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Recently, global demand for glass fibre-reinforced thermoplastic (GFRP) composites and
their applications in the production of wind turbine blades has increased due to their
bigger strength, impact resistance, toughness, etc. compared to thermosetting resin. In this
work, the thermal degradation and pyrolysis kinetic behaviour of GFRP were studied using
TG-FTIR, Py-GC/MS, linear and nonlinear isoconversional models to investigate potential
applications in the use of pyrolysis technology in end-of-life GFRP treatment. The experi-
ments were carried out on milled glass fibre/poly(methyl methacrylate)-PMMA composites
prepared using the vacuum-assisted resin transfer method and the grinding process. The
morphological, ultimate, and proximate properties of the feedstock were observed. The
thermal and chemical degeneration of the milled GFRP was studied using TG-FTIR, while
the composition of the obtained volatile products was identified using Py-GC/MS. With
regard to pyrolysis kinetic behaviour of GFRP, the activation energy (Ea) of whole pyrolysis
treatment was determined using Kissinger model, while linear and nonlinear isoconver-
sional models were employed to calculate Ea for each conversion phase. Finally, the kinetic
methods of distributed activation energy and the independent parallel reactions were
employed to fit TG-DTG experimental data. The results revealed that the GFRP is rich in
volatile content (49%), while TG-FTIR analysis showed that C—H, C=0, N—-O, C—0—C were
the main functional groups in the formulated volatile products. Meanwhile, GC/MS mea-
surements showed that methacrylic acid (at 5 °C/min) and 2-Butenoic acid, methyl ester,
(Z) (at 10—30 °C/min) were the major compounds in the obtained volatile products with
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abundance of 92% and 88%, respectively. Meanwhile, the kinetic study showed that Ea was

estimated at 200 KJ/mol (Kissinger), 143—184 KJ/mol (linear models), and 153—157 KJ/mol

(nonlinear model) with R? in the range of 92—96.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Glass fibre-reinforced thermosetting resin (GFRS) and ther-
moplastic (GFRP) composites are among the most popular
lightweight materials [1,2]. These materials are also classified
as a key player in case of the structural engineering materials
involving them into several applications, such as aircrafts,
automotive, marine applications, aerospace, defence in-
dustries, energy, wind turbine blades, electronics, etc. [3—5],
due to high specific mechanical, chemical, and thermal
properties of these materials [6,7]. However, in the recent
years, the global demand for GFRP has increased due to their
shorter production cycles, higher impact strength and
toughness, good recyclability, possibility to be connected
easily, stored for long time without any special storage con-
ditions, and ability to be processed more rapidly compared
with GFRS [8,9]. Generally, epoxy resin is the most common
industrial thermosetting resin product, while poly(methyl
methacrylate)-PMMA is a common thermoplastic resin and is
used widely in biomaterial applications [10,11], where these
different types of thermoplastic resins are used to improve the
performance of carbon fibre, glass fibre, natural fibre, etc.
using different preparation techniques [12—14].

During the production processes of GFRP composites, a lot
of scraps and waste are generated in each production stage
along with end-of-life GFRP composites [15,16], what forecasts
generation of huge amounts of GFRP waste, hence causing
serious health and environmental problems [17]. Therefore,
the disposal and valorisation of GFRP waste are becoming a
very critical environmental and economic challenge for
manufacturers [18]. Usually, landfilling is used to dispose of
waste composites without recovery of any added-value
products (e.g., energy and raw materials) [19], what causes
many negative burdens on the environment in terms of
increased amount of greenhouse gases in landfill, contami-
nation of soil and water with toxic gases, and diminished
agricultural areas [20]. Based on that, landfilling is considered
the worst choice from the economic and environmental point
of view. The second choice is incineration that can be used to
recover energy in the form of heat [21] with some residues that
can be disposed through landfill, too [22]. In order to avoid the
limitations of landfill and incineration solutions, many ap-
proaches were developed to manage these end-of-life com-
posite and to recycle fully or at least partially the involved raw
materials. These processes can be classified into mechanical,
thermal and chemical recycling processes [23].

Mechanical recycling consists of two main processes:
reduction of the size of GFRS and GFRP by shredding ma-
chines followed by the grinding process using hammer mills
to produce fine particles. After that, the milled particles can
be sorted and separated by sieving, thus, separating resin

powder and short fibres combined with resin [24]. The
separated resin powder can be processed several times again
using common technologies (e.g., hot pressing, extrusion,
injection moulding, etc.), and then used for different appli-
cation [25]. The short fibres combined with resin can be used
as filler materials to improve the performance of cement,
wood, etc. [26,27]. However, the recovered particles showed
several limitations related to compatibility and adhesion
with base materials, as well as high viscosity caused by
elevated fibre volume fraction, which makes it difficult to
process the particles again or decrease their melt viscosity by
adding neat resin to powder in order to reach the ideal values
[28]. Therefore, Tatariants et al. (2018) used chemical treat-
ment in the dissolution process to purify the extracted short
fibre after dissolution of the remining fraction with the help
of organic solvents followed by re-extraction of resin from
the solution [29,30]. Although the same concept was used to
purify fibre, but it was observed that resin degraded and
could not be recovered like neat resin, as it had lost some of
its properties [31]. Also, this type of treatment needs a big
amount of solvents, some of which are classified as toxic and
harmful solvents (e.g., DMF, chloroform, etc.), and separation
takes longer reaching 72 h [32,33].

