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Abstract

The kinetic of grafting of glycidyl methacrylate (GMA) and vinylbenzyl
chloride (VBC) monomers onto nylon-6 fibres using an electron beam was
investigated in conjunction with reaction parameters namely, monomer
concentration, absorbed dose and grafting temperature. The order of
dependence of grafting rate of grafting parameters was determined by variation
of rpo with monomer concentration and absorbed dose. The reaction kinetics
were represented by equations: % = k[Mg]*7°[D;]*03 and %
k[M,]*?1[D,]*%® for grafting of GMA and VBC, respectively. The kinetics of
the reaction in the two grafting systems was found to be controlled by the
monomer concentration and absorbed dose. However, GMA grafting showed
higher dependence on the monomer concentration whereas VBC grafting
demonstrated higher dependence on the amount of trapped radicals, i.e.,
absorbed dose. Fourier Transform Infrared Spectroscopy (FTIR) and Scanning
Electron Microscopy (SEM) were used to provide evidence for the formation
of graft copolymers in both of the grafting systems.

Keywords: Activation energy, Grafting kinetics, Radiation-induced grafting,
Radical polymerization, Reaction mechanism.
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1. Introduction

Nylon-6 possesses excellent physico-mechanical properties [1], elasticity,
chemical and thermal stability and are applied in various household and industrial
applications [2]. Modification of nylon-6 by graft copolymerization technique can
further enhance its properties to be applied for specific applications in various fields
including immobilization of acrylamide onto nylon films to enhance their water
adsorption capacity [3]. Timus et al. [4, 5] explained that thermal behaviour and
anti-dripping properties of nylon-6 can also be improved by grafting of acrylic
monomers such as acrylic acid and methacrylic acid. Grafting of 2-hydroxyethyl
methacrylate improved the dyeability of nylon [6], whereas the incorporation of
vinylbenzyltrimethyl ammonium chloride imparted flame retardancy to nylon [7].
Moreover, high selectivity and permeation fluxes were obtained after acrylic acid
or its derivatives were grafted onto nylon-6 [8, 9]. Based on studies by Mascia and
Hashim [10], large improvements in solvent resistance were also obtained by
grafting methacrylic acid onto nylon.

Nylon is also used as a substrate for the synthesis of various functional/ionic
polymers. For example, grafting of vinylbenzyl chloride (VBC) and subsequent
amination was used to prepare fibrous adsorbent for adsorption of boron from
solutions and preparation of cation exchange nylon 6 capillary-channeled
polymer fibres by graft polymerization [11, 12]. Miyazawa et al. [13] commented
that modification of nylon by radiation-induced grafting (RIG) with vinylbenzyl
trimethylammonium chloride and sodium styrene sulfonate was used to confer
desired ion exchange properties to it in a single step.

Despite the facile modification of nylon by RIG and its use in a large number
of applications, scarce reports can be found on the kinetics of grafting reactions
involving nylon modification with this method. Thus, it is essential to understand
the kinetics of grafting of two versatile monomers that allow post-grafting
functionalization such as glycidyl methacrylate (GMA) and vinylbenzyl chloride
(VBC) both of which, produce nylon graft copolymer precursors suitable for
hosting a large number of a functional group for various applications. Comparisons
between these two different grafting systems are needed to provide an
understanding of the relationship between the grafting parameters and the level of
modification taking place in nylon substrate. This would allow identifications of
monomer favouring the desired application and the aspects to reduce the monomer
consumption and improve grafting economy.

The aim of this study is to investigate the kinetics of RIG of GMA and VBC
onto nylon-6 fibres. The relationship between the grafting parameters
(concentration of monomer, radiation dose and temperature) and the grafting yield
(DG) for both grafting systems were established. The success of grafting reaction
was confirmed using FTIR spectroscopy and SEM.

