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ABSTRACT

Direct methanol fuel cell (DMFC) is a very high potential renewable and sustainable energy for portable devices as it 

in improved performance of the DMFC

rice husk ash (SPI/sRHA RHA had been synthesized 
via the mixing reaction between rice husk ash (RHA)

physicochemical properties of the composite membranes produced was carried out using response surface methodology 
(RSM)

 (BET) 

performances of DMFCs too. The optimized membrane (S-12-sR) showed enhanced physicochemical performance as 
well as the passive single cell performance as compared to pure SPI
proton conductivity and IEC that had been achieved by the optimized membrane were 90.97%, 0.1891 S cm−1 and 
0.2608 mmol g−1 respectively. The maximum power density of the passive DMFC was improved from 8.1 mW cm−2 to 
16.4 mW cm−2 under ambient conditions.

ABSTRAK

Bahan api sel metanol langsung (DMFC) adalah tenaga yang boleh diperbaharui dan lestari yang berpotensi tinggi untuk 
peranti mudah alih kerana mempunyai ketumpatan tenaga yang sangat tinggi dan lebih mesra alam. Penambahan pengisi 
ke dalam matriks membran telah dilaporkan mampu meningkatan prestasi DMFC. Walau bagaimanapun, penambahan 
pengisi akan menyebabkan penurunan kapasiti pertukaran ion membran, yang seterusnya akan mengurangkan prestasi 
bahan api sel. Oleh itu, kajian ini mengkaji pengubahsuaian abu sekam padi melalui proses sulfonasi dan kesan parameter 
sintesis membran komposit polimida sulfonasi/abu sekam padi sulfonasi (SPI/sRHA) terhadap prestasi bahan api sel dengan 
pengisi sRHA telah disintesis melalui pencampuran tindak balas antara abu sekam padi (RHA) dengan kloroform dan 
asid klorosulfonik. Komposisi pengisi dalam membran dioptimumkan dengan parameter sintesis yang berbeza seperti 
pelbagai jenis pengisi yang digunakan, pemuatan pengisi dalam membran dan suhu penyepuhlindapan membran. 

menggunakan pendekatan kaedah respon permukaan (RSM) untuk mengoptimumkan parameter sintesis membran 
komposit. Pengisi dan membran komposit dicirikan dengan spektroskopi inframerah jelmaan Fourier, analisis 
pembelauan sinar-X, analisis Brunauer-Emmett-Teller (BET) dan mikroskop transmisi elektron. Parameter sintesis 

juga memberikan prestasi bahan api sel DMFC pasif yang berbeza. Membran yang dioptimumkan (S-12-sR) menunjukkan 
SPI

Kadar penyerapan air, kekonduksian proton dan IEC yang berjaya dicapai dengan pengoptimuman membran adalah 
90.97%, 0.1891 S cm−1 dan 0.2608 mmol g−1. Ketumpatan kuasa maksimum DMFC pasif ditingkatkan dari 8.1 mW cm−2 
menjadi 16.4 mW cm−2 dalam keadaan ambien.
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INTRODUCTION

Direct methanol fuel cells (DMFCs) have received high 
concern as the alternative renewable power sources 
due to the liquid-state alcohol used. The storage for liquid 
alcohol is more convenience than storage for gas-form fuel 
(i.e. hydrogen as a fuel in PEMFC) (Fadzillah et al. 2019; 
Ong et al. 2017a). Due to its liquid-form fuel, intense 
studies and researches have been done on DMFC with one 
of the aims to replace the current petrol operated vehicles 
to DMFC-functioned vehicles as both use the same state 
of fuel. However, current DMFCs are still facing some 
challenges that are required to be solved before it can be 
implemented in daily applications. The main problems 
in DMFC are the high rate of fuel crossover which 
leads to low fuel cell performance. Methanol crossover 
usually occurs when the anode side of methanol diffuses 
through the membrane and reaches the cathode side of the 
membrane electrode assembly (MEA). This occurrence 
will poison the catalyst used in the cathode side (usually 
platinum) as Pt is very easy to have carbon monoxide (CO) 
poisoning (Ekrami-Kakhki et al. 2019; Johánek et al. 
2019; Zainoodin et al. 2014). The by-product (in this case 
is the CO) produced when Pt in contact with methanol. 
This CO will clog the active surface of the platinum and 
hence reduce the activity rate of the Pt. CO poisoning 
will lead to a drastic drop in fuel cell performance. Hence, 
many researchers have been carried out a series of research 
works in order to overcome this issue.

Implementation of an organic-inorganic combination 
of filler and membrane used in DMFC had improved 
not only the methanol crossover in DMFC (Liu et al. 
2018; Parthiban et al. 2018) but also enhanced the 
physicochemical properties (water uptake, proton 
conductivity and ion exchange capacity) of the composite 
membrane itself (Abdullah & Kamarudin 2015; Awang 
et al. 2018). The high performance of water uptake, 
proton conductivity and ion exchange capacity had led 
to enhanced fuel cell performance in terms of current and 
power density. Cui et al. (2018) had developed silicon-
aluminium oxide filler for Nafion-based composite 
membrane. They claimed that the addition of inorganic 
filler had increased 4 times the maximum power density of 
the composite membranes compared to the pristine Nafion 
membrane. Addition of inorganic filler was also reported 
to have improved in term of stability and durability of the 
fuel cell system (Saccà et al. 2018). Kuo and Lin (2018) 
proved that the incorporation of mesoporous silicate into 
polybenzimidazole polymer had significantly strengthened 
the composite membrane in terms of mechanical properties.

Silica (SiO2) had been widely used as filler for the 
membrane in DMFC applications. Addition of silica into 
polymer matrix had enhanced the composite membranes 

in term of the physicochemical properties, fuel cell 
performance and also the durability of the fuel cell 
(Wang et al. 2018; Ying et al. 2018). Li et al. (2018) had 
discovered that more than 30% of fuel cell performance 
improvement can be achieved by adding functionalized 
silica into the Nafion membrane matrix. However, the 
synthesis of SiO2 usually involved a series of complicated 
reactions and the chemicals used to synthesize SiO2 were 
not environmental friendly. Hence, alternatives, which 
were rich in SiO2 and eco-friendly, had been focussed to 
replace synthetic silica.