What regards thermal practice using pyrolysis, this kind of
treatment is used to decompose GFRS and GFRP into lower-
weight molecules, including liquid, gases, and solid fractions
(char mixed with fibres). Usually, pyrolysis experiments of
both GFRS and GFRP are performed using thermogravimetric
(TG) for lab scale and a reactor of pilot scale in the range of
450—700 °C (depending on type of resin) [34,35]. The results
recommend to perform the treatment at 500 °C to avoid any
detrimental impact and degradation of mechanical perfor-
mance of the recycled fibres [36]. In literature, the majority of
the studies were focused on thermal recycling of GFRS,
particularly, epoxy resin/glass fibre and studied their pyrolysis
kinetics using FTIR and GC/MS [37—39]. However, there is little
information on thermal degradation of GFRP and only few
studies were performed to understand the pyrolysis behav-
iour of GFRP. For example, Baek et al. (2018) used pyrolysis
treatment to recover carbon fibres from waste PET/carbon
fibre composites in the range 400—700 °C [36]. With regard to
glass fibre/PMMA, most of the studies were focused on py-
rolysis properties of neat PMMA, extruded and cast PMMA,
PMMA waste, PMMA—ABS waste, PMMA scraps, PVC/PMMA,
CNTs/PMMA using thermogravimetry, pyrolysis reactors and
pyrolysis-gas chromatography/mass spectrometry (Py-GC/
MS) to recover methacrylic acid and other energy and chem-
ical components [40—47]. In addition, the thermal kinetics of
PMMA were studied using different techniques [48—51]. As
shown in the literature, the pyrolysis properties of glass/
PMMA pyrolysis kinetic parameters are still missing and all
this information is necessary for potential upscaling.
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In fact, the choosing of a suitable pyrolysis kinetic model is
still a matter of debate in the scientific community due to
occurring many heterogeneous reactions during the conver-
sion process, what maks hard to propose their pyrolysis ki-
netics. In this regards, several models have been developed in
the literature to study the kinetics of waste pyrolysis in gen-
eral (like GFRS, which has almost similar composition). These
methods can be classified into linear isoconversional models
(Kissinger—Akahira—Sunose, Flynn—Wall-Ozawa, and Fried-
man) and nonlinear isoconversional models (Vyazovkin and
Cai). In linear isoconversional models, the activation energies
(Ea) at whole conversion zone can be estimated without giving
any attention to other kinetics factors, while Ea can be
determined using nonlinear isoconversional models through
integral mechanical model with high accuracy [52]. Therefore,
pyrolysis kinetic behaviour of glass/PMMA were studied in the
present research using both models and the distributed acti-
vation energy model (DAEM) to calculate both Ea and pre-
exponential factor. Also, and in order to encourage the man-
ufacturers to upgrade this technology and invest in it, this
research aims to study the basic principle of thermal decom-
position of glass/PMMA and its synthesized volatile products
using TG-FTIR and GC—MS measurements. In addition, the
thermal decomposition curves were modelled using the
distributed activation energy model (DAEM) and independent
Parallel Reactions Kinetic Model (IPR).

2. Experimental
2.1. Materials and sample preparation

Glass fabric Panda™ (Weave: Twill 2/2 type), Methyl methac-
rylate (MMA: 617H119-Orthocryl Resin) resin and its poly-
merizer (Benzoyl peroxide-BPO: Orthocryl resin 617P37, Otto
Bock) were purchased from Otto Bock Healthcare GmbH,
Waldenbuch, Germany. The samples with 4 layers of Glass
fabric with nominal size of 100 mm x 100 mm were prepared
according to our previous study. Briefly, at first the resin and
polymerizer solution with (PMMA) weight ratio is 100:2 was
prepared using a mechanical mixer for 10 min, followed by
removal of entrapped air bubbles using a vacuum chamber at
100 bars. Subsequently, glass fibre/PMMA composite panel
was fabricated using the vacuum-assisted resin transfer
approach followed by curing process using the infrared lamp
and industrial oven, respectively [53]. Finally, the prepared
cured glass/PMMA panel was milled into fine powder using
ball milling (for 20 min and 20 Hz) to minimize mass and heat-
transfer resistances during the thermal investigation [54],
thus obtaining a uniform glass/PMMA powder ready for the
main experiments and analysis.

