidly increasing consumption, indicates
that they will be unable to satisfy future energy needs. In addition, the combustion of fossil fuels releases
substantial amounts of carbon dioxide (CO;) and other greenhouse gases, leading to serious
environmental problems and accelerating climate change (Nong et al., 2021; S. Thangarasu & T.-H. Oh,
2022). These limitations have intensified the transition towards clean, sustainable, and renewable energy
sources.

For a few years, hydrogen energy has gained importance as a clean energy carrier. Hydrogen
has approximately three times higher chemical energy per unit mass compared to gasoline or diesel
(Council, 2006; Hossain Bhuiyan & Siddique, 2025). Hydrogen can be produced cleanly from renewable
sources through methods (Yoriik et al., 2025). A conspicuous application of hydrogen energy technology
is fuel cells. Fuel cells are electrochemical devices that can convert the chemical energy of fuels, such
as hydrogen, directly into electrical energy with high efficiency.

Proton exchange membrane fuel cells (PEMFCs), a type of fuel cell, have attracted the most
attention due to their ability to operate at relatively low temperatures and use hydrogen directly as fuel
(Phogat et al., 2025). PEMFCs are currently the subject of extensive study to supply clean energy for
various applications, ranging from portable devices to transportation. PEMFC is of great importance as
a clean energy conversion technology, under suitable conditions, it can generate electricity by producing
only harmless products. The proton exchange membrane (PEM), which permits proton transfer, is one
of the most essential parts of a PEMFC. Protons created as a result of fuel oxidation can be carried
towards the cathode via a membrane that divides the anode and cathode compartments, keeping fuel and
oxidant from mixing (Spiridigliozzi, 2018). The choice and characteristics of the membrane directly
impact the fuel cell's performance. High proton conductivity, sufficient water uptake to maintain
conductivity, low permeability to fuel and oxygen, as well as good mechanical, thermal, and chemical
stability are essential requirements for an effective membrane (Tellez-Cruz et al., 2021). Membranes
that meet these criteria play a critical role in determining the efficiency and lifespan of a fuel cell.

Nafion is the most commonly used commercial membrane in PEMFC. It is a perfluorosulfonic
acid (PFSA) polymer that has attracted significant interest due to its superior proton conductivity, as
well as its excellent chemical and thermal stability (Daud et al., 2015). However, Nafion also has
significant drawbacks. The production cost is notably elevated, and the high conductivity is preserved
solely in adequately humid environments. Under low relative humidity or at elevated temperatures, its
proton conductivity decreases markedly. In addition, Nafion shows relatively high permeability to fuels
such as hydrogen and alcohols, which can cause fuel crossover and loss of efficiency. Due to its fully
fluorinated polymer backbone, Nafion is also non-biodegradable, which raises concerns about waste
management and limits its environmental sustainability at the end of its service life (Di Virgilio et al.,
2023; Teixeira et al., 2023). For these reasons, there is a need to develop an alternative membrane that
can replace Nafion. In the search for new membranes, both chemical modifications of synthetic
polymers and composite membrane approaches are attracting attention. Different polymer matrix, such
as polyvinyl alcohol (PVA), sulfonated polyether ether ketone (SPEEK), polyvinylidene difluoride
(PVDF), and polyether sulfone (PES), are investigated as alternatives to Nafion (Zhou et al., 2019;
Golubenko et al., 2022; Justin Jose Sheela et al., 2023; Teixeira et al., 2025). Among these, PES offers
high thermal/mechanical stability, good chemical resistance to oxidizing environments, and easy film
formation thanks to its aromatic backbone (Wang et al., 2015). Furthermore, PES is fluorine free, cheap,
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and commercially readily available makes it stand out as a more economical and environmentally
sustainable membrane matrix compared to Nafion (Sanchez et al., 2009).

One alternative membrane development strategy is to create composite membranes by adding
additives to existing polymer membranes. Suitable additives added to the membrane matrix help to
overcome the disadvantages of the polymer and improve its desired properties. The most commonly
used inorganic additives are SiO,, TiO,, ZrO,, WOs, nanoclay, and carbon-based nanomaterials
(Treekamol et al., 2014; Yagizatli et al., 2020; Selim et al., 2022; Woo et al., 2022; Madheswaran et al.,
2023; Poongan et al., 2023). These additives positively impact fuel cell performance by performing
various functions, such as increasing the proton conductivity of the membrane, creating a gas-
permeability barrier, and enhancing mechanical strength. Biopolymer additives, especially cellulose and
its derivatives, are attracting significant interest in fuel cell membranes (Samaniego & Espiritu, 2022;
Thangarasu & Oh, 2022). Cellulose is a naturally occurring polysaccharide rich in hydroxyl functional
groups and is the most common biopolymer in the world (Seddiqi et al., 2021). Owing to its renewable,
low-cost nature, cellulose based materials play an important role in the design of sustainable proton-
conducting membranes. When incorporated into a polymer matrix, cellulose based additives can
improve the mechanical strength of the membrane, and serve as carriers for additional functional groups
that further enhance proton transport and interfacial properties.

