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Abstract In this study, thermal and morphological prop-
erties of organically modified montmorillonite (mMMT)/
poly(2,5-benzimidazole) (ABPBI) composite were investi-
gated. The morphology and structure of mMMT/ABPBI
composites were characterized by infrared, X-ray diffrac-
tion, scanning electron microscopy, and thermogravimetric
analysis techniques. At low mMMT loading levels, exfoli-
ation was the predominant mechanism of mMMT disper-
sion. At high mMMT loading levels, nonintercalated
microcomposite morphology is partially favored in expense
of the intercalated nanocomposite. Thermal degradation of
nanocomposite occured in three stages. In the second stage
of thermal degradation, the onset temperature of degrada-
tion for the mMMT/ABPBI nanocomposites was lower than
that of ABPBI polymer. In the last stage, the improvement
in thermal stability by the introduction of mMMT into the
ABPBI was different from the second stage. The activation
energy for degradation of ABPBI increased from 62.6 to
77.7 kJ mol ™" after loading of 5 mass% of mMMT into
ABPBI matrix under air atmosphere.

Keywords Proton conductive - Membrane -
Polybenzimidazole - Thermal oxidation - Kissinger
method

Introduction

Proton exchange membranes (PEMs) are the most important
part in PEM fuel cells (PEMFCs). Nafion® is the most widely
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accepted and commercialized membrane and possesses
excellent electro—chemical properties below 80 °C under
highly humidified conditions. But, it was reported a decrease
in the proton conductivity of Nafion® above 80 °C and under
lower humidity conditions [1]. In order to solve this problem,
new materials were studied in recent years such as nano-
composites [2, 3], acid loaded polybenzimidazole (PBI)
[4-6], and fluorinated and aromatic hydrocarbon membranes
[7]. In these materials, PBI and its organic and inorganic
composites were the mostly studied materials due to their
attractive properties of high thermal stability, excellent
mechanical property, low gas permeability, zero water
electro-osmotic drag, and high CO tolerance [4-6].

In recent years, polymer/clay nanocomposites have
received great interest due to the enhanced properties, such
as mechanical [8], thermal [9-11], and barrier properties
[12], compared to conventional micron size fillers. These
enhanced properties result from combination of organic
polymers and only a 2-5 % addition of the nanostructure.
Insertion of polymer chains in the MMT layer is a suc-
cessful approach to synthesize nanocomposite materials
[13, 14]. Since the polymer matrix is relatively incompat-
ible with the MMT phase, organic treatment of the layered
MMT is required for compatibility with the polymer. The
surface modification of MMT from hydrophilic to orga-
nophilic is achieved by ion exchange between the hydrated
interlayer cations of MMT and cationic surfactants. This
process also causes an increase in interlayer space. Polymer
chains are more compatible with the modified MMT and
able to intercalate within the MMT galleries. Due to the
size of the polymer molecules, the interlayer distance of
MMT increases to such an extent that exfoliated silicate
layers in nanometer dimension might appear.

Poly(2,5-benzimidazole) is an alternative benzimidazole
type polymer with thermal stability and conducting
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properties as good as those of PBI. Furthermore, ABPBI
with very high molecular masses can be synthesized via
simpler and cheaper methods than with PBI [15, 16]. One
of the most promising composite systems for use as PEMs
is ABPBI nanocomposites [13—18]. Therefore, this study is
aimed to establish possible correlations between morpho-
logical and thermal degradation properties in the MMT/
ABPBI nanocomposite prepared by solution intercalation.
In order to better understand the chemical transformations
and decomposition process of this polymer nanocomposite
during thermal oxidation, scanning electron microscopy
(SEM), X-ray diffraction (XRD), Infrared (IR), and iso-
conversional kinetic analysis have been used to observe the
structural changes and the activation energy during ther-
mooxidative degradation.

Experimental
Polymer synthesis

Poly(2,5-benzimidazole) (ABPBI) was prepared by con-
densation of 3,4-diaminobenzoic acid (DABA) monomers
in polyphosphoric acid (PPA). The polymerization was
carried out heating a solution of 3.040 g (20 mmol) of
DABA in 50 g of PPA (85 % P,0s) at 200 °C for 5 h
under nitrogen. The polymer was isolated by precipitation
in water, filtered, and washed repeatedly with water. To
eliminate residual phosphoric acid, the polymer was
washed with 10 % NaOH stirring overnight. The dark
purple polymer became brown after the NaOH addition.
NaOH was eliminated by washing with water to neutrality
and boiling the polymer in water for 6 h, three times. The
purified polymer was dried at 100 °C for 24 h and 200 °C
for another 24 h. A brown fibrous polymer was obtained.