2. Experimental

2.1. Materials

VBC (mixture of 3- and 4-isomers, 97% contains 700-1100 ppm nitromethane as
an inhibitor, 50-100 ppm tert-butylcatechol as an inhibitor) and GMA with purity
of 97% were supplied by Sigma-Aldrich. The monomers were used as received.
Nylon-6 fibres with a molecular weight in the range of 1.59-2.84x108 and moisture
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content of 3.5% were obtained from Reliance Sdn. Bhd. Methanol of reagent grade
was purchased from Merck and used without further purification.

2.2.Radiation-induced grafting of monomer onto nylon-6

The RIG of monomers onto nylon-6 fibres was carried out in a two-step procedure
involving irradiation with Electron Beam accelerator (EB) and subsequent reaction with
monomer under controlled conditions as shown in Fig. 1.

The Pristine fibres samples were placed in PE bags, which were filled with N> gas
to replace the air before they were sealed. The sealed PE bags with the samples were
irradiated using an Electron Beam (EB) accelerator operated at 1.0 MeV and 10 mA.
The PE bags containing samples were irradiated with doses of 50, 100 and 300 kGy.

Monomer solutions were diluted with methanol to desired concentrations, flushed
with N2 gas and introduced to irradiated samples placed in glass reactors. The
temperatures of the grafting mixtures (fibres and monomer mixtures) were maintained
at desired values and the reactions were allowed for different time intervals up to 4 h.
The grafted samples were removed and washed with methanol several times to remove
the unreacted monomer and any homopolymer. The clean grafted samples were dried
at 40 °C for 24 h. The grafting yield (DG) resembling the weight increase was
determined by:

DG (%) = 2% % 100 @
Wo

where, Wp and W; are the weights of pristine and final grafted nylon-6 fibre samples,

respectively.

Figure 2 shows a schematic representation for RIG of GMA and VBC
monomers onto fibres. The grafting of GMA and VBC onto samples were carried
out in two-steps started by irradiation of nylon-6 fibres with EB accelerator and
subsequent grafting.

Step 1 Step 2

N2+ Triway
air purge  Stopcock

— Nz gas

Electron
beam

+To vacuum
accelerator pump

Irradiation -
Monomer

Sample soltion ||, 4|
oncomveyor  |las

Fig. 1. Two-step procedures using electron beam
irradiation and grafting reaction.
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Fig. 2. Schematic representation for grafting
of GMA and VBC onto nylon-6 fibers.

2.3.Fourier transform infrared (FTIR) and scanning electron
microscopy (SEM)

The changes in chemical structure were investigated using Fourier transform
infrared coupled with attenuated total reflection (FTIR-ATR). The analysis was
performed on a Perkin Elmer spectrometer (Spectrum RX 1) in the wave number
range of 500-4000 cm™. The spectra were obtained using a number of the scans of
10 at a resolution of 4 cm™. Scanning electron microscope (SEM) images of
samples were taken on the FEI Quanta 4000 after coating with 4-5 nm Au and
images of the samples were obtained at 20.0 kV.

2.4.Kinetic analysis

The kinetics of the grafting reactions at various grafting parameters were obtained
using the following equation [14]:

DG(%) = T;—"zn[l +y(t —to)] )

where rpo is initial polymerization rate, y is characteristic radical recombined rate
and to is the delay time. The Arrhenius equation shown below was used to
determine the activation energy.

—Ea

k = AeRT (3)
where Kk is the rate constant, A is the pre-exponential factor, R is the gas constant
(8.314 J K'*mol™) and T is the absolute temperature (K). The slope (-Ea/R) of the
In (rpo) plot vs. the temperature (1/T) is used to calculate the Ea.

3. Results and Discussion

3.1. Concentration of monomer

Figure 3 shows the variation of the grafting yield with time at different monomer
concentrations GMA and VBC grafting systems. The grafting yield for GMA and
VBC at all monomer concentration were found to increase at the beginning of grafting
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reaction and started to level off after 2 and 3 hours, respectively. These results reveal
that the increase in the monomer concentration allow more monomer molecules to
diffuse to the grafting sites in irradiated substrates leading to higher DGs.
Interestingly, the DG for GMA grafting system was found to be more than 5 times
higher than that for VBC grafting despite the use of same monomer concentrations
in both GMA and VBC grafting systems.