Rice husk ash (RHA) is one of the silica-rich 
sources, which is abundant and easy to be produced. 
Approximate 90% or higher purity of silica can be 
obtained from RHA (Azat et al. 2019; Salim et al. 2018). 
It would be an advantage to implement RHA as filler for 
DMFC membranes that can give the same or better fuel 
cell performance as compared to synthetic silica. Till now, 
there is no work reported on using modified RHA as filler 
for membrane in DMFC application. In previous work 
(You et al. 2019), we had incorporated RHA as bio-filler 
in sulfonated polyimide (SPI) composite membranes for 
DMFC applications. It was proved that incorporating RHA 
into SPI matrix had significantly reduced the effect of 
methanol crossover and RHA was successfully improving 
the physicochemical properties of the composite 
membranes produced and fuel cell performance. However, 
the addition of RHA into SPI polymer matrix had reduced 
the ion exchange capacity of the composite membranes 
and this may bring a negative impact towards fuel cell 
performance. Hence, modifications on RHA filler had 
been done in this work with the main concern to improve 
the performance of IEC for the composite membranes 
fabricated and at the same time, improves the DMFC 
performance.

Thus, in this work, RHA had gone through 
sulfonation process and the produced sulfonated RHA 
(sRHA) was added into SPI polymer to form SPI/sRHA 
composite membrane. Here, the best combination of 
synthesis parameters and conditions for SPI/rice hush 
ash composite membrane were optimized using response 
surface methodology (RSM) which is an analysis 
method that proven will consumes less time, reduces 
the cost compared to full-factorial, provides the fewest/
reasonable experiments and also avoids bias of the factor 
effect in OFAT analysis (Shaari & Kamarudin 2018). 
The relationship between the factors of the membrane 
synthesis parameters and the physicochemical properties 
as responses were studied. Lastly, passive single direct 
methanol fuel cell performance of the optimized composite 
membrane had been tested.
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MATERIALS AND METHODS

MATERIALS

Filler for the composite membrane, which was the rice 
husk, was taken from Satu Cita Sdn Bhd rice mill, which 
was located at Semanggol, Perak, Malaysia. Chemicals 
to synthesis the SPI polymer and the SPI-RHA composite 
membranes such as 1,4,5,8- naphthalenetetracarboxylic 
dianhydride (NTDA) (Sigma-Aldrich, Germany), 
4,4-diaminodiphenyl ether (ODA) (Sigma-Aldrich, 
Germany), sodium hydroxide, concentrated hydrochloric 
acid, fuming sulfuric acid (SO3, 65%) (Sigma-Aldrich, 
Germany), concentrated sulfuric acid (98%), benzoic 
acid, acetone, dimethyl sulfoxide (DMSO) (Sigma-
Aldrich, Germany) were used as received. Chemicals 
required for sulfonation of RHA such as chloroform and 
chlorosulfonic acid (Merck, Germany) were also used as 
received.

EXPERIMENTAL METHODS
SULFONATION REACTION PROCESS OF RHA

3.0 g of RHA, which had been produced under 2 h 600 °C 
oxidation, was mixed with 10 mL of chloroform in a 100 
mL suction flask with a constant-pressure dropping funnel 
which was filled with 0.7 mL of chlorosulfonic acid. An 
inlet gas tube was equipped on the funnel as to conduct 
HCl gas produced into the water. The reaction mixture 
was stirred in an ice bath while chlorosulfonic acid was 
flow dropwise over 20 min into the flask. The mixture was 
stirred for an additional 2 h at room temperature after the 
addition was finished as to remove the remaining HCl gas. 
The mixture was washed with methanol and filtered. 
The solid residue was dried in an oven under 70 °C for 1 
h to afford sulfonated RHA (sRHA) in powder form.

SYNTHESIS OF RHA-SPI AND SRHA-SPI COMPOSITE 
MEMBRANES

1 g of SPI polymer was dissolved in 5 mL of DMSO. 
Another 5 mL of DMSO was added into different amount 
of filler (RHA or sRHA) ranging from 4-20 wt. %. The 
filler was sonicated in ultrasonic cell crusher with power 
range 11% and 30-second time interval for 5 min. Then, 
the filler was mixed with SPI solution and sonicated 
for another 5 min. The mixture was heated to 150 °C to 
completely dissolve the entire SPI polymer. The mixture 
was then solution-casted onto a petri dish and dried under 
80 °C for 8 h. The temperature was then raised to 150 °C 
and held for 2 h and another 8 h for different annealing 
temperature ranging from 156-184 °C.

CHARACTERIZATION
FUNCTIONAL GROUPS AND MORPHOLOGY ANALYSIS

Fourier transform infrared (FTIR) analysis was carried 
out using model Thermo Fisher Nicolet C700 (Thermo 
Scientific, USA). Each of the spectra was recorded at a 
4 cm−1 resolution and 32 average scans were taken. The 
morphologies of the fillers were studied using Transmission 
Electron Microscope (TEM) using model Thermo 
Scientific™ Talos L120C (ThermoFisher Scientific, 
USA). The surface area and porosimetry (Brunauer-
Emmett-Teller, BET) analysis of RHA and sRHA were 
conducted using model Micromeritics ASAP 2020Plus 
(Micromeritics Instrument Corp., USA). Each filler was 
tested under two stages (90 °C for 60 min for pre-degas 
stage and 300 °C for 60 min for degas stage).

