
Received: 21 May 2019 Revised: 28 July 2019 Accepted: 30 July 2019
RE S EARCH ART I C L E

DOI: 10.1002/er.4801
Potential of sodium alginate/titanium oxide biomembrane
nanocomposite in DMFC application
Norazuwana Shaari1 | Siti Kartom Kamarudin1,2 | Zulfirdaus Zakaria3
1Fuel Cell Institute, Universiti
Kebangsaan Malaysia, Bangi, Malaysia
2Department of Chemical and Process
Engineering, Faculty of Engineering and
Built Environment, Universiti
Kebangsaan Malaysia, Bangi, Malaysia
3 Institute of Sustainable Energy Kajang,
Universiti Tenaga Nasional, Kajang,
Malaysia

Correspondence
N. Shaari, Fuel Cell Institute, Universiti
Kebangsaan Malaysia, 43600 UKM Bangi,
Selangor, Malaysia.
Email: norazuwana.shaari@gmail.com

Funding information
Universiti Kebangsaan Malaysia (UKM),
Grant/Award Numbers: MI‐2018‐006 and
TRGS/1/2018/UKM/01/6/2
Nomenclature: DI, deionized; DMFC, direct
scanning electron microscope; FTIR, Fourier t
between the two electrodes; OCV, open circui
electrolyte membrane fuel cell; PEMs, pro
(vinylpyrrolidone); R, resistance of the memb
membrane; SGO, sulfonated graphene oxide
percentage; T, membrane thickness; TGA, th
membrane; WU%, water uptake percentage; X

Int J Energy Res. 2019;43:8057–8069.
Summary

A proton exchange membrane was synthesized consuming a sodium alginate

biopolymer as the matrix and titanium oxide as the nanofiller. The titanium

oxide content varied from 5 to 25 wt%. The biomembrane nanocomposite per-

forms better than the pristine sodium alginate membrane based on liquid

uptake, methanol permeability, proton conductivity, ion exchange capacity,

and oxidative stability outcomes. The unique properties of sodium alginate

and titanium oxide lead to outstanding interconnections, thus producing new

materials with great characteristics and enhanced performance. The highest

proton conductivity achieved in this study is 17.3 × 10‐3 S cm‐1, which per-

formed by SAT5 (25 wt%) membranes at 70°C. An optimal content of titanium

oxide enhances the conductivity and methanol permeability of the membrane.

Additionally, the hydrophilicity of pure sodium alginate is greatly reduced and

achieves a good liquid uptake capacity and swelling ratio. The characteristics of

the SA/TiO2 biomembrane nanocomposite were determined with field emis-

sion scanning electron microscope, Fourier transform infrared, X‐ray diffrac-

tion, thermal gravimetric analysis/differential scanning calorimetry, and

mechanical strength analysis.
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1 | INTRODUCTION

An electrochemical energy device of direct methanol fuel
cells (DMFCs) is being researched, especially in the
energy field, because of their convenient in‐app availabil-
ity in mobile devices, which appropriate with modern
methanol fuel cell; DSC, differe
ransform infrared; GO, graphe
t voltage; P, membrane diffusio
ton exchange membrane; PS
rane; RGO, reduced graphene
; SPEEK, sulfonated poly (et
ermal gravimetric analysis; T
RD, X‐ray diffraction
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lifestyles. In addition, high efficiency in the process of
energy conversion as well as non‐combustion processes
have reduced greenhouse gas emissions causing DMFCs
to be interested in addressing environmental issues.1 In
addition, the consumption of methanolas a fuel gives
more advantage reduce the cost of fuel management
ntial scanning calorimetry; Ea, activation energy; FESEM, field emission
ne oxide; HPA, heteropolyacids; IEC, ion exchange capacity; L, distance
n permeability for methanol; PBI, polybenzimidazole; PEMFC, polymer
SA, poly‐styrene sulfonic acid; PVA, poly vinyl alcohol; PVP, poly
oxide; SA, sodium alginate; SA/TiO2, sodium alginate/titanium dioxide
her ether ketone); SPSF, sulfonated polysulfone; SW%, swelling ratio