This suggests that GMA is more reactive than VBC. This likely because of
GMA has a higher polarity than VBC, which also has a benzene ring exerting
resonance stabilization effect. Thus, there is effective utilization of the radicals
formed on the nylon-6 substrates in the initiation of more graft growing chains with
GMA at a higher rate than VBC leading to higher DG. According to Nava-Ortiz et
al. [15] and Ikeda et al. [16], such high DG in GMA grafting system is consistent
with the results reported in the literature. The relatively lower DG obtained from
the VBC grafting system is found in agreement with the literature [17, 18].
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Fig. 3. Variation of grafting yield at different concentrations
of monomer with time for GMA: (a) VBC, (b) Reaction parameters:
solvent, methanol; reaction temperature, 30 °C absorbed dose, 100 kGy.

The relationship between initial polymerization rate and the concentration of
monomers is shown in Fig. 4. The dependence of the initial polymerization rate
(dG/dt) on the concentration of monomer was derived from the slope of the plot.
The reaction order for the polymerization of GMA and VBC onto the irradiated

substrate was 1.76 and 1.21, respectively. The grafting kinetics is represented with
the following expressions:

dGo
d_Gta,[MG]Lm @)

dGo
e alMy]t ®)

where, Mg and My are monomer concentrations for GMA and VVBC, respectively.

The result indicates that the dependency of GMA grafting system on monomer
concentration was relatively higher compared to VVBC grafting system. The higher
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value of exponent recorded for GMA grafting system also indicates that the rate of
initiation and chain propagation with GMA was higher leading to higher DG.

This suggests that the grafting of GMA and VBC onto nylon-6 substrate is
controlled by monomer diffusion to the grafting sites. The effect of monomer
concentration on grafting rate that was found in this study is similar with other
grafting systems such as acrylic acid/poly (ethylene/tetrafluoroethylene) [19] and
acrylic acid/poly (tetrafluoroethylene/hexafluoropropylene) film [20], having
reaction orders of 1.2 and 1.25, respectively.
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Fig. 4. Plot of an initial polymerization rate (rpo) vs. concentration of
monomer for GMA: (a) VBC, (b) Grafting systems.
Data are calculated according to Eqg. (2).

3.2. Irradiation dose

Figure 5 displays plots for the variation of grafting yield with time at different
irradiation doses for GMA and VBC grafting systems. The DG for GMA and VBC
at all irradiation doses were found to increase at the beginning of the reaction and
started to level off after 2 hours.

Since the concentration of radicals produced on the polymer substrate is
dependent on the irradiation dose, the increased in DG is caused by a riichse in the
amount of radicals generated in the polymer substrate with higher doses.

It is worth mentioning that grafting is initiated by the trapped radicals in the
amorphous region, which initiates the grafting reaction and allows graft growing
chains to propagate [19, 21]. After most radicals are consumed, the grafting reaction
becomes slow and this likely occurred in the first hour of reaction [21, 22].

The termination reaction of the growing chains noticeably occurred after the
third hour. Although the irradiation dose applied for GMA and VBC grafting
system was same, the GMA grafting system is found to give a DG more than
3-times higher than VBC. This further confirms the earlier observation that
GMA is more reactive than VBC.
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Fig. 5. GMA variation of grafting yield with time for grafting of GMA: (a)
VBC, (b) At different irradiation doses. Reaction parameters: solvent,
methanol; monomer concentration, 10 wt%o; reaction temperature, 30 °C.

