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Abstract

The recovery of short fibre and epoxy resin from glass fibre-reinforced epoxy resin composites (GFRP) poses a major chal-
lenge to the waste recycling sector. These challenges grow when GFRP is mixed with other additives such as carbon nano-
tubes (CNTs), graphene (GA), and carbon black particles (CB). However, the complexity in terms of activation energy (E,)
can be decreased through involvement of ZSM-5 zeolite catalyst in the pyrolysis process to convert resin component into
chemical and energy products. Within this context, this research aims to study the catalytic pyrolysis of GFRP mixed with
three fillers with different structures and dimensions (nanofillers “CNTs, GA” and micro-filler “CB”) over zeolite catalyst,
where these fillers can be used alongside zeolite particles as hybrid catalysts during the thermal conversion process. The
GFRP mixed with different filler panels were prepared in the laboratory using a vacuum-assisted resin transfer method,
then they were ground to fine particles and mixed with 200 mass% of ZSM-5 catalyst to prepare them for thermochemical
experiments using thermogravimetry (TGA) at 5-30 °C min~!. The effect of various hybrids on the formulated pyrolysis
vapours was studied using TG-FTIR and GC-Ms measurements. The kinetic E, of each batch was studied using three linear
isoconversional methods and two nonlinear isoconversional methods to investigate their effect on the decomposition mecha-
nism. Besides, their thermochemical decomposition curves (TGA-DTG) were numerically simulated using DAEM and IPR
models. The FTIR and GC analyses revealed that the hybrid catalyst had enhanced formation of aliphatic compounds and
phenol compound in case of nanofillers up to 54% (CNTs) and 57% (GA), hence improving them by 17 and 54%, respec-
tively. Meanwhile, the kinetic analysis showed that hybrid catalysts can contribute to a significant reduction in E, up to
158 kJ mol~! (CNTs), 127 kJ mol~! (GA), and 124 kJ mol~! (CB), which means that the decomposition of GFRP, becomes
easier and requires less energy. Also, the simulated and experimental results showed big consistency in terms of smaller reac-
tion complexity and higher generation of volatile compounds with increasing heating rates and addition of hybrid catalysts.
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Introduction

< Samy Yousef ) )
ahmed.saed @ktu.1t For a long time, the waste of glass fibre-reinforced ther-
mosetting resin (GFRP) composites has been causing big
inconveniences to recycling industry and those interested
in environmental matters [1, 2]. Currently, these challenges
) . . have increased greatly due to waste use in many advanced
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cal properties, low density, low electrical conductivity, long
service life, etc. [3, 4]. Besides, due to its simplicity in pro-
ducing required shapes, cheap, high chemical, thermal, and
fire resistance, the increased demand for it has been noticed
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in traditional applications such as defense, automobiles,
ships, concrete industry, aircraft structure, etc. [5—8], hence
increasing the consumption rate of fabric by 6% annually
[9]. Based on that, tremendous amounts of GFRP waste
composed of epoxy resin (40 mass%) and several layers of
glass fabrics joined together by complex covalent intermo-
lecular bonds are generated, making it difficult to treat them
mechanically, thus making landfill or incineration treatment
the most ordinary practices [10-12]. However, these prac-
tices have several limitations with regard to their economic
performance and environmental pollution. Even mechanical
practice, including milling, crushing, and shredding process
used as a pre-treatment to reduce size and to convert GFRP
waste into short fibres, manifested low performance com-
pared with neat fibre as a result of its contamination with
epoxy resin, which affects bonding in the matrix like cemen-
titious, wood, polymer matrix composites [7, 13]. Even
treatment of the recovered fibre using chemical treatment
for purification process with organic solvents or supercritical
fluids consumes too many chemicals, resulting in numerous
chemical waste and toxic emissions [14—16].