g, glass transition temperature; TiO2, titanium oxide; W, width of the
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system which unrequired the external storage likes
hydrogen, leads the flexibility of the cells designing, the
fuel is exists in liquid phase and the refilling process of
fuel is quick to supply the energy continuously.2-6 The
membrane electrolyte assemble is the most important
part of the DMFC and consists of electrodes (anodes
and cathodes) that function as a centre for reactions and
membranes that separate the anode and cathode; the
membranes also serve as a barrier to the methanol trajec-
tory as well as a pathway for protons, which are very
important conductive agents.7-10 Nafion membranes are
currently used because of their advantages over other
membranes like excellent conductivity of proton, noble
chemical, and physical stability.11-13 Unfortunately, there
are major disadvantages that prevent the continued com-
mercialization of Nafion, which are expensive cost pro-
duction and high crossover of methanol problems,
which result in the loss of fuel and potential mixture on
the cathode side, thereby reducing DMFC's overall per-
formance. Besides, the oxidation process of methanol on
the cathode side produced the excess water formation,
which leads to the flooding phenomena on the cathode
compartment. Thus, the cells are degraded and damaging
the cathode area.14-17 It is therefore important for
researchers to look for new membrane materials that
have desirable properties, such as low permeability to
methanol, low cost, high conductivity (> 1.00 × 10‐3 S
cm‐1), high thermal and mechanical resistance, and high
chemical and physical stability.18-20

Sodium alginate (SA) films are useful in many areas,
including food packaging, medical applications, tissue
engineering, separation, and fuel cells, due to their great
potential to be made into various forms.21 Unfortu-
nately, their application is still limited due to several
weaknesses like being too hydrophilic and having unde-
sirable mechanical properties.22 The most effective and
useful method to produce enhanced polymer properties
is blending or mixing two materials, as between poly-
mers and nanoparticle fillers. The blended film usually
has better mechanical properties and improved perfor-
mance as well as physical appearance due to the combi-
nation and networking formed among the composites
compared with those of a pure polymer.23 Furthermore,
the advantages of low cost and straightforward produc-
tion of biopolymers make a blended membrane cost
effective.24 Several previous studies have been carried
out on the combination of chitosan and SA biopolymers
with nanofillers, which were carbon nanotube,25

graphene,26 titanium oxide,27 zirconium,28 and alu-
mina.29 There are several works that are explored the
potential of SA biomembrane in DMFC application,
Smitha et al30 fabricated the poly‐ion complex compos-
ite blend membrane with the chitosan. The blend
membrane showed the high conductivity of ion, low
permeability of methanol, and high stability of mechan-
ical. Mohanapriya et al31 blended the SA biomembrane
with heteropolyacids (HPA) and synthetic polymer of
poly (vinyl alcohol) (PVA). The mechanical strength
and thermal stability of membrane have been enhanced
attributed to the modification. Besides, the three‐
dimensional interaction of SA, PVA, and HPA is
blocked the methanol tortuous across the composite
membrane. Cabello et al32 explored the combination of
two‐type biopolymer, SA, and carrageenan. The intro-
duction of carrageenan improved the conductivity of
proton in range of ~10‐2 S cm‐1 and the permeability
of methanol in range of ~10‐6 cm2 s‐1.

Since SA has disadvantages in terms of undesirable
mechanical properties.33 Titanium oxide (TiO2) is an
important ceramic material to enhance the polymer
composite properties. The nanoparticle of TiO2 has
excellent chemical stability, high surface area, and activ-
ity, which influenced the properties of SA biopolymer
chemically and physically. The modification of SA bio-
polymer with the hydrophilic TiO2 will form a stable
structure between the amorphous and crystalline
regions required to upsurge the membrane conductivity
and reduce the crossover of methanol. Besides, the addi-
tion of stiffer material of TiO2 reduced effectively the
swelling ratio of SA/TiO2 biomembrane nanocomposite.
There are several bonding that leads in strong interac-
tion among alginate polymer matrix and TiO2 filler,
for instance, dipole‐dipole contact amid the attractive
elements and van‐der Waals force that inhibits the
destroyed of polymer chain during the water absorption
process. Rana et al34 have explained about the interac-
tion energy that build nonrandom spatial distribution
among the polymer component according to the Flory‐
Huggins theory, which can be related to the interaction
between TiO2 nanofiller and SA polymer. Additionally,
the immiscibility between SA polymer and TiO2 also
contribute in reduction of membrane swelling ratio with
presence of TiO2.