WATER UPTAKE AND ION EXCHANGE CAPACITY (IEC)

Water uptake of the pure SPI, SPI/RHA and SPI/sRHA 
composite membranes were taken by immersing the 
membranes into deionized water for 24 h. Then, the 
membranes were dried in a conventional oven. The 
weight of each membrane was recorded for every 30 
min interval and the dry weight of the membrane was 
determined when the difference between the previous and 
last reading was less than 5%. The water uptake of each 
membrane was calculated using (1):

			   (1)

where Wwet was the wet membrane weight; and Wdry was 
the dried membrane weight.

Ion exchange capacity (mmol of sulfonic acid 
per g of sample) of the pure SPI, SPI/RHA and SPI/
sRHA composite membranes was determined by using 
the method of back titration. The membranes were first 
immersed in 1 M NaCl solution for 48 h. This was to allow 
the exchange and convert of acid forms (H+ ions in the 
membrane) to sodium forms (Na+ ions in NaCl solution). 
The H+ ions, which had been exchanged within the 
solution, were titrated using 0.005 M NaOH solution. 
Acid-base indicator, phenolphthalein was added to the 
solution and titration was stopped when the clear solution 
changed into light pink colour. The volume of NaOH 
used to neutralize the solution was recorded for each 
membrane. The ion exchange capacities of the membranes 
were calculated using the following equation:

							       (2)

where Wdry was the dry sample weight in the H+ form; 
VNaOH was the titrated NaOH volume; and CNaOH was 
the NaOH concentration used.

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 (𝑊𝑊𝑊𝑊) =  𝑊𝑊𝑤𝑤𝑤𝑤𝑤𝑤−𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑
𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑

× 100%   (1) 

𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑉𝑉𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁×𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑
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PROTON CONDUCTIVITY

Proton conductivities of pure SPI, SPI/RHA and SPI/
sRHA composite membranes in full hydration form were 
measured in the lateral direction by AC impedance 
method using Multi-channel Potentiostat/Galvanostat 
(WonATech, Korea). Before carrying out the test, the as-
cast membranes were soaked in 2 M methanol solution for 
1 h at 60 °C in order to remove the DMSO residue. Then, 
the membranes were immersed in 1.0 N hydrochloric 
acid for 12 h in room temperate. This was the proton 
exchange treatment step. Next, the membranes in proton 
form were then immersed in deionized water for 2 h. 
Finally, a modified four-probe AC impedance method was 
used to measure the resistance within each of the composite 
membranes. The proton conductivity of the membranes 
was calculated from the following equation:
								      
	 (3)

where σ was the proton conductivity in S cm−1; L was 
the two electrodes distance; R was the membrane 
resistance; and A was the membrane cross-sectional area.

DMFC PASSIVE SINGLE CELL PERFORMANCE

The membrane electrode assembly (MEA) for DMFC 
passive single cell performance was produced by hot-
pressing the composite membrane together with anode 
and cathode electrodes. A layer of Vulcan carbon was 
manually casted on the surface of carbon cloth as to act 
as a gas diffusion layer (GDL). Then, catalysts for the 
anode (PtRu with 8 mg cm−2 loading) and for the cathode 

(Pt with 8 mg cm−2 loading) were manually casted on 
the surface of GDL as anode and cathode catalyst layers, 
respectively. DMFC passive single cell performance was 
tested in an air-breathing single cell where the active area 
for this cell was 2 cm × 2 cm. It had a built-in container 
that contained 10.5 mL methanol solution. A potentiostat 
(WonATech, USA) was used to obtain the polarization 
data. The voltage reaction where the load current was used 
for the fuel cell under room temperature and atmospheric 
pressure was measured. 2 M methanol was used as fuel in 
an anodic container and surrounding air was diffused into 
the opened cathode surface.

EXPERIMENTAL DESIGN
In order to obtain the highest fuel cell membrane 
performance in terms of physicochemical properties, the 
synthesis parameters of the composite membrane were 
optimized using Central Composite Design (CCD), which 
was one of the methods in response surface methodology 
(RSM). For this work, three factors or independent 
variables such as loading of filler (A), annealing 
temperature (B) and type of filler (C) had been selected 
as the physicochemical properties of a membrane were 
highly dependent on the membrane synthesis parameters. 
At the beginning of the optimization, their effects towards 
the outputs of the optimization, which were the water 
uptake, proton conductivity and ion exchange capacity, 
and their interactions had been investigated based on 
RSM. The design of the experiment and responses were 
tabulated in Table 1. Each factor was varied at 5 levels as 
showed in Table 2.

𝜎𝜎 = 𝐿𝐿
𝑅𝑅𝑅𝑅          

 

TABLE 1. Design schedule and responses of the experiment

Run A: Filler loading 
(wt.%)

B: Annealing 
temperature (°C) C: Filler type Water uptake (%)

Proton 
conductivity 

(S cm−1)

IEC
(mmol g−1)

1 10 170 sRHA 101.99 0.2027 0.2564

2 10 170 RHA 85.54 0.1678 0.2156

3 20 160 sRHA 89.48 0.1678 0.2300

4 20 180 RHA 83.33 0.1592 0.2179

5 10 170 RHA 85.10 0.1640 0.2209

6 20 180 sRHA 91.50 0.1678 0.2171

7 4 170 sRHA 80.13 0.1656 0.2785

8 0 180 RHA 74.87 0.1406 0.2657

9 0 160 sRHA 56.71 0.1062 0.2508

10 0 180 sRHA 74.87 0.1406 0.2657

11 10 170 RHA 90.26 0.1790 0.2350

12 10 156 RHA 77.22 0.1347 0.2286

13 24 170 RHA 84.12 0.1227 0.1958
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14 10 170 sRHA 96.78 0.1897 0.2564

15 10 184 sRHA 90.24 0.1897 0.2667

16 10 156 sRHA 77.22 0.1636 0.2662

17 20 160 RHA 77.22 0.1522 0.2252

18 0 160 RHA 56.71 0.1062 0.2508

19 10 170 sRHA 97.00 0.1866 0.2564

20 10 170 RHA 87.35 0.1816 0.2512

21 10 170 RHA 84.97 0.1665 0.2554

22 10 170 sRHA 92.45 0.1937 0.2564

23 10 184 RHA 83.55 0.1665 0.2552

24 10 170 sRHA 95.31 0.1837 0.2564

25 4 170 RHA 74.87 0.1558 0.2414

26 24 170 sRHA 91.05 0.1671 0.2533

TABLE 2. The levels of independent variables in the experiments based on central composite design (CCD)

Independent variables
Symbol coded level

α=-1.41421 -1 0 1 α=1.41421

Filler loading (A) -4.14214 0 10 20 24.142

Annealing temperature (B) 155.858 160 170 180 184.14

Filler type (C) - - RHA sRHA -

RESULTS AND DISCUSSION

STRUCTURE OF SYNTHESIZED SULFONATED RHA FILLER
FTIR ANALYSIS

Figure 1 displayed the FTIR spectra for the two types of 
filler, which were the RHA and sRHA, respectively. There 
were two obvious most intense adsorption peaks that 

were located at 797 and 1043 cm−1 for RHA whereas for 
sRHA, they were located at 800 and 1083 cm−1, respectively. 
For RHA, the absorption at 797 cm−1 showed that it was the 
ring-structured tetrahedral SiO4, which it also represented 
the Si-O-Si symmetric stretching. The band at 1043 
cm−1 for RHA was the characteristic of the asymmetric 
stretching mode of the Si-O-Si bonds. The absorption 

FIGURE 1. FTIR spectra of RHA and sRHA
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peaks at 1631 and 3383 cm−1 were associated with the water 
molecules stretching and bending modes. The infrared 
spectrum of sRHA displayed remarkable differences. For 
instance, the peak at 800 cm−1 represented the symmetric 
SiO4 stretching vibration and the strong peak at 1083 
cm−1 corresponded to the asymmetric vibration of Si-O-
Si. The intermolecular hydrogen bonds that showed at 
the range of 2100 to 2900 cm−1 and broader H2O bonds at 
3400 cm−1 indicated the –SiOH and –O-SO3H groups of 
SiO2-SO3H with additional hydrogen bonds from water 
molecules (Barbosa et al. 2018).

BET AND MORPHOLOGY ANALYSIS

Table 3 summarized the BET surface area, the volume 

of the pore and the average pore size for the two types 
of filler: RHA and sRHA. The BET surface area was 
calculated from the plots of BET with the P/P0 value of 
0.20. From Table 3, it showed that RHA had greater BET 
surface area, higher pore volume and approximately 
similar pore size as compared to sRHA (4.33 and 4.96% 
higher in BET surface area and pore volume, respectively). 
It can be deduced that sulfonation on the rice husk ash 
had slightly reduced the BET surface area and the pore 
volume as SO3 particles had been incorporated into the rice 
husk ash. The average pore size diameter of 5 nm indicated 
that the RHA and sRHA formed were mesoporous (IUPAC: 
2-50 nm = mesoporous).

 

TABLE 3. BET analysis of fillers RHA and sRHA

Filler BETarea Pore volume Average pore size

(m2/g) (cm3/g) (nm)

RHA 275.95 0.3490 5.0591

sRHA 264.01 0.3317 5.0254

Figure 2 represented the TEM images for fillers 
RHA and sRHA, respectively. Both displayed nearly 
spherical in shape of silica nanoparticles with an average 
diameter of about 50 nm were formed. For the RHA, there 
were some darker spots present in RHA where this meant 
they were the overlapped RHA particles. On the other 

hand, based on Figure 2, it was noticeable that there were 
a lot of dark spots present in sRHA as compared to RHA. 
The dark spots present in sRHA were the consequence 
of the sulfonation process. This verified that the SO3 
molecules were added to the rice husk ash.

FIGURE 2. TEM images of (a) RHA (b) sRHA
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PRIMARY PERFORMANCE

Primary performance of the composite membrane 
produced was based on the analysis of membranes’ water 
uptake ability, level of proton conductivity and the ion 
exchange capacity. A well-perform DMFC membrane 
mainly has the physicochemical properties of high water 
uptake, high proton conductivity and high ion exchange 
capacity. High water uptake leads to higher mobility 
for the proton to be transported in the membrane and 
hence produces low resistance. High proton conductivity 
gives higher rate of proton being transferred across the 
membrane. High ion exchange capacity will give more ions 
to be exchanged with the proton at the anode side. These 
will then lead to a higher fuel cell performance of DMFC.

Figure 3 gave the comparison of performance for 
the SPI/sRHA and SPI/RHA composite membranes with 
different loading of filler used. Using different types of 
RHA (pure RHA and sulfonated RHA) and filler contents 
in composite membranes had significantly affected the 
membrane performance. From Figure 3(a), sRHA gave 
better membrane performance in terms of water uptake 
and proton conductivity compared to RHA. This was 
mainly due to the presence of sulfonic acid groups in 
sRHA. The sulfonic acid group had improved the water 
retention of SPI/sRHA composite membranes (due to the 
greater water uptake capacity of the sulfonic acid group 
itself). On the other hands, proton conductivity of SPI/
sRHA membranes was higher as compared to SPI/RHA 
membranes. The sulfonic acid groups in SPI and sRHA act 

as the donor and acceptor for the proton carrier sites. Since 
SPI/sRHA membranes had more sulfonic acid groups 
compared to SPI/RHA membranes, hence, more proton 
carrier sites were available for SPI/sRHA membranes. 
Due to this, SPI/sRHA showed higher proton conductivity 
compared to SPI/RHA membranes. Both sRHA and RHA 
filler loading had shown the same trend towards the water 
uptake and proton conductivity with the values obtained 
by SPI/sRHA membranes were slightly higher than that of 
SPI/RHA membranes. This indicated that when the filler 
loading reached optimum value (both cases 10 wt.%), the 
water uptake and proton conductivity for both composite 
membranes started to decrease. This may due to the higher 
rate of filler agglomeration when the filler loading exceeded 
10 wt.%.

Incorporation of sRHA into SPI membrane matrix 
had increased the performance of IEC in the composite 
membranes as shown in Figure 3(b). The highest value 
obtained by 10% filler loading SPI/sRHA membrane was 
0.2785 mmol g−1, which was 15.4% higher than SPI/RHA 
membrane with the same amount of filler loading. 
IEC was defined as the number of sulfonic acid groups 
(unit: mmol) per 1 g of membrane. Hence, higher content 
of sulfonic acid groups present in sRHA had led to the 
increment of IEC in the composite membrane. Without 
sulfonation of RHA, further addition of RHA into SPI 
membrane matrix had reduced the IEC of the composite 
membranes produced.

 FIGURE 3. (a) Water uptake and proton conductivity and (b) ion exchange capacity of 
SPI/sRHA membranes and SPI/RHA membranes with different loading of filler
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OPTIMIZATION BY RSM ANALYSIS

A total of 26 different combinations of membrane 
synthesis parameters such as loading of filler (A), 
annealing temperature (B) and type of filler (C) were 
randomly derived. 13 runs in which 5 runs at the central 
point were conducted for two numerical factors (A and 
B) and another 13 runs for another categorical factor (C). 
The data were then fitted into the below second order 
polynomial equation.

		  (4)

where ƞ was the predicted response; β0 was the constant 
coefficients; βj, βjj and βij symbols were the coefficients 
for linear, quadratic and second order interaction effects, 
respectively.  and  were the coded independent parameter 
variable and  were the standard error between the 
observed and calculated value.

Analysis of variance (ANOVA) was used to justify the 
adequacy of the response surface quadratic model for the 
composite membranes. Table 4(a)-4(c) summarized the 
conversion quadric model of the ANOVA. The obtained 
results were fitted using the least square regression. The 
regression model showed a successful correlation among 
the three factors as it provided an accurate description of 
the experimental data. The parameter F-value, p-value, 

lack of fit and R2 were used to investigate how well the 
given model fit the experimental data.

ANOVA FOR RESPONSE SURFACE QUADRATIC MODEL OF 
PHYSICOCHEMICAL PROPERTIES

The regression model was considered as statistically 
significant under two conditions in ANOVA: (1) when the 
p-value for the model was less than 0.0001 and (2) lack of 
fit showed that it was not statistically significant at 99% 
level of confidence. By giving these results, it can be said 
that the response equations were suitable to proceed with 
the CCD experiment. From Table 4(a)-4(c), the F-values 
of the model for water uptake, proton conductivity and 
ion exchange capacity were 29.3, 32.61, and 11.85, 
respectively. The p-values for these three models were 
less than 0.0001. This indicated that there was only 0.01% 
where the models were due to the noise. These implied 
that the models given were significant for the responses 
(physicochemical properties of composite membranes 
produced). In addition to that, the non-statistically 
significant of F-value for each lack of fit (1.74, 0.92, and 
1.23, respectively) demonstrated that these models were 
in a good fit. Hence, these results advocated that these 
models can be used to estimate the experimental data 
within the given range region.

Ƞ = 𝛽𝛽0 + ∑ 𝛽𝛽𝑗𝑗𝑥𝑥𝑗𝑗 +𝑘𝑘
𝑗𝑗=1 ∑ 𝛽𝛽𝑗𝑗𝑗𝑗𝑥𝑥𝑗𝑗2 +𝑘𝑘

𝑗𝑗=1 ∑ 𝑖𝑖 ∑ 𝛽𝛽𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖𝑥𝑥𝑗𝑗 + 𝜀𝜀<𝑗𝑗=2   (4) 

 

TABLE 4. (a) ANOVA for water uptake, (b) ANOVA for proton conductivity and (c) ANOVA for IEC

Source Sum of squares df Mean square F value p-value (Prob > F)

(a)

Model 2776.45 8 347.06 29.3 < 0.0001 Significant

A-Filler Loading 1240 1 1240 104.69 < 0.0001

B-Annealing Temperature 323.25 1 323.25 27.29 < 0.0001

C-Filler Type 287.98 1 287.98 24.31 0.0001

AB 99.44 1 99.44 8.4 0.0100

AC 36.73 1 36.73 3.1 0.0962

BC 1.75 1 1.75 0.15 0.7058

A2 879.06 1 879.06 74.22 < 0.0001

B2 318.37 1 318.37 26.88 < 0.0001

Residual 201.35 17 11.84

Lack of fit 133.29 9 14.81 1.74 0.2234 Not significant

Pure error 68.07 8 8.51

Total correlation 2977.8 25

Standard deviation 3.25 R2 0.9504

Mean 83.84 Adjusted R2 0.9114
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(b)
Model 0.015 8 1.84E-03 32.61 < 0.0001 Significant
A-Filler Loading 3.58E-03 1 3.58E-03 63.32 < 0.0001

B-Annealing Temperature 1.55E-03 1 1.55E-03 27.46 < 0.0001

C-Filler Type 1.84E-03 1 1.84E-03 32.54 < 0.0001
AB 4.76E-04 1 4.76E-04 8.42 0.0099

AC 3.50E-04 1 3.50E-04 6.2 0.0234

BC 1.42E-05 1 1.42E-05 0.25 0.6223

A2 8.00E-03 1 8.00E-03 141.68 < 0.0001

B2 1.06E-03 1 1.06E-03 18.82 0.0004

Residual 9.60E-04 17 5.65E-05

Lack of fit 4.89E-04 9 5.43E-05 0.92 0.5518 Not significant

Pure error 4.72E-04 8 5.90E-05

Total correlation 0.016 25

Standard deviation 0.0075161 R2 0.9388

Mean 0.16 Adjusted R2 0.91

(c) 

Model 0.64 3 0.21 11.85 < 0.0001 Significant

A-Filler Loading 0.38 1 0.38 21.17 0.0001

B-Annealing Temperature 0.014 1 0.014 0.79 0.3823

C-Filler Type 0.24 1 0.24 13.58 0.0013

Residual 0.39 22 0.018

Lack of fit 0.27 14 0.019 1.23 0.3958 Not significant

Pure error 0.12 8 0.016

Total correlation 1.03 25

Standard deviation 0.13 R2 0.6177

Mean 2.45 Adjusted R2 0.5655

From the ANOVA analysis, it gave that the adequate 
precision in the quadratic model for water uptake, proton 
conductivity, and IEC responses were 19.079, 19.994, 
and 12.205, respectively, which had been shown in 
Table 5. These values meant adequate signal for the 
responses, where in this case were the physicochemical 
properties. These models showed high R2 values of 
93.24% for water uptake, 93.88% for proton conductivity 
and low value of 61.77% for IEC. The fit of the models 
was dominated by the coefficient of determination, R2. 
For IEC, the R2 value indicated that only 61.77% of IEC 

experimental data fitted to the model. However, even 
noisy, high-variability IEC data had a significant trend, 
which indicated that the predictor variables still provided 
information about the response even though data points 
fell further from the regression line for that model. The 
values of R2 and adjusted R2 showed for water uptake and 
proton conductivity were close to 1.0. These high values 
advocated a high correlation between the observed values 
and the predicted values. This indicated that the regression 
model provided a very good explanation of the relationship 
between the independent variables and the responses.
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TABLE 5. Regression coefficients of physicochemical properties for composite membranes

Kinetic parameters Std. Dev. Mean R2 Adj. R2 Pred R2 Adeq precision

Water uptake 3.44 83.84 0.9324 0.9006 0.8273 19.079

Proton conductivity 0.0075 0.16 0.9388 0.9100 0.8354 19.994

Ion exchange capacity 0.013 0.24 0.6177 0.5655 0.4395 12.205

DIAGNOSTIC OF PHYSICOCHEMICAL RESPONSES

The diagnostic plots given in Figure 4 were used for 
estimating the adequacy of the regression model. The 
percentage value of actual physicochemical responses 
was the experimental result for a specific run whereas the 
predicted value was evaluated via the CCD model from 
the three independent variables. In Figure 4, it can be 
observed that there was a tendency in the linear regression 
fit. It proved that the model clarified the experimental 
range studied for response water uptake and proton 
conductivity. However, as for the response of IEC, the 
experimental data were distributed scattering far around 
the linear regression line, which had been explained by 
the low R2 value of 0.6177 that 61.77% of data were fitted 
to the model regression line.

A normal distribution function was then fitted to the 
studentized residuals. Figure 5 indicated the normal plot 

for the studentized residuals. From Figure 5, it shows the 
normal distribution of studentized residuals regarding 
S-shaped curve was not formed. The data points indicated 
that neither response transformation was required nor 
there was an apparent problem with normalization.

Figure 6 shows the studentized residual and predicted 
physicochemical responses of the composite membranes. 
The random scatter of the residuals in Figure 6 indicated 
that the suggested models were in the appropriate 
description of the process. Besides, the red lines in Figure 
6 were the outlier t plot for the three responses. It measured 
how many standard deviations of the actual values 
deviated from the predicted value. Most of the standard 
residuals should lie in the interval of ± 3.00. In Figure 6, 
there were no data beyond the interval 3, which showed 
that the fitted models were consistent with all the data with 
no recording error.

FIGURE 4. Observed responses (a) water uptake, (b) proton conductivity and (c) IEC 
predicted by the model equation versus experimentally obtained responses
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FIGURE 5. Normal % probability versus observed current residuals of (a) 
water uptake, (b) proton conductivity and (c) IEC

FIGURE 6. Studentized residuals versus predicted observed 
response of (a) water uptake, (b) proton conductivity and (c) IEC
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FINAL EQUATION IN TERMS OF CODED FACTORS

The least squares regression was employed to generate 
the full quadratic experimental models to predict water 
uptake model in terms of coded factors as given in (4). 

Referring to the same evaluation as water uptake, the 
values for proton conductivity and IEC were as shown in 
Table 6.

TABLE 6. The equations of physicochemical responses

  Water uptake (%) Proton conductivity (S cm−1) IEC (mmol g−1)

91.12 0.1800 0.2500

* A 10.82 0.0180 -0.0170

* B 4.52 0.0099 0.0030

* C 3.32 0.0084 0.0097

* AB -3.53 -0.0077 0

* AC 1.71 0.0053 0

* BC 0.33 -0.0009 0

* A2 -10.29 -0.0310 0

* B2 -4.84 -0.0088 0

The least square regression was employed to generate the 
full quadratic experimental models to predict response 
models in terms of coded factors as shown in (5) to (7):

(Water uptake) = 91.12 + 10.82A + 4.52B + 3.32C-3.53AB 
+ 1.71AC  + 0.33BC - 10.29A2-4.84B2                          (5)
		
(Proton conductivity) = 0.1800 + 0.0180A + 0.0099B + 
0.0084C - 0.0077AB + 0.0053AC - 0.0009BC - 0.0310A2 
- 0.0088B2                                                                      (6)
	
(IEC)=0.2500-0.0170A+0.0030B+0.0097C                 (7)

where A, B, and C were stood for filler loading, annealing 
temperature and type of the filler, respectively. The sign 
in front of terms (either in positive or negative) showed 
synergistic effect (for positive) or antagonistic effect (for 
negative) in which these would indicate the influence of 
independent variables on the response.

INTERACTIONS OF SYNTHESIS PARAMETERS AND 
OPTIMIZATION

To understand the impact of each variable, three 
dimensional (3D) plots were made for the estimated 

responses to investigate the interactive effect among the 
three factors on the physicochemical properties within 
the experimental ranges as shown in Figures 7-9. The 
interactions between the parameters were demonstrated 
clearly by plotting two numeric variables (A and B) with 
conversion on a 3D surface and a contour (2D) plot for 
each categorical variable (C).

EFFECTS OF FACTORS ON WATER UPTAKE

In Figure 7, at the same annealing temperature, by 
increasing filler loading in the membrane polymer matrix, 
the water uptake increased significantly from 10 to 15 
wt. % first until it reached maximum performance. Then, 
it gradually decreased when the filler loading increased 
from 15 to 20 wt. %. Comparing both 2D contour plots, 
it showed that filler sRHA had higher potential to retain 
water in the composite membranes compared to filler 
RHA. This was due to the hydrophilic properties of the 
sulfonic group that presented in sRHA. Higher loading 
of sRHA meant more additional sulfonic group present 
in SPI matrix. Hence, water uptake increased. The 
annealing temperature had a less impact on the water 
uptake compared to the effect of filler loading. At constant 
filler loading, water uptake of the composite membranes 
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increased with increased annealing temperature from 160 
to 175 °C. When the annealing temperature exceeded 175 
°C, the water uptake of the composite membrane started to 
drop. At 175 °C, it was assumed that this temperature was 
the best parameter to remove internal stresses and toughen 

the composite membranes. The temperature that exceeded 
175 °C had caused the early starting of denatured and brittle 
formation of SPI polymer in the composite membranes. 
This led to a bad performance in water retention ability of 
composite membranes produced.

FIGURE 7. 3D-surface plots of (a) RHA (b) sRHA and 2D contour plots of (c) RHA 
(d) sRHA of the effect of filler loading and annealing temperature on water uptake

EFFECTS OF FACTORS ON PROTON CONDUCTIVITY

In Figure 8, both fillers showed a slightly different 
effect on the membrane proton conductivity. At constant 
annealing temperature, the proton conductivity of SPI/
RHA composite membranes increased from 5 to 12.5 wt. 
% whereas SPI/sRHA composite membranes increased 
from 7.5 to 15 wt. %. Both types of filler experienced a 
drop in proton conductivity at an additional increase in 
filler loading. sRHA filler possessed a better distribution 

of particles in the SPI polymer matrix compared to RHA 
filler. RHA tended to agglomerate with each other when 
the loading of filler exceeded 12.5 wt. %. Hence, an 
additional raise in filler loading led to more aggregations. 
High aggregation of filler particle caused the reduction 
of effective proton channels present in the composite 
membranes produced. sRHA had extra benefit compared 
to RHA as sRHA contained higher sulfonic acid group 
concentration.
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EFFECTS OF FACTORS ON ION EXCHANGE CAPACITY

IEC was defined as the number of the sulfonic acid group 
per 1 g of the membrane. Figure 9 shows that increased 
filler loading had led to a drop in IEC performance for 
both types of fillers. This was mainly due to the loss of 
sulfonic group in the polymer matrix when filler RHA 
or sRHA was incorporated into the membranes. Addition 
of filler into the polymer matrix had replaced out a part of 
the sulfonic acid groups from the composite membranes 
produced. Hence, IEC performance of the composite 

membranes reduced along with increased filler content. 
However, when comparing Figure 9(a) and Figure 9(b), it 
demonstrated that at the same filler loading, sRHA had a 
higher value of IEC compared to RHA. This was because 
sRHA had active participation in providing free acid 
groups to the membrane compared to RHA as sulfonation 
of rice husk ash added sulfonic acid groups into rice 
husk ash and hence, adding benefits to sRHA. Hence, 
composite membranes with sRHA had displayed higher 
IEC performance compared to that of RHA.

FIGURE 8. 3D-surface plots of (a) RHA (b) sRHA and 2D contour plots of (c) RHA (d) sRHA 
of the effect of filler loading and annealing temperature on proton conductivity
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OPTIMIZATION AND CONFIRMATION

In the process of optimization, the upper and lower limits 
of each synthesis parameter (filler loading, annealing 
temperature and types of filler) and its responses (water 

uptake, proton conductivity and ion exchange capacity), 
which were provided by the surface and contour plots, 
were used in the optimization procedure.

 

 

FIGURE 9. 3D-surface plots of (a) RHA (b) sRHA and 2D contour plots of (c) 
RHA (d) sRHA of the effect of filler loading and annealing temperature on IEC

TABLE 7. The optimum conditions for highest physicochemical properties as suggested by Design Expert and 
validation experimental response values as confirmatory analysis

  Suggested value Experimental (Average) Error (%)

Filler loading (wt.%) 11.5 11.5 -

Annealing temperature (°C) 175 175 -

Filler type sRHA sRHA -

Water uptake (%) 97.04 90.97 6.26

Proton conductivity (S cm−1) 0.1946 0.1891 2.82

IEC (mmol g−1) 0.2547 0.2608 2.39
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Table 7 illustrated the possible solutions that 
fulfilled all the specified condition for the optimization 
of the physicochemical properties and values obtained 
experimentally. In this study, the optimum synthesis 
parameters in producing composite membrane SPI/
rice husk ash with the highest water uptake, proton 
conductivity, and ion exchange capacity are the composite 
membrane with the filler loading of 11.5 wt. % of sRHA 
and produced at the annealing temperature of 175 °C. 
The optimized composite membrane produced under 
these three combinations of the synthesis parameter was 
renamed as S-12-sR in the next section. Experimental 
validation of these optimum values was repeated 3 times 
to obtain the average of the physicochemical properties 
response values. The samples for the validation experiment 
were prepared using the same procedure as optimization 
sample. 

The physicochemical performances were examined 
under the same method as the optimization sample. The 
average values of water uptake, proton conductivity 
and IEC for the validation test were 90.97%, 0.1891 

S cm−1 and 0.2608 mmol g−1, respectively. The error 
between the predicted and experimental values for water 
uptake, proton conductivity and IEC were 6.26, 2.82, and 
2.39%, respectively. These small error values proved 
that the three selected factors (filler loading, annealing 
temperature and filler type) could be used to maximizing 
the physicochemical performance of the composite 
membranes produced.

PASSIVE SINGLE CELL PERFORMANCE

The optimized composite membrane SPI/sRHA was 
tested using a passive single cell to investigate its DMFC 
performance. Figure 10 illustrates the power density 
and polarization curves of the optimized SPI/sRHA 
(S-12-sR) composite membrane, pristine SPI and Nafion 
117 membranes. In Figure 10, it showed that under the 
optimized synthesis conditions, S-12-sR composite 
membrane outperformed the pristine SPI by giving the 
highest passive single DMFC maximum power density, 
which was 16.4 mW cm−2. This value was the two-fold of 
the pure SPI membrane (8.1 mW cm−2). 

The presence of sRHA in SPI polymer matrix had 
improved the membrane performances in term of water 
intake, proton conductivity and IEC. These physicochemical 
properties enabled the optimized membrane to have 
high water uptake, enhanced proton conductivity and 

FIGURE 10. Polarization and power density curves of optimized S-12-
sR composite membrane, pure SPI membrane and commercial Nafion 

117 membrane using 2 M methanol solution at room temperature

improved IEC performances. Hence, with the optimum 
amount of sRHA added, it intensified the passive single 
cell performance. Besides that, the optimized SPI/sRHA 
composite membrane displayed 23.31% higher in the value 
of maximum power density as compared to commercial 
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Nafion 117 membrane, which was only 13.3 mW cm−2 in 
this work. Nafion 117 was always facing the challenge of 
low tolerance in methanol crossover. The incorporation 
of sRHA in SPI matrix helped the optimized S-12-sR 
composite membrane to have low methanol permeability 
as rice husk ash blocked the methanol transport via the 
ionic channels present in the membrane matrix. Hence, it 
proved that with the enhanced physicochemical properties 
of the optimized S-12-sR membrane, the optimization of 
the filler loading, annealing temperature and filler type will 
give the highest performance of passive DMFC.

CONCLUSION

In summary, the optimized S-12-sR composite membrane 
had achieved higher fuel cell performance as compared 
to pristine SPI membrane and Nafion 117, which was the 
main objective for this work. This work is significant, 
as no work has been reported on incorporating modified 
RHA as filler in SPI matrix for DMFC application yet. The 
synthesis parameters such as loading of filler, annealing 
temperature and the types of filler used were chosen as 
the input variables and the physicochemical properties of 
the composite membrane produced such as water uptake, 
proton conductivity and ion exchange capacity were 

selected as the outputs or responses. Optimization using 
CCD in RSM had resulted in second-order quadratic 
models. These models had illustrated a good correlation 
between the predicted and the experimental results. The 
best-optimized composite membrane was S-12-sR, 
where it was fabricated with 11.5 wt. % of sRHA under 175 
°C of annealing temperature. S-12-sR showed the highest 
value of physicochemical performance, which were 
90.97%, 0.1891 S cm−1, and 0.2608 mmol g−1 for water 
uptake, proton conductivity and IEC, respectively, with 
an average error below 5%. The maximum power density 
obtained in the passive single DMFC test for S-12-sR was 
16.4 mW cm−2, which was 23.31% higher than Nafion 117. 
Tables 8 and 9 summarises the comparison of membrane 
performance and passive DMFC single cell performance 
of the current work and other recent researches. Hence, 
it proved that through optimization, high performance 
of composite membrane S-12-sR can be obtained and 
sulfonation of RHA had increased the potential to replace 
the silica in DMFC applications. As future prospects, other 
types of modifications on RHA such as functionalized 
RHA with different types of chemicals should be 
carried out to investigate the relationship between the 
functionalized RHA and the fuel cell performance.

TABLE 8. Comparison of membrane performance in term of IEC, water uptake and proton conductivity for this work and other 
recent researches

Membrane / Filler Water uptake (%) Proton conductivity 
(S/cm) IEC (mmol/g) References

S-12-sR 90.97 0.1891 0.2608 This work

Nafion 115 19 0.0312 0.81 (Kumar et al. 2016)

Nafion 117 35 0.096 0.91 (You et al. 2019)

Nafion/0.8Pt-TiO2/0.2GO 36 0.110 0.98 (Yang et al. 2016)

Chitosan/silica 80 0.009 0.52 (Vijayakumar et al. 
2018a)

Chitosan-PAni/SiO2 60 0.008 0.96 (Vijayakumar et al. 
2018b)

Poly(ethyleneimine)/SiO2 68.95 0.079 2.36 (Pandey & Shahi 
2015)

PVA/SiO2 60 0.011 0.69 (Shahabadi et al. 
2015)

SPPS/PWA/Silica 38.6 0.101 1.39 (Devrim 2014)

Nafion/Pd-SiO2 44.9 0.129 0.86 (Thiam et al. 2013)
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TABLE 9. Comparison of passive DMFC single cell performance for this work and other recent researches

Membrane DMFC type Anode Cathode
Operational parameters

MPD
(mW cm−2) ReferencesMeOH 

Conc. (M)
Operational

T (°C)

S-12-sR Passive Pt/Ru Pt 2 RT 16.4 This work

Pure SPI Passive Pt/Ru Pt 2 RT 8.1 This work

Nafion 117 Passive Pt/Ru Pt 2 RT 13.3 This work

Nafion 115 Passive Pt/Ru Pt 8 25 11 (Chen et al. 2017

SPI-15-RHA Passive Pt/Ru Pt 2 RT 13 (You et al. 2019)

SPI-SiO2 Passive Pt/Ru Pt 3 25 7.3 (Lee et al. 2008)

Nafion/Pd-
SiO2

Passive Pt/Ru Pt 2 RT 10.4 (Thiam et al. 
2013)

Nafion 117/
GC-500 Passive Pt/Ru Pt 3 RT 13.7 (Ong et al. 

2017b)

Sodium 
alginate/SGO

Passive Pt/Ru Pt 2 RT 13.6
(Shaari & 

Kamarudin 
2018)

* MPD: Maximum power density

* RT: Room temperature
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