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ABSTRACT

Natural zeolite-activated carbon composites are presented as a potential proton exchange membrane (PEM). To
improve the proton exchange membrane (PEM) properties of natural zeolites, modification into hierarchical zeolite has
been conducted by alkali treatment of desilication method using alkali solution of NaOH. The material was characterized
using Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetric (DSC), X-ray diffraction (XRD), N,
adsorption, and Scanning Electron Microscopy (SEM). A certain ratio of natural zeolite-activated carbon was casted using
hot press to produce a membrane. A series of physicochemical characterization techniques was applied to provide insight
into the water uptake, swelling ration, ion exchange capacity, and proton conductivity. Alkali-treated natural zeolite
membrane showed higher proton conductivity (7,47 x 10 x 107 S/cm) than natural zeolite membrane (5,76 x 10° S/cm)

which pointing a potential for PEM application in fuel cell.

Keywords: natural zeolite, hierarchical zeolite, alkali treatment, proton exchange membrane, fuel cell.

1. INTRODUCTION

Fuel cells offer a highly efficient technology to
produce clean power and heat with near-zero emission [1],
simple design [2] and low temperature system [3]. Fuel
cells converts chemical energy of fuel (hydrogen) and
oxidizing agent (oxygen) into electrical energy through
redox reaction [4]. Many different types of efficient fuel
cells are being studied, the main constrain is on
electrolyte. Several electrolyte types are molten carbonate,
phosporic acid, proton exchange membrane (PEM) and
solid oxide. This days, although alkaline electrolysis is
dominant technology due to its lower cost, the PEM offers
advantages of great importance, such as high power
density, high energy conversion efficiency, fats start-up,
and low sensitivity to orientation [5]. This PEM separates
anode and cathode compartments and acts as a proton
transport route [6].

The material for PEM application ideally meet
some of these requirements, such as high ionic
conductivity, low electronic conductivity, be chemically
and mechanically stable, present an adequate barrier to the
reactants, and ease of manufacturability/availability [7]. At
the present time, perfluoro sulfonic acid polymers, such as
Nafion, are widely developed and employed as solid
electrolyte in PEM due to its high conductivity and
stability values [8]. However, these polymers have
limitations in the operating temperature, mechanical
properties limit the operating condition, including high
production costs [9]. The main problem is on the loss of
water from ionic pores, especially at elevated temperatures
[10], [11]. Therefore, it is necessary to study other
alternative materials for PEM application.

Significant efforts have been made to modify
Nafion membranes for the application at low humidity or

elevated temperatures. Incorporation with hygroscopic
metal oxide particles such as SiO,, ZrO,, TiO,, zeolite and
zirconium phosphate into the hydrophilic domains of the
polymer electrolyte membrane or catalyst layer in order to
enhance the thermal stability and water retention
properties of the membrane [12]. Among these materials,
zeolite is a good candidate for the polymer membranes
because it can be controlled to maintain a suitable
hydration of the membrane under fuel cell operating
conditions and it has a good mechanical properties [13].
The properties and performance of zeolite membranes are
highly dependent on the Si/Al ratio content. The high
silica content can boost the hydrophobic property caused
by the rise of specific area resistance value [14]. However,
microporous characteristic of zeolite can inhibit the
reactant diffusion. To increase the surface area and form
mesoporous, zeolite can be treated by desilication
treatment, furthermore, it creates hierarchical zeolite [15]—
[17]. In the other hand, zeolite composite membrane has
low mechanical stability, prone to cracking, a polymer
material as a binder is required.

Polyvinylidene difluoride (PVDF) is a polymer
that performs a good thermal and chemical stability,
reliable mechanical strength and asymmetric structure
which hold a potential as a binder in PEM application
[18], [19]. PVDF has been widely used as proton
conductivity, gas separation, direct methanol fuel cell [20],
ultrafiltration, and microfiltration membranes [21]. This
material has biocompatible properties [21] and resistant to
methanol compounds [22], so it is widely used in PEM
fuel cell application.