35,36

Hence, the thermal stability, membrane dimension
and cycle lifetime of SA/TiO2 can be improved signifi-
cantly.37-40 This study aimed to fabricate the novel self‐
synthesis blended polymer membranes comprising natu-
ral SA polymers and titanium oxide nanofillers
(designed as SA/TiO2 biomembrane nanocomposite).
From the literature review, this is the first attempt that
modified the SA biomembrane with the titanium oxide
as a polymer electrolyte membrane in DMFC applica-
tion. The new novel biomembrane nanocomposite prop-
erties are conducted, and their capability in DMFCs is
determined through half‐cell and single‐cell electrolyte
studies.
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2 | MATERIALS

SA, titanium oxide (TiO2), methanol (CH3OH, 99.7%),
glutaraldehyde (C5H8O2), and glycerol (C3H8O3) were
attained from Sigma Aldrich. These chemicals were
directly employed deprived of additional purification step.
3 | METHODOLOGY

SA (1.5 g) was diluted in deionized (DI) water (30 mL)
with a constant stirring and uniform speed. Then, 10‐
mL mixture of DI water and titanium oxide solution
was prepared and placed into the solution of SA with var-
ious weight percentages. The crosslinking and plasticiz-
ing agent consisting of a 1:1 volume ratio of glycerol
and glutaraldehyde were poured into the solution. A
sonicator was used to obtain a uniform solution of com-
posite SA/titanium oxide. Then, the solution was poured
into a petri dish for 48 hours at 60°C. The resultant com-
posite film was taken out from the petri dish and refined
using a procedure described in a previous paper.41
3.1 | Membrane characterization

The existence of functional groups in the SA/TiO2 bio-
membrane was identified through Fourier transform
infrared (FTIR) analysis (FTIR ELKER) with wavelengths
4000 to 500 cm‐1. A field emission scanning electron
microscope (FEI QUANTA 400 field emission scanning
electron microscope [FESEM]) was operated to identify
the morphology and structure of the SA/TiO2

biomembranes with 5 kV. A universal testing machine
was used to measure the mechanical strength of the
SA/TiO2 biomembrane, specifically its tensile strength
and elongation at break at ambient condition and with
a 3‐kN load.

The absorption of water rate can be calculated by the
change in the weight of a wet vs dry membrane, while
the swelling ratio property can be measured by the alter-
ation in length (or thickness) membrane. Thus, the mem-
brane was immersed in water for 48 hours at ambient
condition. The access water was removed, and the weight
and the length were recorded. Formerly, vacuum oven
was employed for the membrane drying process at
100°C for 24‐hour time. After drying, the length and
weight of the membrane were also noted down. Calcula-
tion of water uptake (WU%) and swelling ratio (SW%)
were carried out via Equations 1 and 2, where Lwet sig-
nifies the wet mass of membrane and Ldry signifies the
dry condition gained as of the length of membranes in
wet and dry condition, correspondingly:
WU% ¼ Wwet −Wdry

Wdry
× 100; (1)

SW% ¼ Lwet − Ldry
Ldry

× 100: (2)

A conductivity cell with four‐electrode was used to cal-
culate the membrane conductivity of proton and was
linked to a potentiostat/galvanostat (WonATech) with a
frequency range of 1 MHz down to 50 Hz. The conductiv-
ity of the protons was calculated in a wet membrane (size
dimension = 1 cm × 4 cm), which 24‐hour immersion in
water afore tested. A graph of the voltage vs current was
obtained from the potentiostat, and the slant of the
straight line represented the membrane resistance. Using
Equation 3, the proton conductivity can be measured:

σ ¼ L
RA

; (3)

where L is the two electrodes distance, A is the area of
membrane, and R is the membrane resistance.38,39 The
membrane permeability of methanol was calculated by
the difference in methanol concentration in two tanks
that were marked as A and B. Equation 4 thus provides
the permeability of methanol:

P ¼ 1
Ca

ΔCb tð Þ
Δt

� �
LVb
A

� �
; (4)

where methanol permeability is signifies as P (cm2s‐1); Ca
is the concentration of methanol in the feed chamber, ie,
cell A (mol L‐1); ΔCb (t)/Δt is the methanol molar concen-
tration variation in cell B as a function of time (mol L‐1 s);
Vb is the volume of each diffusion reservoir (cm3); A is the
membrane area; and L is the membrane thickness (cm).