2.2. Characterization of feedstock

The morphology and microstructure of the fabricated panel
and its milled powder were observed using Scanning Electron
Microscope (SEM: Model BPI-T) and microscope, respectively.
Also, the carbon, nitrogen, hydrogen, sulphur, oxygen content
of the powder fraction was determined using PerkinElmer
2400 CHN analyser. In addition, volatile matter, fixed carbon

and ash content of the glass/PMMA powder sample were
determined on the basis of E1756-01, E872-82, and E1755-01
standards [55,56]. The proximate analysis was carried out
using thermogravimetric analysis (TGA) through two stages;
a) determination of moisture and volatiles contents and b)
determination of fixed carbon and ash contents. In the first
stage, the sample was heated till 110 °C under nitrogen with
flow rate of 60 mL/min and constant heating rate, then hold
the time for 30 min (to achieve an isothermal condition), thus
determining the moisture content. After that, the first exper-
iments used a final temperature of 900 °C to identify volatiles
content. While the second stage was conducted after switch-
ing to an oxidizing ambient in compressed air with flow rate of
100 mL/min, then estimating fixed carbon from the mass loss
caused by the chemical reaction between oxygen and fixed
carbon at 650 °C (as a starting point). Whereas, the residue
fraction represents the ash content of decomposed sample
[57]. All measurements were performed three times, then
calculating the average. Finally, oxygen content in elemental
analysis and fixed carbon content in proximate analysis were
determined by differences.

2.3.  Thermogravimetric measurements

The thermal decomposition of glass/PMMA powder was
investigated using Thermogravimetric analysis (TGA; model:
STA449 F3; NETZSCH, Selb, Germany). The experiments were
carried out on 7—10 mg of glass/PMMA in a nitrogen ambient
with nitrogen flow rate of 60 mL min~'. TGA experiments were
conducted at several heating rates to investigate the influence
of these heating rates (5, 10, 15, 20, 25, and 30 °C min~?) on the
formulated volatile products in the next section. Also, these
several heating rates are necessary for studying the pyrolysis
kinetic parameters of glass/PMMA and plotting their linear
and nonlinear isoconversional curves. The thermal decom-
position of glass/PMMA in terms of weight loss was recorded
as a function of pyrolysis temperatures using Pyrys software,
followed by drawing TGA curves. DTG curves were fitted
through numerical derivation of the TGA data, thus esti-
mating the maximum thermal decomposition peak and other
pyrolysis parameters of glass/PMMA for all heating rates. Also,
the devolatilization index (Di) of volatile matters and the heat-
resistance index (THRI) were calculated using Egs. (1) and (2),
respectively [57,58], to check the ability of glass/PMMA to
resist a heat flow. They confirm the thermal stability trend
obtained from TGA-DTG analysis.

RTVHZX
D= Tx (T x (AT) g

where Ryax, Ti, Tm, and 4T in Eq. (1) represent weight loss
rate, initial decomposition temperature, maximum decom-
position temperature, the changing in temperature in the
scope is Rd (decomposition rate)/Rmax = 0.5. T5 and T30 in Eq.
(2) represent the corresponding temperature to 5% and 30% of
mass losses, respectively. All these parameters can be ob-
tained from TGA-DTG data.
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2.4. Chemical analysis of the formulated volatile
products

The functional groups of the formulated volatile products at
maximum decomposition temperature for each heating rate
were examined using thermogravimetrics coupled with
Fourier-transform infrared spectroscopy (TG-FTIR). Mean-
while, the composition of the formulated volatile products
and their chemical compounds were determined and identi-
fied using chromatography—mass spectrometry (GC—MS,
Thermo Scientific ISQ™ single quadrupole). The GC—MS
measurements were conducted by collecting the resultant
gases from decomposition of glass/PMMA in Automation
Autoinjector™ connected with TG analyser, then observing it
by GC—MS in the scope of 30—600 m/s. The GC—MS analysis
was performed under the following column settings: Argon
purity >99.99%, 20 psi, 100 °C, and 120 s [59,60].

2.5. Pyrolysis kinetics of glass/PMMA

The pyrolysis kinetics of glass/PMMA was started with
calculation of activation energy (Ea) of the entire degradation
process using Kissinger model, which can be expressed by Eq.
(3). In order to determine Ea in each conversion phase in the
scope of 10—100%, linear (LIM) and nonlinear isoconversional
models (NLIM) were used. Since Kissinger-Akahira-Sunose
(KAS), Flynn-Wall-Ozawa (FWO), and Friedman models are
the most common LIM methods, therefore, these models were
used in the present research to estimate Ea at each conversion
rate through the slopes of plotting curves using Eqs (4—6).
Regarding NLIM methods, Vyazovkin and Cai are the most
common models in this category and can estimate Ea accu-
rately using numerical integration and avoiding the data
noises; therefore, Ea for each conversion rate was determined
using these models in Egs (7, 8). Meanwhile, DAEM and IPR
models were employed to model TGA-DTG experimental data
for each heating rate in Egs (9, 10). It is worth mentioning that
all numerical integrations and algorithms were encoded using
MATLAB software. Also, the deviation (Dev.%) between the
TGA-DTG experimental and modelled data was checked using
Eq. (11). All the above equations are described in Table 1, while
the definition of all parameters used in these formulas and
their units are illustrated in Table 2.