Therefore, the researchers’ attention was turned towards
thermal treatment like pyrolysis process used to decompose
the epoxy particles into vapours and gases above 450 °C
with high additional valuable compounds, such as benzene
and phenol compounds, while, glass fibre particles remain
in the solid residue [17, 18]. This process is classified as
an emerging and clean technology with less emissions and
the experiments can be carried out on a few mg using ther-
mogravimetry (TGA) to determine the thermal decomposi-
tion regions of GFRP [19]. Meanwhile, the compositions of
the pyrolysis compounds produced from the decomposition
experiments can be indicated using TGA combined with
Fourier transform infrared (TG-FTIR) spectroscopy and
gas chromatography—mass spectrometry (GC/MS) under
various heating parameters. Based on that, the activation
energies which are used to define the complexity of the
reaction as a function on conversion zones were calculated
using different kinetics isoconversional approaches [20]. The
results showed that the fabric fraction tends to increase the
complexity of the reaction, thus consuming more energy
to achieve complete decomposition during the conversion
process. Moreover, thermal decomposition of GFRP was
also investigated using a pilot scale pyrolysis reactor to get
the real products and to calculate their yield [21]. In addi-
tion, the effect of involvement of different types of filler
materials (carbon nanotubes “CNTs”, graphene “GA”, and
carbon black”CB”) on the pyrolysis performance of GFRP
and its kinetic behaviour and other measurements (e.g.
TAG, FTIR, GC/MS) was studied again [22, 23]. The results
showed that these additives have a significant effect on the
formulated pyrolysis products, especially phenol compound
(main organic element in epoxy resin), where these fillers
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act as self-catalysts helping to increase the yield of the
recovered phenol up to 46% at 10 °C min~!' (CNTs), 37% at
15 °C min~! (GA), and 67% at 30 °C min~' (CB). Whereas,
the maximum abundance of phenol compound was achieved
in neat GFRP feedstock at 10 °C min™! (43%) [19].

In order to decrease the complexity of reaction and to
improve quality of the products and to increase the calorific
value and yield, GFRP was exposed to catalytic pyrolysis
treatment using different types of catalysts such as HZSM-5
(20-500 mass%) and ZSM-5 (catalyst to feedstock ratio
(w/w); 0.5-5) [24, 25]. These catalysts help to generate a
large amount of mono-aromatic hydrocarbons, the number
of which is increased in case of ZSM-5 catalyst, especially
at ZSM-5/GFRP =2 with phenol abundance estimated
at 66% at 5 °C min~' [25]. As shown, most studies were
focused on the catalytic pyrolysis of GFRP (as received)
only, whereas, the catalytic pyrolysis of GFRP mixed with
other additives (e.g. CNTs, GA, CB) is still unknown, how-
ever, these properties and their kinetic should be known for
potential upscaling at industrial scale, especially as these
additives act as self-catalysts and hybrid catalysts (with the
main used catalyst) and are able to contribute to reduction
of complexity of the reaction and improvement of heating
values. Within this frame, this work aims to study the cata-
lytic pyrolysis of GFRP mixed with various types of fillers
(CNTs, GA, and CB) over ZSM-5 zeolite catalyst (ZSM-5/
feedstock ratio =2) using TG-FTIR and GC-MS analysis.
The experiments were performed using nano-filler materi-
als (CNTs and GA) and another filler in micro-scale size
(CB) to study the effect of fillers structure, geometry, and
dimensions on their thermal decomposition properties. Also,
the kinetic modelling of GFRP over hybrid catalysts and
their decomposed thermochemical curves was applied, as
these models are needed to bridge the gap between labora-
tory scale and industrial practices. Finally, the influence of
the hybrid catalysts (CNTs/ZSM-5, GA/ZSM-5, and CB/
ZSM-5), heating rates and testing parameters on reaction
mechanisms were analysed.

Experimental
Feedstock preparation and catalyst characterization

The GFRP reinforced by CNTs, GA, and CB panels used in
the current work were fabricated in the laboratory using vac-
uum-assisted resin transfer method. The fillers used in the
preparation had 25 nm (CNTSs), 18 nm (GA), and 10-15 um
(CB), respectively [22, 26, 27]. The composite panels with
thickness of 1 mm were composed of 60 mass% of 4 layers
of glass fabric Panda™ (Weave: Twill 2/2 type and mass:
163 g m™2), 45 mass% of epoxy resin, 15 mass% of hardener
(EPIKOTE Resin MGS® RIMR 135 and EPIKURE Curing
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Agent MGS® RIMH 1366), and 0.04 mass% of CNTs or
GA or 0.75 mass% of CB. The percentages of filler materi-
als were selected based on the optimum conditions used to
achieve higher mechanical performance of composite panels
and reported in the literature [5, 28, 29]. The feedstock was
used in the experiments by grinding the fabricated panels
into small particles, then saving them to obtain fine par-
ticles (300 pm) with uniform distribution. Approximate
parameters were measured in our recent study, which were
estimated at 40% (Volatile Matter), 2% (Fixed Carbon),
and 6% (Ash) [22, 23]. The used catalysts (ZSM-5 zeolite)
were purchased from ACS MATERIAL advanced chemical
supplier, Germany, and had the following characteristics:
Si02/A1203 molar ratio was 38, pore volume >0.25 mL
¢!, dimensions of granules were 2 mm in diameter and
2—-10 mm in length, and pore size of ~5 A [30, 31]. Finally,
each batch was given an abbreviation based on type of fillers,
ZSM-5 zeolite catalyst (ZS), and GFRP (GP), in particu-
lar, ZS/CNTs-GP (CNTs, ZSM-5, and GFRP), ZS/GA-GP
(GA, ZSM-5, and GFRP), and ZS/CB-GP (CB, catalyst, and
GFRP).