Herein, cellulose doped PES membranes were synthesized and characterized as potential
candidate membranes for PEMFC related applications. For waste management and production of value
added products, cellulose was obtained from waste newspaper. The obtained cellulose was then
characterized using scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy
(SEM-EDX), Fourier transform infrared (FTIR) spectroscopy, particle size analysis, and X-ray
diffraction (XRD). Subsequently, PES membranes containing 1, 5, and 10 wt% cellulose were
synthesized by the solution-casting method. Water uptake, swelling behavior, thickness change, ion-
exchange capacity, mechanical strength, and impedance analyses were performed for the synthesized
membranes. In addition, the membranes were characterized by FTIR, XRD, thermogravimetric analysis-
differential thermal analysis (TGA-DTA), and SEM.

2. Material and Methods

For the synthesis of cellulose from waste newspaper, sodium hydroxide (NaOH, >99%, pellet,
Sigma), hydrogen peroxide (H,O», 35%, Sigma), sodium metasilicate (Na,SiOs3, >98%, Sigma), and
sulfuric acid (H2SO4, >97%, Sigma) were used. For membrane synthesis, polyethersulfone (PES, 3 mm
nominal granules, Merck) was used as the main polymer and dimethyl sulfoxide (DMSO, (CH3),SO,
>99.9%, Merck) was used as the solvent.

2.1. Cellulose synthesis from waste newspaper

The synthesis of cellulose from waste newspaper was carried out in four main stages: dye
removal, chemical hydrolysis, cellulose structure formation, and drying. In the first stage, 20 g of waste
newspaper cut into small pieces was treated with 100 mL of 1.5 M NaOH, 100 mL of 3 M H,0,, and
100 mL of 1 M NaxSiOs at 50°C under stirring at 1200 rpm for 3 h, corresponding to a solid to liquid
ratio of 1:15 (g:mL). This process removed impurities such as lignin, hemicellulose, and ink, freeing the
cellulose fibers. The resulting pulp was filtered, washed at least 3 times with deionized water until near-
neutral conditions were reached, and then dried at room temperature. In the second stage, it was
subjected to chemical hydrolysis by stirring in a 2 M H2SOs solution at 50°C for six hours, followed by
washing with pure water to remove it from the acidic environment until the pH was neutral. This process
resulted in the further separation of the structure into smaller sizes. In the third stage, the neutralized
sample was processed in an ultrasonic homogenizer at 50% amplitude for 15 minutes to achieve a more
homogeneous structure. The resulting filtrate was subjected to solid-liquid separation by centrifugation,
and the remaining suspension liquid phase was dried to obtain the structure. This method ensured the
removal of water from the medium without disrupting the structural integrity.
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2.2. Cellulose doped PES membrane synthesis

Solution casting method was applied in cellulose doped (with 1%, 5%, and 10% weight ratios)
PES membrane synthesis. Firstly, PES polymer and prepared cellulose were dried in an oven for 24
hours to remove moisture. Then, a homogeneous polymer solution was prepared by dissolving the PES
polymer in DMSO solvent at 70°C. On the other side, cellulose was homogeneously dispersed in DMSO
solvent using ultrasonication and magnetic stirring. The prepared cellulose solutions were added to the
PES solution and homogenized using magnetic stirring for 48 hours. At the end of this stirring period,
the cellulose was evenly distributed in the polymer matrix without forming agglomerations. The
resulting homogeneous mixture was poured into a petri dish, and the solvent removal process was carried
out in stages. In the first stage, the process was continued at 40°C for 24 hours, and in the second stage,
at 60°C until the solvent completely evaporated and the membrane was completely dry. The thicknesses
of the synthesized membranes were obtained as 67.4+2.9, 72+£3.35, 8543.11, and 98+3.45, respectively,
with increasing cellulose ratios from pristine PES.

2.3. Characterization studies

FTIR analyses were conducted using a Bruker Vertex brand FTIR spectrophotometer with an
ATR measuring apparatus and a DT-GS detector in the 400-4000 cm™ wavelength range to determine
the bonds and structural properties formed in the synthesized membrane structure.

XRD analyses were performed to determine the amorphous/crystalline phases, crystal size, and
synthesis success of the synthesized cellulose and membranes. XRD analyses were recorded using a
Rigaku D/MAX 2200 instrument.

Particle size analysis was performed using a Malvern Zetasizer, and the results are reported as
a DLS-based intensity-weighted hydrodynamic size distribution.