3. Results and discussion
3.1.  Morphology of the prepared glass/PMMA

The morphology of cross-section of the prepared glass/PMMA
and its powder batch was checked using SEM and microscope,
respectively. Fig. 1A, B shows SEM images of the microstruc-
ture cross-section glass/PMMA with scale of 30 and 10 um. The
observation process showed that the panel consisted of
several glass laminates containing broken weft and warp
yarns (circular shapes). These laminates, including yarns,
were collected together using PMMA with regular distribution.
Also, some of these yarns were loaded with some PMMA
debris in the form of small particles, thus, referring that the
fracture was present in glass/PMMA panels because of the

brittle failure theory [62]. With regard to glass/PMMA powder
batch, the metallurgical image (Fig. 1C) showed that the
powder was composed of three fractions on the microscale:
short fiberglass, small and black PMMA particles, and short
fiberglass coated with PMMA.

3.2 Basic properties of glass/PMMA

Ultimate and proximate measurements of glass/PMMA
powder are shown in Table 3. Based on the ultimate mea-
surements, carbon (C) and oxygen (O) are the major ele-
ments in the prepared glass/PMMA sample with an average
content of 32.15 wt.% and 13.62 wt.%, respectively. In addi-
tion to these elements, a small content of hydrogen (H) was
noticed at 4.29 wt.%. These elements are classified as a po-
tential source of energy and carbon precursor [63]. As no
presence of nitrogen (N) and sulphur (S) was recorded, it
means that there were not any toxic emissions (e.g., SO2 and
NOx) during the conversion process when the pyrolysis
treatment was used at large scale [64,65]. The proximate
analysis proves that the glass/PMMA sample is rich in vol-
atile matter (48.88 wt.%), what leads to improvement of the
synthesized energy products resulting from the conversion
process. Besides, ash component with a high content
(49.93 wt.%) was strongly present in the measurements, so,
it can be used as a catalyst leading to changed reactivity of
glass/PMMA during the conversion process. It may be more
activate and improve quality and amount of the obtained
liquid fuel [66].

3.3.  TG-DTG data analysis

TGA curves of glass/PMMA powder obtained from thermog-
ravimetry for all heating rates are shown in Fig. 2. It is clear
that there is only one significant decomposition zone in the
temperature range of 280—445 °C with weightloss in the scope
of 43 wt.% (25 °C/min)-56 wt.% (5 °C/min) even when the
heating rate conditions change. This degradation zone corre-
sponds to full decomposition of PMMA and their organic
compounds, including methacrylic acid and its hardener [48].
These results are fully compatible with the preparation con-
ditions of glass/PMMA and PMMA concentration (which was
estimated at 38%), what confirms that PMMA component
decomposed completely, and fiberglass was mixed with char
in the form of solid residues due to higher melting tempera-
ture of fiberglass. Also, a very small reduction in weight loss
(<1 wt.%) in zone from 25 to 279 °C due to evaporation of
moisture was noticed. After 445 °C, char mixed with fiberglass
started to formulate until the end of reaction. It is charac-
terised by high thermal stability and is a solid fraction. DTG
curves also showed a single reaction peak, what means that
all PMMA and hardener's organic components had decom-
posed together in the form of single reaction [49,50]. Also, it
was noticed that the intensity of DTG single peak was
increasing as the heating rates increased due to increase in
the established heat fluxes, hence facilitating the heat trans-
fer inside the internal molecules of feedstock and decompo-
sition of all their molecules in shorter reaction time [67]. Also,
as heating conditions increased from 5 to 30 °C/min,
the maximum degradation temperature also increased
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Table 2 — Definition of the parameters of linear and
nonlinear isoconversional models.

Parameter Definition unit
A pre-exponential factor 1/min.
T Temperature at maximum G
reaction rate
8 Heating rate °C/min.
E, apparent (J/mol)
activation energy
R universal gas constant (8.314 J/mol K)
g(y) Integral form of isoconversional
function
T Absolute Temperature “C
f(y) Differential conversion function
y Mass loss (Conversion)
N Number of experimental data of
each run
m, Initial mass g
m Mass of the solid g
Ci The mass fraction of each of the
three subcomponents
dy/dt Conversion rate
X = Ea/RT
h(x) The numerically solve function
dmeee differential weight loss calculated
dat by the model

progressively from 370 to 399 °C. Finally, the pyrolysis char-
acteristics of glass/PMMA powder in all heating conditions are
shown in Table 4. As shown, the thermal stability of glass/
PMMA in terms of weight loss changed with changing heating
rates.