Therefore, the objective of this study was to
develop a high proton-conducting membrane through
combination of activated carbon with hierarchical zeolite
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and PVDF. Material with high porosity and superior
specific surface area is targeted as a promising candidate
for PEM. The properties of produced membrane were
studied including its water uptake, swelling ratio, ion
exchange capacity, and proton conductivity.

2. MATERIAL AND METHODS

2.1 Materials

Local product of natural zeolite Bogor was
supplied by PT Astarindo (Bogor, Indonesia), activated
carbon was supplied by AJAX Chemical (NSW), PVDF
binder for Li-ion battery electrodes grade 80g/bag-EQ-lib-
PVDF (MTI, China). Natrium hydroxide, ammonium
chloride, and sodium chloride were purchased from Merck
(Japan).

2.2 Alkali Treatment and Characterization of Natural
Zeolite

Natural zeolite (NZ) Bogor (20 g) was introduced
into NaOH solution (0,1 M, 400 mL) under stirring at 75
°C for 2 h. Subsequently, the resulting slurry was
quenched to room temperature. It was then filtered,
washed with distilled water to get pH around 7 and dried
at 100 °C for 12 h. Then, the sample was added with
NH,CI solution (I M, 150mL) at 80 °C for 8 h. The
mixture was filtered and rinsed with distilled water until it
was free from CI ions. Then it was dried at 100 °C for 12
h, followed by calcination at 550 °C for 4 h.

NZ and alkali-treated natural zeolite (AT-NZ)
were then characterized. The thermal stability of the
samples was assessed under a nitrogen atmosphere using
thermogravimetric analysis and differential scanning
calorimetric (TGA/DSC) (Linseis STA PT 1600). The
specific surface area, pore size distribution, and pore
volume were estimated by the Barret-Joyner-Halenda
(BJH) and Braunauer-Emmmet-Tellers (BET) method
using surface area analyzer (Micromeritic Tristar IT 3020
2.00). Crystallization behaviour was investigated with x-
ray diffraction with Cu Ka-radiation (XRD PaNalytical
Aeris). The particle morphology was observed by a
Scanning Electron Microscope (PhenomWorld).

2.3 Casting of Proton Exchange Membrane

PEM was prepared by mixing NZ (2 g), PVDF (5
wt%), and activated carbon (variation of 3, 5, and 7 wt%).
The mixture was casted using carver hot press under
pressure of 300 MPa at 200 °C for 20 min, followed by
calcination at 500 °C for 2 h. The resulting membrane was
quenched to room temperature and designated as NZ-3,
NZ-5, and NZ-7 for filler activated carbon mass variation
of 3, 5, and 7 wt%, respectively. NZ membranes were
tested water uptake and swelling ratio as a preliminary
study for the next experiments of AT-NZ.

2.4 Membrane Performance Experiments
2.4.1 Water uptake and swelling ratio

The membrane water uptake and swelling ratio
were measured by first recording the dry mass of

membrane and compared it with the wet one. The
membrane was dried at 60 °C for 2 h and kept in a
desiccator to cool down to room temperature, then
measured its dry mass. While, the membrane was
immersed in deionization water for 24 h at room
temperature, then taken out, dried with paper tissues and
measured its wet mass was [23]-[25]. The water uptake
was calculated as follow:

water uptake = WXIOO% @))]
wet

where Wy (g) is the mass of wet membrane and Wy, is
the mass of dry membrane. The change observed in
membrane thickness water uptake was used to determine
the swelling ratio (%) by using Eq. (2).

Swelling ratio = ~**—"% x 1009% @)
dry

where, Dy, (mm) and Dy, (mm) refer to the thickness of
the wet and dry membranes [26].

