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This research aims to study co-pyrolysis of waste wind turbine blades (WTB) and biomass using a thermogra-
vimetric (TG) analyser at various heating rates (10, 20, and 30 °C/min). The experiments were performed on
WTB consisting of a glass fibre/unsaturated polyester resin (UPR) and woody biomass (WBs) at different mixing
ratios (1:1, 2:1, 3:1 w/w). The effect of a mixing ratio and a heating rate on composition of vapours released from
the co-pyrolysis process was observed using TG-FTIR and GC-MS. Also, the co-pyrolysis kinetic and thermody-
namic behaviour of the WTB/WBs mixtures was studied. Meanwhile, the experimental TG curves were mathe-
matically simulated using the Distributed activation energy method and the Independent parallel reactions,
while unknown curves were predicted using an artificial neural network (ANN) model. The differential ther-
mogravimetric results showed high compatibility between WTB and WBs (1:1 and 2:1) with a single decom-
position peak, which is indicates that both feedstocks were degraded as a single-step reaction. While the higher
mixing rate (3:1) revealed double decomposition peaks, indicating that the mixture undergoes two sequential
decomposition reactions and several competing reactions occur simultaneously, which increases the complexity
of the decomposition process. Meanwhile, the GC-MS results showed that the mixture of WTB/WBs (1:1) could
significantly reduce the styrene (the main toxic compound of UPR) from 62% (in neat WTB) to 7 % at 30 °C/min.
Also, presence of other aromatic hydrocarbons (benzoic acid, 2-Methoxy-4-vinylphenol, etc.) was observed in the
mixture samples as a result of styrene cracking. Finally, the kinetic model-free isoconversional results showed
that Ea was estimated at 275-383 kJ/mol (WBs) and 196-286 kJ/mol (WTB/WBs). Accordingly, co-pyrolysis of
WTB with WBs is highly recommended to valorise WTB and eliminate their toxic styrene compound.

1. Introduction impact, recently, some effective recycling solutions have been devel-

oped to conserve materials and to integrate them into circular economy

Waste wind turbine blades (WTB) represent a major challenge for
those working in the field of renewable energy production using wind
turbines and for their sustainability due to their non-recyclability [1].
This challenge is represented by the complex and heterogeneous nature
of WTB, which are mainly composed of fibres of reinforced polymer
resin, which have high strength, low density and are cheaper compared
to metallic materials [2]. This complex structure of WTB makes it un-
recyclable and it usually ends up in landfills, which has many health and
environmental concerns [3-5]. Unfortunately, this type of waste is
growing very rapidly due to the large demand and is expected to reach
43 tons by 2050. In order to keep pace with the rapid growth of WTB and
maximise the economic performance of it and reduce its environmental
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models principle [6,7]. Pyrolysis is one such promising solution that has
huge potential in this regard [8,9], as it successfully recovered all WTB
components by decomposing its resin fraction into oil in a nitrogen
environment [10], then extracting the fibres fraction and purifying them
using oxidation as a post-treatment [11]. The studies have also shown
that the activation energy (Ea) required to decompose a fraction of the
resin from WTB is strongly influenced by the type of resin, fibres and
additives in the WTB feedstock [8,12-14].

Pyrolysis technology has been successful in treating many types of
resins, such as unsaturated polyester (UPR) and epoxy, which are among
the most common types of resins used in the manufacture of turbine
blades [15]. However, many manufacturers prefer to rely on the UPR
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Fig. 1. Flowchart of the experiments and co-pyrolysis kinetics analysis of WTB/WBs.

type in further production for economic considerations [16,17]. Styrene
is the main chemical compound in the UPR fraction. Recently, a pyrol-
ysis process using thermogravimetric analysis coupled with gas
chromatography-mass spectrometry (GC-MS) has been used to recover
styrene from WTB (composed of carbon fibre/UPR and glass fibre/UPR)
in the form of styrene-rich (62 %) vapour [18,19]. Another study also
succeeded in recovering it in the form of styrene-rich oil with 48.5 % of
styrene compound using a small-scale pyrolysis reactor [20]. Mean-
while, the life cycle evaluation of this recycling approach showed that
this practice has a high environmental potential compared to landfills,
with an improvement of up to 51 % [21]. However, styrene is a highly
toxic compound that causes lung cancer [22]. Therefore, Youssef et al.
[21] used two different catalysts (zeolite ZSM-5 and zeolite Y) in a py-
rolysis process to crack a styrene compound into value-added aromatic
chemical products consisting of 64 % benzene, toluene, and ethyl-
benzene compounds [23]. The Y-type catalyst also successfully reduced
the amount of styrene by up to 16.2 % and reduced complexity of the
reaction. Despite the promising results of catalytic pyrolysis in reducing
the styrene content (as a toxic compound) in the of the produced oil, this
process is very critical because as upgrading mechanism depends on the
shape and size of the pores of the catalyst, which are easily blocked due
to high viscosity of the produced oil and the light-density particles of
char. Where the fine particles of char can settle on the surface of the
catalyst and then penetrate the pores and adhere to its walls, which
negatively affects the upgrading efficiency [24,25]. Therefore, this
approach requires continuous recycling of catalysts to remove sedi-
ments, to open pores, or to change catalysts after a few operations [26],
which requires production of more secondary solid waste that must be
disposed of in landfills [27], especially since the percentage of catalysts
used in the reaction is very high, reaching 50 wt% of WTB. All these
limitations were a strong motivation to shift attention to the co-pyrolysis
process, which can effectively contribute to improving the pyrolysis
efficiency of WTB.