3.4. FTIR analysis of the formulated compounds
The volatile compounds generated from thermal decomposi-

tion of glass/PMMA at the maximum decomposition temper-
atures in the ranges of 348—399 °C were observed using FTIR

EHT=2000KV Sgrala=SEt (GRS

we - s0mm g
\ W0~ smm - 100%

WD= 90mm Mag= 100KX

coupled with TG. Fig. 3 shows FTIR spectra of the formulated
compounds in different heating conditions. The analysis
showed that the examined samples had similar functional
groups even in changing heating conditions, particularly C—H
(aliphatic) group at 2995 cm ™', C=0 (aldehyde or ketone) at
1740 cm™*, N—O group at 1457 cm ! and 1250 cm™?, C—0-C
(ether) group at 1180 cm™%, and the fingerprint zone in the
range of 600—1000 cm™* assigned to C—H bond, which repre-
sents the main group in CH2, CH3, and CH gases. It is clear that
the absorbances of the groups, especially C—H, C=0, and
C—0O—C groups, increased significantly as the heating condi-
tion increased due to increase in the generated heat flux and
all the complex organic molecules decomposed into hydro-
carbons compounds [46,48,49]. These results agree with 3D
FTIR spectra, which showed a smooth peak separate from
other disturbance peaks, especially at higher heating rates.
Also, these results manifest that all PMMA organic compo-
nents have decomposed and converted into chemical com-
pounds with high intensity. The composition of these
compounds can be determined using GC/MS measurement, as
shown below.

3.5. GC/MS analysis of the formulated volatile products

Fig. 4 and Table 5 show GC/MS results and the composition of
the synthesized chemical compounds in their respective peak
areas at maximum decomposition temperatures of glass/
PMMA samples at 5-30 °C/min. The GC/MS measurements
showed that the volatile products obtained from degradation
of glass/PMMA using pyrolysis treatment were composed of 2-
Propenoic acid, 2-methyl-, methyl ester (Methacrylic acid:
92%) and 2-Propenoic acid, butyl ester (6%) at 5 °C/min. It is
worth mentioning that methacrylic acid is used as a precursor
to its esters to produce PMMA on industrial scale [44]. Mean-
while, at 10-30 °C/min, 2-Butenoic acid, methyl ester, (Z)
(CsHg O,) was the major formulated compound with respec-
tive peak area in the range from 86 to 88%. This compound has

EHT=2000KV Signal A= SE1

Fig. 1 — A, B) SEM micrograph of the fracture cross-section of glass/PMMA panel, C) Metallographic image of glass/PMMA

powder sample.

Table 3 — Ultimate and proximate measurements of glass/PMMA powder.

Elemental analysis (wt. %)

Proximate analysis (wt. %)

N C H S (0)

Moisture  Volatile Matter  Fixed Carbon Ash

<0.01 +0.00 3215+147 429+019 <0.01+0.00

13.62 + 0.17

1.09 + 0.02 48.88 + 0.28 0.08 + 0.01 49.93 +0.23
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Fig. 2 — A) DTG and B) DTG analysis of glass/PMMA in different heating conditions.

Table 4 — The pyrolysis characteristic of glass/PMMA in different heating conditions.
Pyrolysis parameters

Heating rate (°C/min)

5 10 15 20 25 30
Onset temperature Ti (°C) 196 197 200 212 227 245
Tm (°C) 370 374 390 392 397 399
Tf (°C) 437 453 448 474 468 473
Rmax (%/min) 33 6.6 11.2 13.2 17.8 233
Di (% min—1°C~3) 8.59E-07 1.42E-06 1.94E-06 2.18E-06 3.09E-06 3.18E-06
AT 53 63 74 73 64 75
Mf (%) 56 47 50 46 43 51
TS 207.2 282 296.9 308.4 313.2 307.1
T30 357.6 374.4 381.6 392.5 396.6 389.7
THRI 145.75 165.35 170.38 175.84 177.99 174.76

several applications: it may be used in acetylacetone, acetyl
propionyl, angelic acid, coffee furanone, etc. [68]. Also, butyl
ester (butyl ethanoate) compound was observed at these
heating rates with abundance in the range of 8—10%. Butyl
ethanoate is used in several applications, such as synthetic
fruit flavouring in foods, solvent in nail polish, high-boiling

solvent of moderate polarity, etc. [41]. It is clear that the
heating rates have a significant impact on the formulated
compounds, however their quantity does not change too
much. A strong presence of these compounds confirms that
pyrolysis process can be used to convert the organic part of
GFRP into different high value-added products (depending on

10°C/min
30°C/min
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25°C/min
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Transmittance (%)
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B
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Fig. 3 — 2-3DFTIR analysis of the decomposed glass/PMMA at 5-30 °G/min.
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Fig. 4 — GC—MS analysis of the decomposed glass/PMMA at 5—-30 °C/min.

the applied heating rates), in addition toshort glass fibres
mixed with char fraction.

3.6.  Kinetic analysis of glass/PMMA pyrolysis

This part was divided into four sections: the first section was
focused on calculation of activation energy for the entire py-
rolysis process of glass/PMMA using Kissinger model. The
second and third sections were used to determine Ea at each
conversion rate using linear (KAS, FWO, and Friedman) and
nonlinear (Vyazovkin and Cai) isoconversional methods.
Meanwhile, the last section was developed to simulate TGA-
DTG experimental data using DAEM and IPR models.