2.4.2 Ton exchange capacity

Ion exchange capacity (IEC) of the membranes
was determined by titration method. The dried composite
membrane was soaked in a NaCl solution (1M 50 ml) for
24 h at room temperature to substitute H* with Na*. Then,
the exchanged H" ion in the solution was titrated using
0,01 M NaOH solution with phenolphthalein as the pH
indicator. The IEC value was obtained using the following
eq. (3) [25]

IEC (meq. g—l) — YNaonxMnaon 3)
Wq

where Vyaon 18 the volume of NaOH in the titration (ml),

Mu.on i the concentration of NaOH (mol/L) and W is the

mass (g) of the dry membranes.

2.4.3 Proton conductivity

Proton conductivity membrane was measured by
electrochemical impedance spectroscopy (LCR and
Impedance meter HiTester HIOKI 3522). Measurement
frequency range is between 2 MHz to 100 Hz. The proton
conductivity (¢ in S/cm) of the membrane is determined
from the following eq. (4)

0 =3 “

where T is the thickness of the membrane (cm), S is the
surface area of membrane (cm?) and R is membrane
resistance () [23].

3. RESULT AND DISCUSSIONS
3.1 Effects of Alkali Treatment on the Physicochemical
Properties of Natural Zeolite

AT-NZ was characterized using TGA/DSC to
determine weight loss, decomposition, and thermal
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stability at a given temperature and the measurement
results are shown in Figure 1. A total mass loss of about
38% was observed in several stages. First, a significant
weight loss is monitored at 50-100 °C accompanied by an
endothermic peak is attributed to solvent evaporation on
the zeolite pores. The weight loss occurring approximately
at 300-550 °C is about 23 wt% and accompanied by an
exothermic peak which is contributed by crystalline water
evaporation and decomposition of organic compounds
[27], [28]. This weight loss may also be contributed by
decomposition of cationic surfactant in materials [29].
Endothermic peaks are monitored at temperature range of
600-650 °C and 800-900 °C likely due to changes in
crystalline structural transition and changes in isomorphic
material which can cause structural damage of zeolite [30],
[31]. The TGA/DSC measurement results indicated that
the AT-NZ was thermally stable up to approximately 600
°C, therefore, calcination temperature was chosen at 500
°C.

Heat flow (mW)

mass change
-23,32% 4

Rel.mass change(%)

rmass change = 38,32%
Twater decrease = 19,58%

T T T T T T T T
0 100 200 300 400 500 600 700 800 900
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Figure-1. TGA/DSC curves of an alkali-treat
natural zeolite.
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Figure-2. The N, adsorption and desorption isotherm of
natural and alkali-treat zeolites.

Figure-2 shows the adsorption/desorption
isotherm of N, on NZ and AT-NZ. The N, adsorption
isotherm on NZ belonged to type IIl according to the
classification of Brunauer-Deming-Teller, where the pores
with weak adsorbent-adsorbate interactions and adapted
molecules clustered around the most advantageous
locations on non-porous or porous solid surfaces. While
adsorption isotherm on AT-NZ belonged to type IV which
the hysteresis loop was typical capillary condensation
involving mesoporosity and limits uptake capacity over a
range of high relative pressure [32]. The specific surface
area, pore-volume, and pore size distribution of samples
were estimated by the BJH and BET methods using N,
adsorption-desorption as shown in Table-1.
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Table-1. Physical properties and chemical composition of NZ and AT-NZ.

SBET Vtotal Vmeso Dpore . d d
Sample (m?/g)" (cm’/g)” (emg)¢ () Si (%) Al (%)
NZ 42,4 0,0731 0,0609 6,8836 | 20,9140,27 523+0,14
NZ-AT 106,9 0,1106 0,0649 4,1396 12,84 + 0,15 4,89 + 0,07

“BET method, °t-plot method, “BJH method, “Measured by SEM-EDS

Na
| o
—%i—-OH HO—S‘i-— + NaO—Si—

O
Na

NaOH
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|
e NAOH félif OfAllf With no bond breaking

Figure-3. The bond-breaking process by alkali
treatment [33].