High conductivity of proton and low permeability of
methanol lead to high selectivity of membrane, which is
an indicator of good membrane characteristics. Equa-
tion 5 used for calculating the selectivity is as follows:

α ¼ σ
P
; (5)

where φ is represents selectivity, σ is represents proton
conductivity, and P is represents methanol permeability.
4 | RESULT AND DISCUSSION

4.1 | FESEM

Figure 1 shows the surface with low magnification, cross
section, and surface with high‐magnification FESEM
images of five membranes: Figures 1A to 1C for SAT1,
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FIGURE 1 Field emission scanning electron microscope image of SA‐TiO2 membrane composite with various TiO2 loading
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Figures 1D to 1F for SAT2, Figures 1G to 1I for SAT3,
Figures 1J to 1L for SAT4, and Figures 1M to 1O for
SAT5, respectively. The uniform distribution of TiO2 filler
with optimum loading has resulting membrane the com-
press structures (nonporous) and a homogeneous mor-
phology. The high homogeneity of membrane can be
related to the high miscibility between SA polymer and
TiO2 nanofiller.

36 The solid membrane structure is a good
feature for proton conductivity and reduces the rate of
loss of methanol fuel. This polymer nanocomposite has
a microstructure comprising interconnected SA biopoly-
mer and TiO2 inorganic nanofiller. The crystalline struc-
ture of TiO2 changed the membrane morphology. The
morphology of the SA membrane differs from other
porous structure membranes, likes PBI and PIM‐1 mem-
branes,42,43 but it resembles a SPEEK membrane.44 The
homogeneous TiO2 distribution increases the ion selectiv-
ity for the SA biomembrane. The membrane with the
loading of TiO2 (20 wt%) has a higher TiO2 nanoparticle
density than the membrane with the lowest loading (5
wt%). However, the high TiO2 loading (20 wt%) had a
negative effect on the SA biomembrane structure because
of agglomeration compared with other membranes that
had a lower TiO2 loading. The agglomeration also
affected the properties of membrane, including proton
conductivity and permeability, which are discussed in
the next section. The SAT4 biomembrane shows the uni-
form structure, which formed the reliable structure,
which has high potential to allow the proton diffusion
pathway and provide the barrier for methanol crossover.
4.2 | X‐ray diffraction

The structure of SA‐TiO2 membrane composite was
determined with X‐ray diffraction (XRD) analysis, as
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shown in Figure 2. The XRD spectra are clearly visible
from the peak at 2θ values of 19° and 25° and are from
the TiO2 nanoparticles,

45 while the peaks at 20° and 25°
belong to the SA but have a very low intensity. The pres-
ence of TiO2 increased the crystalline nature of the SA
membrane compared with that of the pure SA mem-
brane, which is similar to a previous study.46 However,
the TiO2 crystalline peak has a low intensity compared
with that of pure TiO2, possibly due to the low loading
of TiO2 and its homogeneous dispersion in the polymer
matrix. The pure SA membrane XRD spectrum shows a
low‐intensity crystalline peak at 13.32°; this is a naturally
amorphous material with an intermolecular distance of
6.63 and thus is the same result that was reported in a
previous study.5 However, the complete XRD spectrum
shows that the SA/TiO2 membrane has amorphous struc-
ture properties,47 indicating an interaction between the
SA and TiO2 nanoparticles.
FIGURE 3 Thermal gravimetric analysis‐differential scanning

calorimetry spectrum of SA‐TiO2 membrane composite with

various TiO2 loading [Colour figure can be viewed at

wileyonlinelibrary.com]
4.3 | Thermal gravimetric
analysis‐differential scanning calorimetry

Thermal stability analysis results for SA‐based mem-
branes are presented in the TGA‐DSC results, as shown
in Figure 3. Below 200°C, the water passes through the
evaporation process, leading to a small weight loss (1%),
as revealed in the diagram. There is no detectable weight
loss for this membrane composite at 150°C. SA usually
experiences a heat decomposition process at 178°C,
which is the first phase.48 The SA TiO2 membrane nano-
composite lost weight at higher temperatures for the first
phase at 200°C, which shows the increasing the heat
resistance of the membrane with the presence of TiO2

nanofiller. Theoretically, weight loss at temperatures
between 250 and 500°C is related to depolymerization
and complex dehydration of the saccharide rings.49 The
FIGURE 2 X‐ray diffraction spectrum of SA‐TiO2 membrane

composite with various TiO2 loading [Colour figure can be viewed

at wileyonlinelibrary.com]
thermal stability of SA/TiO2 composite membrane
became higher rather than pure SA, which attributed to
the interfacial relations of electrostatic interaction and
hydrogen‐bonding interaction that occur between SA
and TiO2; these interactions are indispensable in DMFC
applications operating at temperatures over 100°C. The
decomposition of SA chain is possible, which causes
weight loss in the second stage at 250°C temperature con-
dition. Finally, the polymer backbone decomposition pro-
cess that occurs causes the weight loss at a temperature of
400°C.50 The Tg for SA, SAT1, SAT2, SAT3, SAT4, and
SAT5 are 158,51 206, 203, 200.67, 198, and 200.67°C,
respectively. The interactions between TiO2 and SA poly-
mers reduced the internal rotation, which in turn affected
the Tg value of the composite membrane. The Tg for a
composite is needed for fuel cell applications to prevent
thermal degradation of the membrane.50
4.4 | FTIR

Figure 4 shows the FTIR spectrum for the SA membrane
and SA/titanium oxide nanocomposite. The SA polymers
have several common bands that were identified based on
the functional groups present, like an OH stretching
vibration, an asymmetric and symmetric COOA
stretching vibration of the carboxylate salt group on the

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


FIGURE 4 Fourier transform infrared spectrum of SA‐TiO2

membrane composite with various TiO2 loading [Colour figure

can be viewed at wileyonlinelibrary.com]

FIGURE 5 Tensile strength and elongation at break of SA‐TiO2

biomembrane composite with various TiO2 loading [Colour figure

can be viewed at wileyonlinelibrary.com]
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polymeric backbone, and a stretching vibration for COC
groups at wavelengths of 3300, 1600, and 1410 cm‐1,
1030 cm‐1, respectively.52 For the polysaccharides, the
peak is present at a wavelength of 1180‐953 cm‐1 from
the vibration of C─C, stretching of C─O, and the C─H
bond bending mode. The presence of glycerol as a plasti-
cizer in the membrane composite slightly changed the
peak position of the wavelength compared with pure
glycerol from 2936 and 2878 cm‐1 to 2986 and 2930 cm‐

1, respectively. This change occurred due to the interac-
tion of hydrogen bonding formation between SA and
glycerol.53 The presence of TiO2 nanoparticles in the
composite membrane also transformed the peak trans-
mittance between 800 and 400 cm‐1, because it became
a small, less intense, and wide curvature in the wave-
length range of 400 to 600 cm‐1; the vibration of the Ti─O
bonds was transverse thus leads in this curve shifting.
Additionally, the longitudinal vibrational mode in 700
to 950 cm‐1 also led to a peak change in the
SA/titanium oxide composite.47
5 | MECHANICAL STRENGTH

The results of the mechanical strength of the fabricated
membranes are represented in Figure 5. The increase of
tensile strength property of SA biopolymer is increased
with the TiO2 loading in the membrane due to the rela-
tions formed amid the TiO2 additive and the matrix. Wu
et al54 reported enhancement of membrane mechanical
properties with the dispersion of TiO2 in the polymer
matrix, which acts as a physical cross‐link to tolerate
the external load. The hydrogen bonding formation is
resulted in a robust interfacial linkage, which leads in
superior mechanical properties. Besides, the synergy
effect of TiO2 filler and SA biopolymer matrix was a tad
increase the tensile strength of the biomembrane nano-
composite in the presence of TiO2, which possess
metallocene component. This component was positioned
in free dimensions of SA biopolymer, which serve to
obstacles the sliding of SA biopolymer molecule if any
outer strength forced on membrane composite.55-57 In
another study, Jafarzadeh et al58 stated that the TiO2

nanoparticle existence in polyethylene membrane has
significantly increased the tensile strength. Table 1 listed
the tensile stress for several biopolymer‐based membrane
such as chitosan, alginate, and carrageenan to compare
the mechanical strength among them. The elongation at
break of the SA‐TiO2 biomembrane composite is reduced
due to the increase of inorganic particles, as presented in
Figure 5. The huge feature fraction and interaction amid
the polymer matrix and TiO2 nanofiller are the big
influencer on the elongation at break of SA biomembrane
improved, consequently restrict the polymer chains alter-
ation.61,62 Elongation at break is also known as flexibility.
Logically, the higher the tensile strength or reinforcement
effect is, the lower the flexibility the membrane. Thus, the
results in this study are consistent with our understand-
ing of polymer properties.
6 | WATER UPTAKE, SWELLING
RATIO, IEC, AND OXIDATIVE
STABILITY