Thermogravimetric experiments

The catalytic pyrolysis experiments of GFRP over hybrid
catalysts were carried out using the thermogravimetric
analyser (TGA; model: STA449 F3; NETZSCH, Selb, Ger-
many) in nitrogen ambient with flow rate of 60 mL min~!
and sample mass of 10 mg and the weight of added ZSM-5
catalyst was 20 mg. The measurements were conducted at
varying heating conditions (5, 10, 15, 20, 25, 30 °C min_l)
at a room temperature of 40 °C and at maximum tempera-
ture of 900 °C, which was also needed for kinetic analysis.
The mass loss was recorded using Pyrys software followed
by plotting TGA curves, then obtaining DTG information
through derivation of TGA results. In order to increase the
accuracy of the analysis and pyrolysis kinetic results, all
TGA measurements were performed three times and an aver-
age value was taken. Based on the calculated DTG data,
the devolatilization index (D;) and the heat-resistance index
(THRI) were determined using Eqgs. (1, 2) [32, 33]. Defini-
tions of all parameters used in the present work are listed in
Table S1 in the Supplementary Materials section.

R
D. = max

T T x (T,) x (AT) W
THRI = 0.49 X [T5 + 0.6 X (T3, — Ts)] )

Chemical analysis of the obtained volatile
compounds

The generated pyrolysis vapours and gases from catalytic
pyrolysis of GFRP mixed with fillers at the maximum deg-
radation region were analysed using (Vertex70 spectrom-
eter) FTIR combined with the thermogravimetric analyser.
Also, these products were collected using automatic Auto-
injector™, and then analysed again using gas chromatogra-
phy—mass spectrometry (GC/MS, Thermo Scientific ISQ™
single quadrupole) to determine their main composition. The
GC/MS measurements were conducted using column setting
with the following characteristics: Argon>99.999%, 20 psi,
and 95 °C injector temperature [34, 35].

Catalytic pyrolysis kinetics of GFRP samples

To describe the mechanism of the catalytic pyrolysis kinetics
of GFRP samples with additives, a kinetic analysis was used
to determine the complexity for all samples. The complex-
ity of the whole conversion process was determined using
Kissinger model, as formulated in Eq. [3]. Also, accord-
ing to ICTAC Kinetics Committee, the complexity can be
determined by defining the relationship between activation
energy (E,) and conversion rate (y) using linear isoconver-
sional model-free methods. These methods have several
models, from which Kissinger—Akahira—Sunose (KAS),
Flynn—Wall-Ozawa (FWO), and Friedman models were
selected and used in the present research using Egs. (4-6).
However, linear models are very sensitive for noise data,
thus affecting accuracy of the calculated E,. Therefore, Vya-
zovkin and Cai nonlinear methods were used to calculate
E, using numerical integration algorithms. The basic for-
mulas are shown in Egs. (7, 8) and all equations are listed
in Table 1.

Reconstruction of TGA and DTG curves using DAEM
and IPR models

The thermal decomposition of TGA-DTG curves of GFRP
for each lower and higher heating rates (5 and 30 °C min™')
was reconstructed using the kinetic models of distributed
activation energy (DAEM) and independent parallel reac-
tions (IPR) based on activation energy (E1 and E2) and pre-
exponential factor (A1 and A2), which can be calculated
using Egs. (9, 10) [38]. The experimental curves overlapped
with their, respectively, reconstructed TGA and DTG curves
and both curves were compared mathematically curves using
deviation (Dev.%) formula, as described in Eq. (11) [39].

P\ o (AR _ L
ln<ﬁ>_ln(E>+O.6075 RT 9)

a
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Table 1 Formulas of linear and nonlinear isoconversional models [36, 37]

Eq. No Method Expressions Plots Slope value
3) Kissinger In (ﬁ) —In ( ) _E In (ﬁ/T’i) versus I/T —E,/R
72 RT
) Kissinger—Akahira—Sunose In ( ﬁz ) —In ( ) _ —Ea In(B/T?) versus 1/T -E/R
T Eag(y) RT
5) Flynn—-Wall-Ozawa Inp = (lnAEa) _ 5335 — L6k Ing versus 1/T —1.0516E,/R
Rey RT
6) Friedman In (&) = n(Af () ( —Ea ) In(dy/dr) versus 1/T —-E/R
ar RT
(@) Vyazovkin a ! —E/R
@ = [ & = A [ exp(~E/RT)dr ‘
0 0
®) Cai —E/JR
A,_ynR Eyyp
In = =In { z vy } — o
22 —yr2 8(Y:Y=Y) RTy;
=) ransba ] A
y-Ay,i
dm e 3 4x. the decomposition profiles, as it has higher thermal stability
I —(mo - m) Z Cid_tl (10) and cannot decompose at such a low level. Therefore, the

