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Abstract
A simple and effective modification method was carried out to improve the surface properties of teflon-impregnated carbon
fabric (TICF) by radiation induced grafting (RIG) of glycidyl methacrylate (GMA). The grafting reaction was carried out
using an ultrasound-assisted technique in comparison with a conventional grafting technique. The degree of grafting was
investigated at various reaction times for both systems. The grafting efficiency for ultrasonic-aided technique reached 85%
compared to 53% in conventional grafting technique. This significant improvement is probably due to the emergence of
monomers diffusion on the grafting sites caused by ultrasonically assisted grafting reaction. Scanning electron microscopy
(SEM) and Fourier transform infrared (FTIR) spectroscopy have provided evidences for incorporation of poly(GMA) grafts.
The grafting under ultrasonic condition was proven to be more efficient and economical as indicated by the increase in DG
and reduction in the homopolymer contamination accompanied by homogenous grafting and smoother surfaces in TICF.
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1.0 INTRODUCTION
The carbon fibers are a class of porous materials with an effective specific surface area and narrow pore size distribution [1]
which exhibit excellent chemical and thermal stabilities [2]. It is an ideal material for many applications such as adsorption
and separation [3], catalysis [4] and fuel cell applications [5]. However, carbon fabric surface is soft, smooth and inert, thus
the degree of surface interaction between the fibers and matrix is rather poor. Hence, excellent properties of the material
cannot be deployed. Surface modification considering the roughness and introduction of suitable functional groups can
enhance the chemical bond and physical interactions between fibers and allow further modifications.
Various modification methods have been reported for improving the surface properties of carbon fabric including thermal
treatment [6], electrochemical oxidation [7], plasma treatment [8], gas-phase oxidation [9], coating treatment [10] and
irradiation treatment [11]. Modification of fibers by radiation induced grafting (RIG) with high-energy is a fascinating method
for imparting various functional polymeric materials for various range of applications [12]. Thus, RIG has been extensively
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explored as a modest technique to alter surface properties of polymeric materials, such as films, fibers, powders and moulded
objects [13, 14].
Few methods were introduced to enhance the grafting efficiency and reduce monomer consumption. This includes grafting in
an emulsion medium, combining grafting with RAFT and using single step techniques involving functionalized monomer
[15]. Recently, ultrasound was reported to synergize chemical reactions through product enhancement, reaction time saving,
solvent consumption reduction and extensive energy saving [16]. Recently, Nasef et al. [17] has reported an synergetic RIG
for 4-vinylpyridine/glycidyl methacrylate mixtures onto poly(ethylene-co-tetrafluoroethylene) films using ultrasound-aided
technique for the first time. The process was proven to be highly effective not only in time shortening and reduction of
monomer consumption but also in grafting product enhancement, surfaces smoothing and eliminating of contamination from
homopolymer compared to grafted films obtained from conventional grafting.
Nevertheless, little attention has been given to the modification of carbon fibers by RIG using ultrasound assisted technique.
Applying such techniques is likely to overcome the grafting difficulty caused by its graphitized structure of carbon and limited
counts for forming reactive sites of the carbon fiber [18]. The present study is an attempt to graft glycidyl methacrylate (GMA)
onto teflon-impregnated carbon fabric (TICF) using RIG technique assisted with ultrasonic-aided technique. In this study,
GMA was selected as grafted monomer, which attracted high interest due to its epoxy group that can be modified into various
functional groups. The epoxy ring can be opened under mild reaction conditions offering the possibility for introducing a
variety of ionic moieties suitable for various applications [19]. The grafting substrates were mainly characterized by means of
scanning electron microscopy (SEM) and Fourier transform infrared (FTIR).

2.0 METHODOLOGY
2.1 Materials
Teflon-impregnated carbon fabric (TICF) with thickness of 0.65 mm was obtained from E-TEK, Inc. USA. Glycidyl
methacrylate (GMA) was obtained from Sigma Aldrich and used without any further purification. Methanol and ethanol was
reagent grade and used as received.

2.2 Irradiation of Teflon-Impregnated Carbon Fabric
TICF were rinsed using ethanol for few times and dried in a vacuum. The irradiation of the substrates were performes by by
an EB accelerator (EPS 3000, Nissin High Voltage, Japan) to a total dose of 300 at 25 kGy per pass under N 2 atmosphere.
The accelerating voltage was maintained at 2 Mev and at a beam current of 10 mA at ambient temperature. Dry iced was used
to stabilize the radicals formed in the substrates during irradiation of high absorbed dose. The TICF were kept in a thermally
sealed polyethylene bag to remove any moisture interference and the irradiated substrates were immediately stored in an ultracool freezer at -60 °C prior to use.

2.3 Graft Polymerization
Grafting reaction of GMA onto TICF was carried out using a grafting apparatus. The grafting procedure started with placing
the irradiated substrates in a glass ampoule, which was tightly sealed and evacuated. A N 2-bubbled monomer solution
composed of GMA/methanol with a concentration of 20 vol% was transferred to the ampoule through a special vacuum
stopcock. The reaction ampoule was placed in a preheated ultrasonic waterbath with ultrasonic energy (40 kHz, 300 W). The
reaction was performed to a desired range of reaction times while maintaining the temperature at 60 °C. After the reaction
completed, the grafted TICF was removed and cleaned from the unreacted monomer or any homopolymerised monomer using
ethanol. The grafted carbon fabric was dried under vacuum at 50 °C for 24 h until the constant weight was obtained. The
sample was removed and kept under a desiccator over fresh silica gel for 1 hour before weighing. The degree of grafting (DG)
was obtained using equation 1 with the reference to the content of grafted carbon fibers.

𝐷𝐺 (%) =

𝑊1 − 𝑊0
× 100 %
𝑊0

(1)

where W0 and W1 are the weights of carbon substrates before and after grafting respectively. The grafting efficiency [13] is
calculated from equation 2:
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𝐺𝐸 (%) =

𝑊1 − 𝑊0
× 100 %
𝑊2 − 𝑊0

(2)

where W2 is the weight of the grafted sample before removal of homopolymer.

For comparison purpose, the conventional grafting reaction was carried out under similar grafting condition by placing the
reaction ampoule into a thermostatic water bath at temperature of 60 oC. The DG and GE were also determined using equations
1 and 2.

2.4 Characterization Of Grafted Ticf
A Perkin Elmer-Spectrometer FTIR 2000 Explorer was used to characterise the chemical structures of pristine and grafted
TICF. The measurement was carried out in a transmission mode in the wavenumber range of 4000 – 400 cm-1 at a resolution
of 4 cm-1. The surface morphology and roughness of TICF were observed by SEM analysis using FEI Quanta 4000 microscope
with an acceleration voltage of 2 kV and magnification of 500x.

3.0 RESULTS AND DISCUSSION
The effects of various reaction time on the DG of GMA onto TICF with and without ultrasound assistance were investigated
as shown in Figure 1a. Notably, the DG in the ultrasound-aided technique was higher than conventional technique despite
having similar increasing trend in both techniques with the rise in reaction time. Moreover, grafting efficiency [13] was greatly
boosted by applying ultrasound to grafting system. For instance, the GE was jumped from 53% to 85% after 4 h when
ultrasound was applied. The remarkable increase can be attributed to the increase in the monomer diffusion to grafting sites
and also caused by the upsurge of the activate radical arising from the heat associated with sonication. This phenomenon
indicates that the ultrasound-assisted could enhance the kinetics grafting of GMA onto carbon fiber substrates. The implosions
of ultrasound generate cavitation bubbles and the supplemented heat improving the rate of grafting reaction. Subsequently,
the radicals’ activation increases thus intensified the collision of monomer molecules leading to noticeable enhancement in
GE and eventually reduction in the monomer consumption. These findings are in good agreement with previous reported
literature [17].