Water is the most important component for life, and the
proton exchange membrane also requires it to ensure that
the proton is well conditioned based on the ability of the
water to absorb the proton to be transferred.63 A water
uptake test with a SA‐based membrane is presented in
Figure 6A. In theory, it is evident that pure SA has a very
high liquid uptake. The nanoparticle fillers present in the
polymer matrix reduce the liquid uptake capacity.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


TABLE 1 Comparison of proton conductivity and methanol permeability and selectivity of membranes based on biopolymeric membrane

in DMFC

Membrane
Proton Conductivity,
mScm‐1

Methanol Permeability,
×10‐6 cm2 s‐1

Selectivity,
104 S s cm‐3 Tensile Strength, MPa Reference

SA/TiO2 16.8 0.195 8.615 4.3 Current study

SA/Glycerol 10.1 0.198 5.101 2.72 5

Pure SA 0.48 0.6 0.08 ‐ 5

Alginate/Chitosan 42 4.1 1.023 72.29 30

Alginate/Carrageenan 31.6 4.89 0.646 28.03 32

SA/SGO 13.2 0.153 8.627 5.7 41

Chitosan/Zeolite 24 0.73 3.287 ‐ 59

Nafion117 98.3 1.23 7.964 ‐ 60

Abbreviation: DMFC: direct methanol fuel cell.

FIGURE 6 Water uptake, swelling ratio, ion exchange capacity and oxidative stability of SA‐TiO2 membrane composite with various TiO2

loading [Colour figure can be viewed at wileyonlinelibrary.com]
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The TiO2 filler functions as a blocker to molecules in
the polymer matrix of SA, for example, water or metha-
nol; instead, the membrane becomes warm or ionic or
protonic.5 The higher the content of TiO2 is, the lower
the liquid absorption rate inside the membrane. The inter-
action between TiO2 and SA is based on hydrogen bond-
ing due to interfacial adhesion between the two
components and results in a decreased liquid uptake
capacity.64 The OH‐ groups in SA and ‐O‐ in TiO2 are
important groups for the formation of hydrogen bonds.4,64

The presence of TiO2 not only reduces liquid uptake
but also increases the mechanical strength of the SA.
The highest TiO2 content shows the lowest swelling ratio
result due to the blocking effect and a reduction in the
membrane free volume, as presented in Figure 6B.33

The present stiffer material of TiO2 nanofiller is reduced
effectively the swelling ratio of SA/TiO2 biomembrane
nanocomposite. There are several formation bonding like
the dipole‐dipole interface reaction amid the van‐der
Waals force and attractive elements and that lead in
strong interaction among SA biopolymer and TiO2

nanofiller that inhibits the destroyed of polymer chain
during the water absorption process. Rana et al34 has
explained about the interaction energy that build nonran-
dom spatial distribution among the polymer component
according to the Flory‐Huggins theory, which can be
relate to TiO2 nanofiller and SA polymer interaction.
Additionally, the immiscibility between SA polymer and
TiO2 serves the reduction of the swelling ratio of mem-
brane with presence of TiO2.

34-36,65

Figure 6C represents the IEC value for the mem-
branes, which were synthesized with different loading of
TiO2 nanofiller. The IEC increases with increasing TiO2

until the loading decreases to 25 wt%. The quantity of

http://wileyonlinelibrary.com
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hydroxyl (OH‐) in the SA/titanium oxide membrane is a
major factor in the IEC value. As a result, the membrane
conductivity of proton increases in parallel with the IEC
value. By using the Fenton's reagent test method, the oxi-
dative stability of the membranes is also considered in
this study to determine the ability of the membranes to
survive an attack by radical species, for instance (OH‐

and OOH‐), which is also referred to as the hastened oxi-
dative stability test. Figure 6D shows the results from this
oxidative stability test. Based on theory, radical species
derive from the reactions that occur on the electrode.
SAT5 membranes show the highest weight loss (9%) com-
pared with that of the others after being immersed for 24
hours in Fenton's reagent. According to previous studies,
when the IEC of the membrane is high, oxidative stability
decreases. This trend is also true for this study. Neverthe-
less, the oxidative stability of the membranes in this study
can still be categorized as good because less than 10%
weight loss occurred, which is a good feature of proton
exchange membranes. The membrane resistance towards
the oxidation process of methanol reduces when the
water uptake and swelling ratio increases. However, the
oxidative stability is better than that of the pure SA bio-
membrane because the water uptake and swelling ratio
improved. The weight loss may be due to a minor oxida-
tive attack on the glutaraldehyde, calcium chloride, and
glycerol crosslinkers. Additionally, the SA/TiO2 biomem-
brane also presented the high chemical stability because
it did not break and was still flexible even when soaked
in 2 M methanol 60°C for 192 hours. This is a good
achievement, especially for a biopolymer‐based
membrane.
(A) (