SEM analysis was performed using a ZEISS Sigma 300 instrument to examine the surface
morphology of cellulose and membrane structures. The structure on the surface was visualized at
specific magnifications using the instrument.

To determine the thermal stability of the pristine membrane and doped-membrane, TGA-DTA
analysis was performed using a Perkin Elmer Pyris 1 Thermogravimetric Analyzer at temperatures
between 25-800°C and a heating rate of 10°C/min.

The synthesized membranes were tested for fuel cell applications using water uptake capacity
(WUy,), swelling properties (S,), dimensional change (D), dynamic mechanical analysis (DMA), ion
exchange capacity (IEC), and impedance analysis (EIS). For WU, S,, and D, tests, membranes were
cut into 1x1 cm pieces and dried in an oven before testing. First, the dry weight, thickness, and
dimensions of the membranes were determined. Then, after the membranes were kept in pure water at
temperatures of 25°C and 80°C for 24 hours, the excess water on the surface was removed, and the wet
weight, thickness, and dimensions were measured to determine the WU, (1), S, (2), and D, properties
(3) of the membrane. All WUg, Sp, and Dc measurements were performed in 3 independent replicates,
and the results are reported as mean standard deviation.

_ wet weight — dry weight

100 1
¢ dry weight X 0

¢ = wet thickness — dry thickness 100 5
P dry thickness x @

wet area — dry area
.=

100 3
dry area X )

The mechanical strength of the membranes was determined by DMA. DMA was performed
using a Shimadzu brand mechanical analyzer. All membranes were cut to dimensions of 2 mm x 10 mm,
and tensile strength tests were conducted at room temperature at a tensile speed of 3 mm/min. To make
a preliminary assessment of the titration based ion-exchange behavior of the membrane matrix after acid
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pretreatment, IEC measurements of the synthesized membranes were carried out. Before the
measurements, the membranes were cut to the same dimensions and the dry mass of each sample was
determined by precision balance. Then, the membranes were converted to proton form by being kept in
H>SO4 solution for 24 hours and then in pure water for the following 24 hours. The protonated
membranes were then placed in 0.1 M NaCl solution for 48 hours. At the end of the period, the
membranes were removed from the solution, and the IEC value (4) of each membrane was determined
by titration with 0.01 M NaOH. IEC measurements were performed in 3 independent replicates, and the
results are reported as mean standard deviation.

consumed titrant x titrant molarity

IEC (meq g™ 1) = (4)

dry membrane weight

The proton conductivity of the membranes (5) was determined by EIS measurements using a
PalmSens potentiostat and a BT-112 conduction cell. Before the measurements, the membranes were
cut to the appropriate dimensions for the BT-112 conduction cell and protonated. After protonating, EIS
measurements were performed in a 0.05 M H>SO4 media in the frequency range of 105-0.1 Hz.

distance between electrodes

(VL -1y = 5
Proton Conductivity (msS cm ™) resistance x width x thickness )

3. Results

Comparative FTIR spectra of waste newspaper - cellulose and pristine PES - cellulose doped
PES membrane are given in Figure 1, obtained from FTIR analysis performed to determine the change
in structural bonds and assess synthesis success.
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Figure 1. Comparative FTIR spectra of a) cellulose and waste newsprint and b) pristine PES and
cellulose doped PES membranes.

The FTIR spectra of waste newspaper and the cellulose derived from it (Figure 1a) show that
both characteristic bands belonging to the cellulosic backbone are present. However, additional bands
originating from fillers/inorganic additives and partly lignocellulosic impurities are more prominent in
newspaper. In the FTIR of cellulose, broad O-H stretching typically ranges from 3700-3000 cm™!, C-H
stretching around ~2900 cm™!, CH, deformation around 1430-1420 cm™!, and C-O-C/C-O vibrations in
the 1200-900 cm™! fingerprint region are dominant (Kumar et al., 2014; Plermjai et al., 2019; Chambre
& Dochia, 2021; Varban et al., 2021). In addition to the cellulose bands, bands originating from
carbonate-based fillers and/or clay minerals were observed in the newspaper spectrum. For waste
newspaper, distinct bands around 885 cm™ and 704 cm! are consistent with the characteristic vibrations
of the carbonate group (Huang & Kerr, 1960). Similarly, it has been reported that mineral additives used
in newspaper production give diagnostic bands in FTIR around 3695 and 3620 cm™ (-OH stretching)
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and around 1000-1030, 910, 540 and 470 cm™ (Luhar et al., 2021). Such additives increase the
intensities, especially in the low wavenumber region. The main change expected after cellulose
extraction is the weakening of inorganic filler bands and the cellulose fingerprint region becoming more
cellulose-dominant. While the position of the bands corresponding to the carbonate region in the
cellulose FTIR spectrum is preserved, the relative decrease/change in band intensities indicates that the
washing-treatment steps are effective in removing mineral additives. Furthermore, the carbonyl band of
approximately 1730 ¢cm™ in waste newsprint is considered a critical indicator of paper/cellulose
chemistry in the literature (Tintner et al., 2018). Studies monitoring newsprint aging using FTIR have
reported that the band/pit range of 1740-1690 cm™ is associated with carbonyl/carboxyl groups and
provides a sensitive indicator of cellulose chemical modification (Pagacz et al., 2020).