3.6.1. Activation energy for the entire pyrolysis process

In order to determine the activation energy for the entire py-
rolysis process of glass fibre/PMMA using Kissinger model, at
first, the relationship between In(/T2, ) versus 1/T was plotted
in Fig. 5A, then the slope fitted linear curve was estimated,
which is represented as -Ea/R (R = 8.31 JK~! mol~?). Ea was
estimated at 200.48 k] mol~!. These results are almost similar
to Ea determined for PMMA in the reported results in litera-
ture, which were estimated at 165—193 kJ/mol (glass/epoxy)
and 198, 188.8, 158 kJ/mol (PMMA) [43,48,50], while compari-
son with Ea of glass fibre/epoxy (165—193 kJ/mol) [39] revealed
that glass fibre/PMMA had a little higher Ea. This is due to the
fact that glass/PMMA used in the current research was
composed of two main components, glass fibre and PMMA,
and each component had different Ea. However, glass fibre
was not allowed to decompose, while PMMA decomposed in a
single reaction (based on the DTG results) and the obtained Ea
represents the summation of Ea of all decomposed PMMA
components. That is why the pyrolysis of glass/PMMA showed
higher Ea compared to other feedstocks. This difference in
results is determined by different chemical compositions,
sizes, crystallinity, and testing ambient, which led to di-
gestibility of glass/PMMA and its conversion into energy
products [43,48,50].

3.6.2.

methods
The fitted KAS, FWO, and Friedman fitting curves in con-
version range of 30—90% are shown Fig. 5B-D. The values of
Ea for each conversion rate were calculated using the listed
models by determining the slope of these curves. It seems
that the curves obtained from all models contained parallel
straight lines in the range of 30—90% and this region repre-
sented the main conversion zone. However, at 90% conver-
sion rate, straight lines presented a big variation in
Friedman model due to fact that this model is very sensitive
to data noises [52]. At lower conversion range (10 and 20%),
straight lines were observed, but they were fitted and
distributed randomly with a big variation. This means that
the linear isoconversional method, including KAS, FWO, and
Friedman models, is valid to study and model the reaction
mechanism of glass/PMMA pyrolysis only in the main con-
version zone (30—90%). The calculated Ea and its coefficient
of determination (R2) for each model are illustrated in Fig. 6
and Table 6. The results showed that average Ea was esti-
mated at 143.29 k] mol—1 (KAS), 170.16 kJ mol-1 (FWO), and
184.85 k] mol—1 (Friedman) with a very small error and R2
was estimated at 0.94 (KAS), 0.96 (FWO), and 0.92 (Friedman).
It is clear that Friedman model has the lowest R2 because of
its sensitivity to noise data that affect negatively accuracy of
the calculated Ea. When these results were compared with
the reported results in literature, pyrolysis of glass/PMMA
proved Ea almost similar to Glass Fibre-Reinforced Epoxy
Resin Composites (165—193 KJ/mol) [39]. Also, for complete
thermal decomposition of glass fiber, this fraction needs a
very high temperature (>900 °C), what confirms that pyrol-
ysis process can be used to decompose PMMA fraction only
[35], thus the calculated Ea represents summation of Ea of
all decomposed PMMA resin components. When these re-
sults were compared with pyrolysis of PMMA resin only, the
values of which were estimated at 213.4 kJ/mol
(Friedman),166.7 kj/mol (KAS), and 218.7 kJ/mol (FWO) [69], it
was revealed that the present results showed a little

Estimation of activation energies using isoconversional
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Table 5 — GC—MS compounds generated at 5-30 °G/min.

0 wt.% 2.5 wt.% 5 wt.%
Time GC Area Time GC Area Time GC Area
(min.) Compounds (%) (min.) Compounds (%) (min) Compounds (%)
1.226 1-Propene, 2-methyl- 0.76  1.232 1-Propene, 2-methyl- 0.93 1.226 1-Butene 221
2.688 2-Propenoic acid, 2-methyl-, 92.00 2.701 2-Butenoic acid, methyl ester, (Z) 86.97 2.371 Propanoic acid, 0.40
methyl ester 2-methyl-,
methylester
6.951 2-Propenoic acid, butyl ester 5.97 6.951 2-Propenoic acid, butyl ester 8.05 2.694 2-Butenoic acid, 87.30
methyl ester, (Z)
20.807 2-Propenoic acid, 2-methyl-, 0.58 20.800 2-Propenoic acid, 2-methyl-, 0.30 6.944 2-Propenoic acid, 10.09
1,2-ethanediylbis(oxy-2,1-ethanediyl) 1,2-ethanediylbis(oxy-2,1-ethanediyl) butyl ester
ester ester
23.478 1-Propene-1,2,3-tricarboxylic acid, 0.69
tributyl ester
-8 5
(A) my=0.1 y=0.2 Xy=0.3 xy=04 y=0.5
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Fig. 5 — Plots of isoconversional methods at different values of conversion.
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10 wt.% 20 wt.% 50 wt.%
Time GC Area Time GC Area Time GC Area
(min.) Compounds (%) (min.) Compounds (%) (min.) Compounds (%)
1.226 1-Propene, 1.84 1.226 1-Propene, 1.44 1.226 1-Propene, 2-methyl- 1.31
2-methyl- 2-methyl-
2.138 1-Butanol 0.80 2.371 Propanoic acid, 0.71 2.138 1-Butanol 0.47
2-methyl-,
methylester
2.371 Propanoic 0.75 2.707 2-Butenoic acid, 88.33 2.364 Propanoic acid, 2-methyl-, 0.40
acid, 2-methyl-, methyl ester, (Z) methylester
methylester
2.707 2-Butenoic acid, 85.82 6.944 2-Propenoic acid, 9.52 2.714 2-Butenoic acid, 88.39
methyl ester, (Z) butyl ester methyl ester, (Z)
6.944 2-Propenoic acid, 9.28 6.608 Cyclohexanol 0.41
butyl ester
14.021 p-Isopropenylphenol 1.21 6.938 2-Propenoic acid, butyl ester 7.69
25.069 Piperonal, 0.31 20.806 15-Methyl-docosanoic acid, 0.27
6-(4-methoxy-1- pyrrolidide
cyclohexen-1-yl)-
22.430 4,4'-(Hexafluoroisopropylidene) 1.06