In this regard, co-pyrolysis of WTB over sewage sludge was investi-
gated for the proposed carbon-enriched production without further
purification [28]. The results showed high potential of the co-pyrolysis
process in treating WTB. However, the process still needs to be further
optimised using a rich source of aromatic substances to simplify and
accelerate the reaction mechanism without producing any future resi-
dues with high selectivity for the desired chemical compounds [29].
Woody biomass (WBs) could be one of these promising sources due to its
high content of cellulose, hemicelluloses, and lignin and its richness in
carbohydrates and aromatic compounds. Also, WBs is characterised by
its sustainability, high abundance, and carbon-neutral resources, which
can help to mitigate environmental impacts and climate change. In

addition, WBs was used as a powerful resource to produce clean,
renewable fuels as an alternative to fossil fuels using thermochemical
conversion through the pyrolysis process [30,31]. Moreover, the
co-pyrolysis of WBs and different types of plastic waste (especially
styrene-rich polystyrene containing chemical structures such as UPR)
was studied with high conversion efficiency [32-34].

In summary, co-pyrolysis of WTB and biomass offers some potential
benefits, as co-pyrolysis can lead to synergistic effects on the resulting
product composition [35,36], where biomass can act as a catalyst for the
pyrolysis of WTB enhancing the distribution and quality of its products
[37]. In addition to its ability to reduce the oxygen content of the py-
rolysis liquid product and reduce its acidity, which enhances its future
utility in a sustainable energy system [38], reduces dependence on fossil
fuels, and contributes to circular economy concepts as well. This
approach can also help a lot in mitigating the environmental impact of
WBT as biomass is classified as a renewable bio-resource [38], and thus
WTB/WS co-pyrolysis helps reduce emissions and pollutants compared
to typical WTB pyrolysis. In order to explore that, this research aims to
study co-pyrolysis behaviour of WTB and WBs with different mixing
ratios (1:1, 1:2, 1:3 w/w). The co-pyrolysis experiments were conducted
using thermogravimetric (TG) analyser at three different heating rates
(10, 20, 30 °C/min). The co-pyrolysis vapours generated from WTB/
WBs samples were analysed using Infra-red Spectroscopy (TG-FTIR)
coupled analysis and GC-MS. Also, the effect of mixing ratio on the
activation energy (Ea) values was determined using free-isoconversional
and nonlinear advanced kinetic techniques followed by calculating
thermodynamic parameters [39,40]. Finally, artificial neural networks
(ANNs) were used as an advanced machine learning approach to predict
nonlinear relationships of thermogravimetric data with unknown heat-
ing rate.

2. Experimental and methodology
2.1. Feedstock preparation

The feedstocks used in the co-pyrolysis process were wood chips
(WBs) and real WTB composed of fibreglass/UPR composite supplied by
the European Energy company, Denmark. In order to improve the effi-
ciency of the conversion process, both WTB and WBs feedstocks were
subjected to cutting and chopping processes individually to reduce their
size and prepare fine powder particles, providing particles with a high
surface area that facilitate mixing of both batches and reaction during
co-pyrolysis treatment. WTB and WS powder were sieved into fine
particles smaller than 500 pm, and then mixed in the required pro-
portions using an electric grinder for up to 10 min to obtain a very
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homogeneous uniform distribution. The proximate and elemental
analysis of both WIB and WS powder was carried out by our team
previously [19]. The grounded feedstocks were intimately mixed with
different mixing WTB to WBs ratios (w/w): 1:1 (WTB1), 2:1 (WTB2), and
3:1 (WTB3). In fact, the thermogravimetric analysis and pyrolysis ki-
netics of woods with different compositions such as chips, poplar, etc.
have been extensively studied in the literature [30-32,41]. Due to the
lack of similar wood feedstock with the same compositions in the current
research, it was more reliable to study and analyse woody biomass
available to us in order to obtain accurate results. Lastly, the overview of
research plan and its methodologies are shown in Fig. 1.