Synthesis of organically modified montmorillonite

To make an organically modified montmorillonite
(mMMT) for better dispersion in ABPBI matrix, 2 g of
MMT was completely suspended in 100 mL of deionized
water at 80 °C with vigorous stirring for 4 h. The aqueous
solution of hexadecyltrimethylammonium (HDTMA) was
prepared separately by dissolving HDTMA (1.5 times the
cation exchange capacity of clay) in 50 mL of distilled
water at 80 °C. Then, this solution was added to the dis-
solved MMT solution and mixed for a further 6 h at 80 °C.
The mMMT was washed repeatedly with fresh hot deion-
ized water until no further AgCl formed with titration with
0.1 N AgNOs;. The product was then filtered and dried in a
vacuum oven at 80 °C for 24 h. The dried cake was ground
and screened with a 325-mesh sieve to obtain the mMMT.
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Preparation of the mMMT/ABPBI nanocomposite

The nanocomposites were prepared by mixing the appro-
priate amounts of the ABPBI with 5, 10, 15, and 20 mass%
of mMMT in DMAc as a solvent in a flask for a particular
concentration. The solution was agitated to high-speed
stirring at 80 °C for 2 h and then at 40 °C for 20 h. Thin
nanocomposite was obtained by pouring the hybrid solu-
tions into petri dish. These films were further dried at
80 °C under reduced pressure to a constant mass. These
composites were called as 5 % mMMT/ABPBI, 10 %
mMMT/ABPBI, 15 % mMMT/ABPBI, and 20 % mMMT/
ABPBI, respectively.

Characterization techniques

IR spectra of the samples were recorded in the region from
4,000 to 450 cm ™" on a Spectrum-100 FTIR spectrometer.
Thermogravimetric (TG) curves and differential thermo-
gravimetric (DTG) curves were recorded at five heating
rates (5, 10, 20, 30, and 40 °C minfl) from 30 to 1,000 °C
under air atmosphere using a PRIS Diamond TG/DTG
apparatus. Samples of exactly 10 mg were put in open
alumina crucibles. Typically, three replicates were run for
each sample, and the average was reported. Surface mor-
phology was studied using a ZEISS Ultraplus model field
emission SEM. The XRD analysis data from the samples
were collected using a Rigaku, Miniflex ZD13113 (Japan)
diffractometer with Cu Ko radiation (Ni filter).

Results and discussion
Material characterization

XRD analysis is a suitable technique in order to probe
nanocomposite morphology by monitoring the position,
shape, and intensity of the basal reflection diffraction peaks.
In an intercalated nanocomposite structure, the intercalation
of the polymer chains usually leads a shift of the diffraction
peak toward lower angle values. In an exfoliated nano-
composite structure, diffraction peaks of the silicate layers
disappear from the XRD patterns. In a microcomposite
structure, the interlayer basal spacings of the silicate stay at
same position.

The results of XRD studies for the studied samples were
shown in Fig. 1, To identify the structure of the prepared
composite, its XRD spectrum was compared with spectra
of the raw MMT, and ABPBI as a reference. For the XRD
pattern of MMT, one reflection was observed in the region
2° < 20 < 8° (Fig. 1a). This corresponds to the 5.76 (20)
value from which the interlamellar distance was found to
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Fig. 1 The XRD patterns of the MMT (a), ABPBI (b), 5 % mMMT/
ABPBI (¢), 10 % mMMT/ABPBI (d), 15 % mMMT/ABPBI (e), and
20 % mMMT/ABPBI (f)

be 15.33 A. XRD analysis of ABPBI indicated that it was
amorphous in nature (Fig. 1b). ABPBI exhibited two
amorphous peaks, indicating that there was two different
types of predominant chain packing [19, 20]. A peak cor-
responding to the lower d-spacing (d,) of 3.40 A was
dominated by H-bonded region, while other peak at higher
dg, of 4.69 A indicated looser chain packing dominated by
bulky substitution. ABPBI has much lower dj, than that of
common polymers like polysulfone [21], polyethersulfone
[22], etc. This behavior was attributed to the presence of
H-bonding in ABPBI that brings chains closer, resulting in
efficient chain packing. The characteristic diffraction peak
(20 = 5.76°) disappeared after loading of 5 mass%
mMMT into ABPBI matrix (Fig. Ic). This indicated the
disordered intercalated or exfoliated structures in mMMT/
ABPBI composite [23]. Sample containing 10 mass% of
mMMT displayed a small and broad new peak at around
4.86° (Fig. 1d). This new peak became broader, and its
intensity increased with increasing mMMT content
(Fig. 1e). This result implied that the increase of the loaded
mMMT hindered complete exfoliation, and the degree of

intercalation increased. The broadening of this peak was
also the result of superposition of reflections corresponding
to various interlayer distances. At high mMMT contents,
the large peak at 20 = 5.21° in the mMMT/ABPBI mate-
rial corresponded to the first order (001) reflection of the
raw MMT. It showed the undispersed mMMT without
ABPBI in the galleries during loading process caused
loosening of the intercalated surfactant [24, 25].