(C) (D

FIGURE 7 Proton conductivity and methanol permeability of SA/TiO

be viewed at wileyonlinelibrary.com]
7 | PROTON CONDUCTIVITY AND
METHANOL PERMEABILITY

The error bars were included to present the performance
test results such as water uptake, swelling ratio, methanol
permeability, and proton conductivity. Errormeasurement
shows that there is uncertainty during the calculation,
which can be caused by several factors: (a) unequal mem-
brane thickness, (ii) preparation of membrane also cannot
avoid any errors such as dispersion filler or homogeneity,
and (iii) pressure applied to themembrane when themem-
brane is mounted on the Teflon probe or in the chamber.
All these factors affect the membrane performance test.
However, this error can be ignored due to the very small
error percentage between the repetition data.

The proton conductivity under various temperature
conditions of SA/TiO2 membrane is presented in
Figure 7. The increases of temperature lead in the proton
conductivity improvement, which is reliable with previ-
ous research by Shaari et al41 and Zakaria et al.66 Loading
with 20 wt% TiO2 achieved the highest proton conductiv-
ity at 30°C. The activation energy (Ea) of ionic transport
for the SA/TiO2 membrane can be calculated by applying
the Arrhenius equation (Equation 6) to the Figure 7B,
with the assumption that the conductivity obeys Arrhe-
nius behaviour:

Ea ¼ −b × R (6)

where b represents the slope of the regression line for ln σ
(S/cm) vs 1000/T (K‐1) plots and R is the gas constant
(8.314472 JK‐1 mol‐1).17 SAT1, SAT2, SAT3, SAT4, and
B)

)

2 membrane composite with various TiO2 loading [Colour figure can

http://wileyonlinelibrary.com


SCHEME 1 Proton transfer mechanism [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Cell voltage and power density vs. current density

curve obtained for Nafion 117 and SAT4 membrane composite in

4M methanol concentration at temperature of (A) 30 and (B) 60°C

[Colour figure can be viewed at wileyonlinelibrary.com]
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SAT5 membrane exhibits an ion transport activation
energy of 27.34, 36.73, 43.56, 29.54, and 29.34 J mol‐1 that
is greater than Nafion 115 (6.00 kJ mol‐1)67 and Nafion
117 (12 kJ mol‐1).68

Hydrophilic SA coupled with titanium oxide holds
water molecules, which ensures optimal hydrophilic based
on their properties. Water‐friendly properties are the main
pillars to provide the pathways and movements of the pro-
tons in the membrane. Mechanisms for proton movement
in SA/TiO2 biomembrane nanocomposites are shown in
Scheme 1. H+ has good interactions with O‐ in TiO2

through both mechanisms, namely, Grotthus and vehicle.
The SAT4 nanocomposite shows the lowermost meth-

anol permeability (1.95 × 10‐7 cm2 s‐1) with a nanofiller
loading amount of 20 wt% in 2 M methanol concentration
as shown in Figure 7C. This low membrane permeability
was due to the microstructure of the membrane that led
to good networking between the SA and TiO2 nanofiller;
this is known as the blocking effect and was discussed in
section above.69 Different temperatures have different
effects on the permeability of the membrane, as presented
in Figure 7D. Increased temperatures led to increased
methanol permeability for the membranes due to the
structural changes in the biomembrane. Thermal energy
provided at high temperatures increases the vibration of
membrane chains and molecules, which was due to
adding membrane free volume and reducing methanol
rejection activity. It was easier to move methanol in the
membrane due to a lack of internal resistance.70 Gold
nanoparticles inserted in the Nafion membrane func-
tioned as methanol inhibitors, thus increasing overall
performance, as reported in Mu et al.71

The formation of a hydrophilic passage in the SA
membrane provides an easy way to move methanol;
therefore, the titanium oxide nanofiller releases this space
and reduces methanol permeability.64,72
Table 1 lists the SAT4 membrane as the highest selec-
tivity value of this study with the previous biomembrane
based studies to makes comparison. The selectivity value
of SAT4 is equivalent with biomembrane previous stud-
ies, which shows the stable ratio in order to achieve the
high proton conductivity and low the permeability of
methanol. To evaluate the performance of this mem-
brane, the passive DMFCs performance is tested. The
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TABLE 2 Comparison of condition in single‐cell performance test with power density result for previous work and current study

Membrane
Anode Catalyst
Loading, mg cm‐2

Cathode Catalyst
Loading, mg cm‐2

Methanol Feed
Concentration, mol dm‐3

Temperature, °
C

P Max,
mW cm‐2 Mode Ref.