i=1

_ 100y/FO.pr6Z — N)
Dev.(%) = max (|dm/d1]) ab

Results and discussion
Thermal behaviour of GFRP samples

Figure 1A-F shows the TGA and DTG profiles obtained for
the catalytic pyrolysis of GFRP samples with different filler
materials at under heating rates of 5, 10, 15, 20, 25, and
30 °C min~!. TGA profiles (Fig. | A—C) showed three differ-
ent decomposition regions. The first mass-loss region up to
140 °C temperature is attributed to the evaporation of mois-
ture in the feedstock and catalyst with a very small mass < 1
mass%. The second and third decomposition regions of mass
loss at temperatures between 320 (3 mass%) and 460 °C (12
mass%) were determined by evaporation of chemical resi-
dues remaining from the production process in the second
region followed by full degradation of all components of an
epoxy resin fraction, including bromine element [40, 41].
Finally, the undecomposed fraction remaining as a solid resi-
due fraction was composed of short fibreglass (which needs
a higher temperature to decompose), carbon black, and the
used catalyst. As shown, the total mass loss in all samples
was estimated at 16 mass% due to thermal degradation of
epoxy resin fraction only; however, these results conflict
with the original mass of epoxy in the feedstock, which was
estimated at 40%, as listed before. This conflict resulted from
considering the mass of the used catalyst during plotting of
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catalyst mass was removed from all calculations to obtain
the accurate curves and the total mass loss was estimated
at 50%, what means that involvement of the catalyst in the
reaction did not affect significantly the whole mass loss and
the main effect in the formulated compounds, as shown in
the following sections [30]. On the other side, DTG pro-
files (Fig. 1D-F) showed that the maximum decomposi-
tion temperatures of the tested samples lie in the ranges of
420-540 °C. Also, the intensity of these peaks increased
gradually as heating conditions increased due to the fact
that higher heating rates led to bigger heat flux, thus facili-
tating the transfer of heat between the outer surface of the
pyrolysed particles (suppose direct to heating source) and
their inner molecules, thus speeding up the decomposition
process [42]. Based on the TGA-DTG profiles, all catalytic
pyrolysis characteristics of fillers/GFRP, including Di and
THRI, were determined and all characteristics are summa-
rized in Table 2.

It seems that the Di value of all samples increases with
the increase of the heating rate, which facilitates the vola-
tilization process and helps to enhance the release of vola-
tiles since the devolatilization reaction is classified as an
endothermic process, while the formation of solid residue
fraction (char and fibres) is an exothermic process. Also, the
higher heating rate led to reduce the residence time of the
tested sample at low temperature what led to an inhibiting
condensation reaction and enhancing the devolatilization
reaction. It can be seen that the Di value of the samples
decomposed over catalyst is larger than that of the sample
decomposed without catalyst at the same heating rate [43].
On the other hand, the THRI values of ZSM-5/fillers/GFRP
samples were observed to fall in the ranges of 324-331 °C.
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Fig.1 A-C TGA analysis and D-F DTG profiles of ZSM-5/fillers/GFRP samples

When compared with the THRI value of the fibre/epoxy
sample (without catalyst: 166—178 °C [19]), the THRI values
of the ZSM-5/filler/GFRP samples increased with the addi-
tion of CNT, GA and BC fillers due to the chemical modi-
fication of epoxy resin and its high thermal stability [44].

FTIR analysis of the formulated compounds

The functional groups existing in the vapour pyrolysis and
gaseous compounds were identified using the TG-FTIR
system. Figure 2 shows the 2-3D FTIR spectra of pyrolytic
compounds of ZSM-5/fillers/GFRP samples produced in
the maximum degradation region and under various heat-
ing rates. The tested samples have similar chemical bonds

and all the corresponding peaks are defined in Table 3.
In all batches, O—H stretching (3646 cm™}), CO, group
(2956 cm™!), and aromatic benzene group (1186 cm™})
represent the main broad bands [19]. The uptake of these
functional groups also increases significantly with increas-
ing heating conditions and heat flux; besides, the epoxy
resin molecules are broken into smaller molecules and
converted into volatile and chemical compounds faster
[45]. These features were observed in the FTIR spectra
of the compounds obtained from pyrolysis of GFRP, but
the intensity of CO2 band at 2352 cm™! was a little bit
smaller. Meanwhile, in case of ZSM-5/GFRP sample,
this group was a little bit sharper [25]. In the same direc-
tion, 3D FTIR spectra showed that the peaks become
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Table 2 Catalytic pyrolysis

< Pyrolysis parameters
characteristics of ZSM-5/fillers/

ZS/CNTs-GP, Heating rate/°C min™"!