Based on Table-1, the surface area of NZ after
alkali treatment has increased from 42,4 to 106,9 m2/g.
According to Groen et al. [34], surface area increment is a
key of the occurrence of desilication or extraction
amorphous silica. Dissolution of some Si atom increased

A —NZ
——NZ-AT

intensity

0 10 20 30 40 50 60 70 80 90
20

mesoporosity of the agglomerates and create pore layers of
the external surface area. It is shown by the increasing of
mesopore volume and significant increasing of total pore
volume. The amorphous silica has been successfully
removed from the crystal structure of zeolite. The evident
is also shown by the decrement of Si/Al atom ratio after
alkali treatment compared to the ratio in NZ. Hydroxide
anion from NaOH solution may attack the silanol groups
and Si-O-Si or Si-O-Al bonds (Figure-3). Si atom is more
acidic compared to Al, thus OH™ derived from NaOH
solution will be easily bound with Si than Al, causing the
dissolution of Si atoms. While the atom of Al is hardly
soluble in NaOH due to negative charge in AlO4 [17],
[35], [36].

—— NZ-AT|

intensity

25 26 27 28 29

Figure-4. XRD pattern of (A) NZ and AT-NZ and (B) its magnification 26 at 25-29°.

The XRD patterns of NZ and T-NZ are shown in
Figure-4. Diffraction peaks are observed at 26 = 9,79
13,48° 22,29% 25,65% 26,60% 27.64° and has
orthorhombic-shaped crystals. Based on JCPDS data 29-
1257 and Pertiwi et al [28], the resulting diffraction peaks
are typical mordenite zeolite peaks. The diffraction peaks
appeared at both of zeolite types, indicating that the

crystallinity of NZ and AT-NZ are similar. However, the
diffraction peak intensity decreased after alkali treatment
which is in line with the previous result to explain
amorphous silica removal from the crystal structure of
zeolite [22], [37] without destroying zeolite crystal
framework [35].
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Figure-5. SEM images of (a) NZ (b) AT-NZ.

The SEM images (Figure-5) show that the
particle of zeolite after alkali treatment is larger compared
to NZ is according to Ates dan Akgil. [38] alkali
treatment has resulted in granule zeolites particles. A
likely explanation for these observations is the alkali
solution of NaOH cause the formation of mesopore zeolite
as a result of the partial collapse of micropores. It is also
observed that after alkali treatment of NZ, agglomeration
occurred.

3.2 Performance of Proton Exchange Membrane
(PEM)

3.2.1 Water uptake and swelling ratio

AT-NZ was mixed with PVDF and activated
carbon to prepare PEM. Subsequently, the synthesized
PEM was characterized. The most important performance
characteristics of PEM is water uptake and swelling ratio
to study the potential of this material to be used as PEM.
The water uptake property is directly linked to proton
conductivity, while swelling ratio is to determine the
structural selectivity and stability of membrane. The effect
of activated carbon in the membrane was study and the
result is summarized di Table-2 and Figure-6.

Table-2. Water uptake and swelling ratio of (a) NZ membrane with different activated carbon loading and
(b) Natural and alkali treatment membranes.

(a)
Density Uptake water Swelling ratio .
Membrane ( g/cms) (%) (%) Figure
NZ-3 2,68 g/cm’ 13,964 0,104
NZ-5 2,89 g/em’ 15,630 1,030
WWWW 0
s 18 o 1 Xt\v
S%
NZ-7 2,91g/cm’ 12,470 0,860
rio !]O 2|0 El X“I\v
(b)
Membrane Uptake water (%) Swelling ratio (%)
NZ-5 15,630 1,030
NZ-AT 16,997 1,318
Nafion 117 28,800 [24]
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Figure-6. Uptake water and swelling ratio of natural
zeolite membranes.