2.2. Thermogravimetric experiments and co-pyrolysis vapour analysis

The thermal decomposition profiles of WBs and WTB/WBs samples
with weight around 10 mg were investigated using TG analyser. The
experiments were performed in nitrogen atmosphere as inert environ-
ment (60 mL/min) using a TA instruments, model STA449 F3;
NETZSCH, Selb, Germany. This lower flow rate (60 mL/min) has been
used in several studies that were dealing with similar raw materials
because a higher flow rate can lead to decreased sensitivity of the
analysis to small changes in terms of weight loss and detection of subtle
shifts [42]. Besides, it can produce broader peaks in the measured TGA
curves, incomplete evaporation or decomposition of samples, distorted
kinetics, loss of volatile products, and increased consumption of nitro-
gen gas that must be separated from the formulated pyrolysis gas [43].
The weight loss of the mixtures was recorded with temperature change
from room temperature to 900 °C at three different heating rates (10, 20,
and 30 °C/min). Proteus software was then used to plot derivative
thermogravimetric (DTG) curves for each mixture for all heating rates
based on its TG data. These TG-DTG data were used to study the thermal
decomposition, co-thermal decomposition, and thermodynamic behav-
iour of WTB/WBs mixtures. The TG measurements were repeated three
times and successfully reproducible results were obtained. The effi-
ciency of co-pyrolysis of WITB/WBs samples was determined using the
pyrolysis index (CPI) and its formula is illustrated in Eq. (1) [44]. To
assess the presence of synergy between WTB and WS blends, the theo-
retical and experimental weight loss of WTB/WS blends during the
co-pyrolysis process were compared. The calculated weight loss (Wcar)
was estimated using Eq. (2), where x; and w; are defined as the mass
fraction and weight loss of the individual mixtures (WTB and WS),
respectively [37]. After that the extent of synergy was determined using
Eq. (3) [45]. Finally, the composition of the vapour released from the
co-pyrolysis of the specified mixture was investigated using TG-FTIR and
GC-MS instruments (Shimadzu GC-2010, Kyoto, Japan).

(= Ruax) X (= Ruvg) X M

CPI = 1
Tim X Tpeak X AT1/2 ( )

WCAL = > “xw; (2)

AW = Wgxp — WeaL 3

2.3. Kinetic modelling

The pyrolysis process of mixed wastes (including WTB and WBs) is a
complex mechanism involving several sequential and simultaneous re-
actions. Isoconversional model-free methods are among the most reli-
able ways to study the kinetics of this type of reactions and to determine
their complexity [46]. Accordingly, Isoconversional models were
employed in the present research for diagnosis of TG data of the feed-
stock mixtures and procurement of the kinetic parameters (pre--
exponential factor “A” and conversion rate “y”) using three different
models (Kissinger-Akahira-Sunose “KAS”, Flynn-Wall-Ozawa “FWO”,
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and Friedman. Their formulas are expressed in Eqgs. (4)-(6) [47,48].
Meanwhile, the kinetic parameters were calculated again using Vya-
zovkin and Cai models as nonlinear kinetic methods to improve the
accuracy of the results based on optimisation process and generic al-
gorithm, and their formulas are presented in Egs. (7), (8), respectively
[49,50]. Finally, the Distributed activation energy method (DAEM) and
the independent parallel reactions (IPR) were used in the present
research to fit thermogravimetric profiles of WBs and WTB/WBs samples
using Egs. (9), (10) [51,52], while their deviations (Dev.%) were
checked using Eq. (11) [53].

B, AR —Ea
i) =i (Eag(y)> RT @
InAEa 1.0516Ea
Inp = ( Rey )—5.335—T 5)
BN _arioyy (2E
in(B2) — nar) () ®
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n{EyfAy/Z g(y,y — Ay) RTy; ®
) n(RY 4 0075 B8
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dmcal(' 3 Xi
Z (mo _m)Z-CiE (10)

i=1

1001/F.0.pr6(Z — N)
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an

2.4. Thermodynamic analysis

Based on the calculated kinetic parameters, the thermodynamic
characteristics of the decomposed WTB/WBs mixtures were studied in
terms of changing in enthalpy (AH), Gibbs free energy change (AG), and
changing in entropy change (AS), which were calculated for the listed
samples using Eqs. (12)-(14) [54]. The parameters in these equations
were assigned as Boltzmann constant (Kp: 1.3819 x 1072 J/K),
Planck’s constant (h: 6.6269 x 10%* J s), maximum decomposition
temperature (Tm), and pre-exponential factor (A) received from kinetic
analysis [55].