SEM images of ABPBI demonstrated that the ABPBI is
characterized by an interconnected and highly porous
structure (Fig. 2a). SEM image of mMMT/ABPBI com-
posite revealed the presence of irregularly shaped and
flaky-like particles, and these flake sheets became much
looser and more separated with respect to mMMT
(Fig. 2c—f). It was observed that mMMT particles were
uniformly distributed in the matrix structure of ABPBI.
The fractured surface indicated the high miscibility of the
mMMT particles with the matrix and adhesion with the
ABPBI. The large cavities on the surface suggested a
deficient bonding between the nondispersed mMMT par-
ticles and the ABPBI. Furthermore, the dimension of
mMMT became smaller compared with the initial particle
size suggested the disordered intercalated structure in
mMMT/ABPBI nanocomposite Fig. 3.

ABPBI exhibited characteristic absorption bands at
3,399 cm™! and 1,623-1,548 cm ™' due to the stretching
vibrations of the N-H groups and C=N groups. The pre-
sence of a benzimidazole group was confirmed by the
characteristic bands at 1,431 cmfl, due to the inplane
deformation of the benzimidazole rings. The band at
1,283 cm™! was assigned to the breathing mode of the
imidazole ring in ABPBI. In the IR spectrum of the
mMMT/ABPBI, the absorption band at 3,627 cm~! was
due to OH stretching of Al-OH and Si—-OH. Band at
2,922 cm™! was attributed to stretching vibration of C—H
aliphatic groups in HDTMA. The characteristic peak
1,035 cm™! was due to the Si—O stretching. The bands in
the 400-600 cm ™' region that were attributed to Si—-O and
Al-O bending vibration [26]. The band at 3,417 cm~! was
attributed to the isolated N-H stretching of the imidazole.
Two absorption bands at 1,625 and 1,574 cm™! confirmed
the presence of N-H deformation.

Thermal degradation behavior of MMT/ABPBI
composite

The thermal properties of neat ABPBI and ABPBI con-
taining 5, 10, 15, and 20 mass% of mMMT samples were
investigated by using DTG in static air atmosphere at a
heating rate of 10 °C min~' (Fig. 4). It was observed that
the degradation of ABPBI occured in two stages, which
was consistent with the results obtained by other
researchers for ABPBI [27-30]. The first stage detected
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Fig. 2 SEM images of ABPBI
(a), mMMT (b), and an
intercalated nanocomposite at
different magnifications (c—f).
The mMMT content was 10 %

below 195 °C was linked to the liberation of absorbed
water, while the other between 461 and 666 °C referred to
the evolution of organic substances. The first step of mass
loss for the mMMT/ABPBI nanocomposites occured at
about 60-300 °C due to the evaporation of physically
absorbed water in the intercalated layers, the loss of
hydroxide on montmorillonite layers, and the thermal
decomposition of HDTMA alkyl chains [31]. The second
step of mass loss takes place at the temperature range of
300-700 °C due to the thermal decomposition of ABPBI
chains and formation of charred residues. The T, of
ABPBI was 465 °C and unexpectedly declined to 400, 407,
412, and 431 °C as the loading increased to 5, 10, 15, and
20 mass% of mMMT content, respectively. It was con-
cluded that the HDTMA started to decompose according to
the Hofmann elimination reaction or a nucleophilic attack
of the ammonium counter-ion on the ammonium [32]. The
decomposition products, amines, or acidic protons,
enhanced the random chain scission reaction of ABPBI.
Also, this result can be attributed that the interlayer cations,
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such as Mg and/or Al ions, facilitated the thermal degra-
dation of ABPBI. The temperature at the maximum
decomposition rate, Ty.x, of neat ABPBI and mMMT/
ABPBI nanocomposites containing 5, 10, 15, and 20 %
mass of mMMT was determined as 567, 571, 549, 603, and
598 °C, respectively. The yield of charred residue at
900 °C for the mMMT/ABPBI nanocomposites was
enhanced from 1.5 % for the neat ABPBI to 5.60 %
(charred residue for the mMMT at 900 °C was subtracted).
The residue increase was showed that the MMT layers
acted as a superior insulator and mass-transport barrier and
subsequently reduced the escape of volatile products gen-
erated during the thermal decomposition.