diphenol

200

E [kJ/mol]
-t
th
(=

—o—KAS

100
Friedman Vyazovkin
50
—e—Cai
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Conversion (y)

Fig. 6 — Plots of isoconversional methods at different values of conversion.

Table 6 — The estimated activation energy at different conversion rates.

y  KAS(KJ/mol) R?® FWO (KJ/mol) R? Friedman (KJ/mol) R? Vyazoukin (KJ/mol) R? Cai (KJ/mol) R?
0.1 22.36 0.9313 42.69 0.978 67.91 0.992 32.48 0.9644 31.63 0.9768
0.2 62.07 0.9436 84.46 0.9654 115.16 0.9832 73.34 0.9568 71.41 0.9643
0.3 97.21 0.9775 121.53 0.9839 151.89 0.992 109.55 0.9812 106.67 0.984
0.4 134.86 0.9885 161.24 0.9911 183.66 0.9769 148.33 0.9899 144.43 0.991
0.5 153.66 0.9911 181.09 0.9929 204.10 0.9671 167.72 0.9921 163.30 0.9937
0.6 196.88 0.9773 226.62 0.981 238.03 0.97 212.20 0.9794 206.61 0.9816
0.7 194.26 0.9743 223.82 0.9785 221.15 0.9646 209.53 0.9766 204.02 0.9796
0.8 203.74 0.9243 233.98 0.9358 224.36 0.9211 219.30 0.9306 213.53 0.9376
0.9 224.58 0.7674 256.04 0.795 257.43 0.5387 240.80 0.7824 234.46 0.7979
Avg. 143.29 0.9417 170.16 0.955 184.85 0.9228 157.03 0.9504 152.90 0.956
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Table 7 — The determined activation energy using Vyazovkin method at different number of iterations.

Conversion (y)

The Activation Energy (kJ/mol)

Initial Value First Iteration

second Iteration

third iteration fourth iteration

0.1 200 32.87

0.2 200 73.59

0.3 200 109.71
0.4 200 148.42
0.5 200 167.77
0.6 200 212.19
0.7 200 209.53
0.8 200 219.28
0.9 200 240.76
Average 200 157.12

32.48 32.48 32.48

73.10 73.34 73.34

109.20 109.55 109.55
147.86 148.33 148.33
167.19 167.72 167.72
211.51 212.20 212.20
208.88 209.53 209.53
218.63 219.30 219.30
240.08 240.80 240.80
156.55 157.03 157.03

different Ea because of different composition of the feed-
stock matrix (PMMA mixed with glass fibre). In order to
confirm these results and to improve the accuracy of the
estimated Ea, Ea was calculated again using nonlinear iso-
conversional models, as shown in the next section.

3.6.3. Estimation of activation energies using nonlinear
isoconversional methods

In this section, Ea at each conversion rate was calculated
numerically using Vyazovkin and Cai models. When these
models are used, the optimal values of Ea can be obtained
after several iterations until the calculated values of Ea
become constant. The running codes started with initial
condition Ea = 200 kJ/mol; all values of Ea and all its iterations

are summarised in Tables 7 and 8. Based on these optimal
values, Vyazovkin and Cai curves were fitted for all conversion
regions, as shown in Fig. 7. The Y-axis in these fitting curves
can be expressed using Eq. (14) (Vyazovkin model) and Eqg. (15)
(Cai model). Finally, and based on the obtained kinetic results
of glass/PMMA pyrolysis KAS and FWO linear isoconversional
methods, and Vyazovkin and Cai nonlinear isoconversional
methods are highly recommended to study the pyrolysis ki-
netics of glass/PMMA and to calculate their Ea at each con-
version rate with R2>95.

3.6.4. Fitting of TGA-DTG data using DAEM and IPR
The DAEM and IPR models using Egs. (11, 12) were employed in
this section to fit TGA-DTG experimental data of decomposition

Table 8 — The calculated activation energy using Cai method at different number of iterations.