SA/glycerol Pt‐Ru:8 Pt:8 4 RT 2.99 Passive 5

SA/SGO Pt‐Ru:8 Pt:8 4 RT 13.6 Passive 41

SA/Carrageenan Pt‐Ru:5 Pt:5 2 50 10.4 Active 32

Nafion 117 Pt‐Ru:8 Pt:8 2 RT 7.95 Passive 75

Nafion 117 Pt‐Ru:8 Pt:8 2 RT 9.502 Passive 77
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selectivity value is the first expectation, which the high
selectivity membrane will obtain the high power density
of cells.59,60,73,74
8 | SINGLE CELL

The SAT4 membrane single‐cell performance in a passive
mode was tested with the Nafion 117 membrane as the
main indicator, and the result is plotted in Figures 8A
and 8B. The conditions were 30°C and 4 M methanol for
fuel concentration. Membrane SAT4 reaches the highest
power density (14.53 mW cm‐2) and current density
(44.78 mAcm‐2) with the best OCV (0.86 V) compared
with those of the others, most likely influenced by the
lowest methanol permeability performance. Nafion 117
obtains a lower OCV due to the high methanol permeabil-
ity, because the methanol that crossed through the mem-
brane theoretically decreases the OCV value. Nafion
performed lower power density (10.73 mW cm‐2) than
SAT4 membrane; this is the good indicator of developed
membrane potential. Thiam et al75 and Chen et al76

reported Nafion 117, and Nafion 115 reached 7.95 and
11 mW cm‐2 of the maximum power density, respectively.
At higher temperature (60°C), the maximum power den-
sity of SAT4 and Nafion 117 reaches 19.13 and 13.63
mW cm‐2, respectively. Pure SA has a lower power density
than Nafion or SAT4, indicating that the presence of TiO2

particles helped in diffusion of proton transfer inside the
matrix polymer as well as reducing permeability of meth-
anol, consequently improving the whole DMFC perfor-
mance. The small different of power density value amid
the Nafion membrane and the membrane fabricated in
this study shows that the SA/titanium dioxide membrane
composite can be considered for future applications. How-
ever, these composite membrane modification efforts
need to be continued to improve their performance.
Table 2 lists several SA biopolymer‐based membranes
and their performance in a single‐cell system.77 It turns
out that the membrane developed in this work is highly
competitive compared with other membranes and is a via-
ble alternative membrane for the future.
9 | CONCLUSION

The potential of SA based biomembrane especially in
DMFC applications has been studied extensively in this
study with the presence of titanium oxide nanofillers as
additives and can be used as an important reference for
the future research in fuel cell technology. Based on the
author's knowledge, no such study was carried out before
involving SA and titanium oxide as a biomembrane com-
posite used in the DMFC application, which contained
solid and broad discussions ranging from synthesis to
single‐cell performance testing. Both of these materials
are categorized as cheap materials, which will overcome
the high‐cost problem for Nafion's commercial mem-
brane. This is one of the great objectives of this study
apart from improving the proton conductivity and reduc-
ing fuel crossover problems. The addition of TiO2 inor-
ganic nanofillers inside the alginate polymer matrices
using convenient techniques yielded good results, such
as an improvement in the ion exchange capacity property
(the highest was 2.2 mmol g‐1), methanol permeability
property (the lowest was 1.95 × 10‐7 cm2s‐1), and proton
conductivity property (the highest was 70 mScm‐1) com-
pared with pure SA. Loading of 20 wt% TiO2 also achieved
over a 50% increase in the power density (19.13 mW cm‐2)
compared with that of the pure alginate membrane (2.99
mW cm‐2). This performance of single cell test is consid-
ered outstanding in biomembrane category and yet higher
than Nafion membrane (13.63 mW cm‐2). These results
show that the potential of SA biopolymer‐based mem-
brane is capable of becoming an alternative membrane,
especially in DMFC systems, because it uses inexpensive
and natural ingredients and is therefore a valuable discov-
ery for future energy sources.
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