The thermo-oxidative degradation activation energy of
neat ABPBI and nanocomposites (exfoliated and interca-
lated samples) containing 5 and 10 mass% of mMMT was
calculated by Kissinger method [33] according to the TG
data, which were measured under air at different heating
rates: 5, 10, 20, 30, and 40 °C min—'. The activation energy
for ABPBI and mMMT/ABPBI composites was calculated
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Fig. 4 DTG curves of neat ABPBI (a), 5 %—mMMT/ABPBI (b),
10 %9—mMMT/ABPBI (c), 15 %—mMMT/ABPBI (d), and 20 %
mMMT/ABPBI (e)

from the linear dependence of the In ( b/ Téax) versus 1/Tpax
plot (not shown) for various heating rates according to Eq.

(1).

AR E,
In b =In—— (1)
Ey RTmax

In the above equation, A is the preexponential factor, E,
is the apparent activation energy of the degradation
reaction, R is the universal gas constant, and f is the
heating rate. The activation energy was calculated from the
Tmax» the temperature at which the maximum degradation
occurs for different heating rates by assuming that mass
loss percentage at Ty,,x is constant. E, values calculated
according to this equation were listed in Table 1. The E,
for degradation of ABPBI found to be 62.6 kJ mol™' under
air atmosphere. These values were compatible with the
reported literature values [15, 28]. The E, of ABPBI
increased to 77.7 and 287.4 kJ mol " after loading of 5 and
10 mass% mMMT content into ABPBI matrix under air
atmosphere.
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Table 1 T, and activation energy values of ABPBI and mMMT/
ABPBI samples

mMMT B/°C min~! E,/ R?

content/ kJ mol ™!

mass% 5 10 20 30 40

- Tmax! 567 620 680 720 736 62.6 0.995
°C

5 Tmax/ 455 471 522 540 556  77.7 0.936
°C

10 Tmax! 549 561 572 576 592 287.7 0.955
°C

Conclusions

To identify the structures of the prepared nanocomposites,
their XRD spectra were compared with that of the raw
MMT and ABPBI. In the XRD patterns of nanocomposites,
the basal peak of MMT became broader and shifted to
lower 20 values loosing its intensity with increasing the
amount of MMT. This result indicated the formation of a
nanocomposite structure with the intercalation of ABPBI
chains in the gallery of the MMT silicate layers. XRD
spectra of nanocomposites showed that the MMT layers
lost their parallel stacking, and became partially disordered
due to ABPBI entered the MMT layers at low MMT
contents. At low mMMT loading, exfoliation was the
predominant mechanism of MMT dispersion. The disper-
sion of mMMT within the ABPBI matrix deteriorated at
high mMMT contents. At high mMMT loading, noninter-
calated microcomposite morphology is partially favored in
expense of the intercalated nanocomposite. The SEM
micrograph of the nanocomposite depicted a flaky mor-
phology as opposed to a granular one, suggesting that the
ABPBI is, in fact, intercalated into the MMT layers. As
shown by SEM, the undispersed particles showed the
mMMT agglomeration on the surfaces of ABPBI particles
during loading process. Thermal degradation of nano-
composite occured in three stages with various mass per-
cent losses. In the second stage of thermal degradation, the
onset temperature of degradation for the mMMT/ABPBI
nanocomposites was lower than that of ABPBI polymer.
This results showed that the HDTMA used as organophilic
modifier enhanced the ABPBI degradation. The onset and
end-point temperatures of the second stage TG curve for
the nanocomposites were decreased by about 15-20 °C. In
the last stage, the improvement in thermal stability by the
introduction of mMMT into the ABPBI was different, in
the temperature range of 800—1,000 °C. The MMT content
of the composites was directly relative to the mass of the
residue obtained at 900 °C. The yield of charred residue at
900 °C for the neat ABPBI, 5, 10, 15, and 25 %-mMMT/
ABPBI nanocomposites were 1.5, 6.6, 16, 17.3, and
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31.6 %, respectively. The enhanced thermal stability of the
ABPBI hybrid nanocomposites was attributed to the lower
permeability of oxygen and the diffusibility of the degra-
dation products from the bulk of the polymer caused by the
exfoliated MMT in the composites.
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