In the FTIR spectrum of pristine PES membrane (Figure 1b), aromatic skeleton and
sulfone/ether functional bands are dominant. For pristine PES, the main bands are approximately 1573.6
cm and 1481 cm™! (aromatic ring vibrations), 1295 cm™ (Ar-SO,-Ar associated region), 1228 cm™ (Ar-
O-Ar/ether bond), 1143 cm™ and 1099.2 cm™ (SO, group associated vibrations) and 831 cm™ (aromatic
ring outer-plane vibrations) (Sandoval-Olvera et al., 2017; Koloti et al., 2018; He et al., 2019). As
cellulose addition (1%, 5%, 10%) increases, the positions of the characteristic PES bands are preserved,
and no new bands, not belonging to the PES backbone, appear in the spectrum. This suggests that
cellulose forms the composite structure through physical mixing/dispersion rather than covalent bonding
via chemical bonds to the PES matrix. Similarly, the absence of "new band formation" and the
predominantly physical/hydrogen bond-based interaction in PES-cellulose-based composites are
frequently reported in the literature. However, due to the -OH-rich structure of cellulose, it has been
determined that the O-H band in the 3600-3000 cm™' range in composite membranes increases as the
cellulose content increases. Furthermore, in composites, the overlap of C-O-C/C-O vibrations of
cellulose with PES bands in the 1200-900 cm! fingerprint region indicates that cellulose addition is not
seen as a separate new peak, but rather as changes in band intensity/shape in this region (Qu et al., 2010;
Etale et al., 2023). Similarly, cellulose gives bands sensitive to C-O vibrations around 1030 cm™ and
glycosidic bonds around 900 cm™!, while PES carries bands associated with sulfone/ether linkages in the
same region. Therefore, the change in intensities in the 1200-900 cm™ band region as the cellulose
content increases in the spectrum can be considered an indirect indication that cellulose has been
successfully transported into the matrix. FTIR shows that the characteristic chemical backbone of PES
is preserved in composites, and that the -OH induced top region behavior and fingerprint region profile
change as the cellulose content increases. These findings support the formation of composite membranes
through hydrogen bonding/secondary interactions and physical dispersion, rather than through the
chemical formation of new bonds by cellulose within PES.

To determine the crystal structures of cellulose, pristine PES, and 10% cellulose-doped PES
membranes and to ascertain the removal of impurities, XRD analyses were performed, and comparative
XRD patterns are given in Figure 2.

Cellulose
——PES
—— PES-%10 Cellulose

Intensity (a.u.)

0 10 20 30 40 50 60 70 80 90
20 (degrees)

Figure 2. XRD patterns of pristine PES, cellulose, and cellulose-doped PES membrane.
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The XRD spectrum of cellulose exhibits diffraction peaks characteristic of cellulose. Strong
reflections around 26 ~14.8°, 16.4°, and 22.6° are characteristic peaks of cellulose (Oprica et al., 2023).
This pattern shows that the cellulosic structure is preserved in the material obtained from waste
newspaper. In terms of cellulose purity, it is reported that the strongest reflections with Cu Ko are mainly
around ~29.4° (104), and additional peaks are given in the range of ~39-49°, especially for crystalline
inorganic filler phases and especially for calcite (CaCOs3), which is a common filler in the paper industry
(Wang et al., 2018). The absence of such prominent calcite reflections in cellulose indicates that the
crystalline filler/ash content has been largely removed. In the pristine PES, a broad “halo” character is
observed instead of distinct sharp Bragg peaks, indicating that PES is mostly amorphous (Oh et al.,
2020; Zhang et al., 2020). In the PES pattern with 10% cellulose additive, while the amorphous halo of
PES is preserved, the reflections of cellulose (especially around 15-17° and 22-23°) are observed to
overlap the halo in a shoulder. This indicates that the cellulose is present in the composite without
completely losing its crystalline domains, but the peak intensity weakens and widens within the polymer
matrix, resulting in a decrease in crystalline domain size and arrangement.

SEM analysis was performed to determine the surface morphologies of the membranes. Figure
3 demonstrate SEM images of pristine PES and %10 cellulose doped PES membranes at different
magnifications. Figure 3e also shows the results of the cellulose size analysis.
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Figure 3. SEM images of a-b) pristine PES and c-d) PES-%10 Cellulose, ¢) cellulose size analysis.