Table-2 (a) and Figure-6 show that the increasing
activated carbon content in the membrane from 3 to 5 wt%
gave an effect in enhancement of water uptake and
swelling ratio. This can be explained by the formation of
more hydrophilic channels and inherent micro/mesopores
within the activated carbon. A decrease water uptake at
higher loading amount of activated carbon membrane
(NZ-7, 7 wt%) causes by a reduction of effective surface
area due to aggregation of activated carbon particles and a
reduction in interspace volume responsible for channelling
of water [26]. Based on the results of higher uptake water
and swelling ratio on the NZ-5, this composition was used
for the subsequent experiments. It can be concluded that
alkaline treatment gave a positive effect although the
amount is still below that of commercial Nafion 117
(Table-2 (b)). The hydrophilicity of zeolites is highly
correlated with SiO,/Al,O5 ratio. Si-O-Al bond has high
polarity compare to the Si-O-Si bond, therefore, NZ after
alkali treatment is more hydrophilic than natural zeolites
[39], [40].

3.2.2 Ion exchange capacity (IEC)

The ion exchange capacity (IEC) indicates the
number of ionic groups in the membrane that are freely
available to participate in proton conduction. In the present
investigation, the importance ion is the proton (H"), whose
passage will determine the effectiveness of the membrane.
The membrane was immersed in NaCl solution to covert
H" with Na*. Then, the exchanged H* ion in the solution
was measured using titration method [25] and the result is
summarized in Table-3. It is shown that an IEC of alkali
treated NZ is higher than NZ, which means AT-NZ has
stronger acid sites. The crystal structure of NZ is built up
of SiQ, tetrahedra and AlQO, tetrahedra with AlO, has a
negative charge of zeolite. Desilication give rise to
permanent negative charge of zeolite, and this explains
enhancement of IEC of AT-NZ.

Table-3. Ion exchange capacity of natural and alkali
treatment zeolite membranes.

Membrane Mass (g) IEC (meq/gr)
NZ 2,890 0,066
NZ-AT 2,860 0,115
Nafion 117 - 0,89 [24]

3.2.3 Proton conductivity
A critical component of PEM should meet the

requirements  of

high proton

conductivity. The

measurement of proton conductivity of NZ and AT-NZ
membranes is reported in Table-4.

Table-4. Proton Conductivity of NZ and AT-NZ

membranes.
In.ternal Proton conductivity
Membrane resistance (S/em)
(Ohm)
NZ 18,831 0,00576
NZ-AT 14,535 0,00747
Nafion 117 100,000 0,067 [24]
—NZ
0
.20 4
s
E 404
]
[=2]
% -60 -
>
-80 <
-100
1500 41000 500 ' 0

Current density (mA/cm?)

Figure-7. Polarization curves of NZ and AT-NZ
membranes.

It is shown that alkali treatment causes a decrease
internal resistance of the membrane. Internal resistance is
measured based on slope value between voltage (mV) and
current density (mA/cm?). The lower internal resistance
resulted in increasing the mobility of electrical charge and
it will increase the proton conductivity [41]. Figure-7
shows that a plot between voltage and current density has
less than 1,23 'V, which is the ideal potential voltage (open
circuit voltage) for fuel cells [42]. The Proton conductivity
depends not only determined by the small amount of
internal resistance, but also on water absorption in the
membrane. According Irfan et al. [43] and Neethu et al.
[26], increase water absorption of the membrane also
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significantly enhances proton conductivity by using the
Grotthus mechanism.

4. CONCLUSIONS

An alternative low-cost proton exchange
membrane has been successfully casted with natural
zeolite alkali treatment blended with activated carbon for
application in fuel cells. AT-NZ has two types of pores,
which are micropore and mesopore, therefore it can be
classified as hierarchical zeolite. Alkali treatment of NZ
increased the surface area that helped in absorption water
for proton hopping and it is expected to enhance the
proton transfer. AT-NZ membrane shows higher IEC,
lower internal resistance, and higher proton conductivity
than that of NZ membrane, although the characteristic is
still below the commercial Nafion 117 membrane. These
results show a potential of AT-NZ for PEM fuel cell
application in the future.
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