AH = Ea — RT,, 12)
KBTm
AG = Ea+ RT,1 13
at n( ol ) a3
AH — AG
AS:T 14)

2.5. Artificial neural network development

An ANN approach was developed to predict the nonlinear degrada-
tion profiles of co-pyrolysis behaviour of WTB/WBs mixtures at un-
known heating rates. The architecture of the developed ANN model was
built using MATLAB® software based on Levenberg-Marquardt back-
propagation method because of its high accuracy in data training [56].
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Fig. 2. A-D) TG and E-H) DTG curves of WBs and WTB/WBs samples.

In the developed back-propagation algorithm, input, hidden, and output
layers were defined. The decomposition temperature (°C), heating
condition (min/°C), and conversion rate (y) were the main input pa-
rameters, while weight loss (%) of the decomposed samples was
assigned as an output of the neuron. The hidden layer was defined to
create the non-linear function on the developed model [57]. This hidden
layer consisted of several number of neurons selected based on
maximum value of coefficient of determination (R2) (between predicted

and experimental TG data). The number of these hidden layers, number
of their neurons, and the transfer function were determined using
trial-and-error analysis based on performance criteria [58]. The per-
formance of the developed model and its architecture were optimised
under the conditions that achieved the lower values of mean square
error (MSE), root mean square error (RMSE), mean absolute error
(MAE), mean bias error (MBE), and higher R? values. 70 % of the build
model was specified for training, while 30 % was intended for testing
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Table 1
Co-pyrolysis characteristics of WBs and WTB/WBs samples.
Sample WBs WTB1 WTB2
Heating rate (°C/min) 10 20 30 10 20 30 10 20 30
Tin (°C) 242 223 215 170 178 182 175 187 200
Tpeax (°C) 370 372 380 350 355 372 351 357 380
Runax (%/min) 11.19 21.58 34.54 7.39 17.04 26.67 6.25 12.66 18.33
Ravg (%/min) 2.78 1.83 0.92 2.28 1.40 0.66 1.67 1.32 0.63
M (%) 20.6 21.2 20 43.12 40.04 34.49 45.53 43.48 52.09
AT1/2 56 71 71 41 37 70 74 88 60
CPI (%3 °C> min 2 1.28E-4 1.42E-4 1.10E-4 2.98E-4 4.09E-4 1.28E-4 1.05E-4 1.24E-4 1.32E-4
Sample WTB3
Peak A Peak B
Heating rate (°C/min) 10 20 30 10 20 30
Tine (°C) 196 202 208 196 202 208
Tpeax (°C) 352 274 378 423 446 450
Rumax (%/min) 4.83 12.48 16.52 3 9 13
Rayg (%/min) 1.77 1.47 0.55 1.77 1.47 0.55
M (%) 52.88 36.6 49.14 52.88 36.6 49.14
AT1/2 100 102 105 127 119 117
CPI (%3 °C> min~2) 6.55E-5 1.19E-4 5.41E-5 2.67E-5 4.52E-5 3.21E-5
and validation (divided equally) [59]. Finally, the optimised model was
employed to predict thermal features of WTB/WBs mixtures at 33 WTB1-EXP
25 °C/min. 27
WTB2-EXP
3. Results and discussion ~ 21 WTB3-EXP
e
)
3.1. Thermogravimetric analysis of WTB/WBs and its characteristics ‘; 15 | === WTB3-CAL
S o |- WTB2-CAL
Fig. 2 shows the thermal decomposition profiles of WBs and WTB/ E
WBs samples and their decomposition features at various heating rates, 3 WTBI-CAL
while WTB had been studied before, as mentioned previously [19]. The -
WBs sample showed high thermal degradability with a total weight of -3
less than 80 wt% distributed in the following manner: approximately 0