Surface SEM images of the pristine PES membrane (Figure 3a, b) show a homogeneous and
relatively smooth top surface character. Skin layer formation and consequently a denser top layer are
commonly reported in the literature for hydrophobic polymer membranes similar to PES (Yang et al.,
2020; Nazri et al., 2021). This was attributed to solvent evaporation induced densification of the
polymer-rich surface layer during film formation. Indeed, PES itself generally exhibits more limited
hydrophilic interactions in its pristine state due to its amorphous and hydrophobic character. This can
be associated with a relatively more closed texture on the surface (Nazri et al., 2021). On the surface of
the PES membrane with 10% cellulose doped (Figure 3c, d), an increase in surface roughness, a more
pronounced heterogeneity, and the formation of structural irregularities along with cellulose derived
fibril structures in some areas were observed compared to pristine PES (Acarer Arat, 2026). This is
consistent with the incorporation of hydrophilic cellulose into the PES matrix. The hydrophilic -OH
groups of cellulose likely influenced the evaporation induced structural development of the casting
solution, resulting in significant differences in surface texture. In the literature, higher roughness,
porosity, and hydrophilicity have been reported, especially in composite membranes prepared with the
addition of crystalline cellulose, compared to pristine PES. These changes may be associated with the
effect of cellulose on surface roughness, local heterogeneity, and structural organization during
membrane formation (Adeniyi et al., 2023). The particle size distribution of cellulose (Figure 3¢) shows

147



YYU JINAS 31: 141-159
Erdemir et al. / A Fluorine-Free Polyethersulfone Composite Membranes Doped with Waste Newspaper-Derived Cellulose for PEMFCs

that it exhibits a bimodal character. It was determined to be a material with a distribution of 277.5 nm
(67.4%) and 2.4 pm (32.6%), with an average diameter of 366.1 nm.

TGA-DTA was performed to determine the thermal properties of pristine PES and cellulose-
doped PES membranes, and their thermograms are given comparatively in Figure 4. The thermal
degradation behavior of pristine PES and PES-%10 Cellulose membranes generally exhibits a major
two-stage degradation profile. For pristine PES, the temperature at which it loses 5% of its initial mass
is Ts% ~ 252.6°C and the temperature at which it loses 10% of its initial mass is T10% ~ 304.2°C, while
for PES-%10 Cellulose, these values shift to Ts% ~ 244.5°C and T10% ~ 295.7°C. This decrease is due
to the volatile component of the cellulose additive in the low/medium temperature region of the
composite (Pervez et al., 2022; Jahani et al., 2023).

In the low-temperature region, the composite membrane is observed to lose significantly more
weight compared to pristine PES. In the 30-200°C range, pristine PES shows a loss of approximately
0.50%, while PES-10% Cellulose shows a loss of approximately 2.30%. This behavior is consistent with
cellulose's ability to retain more moisture due to its hydroxyl rich structure and the increased solvent
retention in the membrane after casting and solvent evaporation. It has been determined that the initial
loss at low temperatures in cellulosic systems is predominantly due to physically adsorbed water, while
residual solvent effects can be observed in membrane polymers within a similar range (Nurazzi et al.,
2021; Jahani et al., 2023).
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Figure 4. TGA-DTA thermogram of pristine PES and PES-%10 Cellulose.

The mid-temperature region (~200-350°C) continues with a gradual weight reduction in both
membranes, and a peak corresponding to this region occurs in the DTG (DTG minimum in pristine PES
~273.6°C, in the composite ~270.2°C). This range may partly correspond to the continued release of
residual DMSO retained in the membranes after solvent evaporation-based casting; in the composite
membrane, it may also overlap with the onset of cellulose degradation. Thermal degradation of cellulose
is reported to begin around 250-260°C, and the main degradation events in the DTG are concentrated in
the 260-370°C band (Rantuch & Chrebet, 2014; Nurazzi et al., 2021). Therefore, the behavior observed
in the 200-350°C band in the composite is the cumulative effect of residual solvent and the early
degradation contribution of cellulose.

The high-temperature region (~500-700°C) constitutes the main degradation step for each
membrane. According to DTG, the temperature at which the main weight loss rate reaches its maximum
was found to be Tmax ~ 625.8°C for pristine PES and Tmax ~ 609.3°C for PES-10% Cellulose.
Furthermore, with the DTG threshold approach, the onset of main degradation shifts to approximately
516°C in pristine PES and around 500°C in composites. This result indicates that the addition of cellulose
shifts the main degradation event to a slightly lower temperature. In the literature, it has been shown
that in aromatic sulfone-based polymers similar to PES, the main degradation is mostly reported in the
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~ 510-600°C range in DTG, and Tmax can decrease depending on the type of additive (Ahmad et al.,
2018; Dattilo et al., 2020). Specifically, regarding cellulose doped PES composite membranes, it has
been determined that degradation in TGA curves can exhibit a two-stage character with the addition of
PES and cellulose, and that cellulose affects the composite degradation profile.