Conversion (y)

The Activation Energy (kJ/mol)

Initial Value First Iteration

Second Iteration

Third iteration Fourth iteration

0.1 200 32.00 31.63 31.63 31.63
0.2 200 71.65 71.18 71.41 71.41
0.3 200 106.83 106.33 106.67 106.67
0.4 200 144.51 143.97 144.43 144.43
0.5 200 163.35 162.79 163.30 163.30
0.6 200 206.60 205.95 206.61 206.61
0.7 200 204.02 203.39 204.02 204.02
0.8 200 213.51 212.88 213.53 213.53
0.9 200 234.42 233.76 234.46 234.46
Average 200 152.99 152.43 152.90 152.90
05 %
Hy=0.1 Ay=0.2 xy=0.3 xy=04 ®y=0.5 my=0.1 y=0.2 Xy=03 X y=0.4 y=0.5
1 y=0.6 y=0.7 y=0.8 ®y=0.9 1.7 y=0.6 y=0.7 y=0.8 @y=0.9
L | X ® 0.8
‘5|
4 4-01
o > “ y\\
-1 7
o
25 . \
19 p\\
, Vyazovkin ' Cai
o
3 28
0.00142 0.00157 0.00172 0.00187 0.00202 0.00142 0.00157 0.00172 0.00187 0.00202
UT [1/K] VT [1/K]

Fig. 7 — Plots of nonlinear isoconversional methods at different values of conversion.
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Fig. 9 — DTG experimental and calculated data at 5-30 °C/min.

of glass/PMMA pyrolysis and the fitted curves are shown in (Fig. 8)
(TGA curves) and Fig. 9 (DTG curves). In both figures, the exper-
imental data were presented by red dotted lines, while the
calculated data were expressed by blue dotted lines. Also, it is
clear from both figures that the experimental and calculated

Table 9 — The calculated DAEM and IPR parameters.

DAEM IPR
E1 200.382 10.857
Al 3.33E+20 5.55E+14
E2 248.47 234.67
A2 3.66E+20 1.40E+17

curves are match completely with less deviation estimated at
0.8—2.36 for all heating rates in the range of 5—30 °C/min. Based
on that, DAEM and IPR models can be used for prediction and
fitting of thermal degradation curves of glass/PMMA pyrolysis.
Finally, activation energy (E1 and E2) and pre-exponential (Al
and A2) factors were calculated for each model and all values are
illustrated in Table 9.

4, Conclusions

In this work, the authors studied the fundamental pyrolysis of
glass/PMMA using TG-FTIR and GC/MS measurements to
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investigate the kinetic by KAS, FWO, Friedman linear iso-
conversional methods and Vyazovkin and Cai nonlinear iso-
conversional methods. In order to achieve these goals, the
glass/PMMA composite was prepared and its basic properties
were observed. Subsequently, the thermal and chemical
degradation using TG-FTIR and GC—MS measurements was
studied. Finally, the activation energies for each phase were
calculated followed by simulating TGA-DTG curves using
DAEM and IPR methods. The experiments and analysis of
pyrolysis glass/PMMA revealed the following:

a)

&

n
~

&

o

The thermogravimetric analysis showed that the main
pyrolysis stage for glass/PMMA was in the range
196—473 °C with a total mass loss of 43 wt.% at 25 °C/min
and 56 wt.% at 5 °C/min. Also, the maximum decomposi-
tion temperature was estimated at 370 °C (5 °C/min) and
399 °C (30 °C/min).

TG-FTIR analysis showed that C—H, C=0, N-O, C—0—C
bonds were the main functional groups in the decomposed
glass/PMMA samples and their intensity increased with
increase of heating conditions.

Py-GC-MS analysis showed that methacrylic acid (92%), 2-
Butenoic acid, methyl ester, (Z) (88%) were the major vol-
atile and flammable compounds generated at 5 °C/min and
15-30 °C/min, respectively.

The kinetic analysis showed that the average activation en-
ergies can be estimated at 200 KJ/mol (Kissinger), 143 KJ/mol
(KAS), 170 KJ/mol (FWO), 184 KJ/mol (Friedman), 157 KJ/mol
(Vyazovkin), and 153 KJ/mol (Cai) with R? in the range 92—96.
Meanwhile, DAEM and IPR models showed acceptable re-
sults for prediction and modelling of TGA-DTG experi-
mental data of glass/PMMA at different heating rates
(5—30 °C/min) with deviation in the range 0.8—2.36.

Based on the obtained results, the pyrolysis treatment has a

great potential application in treating a huge amount of glass
fibre-reinforced thermoplastic resin waste generated annually
without toxic emissions (e.g., SO2 and NOx) during the conver-
sion process and converting PMMA to its original compounds. On
the other hand, linear isoconversional, nonlinear isoconver-
sional, DAEM, and IPR models can be used to study the pyrolysis
kinetics of glass/PMMA in the main conversion region (30—90%)
and to fit TGA-DTG experimental curves with high predictability.
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