GFRP samples under various 5 10 15 20 25 30

heating conditions
Ti/°C 306 324 329 330 324 330
Tm/°C 352 363 375 378 380 381
Tf/°C 554 541 569 565 579 601
Rmax/% min™" 1.08 2.17 3.11 4.69 6.03 7.19
Di/% min~! °C~3 2.9E-07 4.7E-07 5.5E-07 9.9E-07 1.2E-06 1.2E-06
AT 34 39 46 38 40 46
T5 344 358 365 367 368.9 369
T30 888 884 873 865 860 856
THRI 328 330 328 326 325 324

ZS/GA-GP, Heating rate (°C min™")
Ti/°C 298 302 303 321 332 311
Tm/°C 348 366 578 374 385 607
Tf/°C 583 589 370 575 577 602
Rmax/% min™" 0.85 1.81 2.93 3.76 5.38 6.4
Di/% min~! °C3 1.8E-07 3.7E-07 3.6E-07 5.9E-07 7.4E-07 5.7E-07
AT 45 44 46 53 57 60
T5 362 366 358 355 351 337
T30 871 872 862 871 883 888
THRI 327 328 324 326 328 327
ZS/CB-GP, Heating rate/°C min~!

Ti/°C 290 306 309 319 318 331
Tm/°C 365 365 371 378 394 402
Tf/°C 564 570 583 589 593 604
Rmax (% min™!) 0.7 1.58 2.9 3.87 5.25 6.37
Di/% min~! °C3 1.1E-07 2.9E-07 5.0E-07 5.9E-07 9.3E-07 8.1E-07
AT 58 49 51 54 45 59
T5 336 350 361 362 377 378
T30 888 883 871 864 875 875
THRI 327 328 327 325 331 331

smoother as heat was growing, and less disturbance peaks
were reached. Therefore, it is highly recommended to use
stronger heating during the thermochemical treatment of
GFRP mixed with fillers to decompose all of epoxy mol-
ecules during shorter reaction time.

GC-MS analysis of the formulated volatile product

Figure 3 illustrates the GC/MS spectra of volatile prod-
ucts at the maximum peak in the specified heating ranges
(5-30 °C min~") for all ZSM-5/fillers/GFRP samples, while
the normalized peak areas of the formulated organic com-
pounds are shown in Table [S2—S4]. As shown, the type
of filler and heating conditions have a significant effect on
the formulated organic compounds in the volatile products
produced form catalytic pyrolysis of GFRP. However, phenol
compound was the main element in all decomposed samples,
even with changing heating rates, yet the abundance was
different as shown in Fig. 4.
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It was estimated as 54% at 5 °C min~' (ZS/CNTs-GP),
57% at 10 °C min~! (ZS/GA-GP), and 59% at 25 °C min™"
(ZS/CB-GP). The increase was noticeable, when compared
with the virgin GFRP (43% at 25 °C min~') and the same
composite batches without catalyst [19, 23]. Meanwhile, the
results were not much smaller when compared with ZSM-5/
GFRP and CB/GFRP [22, 25], where the abundance of phe-
nol was increased by adding ZSM-5 by 53% (GFRP), 17%
(CNTs/GFRP), 54% (GA/GFRP). In case of CB/GFRP, it
decreased by 12%, as shown in Fig. 5. As shown, the maxi-
mum phenol yield was obtained from ZS/CNTs-GP and ZS/
GA-GP at low heating rates, while in the case of ZS/CB-GP
it was obtained at a higher heating rate. This is due to the
high thermal conductivity of CNTs and GA nanomaterials
that accelerate the heat transfer between the outer surface
of the pyrolysed particles faster and accelerate the decom-
position reaction [46]. On the contrary, the pristine GFRP
sample has a poor thermal conductivity which needs higher
heating conditions for better heat exchange and complete
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Fig.2 2-3DFTIR analysis of
vapour pyrolysis compounds 7S/CNTs-GP
generated from ZSM-5/fillers/
GFRP samples
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degradation [47]. Besides, CNT and GA fillers a higher

surface to volume ratio that helps in increasing the con-

tact surface between the fillers and the volatile compounds

Table 3 Definitions of the functional groups of the formulated vapour generated. In addition, the relatively large size of the CB
pyrolysis compounds (upto 15 pm) can clog the pores of the catalyst used in the
Wavelength/cm™! Functional group definition ~ upgrading process [25]. This means that this kind of fillers
has a significant effect on catalytic pyrolysis of GFRP, yield