1 wt% loss up to 150 °C (moisture evaporation), 4 wt% up to 260 °C
(hemicellulose decomposition), 61 wt% up to 400 °C (cellulose
decomposition), and 14 wt% up to 600 °C (lignin decomposition) [60,
61]. The WTB/WBs mixture samples showed similar features that can be
described in the following way: moisture evaporation up to 150 °C fol-
lowed by a small drop up to 290 °C (< 4 wt%) as a result of evaporation
of the remaining chemicals in WTB and hemicellulose decomposition.
Afterwards UPR and a coat layer’s sub-components of WTB started to
decompose along to cellulose content of biomass up to 390 °C [19,62],
followed by involvement of lignin in the reaction to achieve the full
decomposition of UPR and biomass components up to 470 °C and to
form ash at 600 °C [63]. Compared with the pyrolysis of WTB samples
[19], WTB/WBs samples showed a lower overall weight loss of 60 wt%
(WTBL1), 56 wt% (WTB2), and 50 wt% (WTB3) due to high proportion of
glass fibres in the feedstock, which is characterised by its high thermal
resistance that allows it to remain a solid residue mixed with some char
[64,65]. The decomposition profile of WTB was also affected by the
heating rate and the main decomposition zone showed slightly wavering
curves. Meanwhile, the DTG analysis of WBs sample showed only a
single peak in the ranges of 370-380 °C (Fig. 1C). After mixing WTB
with a small proportion of WBs (WTB1 and WTB2), this feature did not
change a lot, just the maximum decomposition temperature was
345-380 °C, which means that both fractions decomposed together with
high homogeneity [66]. While at the highest mixing ratio (WTB3), two
peaks with different intensities were observed, meaning that WTB and
WBs started to decompose separately due to reaching the saturation
point. In addition, the intensity of these peaks increased with increasing
heating rate because of improved heat exchange between the external
surroundings of feedstock and their internal molecules [67]. All
co-pyrolysis characteristics of WBs and WTB/WBs samples obtained
from TG and DTG analysis are shown in Table 1. As shown, the T peak
values of all samples increased with increasing heating rate. The T peak
decreased when mixed with biomass. Finally, the synergistic effect of

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 3. Experimental and calculated curves of WTB/WBs samples.

WTB/WBs samples at 30 °C/min (which provides a lower amount of
styrene based on GC/MS results) are shown in Fig. 3. In the fitted curves,
a positive value of AW means that the synergistic effect is passive, while
a negative value means that the synergistic effect is positive [37]. As
shown, all samples showed almost positive values up to 600 °C (end of
decomposition of organic components), which means that the syner-
gistic effect is passive. Finally, the fitting error was estimated to be less
than 8 %.

3.2. TG-FTIR analysis of the synthesised vapours

Fig. 4 shows the TG-FTIR spectra of vapours generated from co-
pyrolysis of WTB/WBs mixtures at various heating rates. The 3D-FTIR
spectrum of the WBs samples shows only one functional group, while
the WTB1 and WTB2 samples show major spectra combined with weak
spectra. This increase in weak spectra in the case of WTB3 results from
decomposition of each feedstock separately and from generation of
different vapours leading to conformity with the DTG results. Also, the
FTIR spectra became smoother and emitted less noise when heating was
increased because of decomposition of all subcomponents of WTB/WBs
mixtures. The 2D TG-FTIR spectra showed five major functional groups
at 830-1200 cm™? (aromatic hydrocarbons), 1756 cm! (C=0
stretching), 2348 cm™! (carbon dioxide clusters), 2828-2915 cm ™! (C-H
stretching vibration), and 3517 ecm™ (hydroxyl groups). It is clear that
C=O0 stretching and carbon dioxide clusters are the major functional
groups in all samples, and the same structure was observed in the case of
the WTB sample [19]. However, in case of WTB/WBs mixtures,
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Fig. 4. TG-FTIR spectra of vapours resulting from co-pyrolysis of WTB/WBs samples.

co-pyrolysis vapour was very rich in aromatic hydrocarbons compounds
compared with neat WTB sample, especially when the heating rate was
high due to enhanced generated heat flux and its exchange between
feedstock molecules [18].

3.3. GC-MS analysis of co-pyrolysis vapours

Fig. 5 displays GC-MS spectra of vapours resulting from co-pyrolysis
of WBs and WTB/WBs samples at 10 and 30 °C/min, while the GC in-
tensity of the vapours generated at all heating rates is summarised in
Tables S1, S2 in the Supplementary materials section. The GC-MS results

of WBs showed that their vapours consisted of many compounds, where
acetaldehyde, hydroxy- (up to 13 %), 2-Propanone, 1-hydroxy- (9.7 %),
Phenol, 2-methoxy-4-methyl- (8 %) were the predominant compounds.

The GC-MS analysis of the WTB1 sample showed a significant
reduction in styrene compound in the range of 7.4 % (30 °C/min)
— 13.8 % (10 °C/min) when compared with styrene compound in WTB
(62 %) [19], what means that WBs succeeded to break styrene into other
aromatic hydrocarbons compounds, such as benzoic acid (10.38 % at
10 °C/min) and 2-Methoxy-4-vinylphenol (9.07 % at 30' °C/min). