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Abstract

This work demonstrated the use of a microcrystalline cellulose (MCC) and a nanocrystalline cellulose
(NCC) reinforced with Nafion (NF) composite membrane for direct methanol fuel cells (DMFC).
The study compared membranes properties of MCC/NF composite membrane and NCC/NF
composite membrane with recasted NF membrane by ex-situ test. The result of SEM/EDS with
elemental mapping showed that NCC dispersion within the membrane was better than that of MCC.
The water uptake result showed that NCC/NF composite membrane was higher than that of
MCC/NF membrane. The solubility property of NCC/NF composite membrane was better than that
of MCC/NF membrane (both composite membranes were less than 5% solubility). It was found that
ion exchange capacity of recasted NF membrane was higher than both composite membranes but
chemical degradation of both composite membranes was lower than that of recasted NF membrane.
For MeOH permeability, it was found that adding cellulose on NF reduced MeOH crossover for both
composite membranes and MCC/NF composite membrane had the lowest MeOH permeability
among all.
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Introduction

Nowadays, many researchers have studied new
energy technology to replace energy from fossil fuel
due to an increasing of greenhouse gas. Fuel cells
are one an new energy technology. It is
electrochemical cell that converts the chemical
energy to electricity (Saikia et al., 2018). Fuel cells

have high potential and environmentally friendly
energy (Benipal et al., 2017). Direct alcohol fuel cell
(DAFC) is one type of fuel cell which produce
electricity by use alcohol such as methanol, ethanol,
and glycerol. Direct methanol fuel cell (DMFC) is
one type of DAFC which use methanol as fuel
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source. It has good electrochemical activity and low
cost (Ong et al., 2017). Nafion (NF) is used as
proton exchange membrane (PEM) because it has
high proton conductivity due to NF composes
of perfluoro sulfonated polymers which is
hydro- philic sulfonic acid that allow only protons
to crossover (Yao et al., 2019). DMFC has
high methanol crossover from anode to cathode
which causes DMFC performance decrease
(Taechaboonsermsak et al., 2020). There are many
researchers studied reducing of MeOH crossover
in DMFC such as Wang, B. use sulfonated poly
(arylene ether ketone) as filler for composite
membrane which the MeOH crossover was 1.1
times lower than that of recast Nafion (Wang et al.,
2017). Parthiban, V. studied Nafion composite
membrane by using nanoporous carbon (NPC) as
the filler of DMFC. The results of MeOH
permeability at 30°C, Nafion -NPC was 1.6 times
lower than that of Pristine Nafion (Parthiban et al.,
2017). Zhang, C. studied PEEK/SPEEK as filler in
Nafion and found that it decreased MeOH crossover
4 times of that of Nafion 117 at 25°C (Zhang et al.,
2020).

In this research, cellulose was used as filler in
Nafion composite membrane to decrease methanol
crossover due to the structure of cellulose is
hydrophilic polymer. It can help transportation of
water in membrane (Hou et al., 2014). The cellulose
was used as reinforcement in composite membrane.
Cellulose is a biopolymer composes of C, O, and H
and it has good barrier properties to gas such as
H2, Oz, Nz, and CO.. Proton conductivity was at
120-140°C (Hosseinpour et al., 2019). Cellulose can
be found in wood, cotton, rice, straws and pineapple
leaves etc. Pineapple leaves is a remainder from an
agriculture which is produced in large quantities
every year. Pineapple leaves contains 36.3+3.8%
cellulose which is in the crystalline structure. Another
component in pineapple leaves is hemicellulose
as much as 22.9+2.0% which is an amorphous
polymer. The rest is mostly lignin which is about
27.53+1.94% (Santos et al., 2013).

Nanocrystalline cellulose (NCC) have been
isolated from cellulose in pineapple leaves by
acid hydrolysis to decreases particle size of
microcrystalline cellulose. NCC composes of
crystallites with diameter range from 2 to 20 nm and
length varies between 100 nm to microns (Bhat
et al., 2017). Acid hydrolysis uses strong acid such
as H,SO4 and HCI to break the glycoside bond in
cellulose. It is has high modulus, low density,
negligible thermal expansion ionic and good
conductivity (Wu et al., 2014).

The goal of this work was to improve the
cellulose composite membrane performance for

DMFC, it is necessary to reduce crossover of
methanol. In this work, MCC and NCC were added
into NF membrane to decrease methanol crossover.
The composite membranes were test by WU,
solubility, IEC, chemical degradation, and methanol
permeability.

Materials and Methods

Material

Cellulose powder 97.00% were supplied from
HIMEDIA, sulfuric acid (H2SO4) 98.0 wt% from
QRECTM, Deionized water (15.2 MQ), hydrogen
peroxide (H202) 35 wt% from Chem-supply,
Nafion® 20 wt% soution from lon Power, methanol
(MeOH) 99.99% purity from ACI Labscan,
dimethylformamide (DMF) 99.8% purity from
QRECTM, Iron(lll) sulfate hydrate from
Flurochem, sodium hydroxide (NaOH) from
Flurochem, sodium chloride (NaCl) 99.9% from
Ajax Finechem and Phenolphthalein.

Synthesis of MCC to NCC

First, 1 g MCC was hydrolyzed with 64%
(w/w) 10 mL sulfuric acid at 45°C for 60 min. Then
cool water was added for stop reaction. After that,
it was centrifuged at room temperature at 8,000 rpm
for 10 min. Then, cellulose gel was adjusted to
neutralize by dipping the dialysis membrane in
water. Finally, cellulose gel was homogenized and
kept in refrigerator.

Casting of Recasted NF Membrane

First, 7.445 g Nafion solution was dried for
5-7 days. Then it was mixed with 18.5 mL DMF and
sonicated until the mixture became homogeneous.
Then, homogeneous mixture was poured into Petri
dish and put in a vacuum oven at 80°C for 20 h.
After that, it was heated up to 160°C for 4 h under
-0.9 bar. Finally, recasted Nafion membrane was
removed from the dish and kept in deionized water.

Casting of MCC/NC Composite Membrane

First, 7.445 g Nafion solution 7.445 g was
dried for 5-7 days. After that, 0.2127 g MCC was
mixed with 5 mL DMF and sonicated for 2 h. Then,
dried Nafion was mixed with 13.56 mL DMF and
sonicated for 4 h. The MCC mixture and the dried
Nafion mixture were mixed and sonicated until
homogeneous solution was obtained. Then, it was
poured into Petri dish and put in a vacuum oven at
80°C for 20 h. After that, it was heated up to 160°C
for 4 h under -0.9 bar. Finally, recasted Nafion
membrane was removed from the dish and kept in
deionized water.
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Fabrication of NCC/NF Composite Membrane

First, 7.445 g Nafion solution was dried for
5-7 days. After that, 0.2127 g NCC was mixed with
5 mL of DMF and sonicated for 2 h. Then, dried
Nafion was mixed with 13.56 mL DMF and
sonicated for 4 h. The NCC mixture and the dried
Nafion mixture were mixed and sonicated until
homogeneous solution was obtained. Then, it was
poured into Petri dish and put in a vacuum oven at
80°C for 20 h. After that, it was heated up to 160°C
for 4 h under -0.9 bar. Finally, recasted Nafion
membrane was removed from the dish and kept in
deionized water.

Membrane Pretreatment

Membranes was pretreated by soaking in boil
deionized water for 10 min. After that it was treated
by soaking in 5 wt% H,0, at 80°C for 30 min and
1 M H,SO04 acid solution for 30 min. Finally, the
membranes were cleaned in boil deionized water
3 times for 10 min and kept in DI water until use
(Prapainainar et al., 2017).

Size and Morphology Analysis

The size of MCC and NCC were investigated
by scanning electron microscope (SEM) and using
Transmission  Electron  Microscopy (TEM),
respectively. After that, particle size of NCC was
measured by ImageJ program. The morphology of
recasted NF membrane, MCC/NF, and NCC/NF
com- posite membranes were investigated by FEI
QUANTA 450 scanning electron microscope
(SEM) equipped with Oxford X-Max EDX detector.

Water Uptake (WU) Testing

Membrane samples were dried at 80°C in
vacuum oven for 24 h. After that, dried membranes
were weighted then soaked in deionized water at
room temperature for 24 h. And it was weighted
again to determine the value of wet weight. The
value was used calculate %WU using Equation (1)
(Prapainainar et al., 2017).

Wet weight — Dry weight
Dry weight

WWU = x 100 (1)

Solubility Testing

First, 50 mg of the dried membrane was added
into 10 ml of 50:50 ratio of methanol - water
solution and sonicated in ultrasonic cleaner for 1 h.
The solution was filtered through No1 filter paper.
Finally, the filtered solid was dried at 100°C until
dry and weighted. The soluble percentage was
calculated by use Equation (2) (Prapainainar et al.,
2017).

weight of residue
% Soluble = g f

weight of membrane * 100 (2)

lon Exchange Capacity (IEC)

First, 50 mg samples of treated membranes
were immersed in 10 mL of 1 M NaCl for 24 h. The
solution was titrated with NaOH 0.01M using
phenolphthalein as an indicator to determine the
amount of H* in the solution. Finally, the IEC value
was calculated by Equation (3) (Prapainainar et al.,
2017).

C v
IEC = NaOH YNaOH (3)
md‘ry

Chemical Degradation

The Fenton’s reagent solutions were prepared
by mixing between 200 ml of 5 wt% H»O, and
Fe,SO4 with 50 ppm concentration. The dried
membrane was weighted and put into the Fenton’s
reagent solution for 48, 96, 144, and 192 h.
The soaked membrane was dried in oven at 60°C
for 24 h and weighted. The chemical degradation
value was calculated by Equation (4)
(Taechaboonsermsak et al., 2020).

Wafter Fenton test

% Wresiquat = x 100 (4)

Wbefore Fenton test

Methanol Permeability

The treated membrane was placed in
a diffusion cell and sealed with gasket to prevent the
leak. The cell was connected to 1 M methanol feed
solution tank (2,000 mL) and deionized water tanks
(250 mL). The pump was started at the feed side to
saturate the system for 25 min. The pump at the
permeate side was then started and 1 mL of liquid
sample was collected at 5, 30, 60, and 90 min.
Methanol permeability test was performed at 30, 50,
and 70°C (Prapainainar et al., 2017).

Results and Discussion

Size and Morphology Analysis

MCC particle size had an average length of
67.5%10™+13.9*10" nm and average dimeter of
13.7*%10"+3.4*10™ nm as shown in SEM image in
Figure 1. NCC from acid hydrolysis process of
MCC was investigated by TEM. The shape of NCC
as shown in Figure 2. The NCC particle size was
measured by ImageJ program. It was found that the
particle size of NCC was has an average length of
196.9+35.2 nm and average diameter of 13.8+4.2
nm. It was found that NCC particle size was smaller
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Figure 1. SEM images of
process
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Figure 3. SEM images of cross-section of membranes (a) recasted NF, (d) MCC/NF, (g) NCC/NF and EDS
mapping of membranes (b) F mapping of recasted NF, (c) O mapping of recasted NF, (e) F mapping
of MCC/NF, (f) O mapping of MCC/NF, (h) F mapping of NCC/NF, (i) O mapping of NCC/NF

Table 1. The results of WU, solubility, and IEC of
recasted Nafion membrane, MCC/NF and
NCC/NF membranes

Membrane %WU %Soluble IEC
recasted NF 18.72 0.37 0.96
MCC/NF 22.14 1.65 0.58
NCC/NF 27.33 1.27 0.54

than that of MCC after acid hydrolysis process of
MCC.

Membranes Characterization

Membrane Morphology

The morphology of MCC/NF and NCC/NF
membranes were characterized by SEM and EDS
mapping as show in Figure 3. It can be seen that
cross-section of NCC/NF membrane was better and
smoother than MCC/NF membrane as shown in
Figure 3(a, d, g). The EDS mapping images of
fluoride mapping and oxygen mapping of NCC/NF
membrane showed better dispersion than that of

MCC/NF membrane as shown in Figure 3(e)-(f) and
(h)-(i) due to NCC particle has smaller size than that
of MCC particle.

Ex-situ Test

Water uptake

The water uptake results of all membranes are
shown in Figure 4(a) and Table 1. It was found that
NCC/NF composite membrane showed higher
water uptake than MCC/NF composite membrane.
Both composite membranes have higher water
uptake than that of recased Nafion membrane.
The result of water uptake showed that using
cellulose as filler for NF composite membrane can
increase percentage of water uptake because
cellulose contains many hydroxyl group (-OH).
Cellulose have ability to form hydrogen bond with
water molecules (Medronho et al., 2012) due to
hydrophilic of -OH. This can be helpful for proton
transport.
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Figure4. The results of (a) Water uptake (b)

Solubility (c) IEC of recasted Nafion
membrane, MCC/NF and NCC/NF
membranes

Solubility Test

Solubility test was used to evaluate the
chemical resistance of the membrane. The solubility
of membrane should be less than 5% for proton
exchange membrane (Moore and Martin, 1987). The
solubility of MCC/NF membrane was higher than
NCC/NF and recasted Nafion membranes as shown
in Figure 4(b) and Table 1. Both composite
membranes have less than 5% solubility. It was
found that adding cellulose resulted in an increase
of solubility. It referred to lower chemical resistance
of membrane compared with recasted Nafion
membrane.

lon Exchange Capacity (IEC)

IEC can be used as indirect approximation of
proton conductivity of membrane (Wu et al., 2007).
The IEC values of membranes are shown in Figure
4(c) and Table 1. It was found that recasted Nafion
membrane has the highest IEC compared with
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Figure 5. Chemical degradation results of recasted
Nafion, MCC/NF, and NCC/NF membranes

MCC/NF and NCC/NF composite membranes.
It was found that adding cellulose can decrease IEC
due to lower concentration of acid group or sulfonic
group (SO3) of the composite membrane (Gadim
etal., 2016). Thus, the sulfonic group was important
for proton movement. The IEC value of MCC/NF
membrane was slightly higher than that of NCC/NF
membrane.

Chemical Degradation

Chemical degradation of composite membranes
were tested using Fenton’s reagent to destroy
organic compounds (Koppenol, 1993). The result of
chemical degradation is showed in Figure 5. It was
found that recasted Nafion membrane had higher
chemical degradation than those of MCC/NF and
NCC/NF membranes. It might be due to cellulose
particles blocked hydrogen peroxide and hydroxyl
radical from attacking the chain of Nafion.

Methanol Permeability

Methanol permeability refers to methanol
crossover from anode to cathode sides. High
methanol permeability causes loss the fuel. The
results of MeOH permeability is shown in Figure 6.
It was found that recasted Nafion membrane has
higher MeOH permeability than NCC/NF and
MCC/NF membranes as shown in Figures 6(a) and
6(b) for 1 M and 2 M, respectively at 30, 50, and
70°C. Adding cellulose into Nafion can reduce
methanol permeability due to cellulose in composite
membrane blocked methanol crossover and reduced
methanol permeability in composite membranes
(Xu et al., 2018). The results of methanol permeability
increased with increasing concentration of methanol.
The permeability result showed that NCC composite
membrane has higher MeOH permeability than that
of MCC membrane. It may be due to NCC/NF
composite membrane was smoother than MCC/NF
composite membrane. Therefore, it was easy for
MeOH crossover from anode to cathode sides.
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Figure 6. Methanol permeability results of recasted
Nafion, MCC/NF and NCC/NF membranes
(a) 1 M MeOH (b) 2 M MeOH at temperature
of 30°C, 50°C, and 70°C

Conclusions

NCC was successfully extracted by acid hydrolysis
to reduce the particle size of MCC. It was confirmed
by TEM and SEM images. Recasted NF, MCC/NF,
and NCC/NF composite membranes were casted by
solution casting method from dried Nafion.

MCC and NCC composite membranes have
MeOH lower permeability percentage, chemical
degradation, and ion exchange capacity than that of
recasted NF membrane. Both composite membranes
have higher water uptake than that of recasted
Nafion membrane. Moreover, recasted NF,
MCC/NF and NCC/NF composite membranes have
solubility less than 5%.

It was also found that chemical degradation
and methanol permeability of MCC membrane were
better than that of NCC. However, using NCC as
a filler led to better dispersion of atom and water
uptake percentage than those of MCC.

Acknowledgement

This work was supported by Research Network of
NANOTEC-KU on Nanocatalyst and Nanomaterials
for Sustainable Energy and Environment and

Environment and Department of Chemical
Engineering Department, Faculty of engineering,
Kasetsart University.

References

Benipal, N., Qi, J., Gentile, J.C., and Li, W. (2017). Direct
glycerol fuel cell with polytetrafluoroethylene (PTFE) thin
film separator. Renew. Energy, 105:647-655.

Bhat, A.H., Dasan, Y.K., Khan, I., Soleimani, H., and Usmani,
A. (2017). Application of nanocrystalline cellulose: In
Cellulose-Reinforced Nanofibre Composites. Mohammad,
J., Sami, B., and Abdul Khalil, H.P.S., (Eds.), p. 215-240.

Gadim, T.D.O., Vilela, C., Loureiro, F.J.A., Silvestre, AJ.D.,
Freire, C.S.R., and Figueiredo, F.M.L. (2016). Nafion®
and nanocellulose: A partnership for greener polymer
electrolyte membranes. Ind Crops Prod., 93:212-218.

Hosseinpour, M., Sahoo, M., Perez-Page, M., Baylis, S.R., Patel,
F., and Holmes, S.M. (2019). Improving the performance
of direct methanol fuel cells by implementing multilayer
membranes blended with cellulose nanocrystals. Int. J.
Hydrog. Energy. 44(57):30,409-30,419.

Hou, S., Liao, S., Dang, D., Zou, H., Shu, T., and Du, L. (2014).
Self-humidifying membrane electrode assembly prepared
by adding microcrystalline cellulose in anode catalyst
layer as preserve moisture. Int. J. Hydrog. Energy.,
39(24):12,842-12,848.

Koppenol, W.H. (1993). The centennial of the Fenton reaction.
Free Radic. Biol. Med., 15:645-651.

Medronho, B., Romano, A., Miguel, M.G., Stigsson, L., and
Lindman, B. (2012). Rationalizing cellulose (in)solubility:
reviewing basic physicochemical aspects and role of
hydrophobic interactions. Cellulose, 19(3):581-587.

Moore, R.B. and Martin, C.R. (1987). Chemical and
morphological properties of solution-cast
perfluorosulfonate ionomers. Macromolecules, 21:1,334-
1,339.

Ong, B.C., Kamarudin, S.K., and Basri, S. (2017). Direct liquid
fuel cells: A review. Int. J. Hydrog. Energy,
42(15):10,142-10,157.

Parthiban, V., Akula, S., and Sahu, A.K. (2017). Surfactant
templated nanoporous carbon-Nafion hybrid membranes
for direct methanol fuel cells with reduced methanol
crossover. J. Membr. Sci., 541:127-136.

Prapainainar, P., Du, Z., Kongkachuichay, P., Holmes, S.M., and
Prapainainar, C. (2017). Mordenite/Nafion and
analcime/Nafion composite membranes prepared by spray
method for improved direct methanol fuel cell
performance. Appl. Surf. Sci., 421:24-41.

Saikia, K., Kakati, B.K., Boro, B., and Verma, A. (2018). Current
advances and applications of fuel cell technologies. In:
Recent Advancements in Biofuels and Bioenergy
Utilization. Prakash, K.S., Sonil, Nanda., and Pravakar,
M., (Eds.), p. 303-337.

Santos, R.M.d., Flauzino Neto, W.P., Silvério, H.A., Martins,
D.F., Dantas, N.O., and Pasquini, D. (2013). Cellulose
nanocrystals from pineapple leaf, a new approach for the
reuse of this agro-waste. Ind. Crops. Prod., 50:707-714.

Taechaboonsermsak, D., Prapainainar, C., Kongkachuichay, P.,
and Prapainainar, P. (2020). Effect of calcium hydroxy
phosphate as a crystallinity enhancer in nafion membrane
for direct methanol fuel cell. Chem. Eng. Trans., 78:343-
348.

Wang, B.,Hong, L., Li, Y., Zhao, L., Zhao, C., and Na, H. (2017).
Property enhancement effects of side-chain-type
naphthalenebased sulfonated poly (arylene ether ketone)
on Nafion composite membranes for direct methanol fuel
cells. ACS Appl. Mater. Interfaces., 9(37):32,227-32,236.



Suranaree J. Sci. Technol. Vol. 29 No. 3; May - June 2022

010133-7

Wu, H., Zheng, B., Zheng, X., Wang, J., Yuan, W., and Jiang, Z.
(2007). Surface-modified Y zeolite-filled chitosan
membrane for direct methanol fuel cell. J. Power Sour.,
173(2):842-852.

Wu, Q., Meng, Y., Wang, S., Li, Y., Fu, S., Ma, L., and Harper,
D. (2014). Rheological behavior of cellulose nanocrystal
suspension: Influence of concentration and aspect ratio.
J. Appl. Polym. Sci., 131(15):40525.

Xu, X., Li, R,, Tang, C., Wang, H., Zhuang, X., Liu, Y., and Shi,
L. (2018). Cellulose nanofiber-embedded sulfonated poly
(ether sulfone) membranes for proton exchange membrane
fuel cells. Carbohydr. Polym., 184:299-306.

Yao, J., Xu, G., Zhao, Z., Guo, J., Li, S., Cai, W., and Zhang, S.
(2019). An enhanced proton conductivity and reduced
methanol permeability composite membrane prepared by
sulfonated covalent organic nanosheets/Nafion. Int. J.
Hydrog. Energy, 44(45):24,985-24,996.

Zhang, C., Yue, X., Luan, J., Lu, N., Mu, Y., Zhang, S., and
Wang, G. (2020). Reinforced poly (ether ether
ketone)/Nafion composite membrane with highly
improved proton conductivity for high concentration
direct methanol fuel cells. ACS Appl. Mater. Interfaces.,
3(7):7,180-7,190.