The WUc, Sp, and D¢ of the synthesized membranes for fuel cell applications were investigated

at 25°C and 80°C, and the results are given in Figure 5. The WU¢c value for pristine PES is 5.34, this
value increases to 5.68 in the membrane with 1% cellulose doped, and reaches the highest value among
the synthesized membranes, 7.91, in the PES-5% Cellulose membrane (Figure 5a). Similarly, the Sp
(1.94) and Dc (1.45) values are also maximum in the PES-5% Cellulose membrane. This increasing
trend can be explained by the -OH groups on the surface of cellulose strengthen the membrane water
interaction, increasing hydrophilization and water uptake (Nazri et al., 2021; Acarer Arat, 2026). The
addition of cellulose to PES increased wettability and influenced membrane morphology through —OH
induced hydrophilization and changes in the drying behavior of the casting solution. In contrast, the
decrease in WUC to 2.16 and SP to 0.83 in the 10% cellulose composite suggests that as the doping
ratio increases, the viscosity of the dope solution increases, slowing its diffusion and hindering water
uptake, leading to more compact structures and reduced pore connection. Furthermore, under high
loading, agglomerated particles can create structural heterogeneity. These two effects resulted in a
decrease in WUC and SP, with less accessible hydrophilic surface and lower effective porosity.
As the temperature increases, the WUC in pristine PES rises to 5.91, it reaches a maximum of 7.32 +
0.89 in PES-%1 Cellulose and 9.97 £ 0.64 in PES-%5 Cellulose. Similarly, at 25°C, the WU¢ remains
at 3.09 in 10% cellulose (Figure 5b). Sp and D¢ values are also highest in 5% cellulose (S=1.98 £+ 0.45,
D=1.53 + 0.20). The increase in water uptake and swelling with increasing temperature, due to reasons
such as increased polymer chain mobility and water diffusion, is a behavior commonly observed in the
ion exchange/proton transport membrane (Palanisamy et al., 2023; Abouricha et al., 2024). In this
context, it was determined that cellulose significantly increases membrane hydration at 80°C, but water
uptake remains limited "even at high temperatures" with a 10% load. This is consistent with viscosity-
induced structural compaction and/or the reduction of the accessible -OH area by agglomerate additive.
PES-5% cellulose provides the highest hydration by increasing WUC, SP, and DC at both 25°C and
80°C. This is an advantageous aspect for proton transport in PEM applications. The lower WU¢ and Sp
of PES-10% cellulose are positive in terms of dimensional stability and may be associated with a more
compact structure and/or increased heterogeneity due to agglomeration. The effect of this structural
change on proton-transport behavior is discussed in the EIS section.

Mechanical strength tests were performed on the membranes for fuel cell applications. The
tensile strength and elongation at break values of the membranes resulting from the mechanical strength
tests are given in Figure 6. Tensile test results show that cellulose doped increases the maximum stress
that membranes can withstand while reducing elongation at break. While pristine PES had a tensile
strength of 48.3 MPa and elongation at break of 27.8%, with 1% cellulose, the strength increased to 50.1
MPa and elongation decreased to 24.9%. The most significant improvement was observed with 5%
cellulose (tensile strength 58.7 MPa), but elongation decreased to 20.2%. When the cellulose content
increased to 10%, the strength decreased to 53.6 MPa, while elongation remained at 19.7%. The main
reason for the increase in strength is that cellulose acts as a rigid doped phase, facilitating load transfer
to the polymer matrix. The high mechanical modulus and strength of cellulose, along with the strong
fiber-matrix interactions stemming from hydrogen bonds, are the main mechanisms supporting efficient
stress transfer in composites (Rafieian et al., 2020; Grzybek et al., 2024). Furthermore, it was determined
that hydrogen bond interactions can occur between the polar functional groups of PES and the -OH
groups of cellulose, strengthening intercomponent adhesion.

The regular decrease in elongation at fracture is consistent with the cellulose addition restricting PES
chain mobility and creating a more rigid behavior in the composite structure. Specifically, the crystalline
regions of cellulose reduce the elastic deformation capacity within the matrix. This is consistent with
XRD pattern, and elongation capacity decreases as the crystalline structure increases. The decrease in
tensile strength at 10% cellulose compared to 5% is due to agglomeration and structural inhomogeneity
under excessive filler loading, as frequently observed in the literature (Alasfar et al., 2022; Grzybek et
al., 2024). Excessive addition of the filler material leads to large voids and irregular pore morphology,
weakening mechanical properties. This is fundamentally due to agglomeration of the filler material and
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weakened interfacial adhesion. The heterogencous distribution, particle clusters, and particle size

distribution seen in SEM images under high loading facilitate crack initiation and reduce strength .
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Figure 6. Mechanical strength results of synthesized membranes.