The plot of the polymerization rate vs. irradiation dose is presented in Fig. 6. The
slope of the plot was used to obtain the order of dependence of the dG./dt on the
irradiation dose. The reaction orders for the polymerization of GMA and VBC onto
polymer substrate were found to be 1.03 and 1.66, respectively. The reaction is
represented by following kinetic equations:

% a[Dg]+03 (6)

aGo
d_Gta’[DV]l'BB 0

where, D¢ and Dy are absorbed dose for GMA and VBC, respectively.

As can be seen, the dose exponent for VBC grafting system is higher than that of
GMA grafting system. Therefore, the dependency of the VBC grafting system on the
absorbed dose is much higher than GMA grafting system.

The dependency on irradiation dose in this study is shown to be high and this
can be attributed to the difference in the types and structures of the polymer
substrates [20-23]. Since the conditions to form trapped radicals onto nylon-6
fibres were the same for the two grafting systems. Therefore, the high dependency
on the absorbed dose for VBC grafting system is likely to be related to its lower
reactivity compared to GMA. Dilli and Garnett [24] stated that the VBC monomer
has an aromatic ring with higher molecular weight and this aromatic compound
could scavenge the radicals under the influence of resonance stabilization effect.
Therefore, the low reactivity of VBC towards radicals reduced the macroradical
initiation leading to lower DG. Such results suggest that both GMA and VBC
grafting systems follow the free radical mechanism that depends on the amount
of trapped radicals and their level of involvement in the initiation of the graft
growing chains. It can be concluded that grafting of both monomers is not only
depending on the monomer concentration but also on the absorbed dose. Thus,
the overall kinetic equation for grafting of GMA onto nylon-6 fibres with
reference to Eqgs. (4) and (6) can be given in the following expression:

Journal of Engineering Science and Technology April 2019, Vol. 14(2)



Kinetics of Radiation Grafting of Glycidyl Methacrylate and Vinyldenzyl . . . . 653

0 ak[Mg M7 D613 ®)

Equation (8) can be rewritten and given in the following equation:

0 = k[Mg] e [Dg] M3 ©)

Similarly, the equation for graft polymerization of VBC onto nylon-6 fibres with
reference to Egs. (5) and (7) can be given in the following expression:

oo ak[My ]2 [Dy]15¢ (10)

Equation (10) can be rewritten and given in the following equation:

% = k[M,]-?'[D, |- (11)
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Fig. 6. Plots for initial polymerization rate (rpo) vs. irradiation dose for GMA:
(a) VBC, (b) Grafting system. Data are calculated according to Eq. (2).

3.3. Grafting temperature

Figure 7 shows the variation of the grafting yield with time at different reaction
temperatures for the GMA and VBC grafting systems. The DG increased intensely at
the beginning of grafting reaction and started to level off after 2 hours. This can be
understood based on the facts that temperature increases the reactivity of the radicals
and enhances the diffusion of the monomer to the grafting sites. Therefore, the rate
of initiation and propagation were improved leading to a higher rate of grafting.

Figure 8 shows the Arrhenius plots for GMA and VBC grafting systems. The
slope of the Arrhenius plot is used to calculate the activation energy based on Eq. 3.
The activation energies for GMA and VBC grafting systems were 34.5 kJ/mol and
60.3 kJ/mol, respectively. The GMA grafting system recorded lower activation
energy with high DG and this was due to higher reactivity of GMA and the
consequent higher initiation rate [25]. The higher activation energy coupled with the
relatively low DG obtained from the VBC grafting system was possibly due to the
resonance stabilization effect caused by an aromatic ring of VBC that can scavenge
some radicals during the process of initiation [17, 26].
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Fig. 7. Variation of the grafting yield at different temperatures with time for
GMA: (a) VBC, (b) Grafting systems. Reaction parameters:
solvent, methanol; concentration of monomer, 10 wt%
and irradiation dose, 100 kGy.
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Fig. 8. Arrhenius plots for an initial polymerization rate (rpo) vs.
1/Temperature for GMA: (a) VBC, (b) Grafting systems. Data are calculated
according to Eq. (2) and the activation energy is obtained from the slope.