(a)

(b)

Figure 1. Variation degree of grafting and grafting efficiency. Grafting conditions are 300 kGy of adsorbed dose, 20%
monomer concentration and 60 °C temperature.
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The variation of grafting efficiency with time for grafting of GMA onto TICF using conventional and ultrasound-aided
grafting techniques is shown in Figure 1b. The ultrasound assisted grafting reaction exhibited higher GE and monomer
conversion than conventional grafting. The ultrasound-aided grafting exhibited more than 50% GE compared to conventional
grafting at the same condition reaction. This observation confirms that the ultrasound technique encouraged effective
monomer diffusion and subsequent rise in its supply to the grafting sites caused by exclusion of homopolymer chains from
the film surfaces through implosion of cavitation bubbles. Thus the implosion of bubbles near a surface coincides with arising
in the number of activated radicals by the associated heat resulting from sonication. Therefore, the active radical involved in
initiation with the growing of monomer molecules leading to higher GE up to 85% in the ultrasound assisted method. This
significant improvement of 24% is most probably due to the enhancement of monomers diffusion to grafting sites caused by
ultrasonically assisted grafting reaction. Additionally, the TIGF produce by ultrasound-aided grafting exhibited 52% GE
within 1h as compared to conventional grafting which required 4h to obtain 53% of grafting efficiency. It was clearly proved
that the grafting reaction using ultrasound has advantage in shortening the reaction time and energy saving to yield high
grafting efficiency.
Figure 2 shows the SEM images of TICF before and after grafting with GMA. Clearly, the surface of pristine TICF seems to
be relatively smooth as shown in Figure 2a. However, there is a coating layer of teflon on the surface of carbon fiber which
keep the fibrous structure stick to each other. On the other hand, grafting of GMA on the TICF made their surface rougher
and groovier suggesting penetration of poly (GMA) graft to thin teflon layer and reaching the surface of carbon fibers.
Moreover, the size of carbon fibers obtained under conventional and ultrasonic conditions was slightly increased compared to
pristine TICF (Fig. 2b and 2c). The surface of TICF-g-PGMA obtained from conventional grafting (Fig. 2b) is rather rougher
and irregular compared to the ultrasound-aided grafted fibers (Fig. 2c), which interestingly displayed homogeneous and
smoother surfaces in the grafted fibers. The roughness of the TICF surface was improve by EB irradiation graft which is
highly important in some applications [18]. This observation indicates that ultrasound-assisted grafting imparts better and
smoother surface properties than conventional grafting of the carbon substrates.

Figure 2. SEM images of (a) pristine teflon-impregnated carbon fibers and TICF-g-PGMA obtained under (b)
conventional and (c) ultrasonic conditions.

Figure 3 presented FTIR spectra of poly (GMA) grafted carbon fibers obtained by conventional and ultrasound assisted
grafting compared to pristine carbon fibers. The adsorption band at 1240 cm-1 observed for the pristine and modified carbon
fibers is attributed to the C-C stretching band. The grafted fibers from both grafting techniques showed an absorption peak
at 850 cm-1, representing the stretching vibration of the epoxy group originated from the incorporated poly (GMA). This
result is supported by the appearance of strong peaks at 1720 cm-1 which is assigned the -CO in the methacrylate (ester)
group, confirming the presence of poly (GMA) in the grafted TICF. However, the characteristic band at 1720 cm-1 for the
TICF-g-PGMA from conventional grafting are more intense compared to conventional grafting under the same reaction
conditions. This might be due to the presence of homopolymer chain of GMA and inhomogenous grafting of GMA on the
TICF surfaces as can be seen in Figure 2b. Thus, the FTIR features provide an evidence for the successful grafting of the
GMA onto the TICF, and also the enhancement of GE using ultrasound-assisted grafting technique.
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Figure 3. FTIR spectra of pristine teflon-impregnated carbon fibers and TICF-g-PGMA obtained under conventional and
ultrasonic conditions.

4.0 CONCLUSION
The surface modification of teflonated carbon fabric was successfully performed using radiation induced grafting
copolymerisation. The RIG of GMA onto TIGC was intensified by conducting the reaction under ultrasound aid. Notably, the
application of ultrasound prompted higher degree of grafting and grafting efficiency compared to conventional grafting
method. FTIR analysis confirmed that the sample obtained by applying ultrasound presented higher DG under same reaction
parameters compared to conventional grafting. The grafted carbon fibers prepared from ultrasound aided grafting were found
to have better surface properties compared to conventional grafting as displayed by SEM analysis. This finding suggested that
the grafting system with ultrasound-assisted techniques has advantages in time consumption and extensive amount of energy
saving.
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