IEC experiments, conducted to determine the ion-exchange groups of the membranes, were
performed using the titration method, and the results obtained are given in Figure 7.
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Figure 7. IEC values of synthesized membranes.

It was determined that the IEC increased significantly when the cellulose content reached 5%
and 10%, but decreased at the 1% compared to pristine PES. The increase in IEC can be associated with
either greater accessibility of titratable sites or a stronger ion-exchange response under the applied
pretreatment and titration conditions. Therefore, the increased IEC at 5%-10% cellulose content
indicates a clear increase in acidic centers in the composite (Komers et al., 2025). Since the -OH groups
of cellulose alone are not fixed ion exchange groups and the PES backbone was not sulfonated in this
study, the increase in IEC with 5% and especially 10% cellulose is more cautiously attributed to changes
in membrane hydration, acid uptake, and the accessibility of titratable sites within the composite
structure. The decrease in IEC from 2.34 & 0.40 to 1.62 £ 1.10 at 1% cellulose is thought to be due to
the accessibility effect. That is, even though hydrophilization increases, it does not increase the number
of stable acidic groups but rather covers some of the accessible protonable centers in the matrix (Zhang
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et al., 2011). IEC depends not only on the density of chemical groups but also on the accessibility of
these groups for ion exchange. The fact that the IEC was highest at 10% cellulose (4.39 + 0.81 meq g™)
is a significant finding, but when interpreting this in terms of performance, it should be considered in
conjunction with WU¢c and Sp results. A higher IEC is often associated with higher water uptake and
greater swelling. This can increase proton conductivity in some cases, but at extreme values, it can
negatively affect dimensional stability and mechanical strength.

Impedance analyses were performed to determine the proton conductivity of the membranes,
and the resulting Nyquist diagram is given in Figure 8.
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Figure 8. Nyquist diagram obtained from impedance analysis of synthesized membranes.

Nyquist diagrams clearly show that cellulose addition significantly reduced the proton transport
resistance of PES membranes. For a clearer interpretation of the impedance response, the principal
semicircle of the Nyquist plots was fitted with the equivalent circuit R¢-(R1||CPE1), where R, denotes
the initial cutoff point and R1 denotes the arc width. The extracted fitting parameters are summarized in
Table 1. According to the equivalent-circuit fitting, the Rs values were 40.74 Q, 23.18 Q, 43.24 Q, and
23.30 Q for pristine PES and the membranes containing 1 wt%, 5 wt%, and 10 wt% cellulose,
respectively, whereas the arc widths (R1) decreased from 1052 Q for pristine PES to 519 €, 460 Q, and
435 Q, respectively. In parallel, the increase in proton conductivity from 2.73 mS cm™ (PES) to the
range of 12.8-14.8 mS cm! indicates that cellulose strengthens conductive pathways favorable for
proton transport within the PES matrix. This improvement, when considered together with the WUc, Sp,
mechanical, and IEC results, suggests that proton transport in these membranes is governed not only by
the total amount of absorbed water, but also by the effectiveness of hydrated transport pathways within
the composite structure. Accordingly, although the 5% cellulose membrane showed the highest bulk
water uptake, the 10% cellulose membrane may have provided more effective local proton-conduction
pathways under the measurement conditions, which resulted in the lowest fitted arc width and the lowest
membrane-related resistance (Shah & Hakim, 2025). This behavior may be related to more effective
local proton-conduction pathways, hydrogen bond assisted transport, and the higher apparent ion-
exchange response observed for the 10% cellulose membrane. Indeed, it is particularly emphasized that
proton conduction in cellulosic materials is strongly dependent on the presence of water, and hydrated
systems are critical. The fact that the [EC results progress in the same direction as the decrease in bulk
resistance in EIS suggests that not only water uptake but also the density of accessible proton centers
has increased. In particular, the proton conductivity has been significantly increased thanks to the
formation of a network via hydrogen bonding in the cellulose phase containing acidic groups/enhanced
ionic character in the composite (Wei et al., 2016).
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Table 1. Parameters obtained from Nyquist plots of the synthesized membranes.

Membrane Rs R1 CPE-T (Q) (x10%) CPE-P (n)
PES 40.74 1052 1.39 0.75
PES- %1 Cellulose 23.18 519 2.79 0.76
PES- %5 Cellulose 43.24 460 3.22 0.67
PES- %10 Cellulose 23.30 435 2.80 0.76

To facilitate a more understandable interpretation of the results obtained from this study, the values
obtained from fuel cell tests are presented in Table 2 in comparison with the literature.

Table 2. Comparison of PEMs reported in the literature and in this study.