3646 O-Histretching of the recovered phenol and the composition of the other
2956 CO2 group formulated compounds, in addition to the effect of catalyst
2360 band of CO2 which helps to enhance the volatile products [48]. Besides,
1725 carbon-yl (C=0) the effect of heating conditions plays an important role in
1300-1494 N-0 group the heat flux produced during the reaction [49]. Also, some
1186 Aromatic benzene group

boron-based compounds were observed in the GC-MS
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Fig.3 GC-MS analysis of the decomposed ZSM-5/fillers/GFRP samples
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results due to fact that boron can be used as curing agents
to increase the thermal stability and flammability of epoxy
resins during its production process [50, 51]. Therefore, the
catalytic pyrolysis process over ZSM-5 is a very recom-
mended technology to treat GFRP mixed with nanofillers
(like CNTs and GA) to recover phenol from them, while its
performance is not good with regard to such micro-particles
as CB. Finally, the recovered phenol and other compounds
can be used in several advanced applications, including
chemical and renewable energy fields [52-54].
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Catalytic pyrolysis mechanism of fillers/GFRP

The feedstock was composed of short fibreglass, epoxy
resin, and filler materials (CNTs, GA, and CB). The ther-
mochemical process can help to decompose organic fraction
only (epoxy resin), while fibreglass remains as a residue, and
the filler material acts as a self-catalyst. The decomposi-
tion mechanism of the samples and their complexity were
studied in this part based on TGA measurements supported
by GC/MS results. Since the highest amount of phenol
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Fig.5 Abundance of the phenol compound recovered from GFRP
samples in presence and without ZSM-5 catalyst [19, 22, 23, 25]

compound was recovered from ZS/CNTs-GP, ZS/GA-GP,
and ZS/CB-GP at 5 °C min~' (based on GC/MS measure-
ments), the proposed mechanism was built and discussed
based on these samples and conditions, then compared to the
GFRP mechanism published by our team earlier. Figure 6
displays the proposed mechanism of the selected samples
under the applied heating conditions and in presence of a
catalyst, according to the TGA results. Regardless of the
type of fillers, the mechanism starts with evaporation of
moisture presented in catalyst and feedstock together up to
155 °C, then followed by evaporation of chemical residues
from various production processes up to 320 °C. Besides,
the glass fibres were dismantled from epoxy resin debris
by breaking the friction and chemical bonds between them
[55]. As shown, filler types and catalyst adding did not play

any role in these regions since the profiles in these areas
are fully matched. After that, the applied heating penetrated
through epoxy resin debris and broke down their internal
van der Waals’ bonds and their chain scission into smaller
molecules followed by recombination of the reactions and
formulation of its basic compound (phenol) up to 460 °C
[56]. The amplitude of phenol compound was changed by
type of filler materials and also the heating rate applied,
as shown in GC/MS analysis, where smaller molecules had
very low crystallinity allowing hybrid catalysts (CNTs, GA,
CB/ ZSM-5) to react with them in highly effective catalytic
reactions through dihydroxylation and cracking of phenol
and bisphenol, then debromination of brominated elements
from them followed by decomposition into aromatic hydro-
carbons with significant selectivity towards monophenol
compound [16, 41, 57].

This is due to the fact that ZSM-5 catalyst has a large
porosity allowing brominated elements to diffuse smoothly
in their structure and to perform the debromination pro-
cess with high efficiency. Besides, its stronger acidity and
selectivity of aromatic compounds led to cumulatively large
amount of phenol compound compared with decomposed
samples without catalyst [18, 58]. Also, in these organic
fractions can decompose only, while CNTs, GA, and CB
cannot decompose at such low temperatures, where these
fillers can decompose above 650 °C and convert into CO2
[59-61]. However, these undecomposed fillers precipitated
on the surface of ZSM-5 particles and formed hybrid cata-
lysts (CNTs, GA, CB/ ZSM-5) leading to acceleration of the
breakage rate generating more gaseous and hydrocarbons
compounds [36]. This bonding depended on the contact
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Fig.6 Mechanism of ZSM-5/fillers/GFRP pyrolysis
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between filler and catalyst, where CNTs and GA had a ratio
and surface to volume ratio higher than CB particles leading
to higher contact with ZSM-5, thus acting as a single catalyst
with double selectivity performance [62, 63]. While CB has
a lower surface to volume ratio (compared to CNTs and GA)
and larger particle size (up to 15 pm) it can clog the pores
of the ZSM-5 catalyst what is the effect on the performance
of the phenol extraction process [22, 25]. Finally, the non-
composed components, short fibreglass, and the used cata-
lyst remained in the form of ash and solid residue in the last
regions, which can be used as filler material for concrete or
in composite applications in general [64, 65].

Kinetic study results
Activation energy for the entire thermochemical process

Kissinger model using Eq. (3) was used to evaluate the com-
plexity of the entire thermochemical process in terms of
total activation energy (E,,). The E,, value for each sample
was determined by plotting the linear relationship between
In ( B/ T32) and 1/7, then determining the slop of these curves,
which is defined as — E,/R and R=8.31 JK™' mol™" and the
fitted Kissinger curves are shown in Fig. 7. The calcula-
tion showed that ZS/CNTs-GP, ZS/GA-GP, and ZS/CB-GP
samples had E,,, estimated at 157 kJ mol™!, 147 kJ mol ™",
and 105 kJ mol~!, respectively. It seems that all samples
with nanofillers had almost the same E,,, while the differ-
ence from the micro-filler sample was big. Also, compared
to GFRP (126 kJ mol™!), ZSM/GFRP (161 kJ mol~!), CB/
GFRP (182 kJ mol™!), CNTs/GFRP (155 kJ mol~}!), GA/
GFRP (176 k] mol_l) samples [19, 22, 23, 25], ZSM/fillers/
GFRP samples had lower Etot what indicates that pyrolytic
decomposition process became easier than the case of with-
out a catalyst. Whereas the variation in the fitted data due
to the simplicity of the Kissinger model which was built on
the basis of a single reaction approach without too much
assumptions [66]”.

Activation energy for each conversion region

The complexity of each conversion (y) for the entire ther-
mochemical process was estimated in term of activation
energy (E,) using three linear isoconversional models (Kiss-
inger—Akahira—Sunose (KAS), Flynn—Wall-Ozawa (FWO),
and Friedman) and two nonlinear isoconversional models
(Vyazovkin and Cai).

Linear isoconversional models By using these models, E,
was determined using the curve fitting method for each
model, then E, was calculated from the slope term of each
fitting curve. Figure 8 shows the fitted KAS, FWO, and
Friedman models in the conversion ranges of 10-90% using
Eqgs. (4-6). KAS and FWO fitted curves were composed of
parallel straight lines in the ranges 20-90%, while at the
lowest conversion zone (y=10%), they showed random
distribution. Whereas, Friedman curve showed overlapping
straight lines with several disturbances in the main degrada-
tion regions with a little random distribution also at y=10%.
Due to of parallel reactions resulting from changes in the
composition of feedstock and produced from catalyst and
filler materials leading to significant changes in the chain
size of organic fraction present in the feedstock [21, 67].
Friedman approach is very sensitivity to noise data obtained
during the measurements, what effected the accuracy of
results of E,. Based on that, KAS and FWO linear isoconver-
sional are suitable models to investigate the reaction mecha-
nism of ZSM/fillers-GP samples above 10% until the end of
reaction. All values of the calculated E, obtained from each
model and its coefficient of determination (R2) as a function
of conversion rate are shown in Fig. 9 and Table S5. It was
noticed that the activation energy as a function of conver-
sion increases and decreases due to the fact that the feed-
stock contains a larger number of pseudo-components and
pseudo-subcomponents (e.g. fibres, epoxy, hardener, fillers,
other additives, etc.) which decomposed individually during
the conversion process. Each element of these components

(a) (b) (c)
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Fig. 7 Plots of Kissinger relationships of A ZS/CNTs-GP, B ZS/GA-GP, and B ZS/CB-GP samples
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Fig.9 The relationship between the activation energy and conversion rate of A ZS/CNTs-GP, B ZS/GA-GP, C ZS/CB-GP samples

has a different E, lead to appear these changes in the values
of E, [68, 69].

While the average E, at each heating rate for all sam-
ples are shown in Fig. 10. In ZS/CNTs-GP sample, lin-
ear KAS (157 kJ mol™!) and FWO (177 kJ mol~!) mod-
els were applied, while Friedman model proved a high
extreme value (230 kJ mol™') due to its aforementioned
high sensitivity to noise data. The same features were

noticed in other samples (ZS/GA-GP and ZS/CB-GP)
with some differences in E, values, where ZS/CB-GP
showed a higher value. Also, it was noticed that the aver-
age values of R2 for all conversion regions were located
in the rages 0.823-0.874. The values are so low due to
the fact that these kinds of models can be used to predict
the reaction mechanism in the main conversion regions
(20-80%). Therefore, having ignored lower and higher

@ Springer



S. Yousef et al.

Fig. 10 The calculated average 300
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values, after recalculation of R?, the values were estimated
at>0.85, being highly predictable values. When these E,
values were compared with the results of pyrolysis of
GFRP (with and without catalyst) with E, in the ranges
182.91-274.43 kJ mol ™! [19, 22, 23, 25], the present val-
ues were much easier.

Nonlinear isoconversional methods E, for each conversion
zone was determined numerically again using Vyazovkin and
Cai nonlinear isoconversional methods (Egs. (7, 8)) in order
to get the right values of E, in ranges of 10-90%. The opti-

ZS/CNTs-GP
Sample code

ZS/GA-GP ZS/CB-GP

average E, obtained from both nonlinear models are almost
similar (159 kJ mol™") with less R2 in the main conversion
ranges. This means that nonlinear isoconversional models
have higher predicted to simulate pyrolysis kinetics of ZSM-5/
fillers/GFRP samples compared with linear methods. Based
on the conditions used to calculate the optimal values, Vya-
zovkin and Cai curves were fitted as illustrated in Fig. 11 and
the definition of Y-axes are provided in Egs. (9, 10).

b
mal values of E, were obtained after several iterations and 10 - (12)
« e, .. . X; e
the initial conditions used to run the built code of E, were Ty2i h(xy;) = = h(¥yi0a)
200 kJ mol~'. The E, obtained at each conversion and itera- yinod
tion for all samples are listed in Table (S6, S7). It is clear the
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Fig. 11 Plots of nonlinear isoconversional relationships of ZSM-5/fillers/GFRP samples
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Table 4 shows the kinetic

Sample ZS/CNTs-GP 7ZS/GA-GP 7S/CB-GP
parameters (E and A) calculated
from DAEM and IPR models Model DAEM IPR DAEM IPR DAEM IPR
El 176.65 161.41 145.7 134.12 90.05 82.28
Al 7.39E+ 16 2.92E+12 3.23E+12 1.35E+08 2.01E+09 7.93+04
E2 219.05 206.87 183.9 172.32 111.667 105.46
A2 8.12E+ 16 3.11E+13 3.63E+ 12 1.43E+09 2.20E+09 8.43E+05
1. Aromatic benzene, O—H stretching, and phenol were the
main functional groups and GC compounds; their pres-
In bi (13) ence was abundant, especially in case of CNTs (54%)
7 h(x ) e .h(x ) and GA (57%).
o ol R getubei N oA 2. The involvement of fillers and catalyst can decrease the

Prediction of TGA-DTG curves using DAEM and IPR models

The TGA and DTG experimental curves of ZSM-5/fill-
ers/GFRP samples were predicted using DAEM and IPR
models. Only fitting TGA and DTG curves at minimum and
maximum heating rates (5 and 30 °C min~') are presented
just to save time and space. In the presented figures, the
TGA and DTG experimental curves were presented in black
and blue solid lines, respectively, while the calculated data
were presented in yellow and blue dotted lines. It is clear
that DAEM model succeeded to predict the TGA profiles
of ZSM-5/fillers/GFRP batches with a significant reduction
in deviation values in the ranges 0.6-2 (depending on the
composition of feedstock and heating rates). Similarly, IPR
model shows high performance to predict DTG data with
deviation values less than 2. Finally, the optimum values of
activation energies (E1 and E2) and pre-exponential factors
(A1l and A2) used in the fitting of TGA and DTG profiles
are shown in Table 4 for optional upscaling.

Conclusions

In this work, the effect of adding fillers and catalyst on the
pyrolysis GFRP and its kinetics and composition of the gen-
erated vapour products was studied. The pyrolysis experi-
ments were conducted on GFRP reinforced by carbon nano-
tubes (CNTs), graphene (GA), and carbon black particles
(CB) over ZSM catalyst. The chemical structure and the
composition of vapour products were observed using ther-
mogravimetric analysis coupled with FTIR and GC/MS. We
modelled the catalytic pyrolysis behaviour and complexity
using various linear and nonlinear models. The major dis-
covered results are summarized as follows:

pyrolytic activation energies of GFRP from the ranges
of 182.91-274.43 kJ mol™' to 124-158 kJ mol ™" based
on kinetic studies using linear and nonlinear models.
This confirms that the catalytic pyrolysis process of
GFRP over nanofillers and a catalyst is very beneficial
and continues to decrease the consumption of pyrolysis
activation energy.

3. Also, the kinetic prediction results for simulation of
TGA and DTG curves using DAEM and IPR showed a
lighter performance for that purpose and smaller devia-
tion (< 2).

Based on the experimental and kinetic modelling
results, future studies of the effect of addition of fillers
and catalyst to the pyrolysis of GFRP should be performed
by bench-scale reactor to simulate the industrial scale and
to calculate the yield and economic and environmental
performance of the suggested treatment.
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