3.4. Evidence of grafting

SEM of poly(VBC) grafted fibres with the reference to the pristine fibres and pure
poly(GMA) are presented in Fig. 9. As can be seen, the incorporation of
poly(GMA) and poly(VBC) onto nylon-6 fibres brought a remarkable increase in
the diameters of the fibres. The diameter of the pristine fibres was increased from
15 pum as shown in Fig. 9(a) to 28 um after poly(GMA) grafting as in Fig. 9(b) and
to 25 um by incorporation of poly(VBC) as in Fig. 9(c). This confirms the
successful grafting of GMA and VBC onto nylon-6 fibres.

The FTIR spectra of original fibres, poly(GMA) and poly(VBC) grafted nylon-
6 fibres are presented in Fig. 10.

The peaks related to pristine nylon-6 fibres at 3300 cm™*, 3086 cm™, 2931 cm'?,
2859 cm?, 1645 cm™ and 1544 cm™ are representing the hydrogen-bonded NH
stretching, NH Fermi resonance, CH, asymmetric stretching, CH, symmetric
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stretching, amide I and amide 11, respectively [18]. The intensity of these peaks was
reduced after grafting of monomers onto the fibres. The FTIR spectrum of
poly(GMA\) grafted nylon-6 fibres revealed that the peak at 1728 cm™ is due to
C=0 stretching and peaks at 1150 and 1135 cm are assigned for C-O- stretching
of the ester. Nasef et al. [27] explained that the peaks at 950, 908 and 855 cm™ are
resembling the epoxy group of the GMA. The spectrum associated with poly(VBC)
grafted nylon-6 fibres showed peaks at 1264 cm! representing the C-Cl group and
the bands at 838, 702 and 676 cm™ from the p-substituents on the aromatic ring
[18]. The FTIR results further provide strong evidence of the successful grafting of
both GMA and VBC onto nylon-6 fibres.

Fig. 9. SEM of: (a) Pristine fibres, (b) GMA grafted fibres with
grafting yield of 200%0, (c) VBC grafted fibres with grafting yield of 130%.

| @ Nylon-6
(b} Grafted GMA
() Grafted VBC

% Transmittance

[
11507] 950
1135 908

I
1264 _ 838 '"“676
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Fig. 10. FTIR spectra of pristine fibres: (a) GMA grafted fibres, (b) VBC
grafted fibres, (c) With reference to the spectra of pure GMA and VBC.

4. Conclusions

The kinetics of radiation grafting of two interesting grafting systems of GMA/nylon
and VBC/nylon diluted with methanol was successfully evaluated. The results reveal
that the initial rate of polymerization and overall grafting yield increased with the
increase in the concentration of monomer, absorbed dose and reaction temperature
for both grafting systems. The activation energy for GMA/nylon-6 and VBC/nylon-
6 were found to be 34.5 kJ/mol and 60.3 kJ/mol, respectively. These results suggest
that higher grafting yield can be obtained using GMA/nylon-6 grafting system where
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grafting yield for GMA grafting system was found to be 5 times higher than VBC
grafting system despite the use of same grafting conditions in both grafting systems.
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Nomenclatures

A Pre-exponential factor

D¢ Absorbed dose for GMA

Dv Absorbed dose for VBC

E, Activation energy

k Reaction rate constant

M Monomer concentrations for GMA
My Monomer concentrations for VBC
R Gas constant (8.314 J K-*mol )

rpo Initial polymerization rate

T Absolute temperature in K

to Delay time

Wo Weights of initial grafted

Wiy Weights of final grafted

Y Characteristic radical recombination rate

Abbreviations
ATR Attenuated total reflection

DG Grafting yield
EB Electron beam
FTIR Fourier transform infrared

GMA Glycidyl methacrylate
MOSTI  Ministry of science, technology and innovation

PE Polyethylene

PVDF Poly(vinylidene fluoride)

RIG Radiation induced grafting
SEM Scanning electron microscope

VBC Vinylbenzyl chloride
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