Water Tensile Proton Measurement
Membrane Uptake (%) Swelling (%) Strength, Conductivity, Condition
prake (o MPa mS/cm! 0 ons
Nafion 117 (S.
Thangarasu & T. 40 16.5 NR 95 80°C
H. Oh, 2022)
SFPEEKK-
60/4% CNC (Ni 115.73 32.6 NR 245 90°C
et al., 2018)
SPEEK/SEC
composite o
(Charradi et al., 30 NR NR 110 Above 100°C
2023)
SPEEK/MCC
composite 92 NR NR 186 110°C
(Moussa et al.,
2024)
Modified WU/SR at
bacterial 45°C
cellulose/APTES 56 39 86 62.2 .
conductivity at
membrane (Yang 950C
et al., 2024)
PES-%1 Wg(;s(}} at
Cellulose (This 9.97 1.98 58.7 14.8 2
) conductivity at
work) 30°C

As summarized in Table 2, cellulose-containing proton exchange membranes reported in the literature
generally improve hydration-assisted proton transport, although the extent of improvement strongly
depends on the polymer matrix, cellulose derivative, and testing conditions. SPEEK-based systems
containing cellulose-derived additives, such as CNC, SEC, or MCC, typically exhibit markedly higher
proton conductivity than many non-sulfonated hydrocarbon membranes, often accompanied by
increased water uptake and, in some cases, higher swelling. In contrast, the present PES/cellulose
membranes showed a more moderate conductivity level, with a maximum of 14.8 mS/cm, but provided
comparatively strong mechanical performance, reaching 58.7 MPa in tensile strength. Furthermore,
exhibiting this high conductivity at low temperatures is a very promising finding. This behavior indicates
that the present fluorine-free PES/cellulose system offers a balanced combination of transport and
mechanical integrity, even though its conductivity remains below that of highly sulfonated SPEEK-
based counterparts and commercial Nafion-type benchmarks.
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4. Discussion and Conclusion

This study is based on an approach to recover cellulose from waste newsprint and produce
composite PEM candidates by solution casting and incorporating this bio-based phase into a PES matrix
in the range of 1-10 wt%. The main rationale for this study is to explore more sustainable hydrocarbon-
based membrane candidates with high film forming capability that may help address some limitations
associated with Nafion-based systems, such as cost and humidity-sensitive conductivity. FTIR and XRD
findings of the cellulose show that the cellulosic backbone is preserved and the traces of crystalline
“ash/filler” that may come from fillers/inorganic additives in newsprint are significantly reduced. In
particular, the absence of prominent calcite reflections within the cellulose pattern supports the purity
of the cellulose. While the amorphous character of PES is preserved in the composite, the appearance
of cellulose reflections in a shoulder shape around 15-17° and 22-23° in 10% cellulose indicates that the
cellulose is present in the matrix without completely losing its crystalline areas. In contrast, the
weakening and broadening of the peaks suggests a decrease in the crystalline area/arrangement within
the polymer. In terms of performance, the -OH-rich/hydrophilic structure of cellulose strengthened the
membrane-water interaction, increasing the tendency for water uptake and swelling at 25-80°C. The
highest hydration was obtained for the 5% cellulose membrane, consistent with the hydrophilic role of
cellulose and its contribution to water-membrane interactions. The limitations of WUc and Sp in the
10% cellulose membrane were attributed to increased solution viscosity, which may promote a more
compact structure or heterogeneity due to agglomeration. However, this did not prevent the formation
of effective proton-transport pathways under the EIS measurement conditions. This is also supported by
the observation of increased roughness/heterogeneity and fibril-derived irregularities in some regions
on the 10% cellulose surface in the SEM. However, the EIS results showed that the highest proton
conductivity was obtained for the 10% cellulose membrane, even though the highest WUC, SP, and
mechanical strength were observed at 5% cellulose. This indicates that proton transport in these
membranes was not governed solely by the total amount of absorbed water, but also by the effectiveness
and continuity of hydrated proton-transport pathways within the composite structure. Accordingly,
while the 5% cellulose membrane provided the best overall balance between hydration and mechanical
integrity, the 10% cellulose membrane exhibited the highest conductivity under the applied
measurement conditions.

In conclusion, cellulose obtained from waste paper improved the hydration-related and
transport-related properties of PES membranes; however, at higher loading, the system tended toward
structural compaction and agglomeration-related heterogeneity. From a single-property perspective, the
highest proton conductivity was obtained for the 10% cellulose membrane. However, considering
hydration, dimensional behavior, and mechanical strength together, the 5% cellulose membrane
provided the most balanced overall performance. Thus, the optimum cellulose loading depends on the
target property. 10% cellulose yielded the highest conductivity, whereas 5% cellulose offered the best
overall balance of properties.
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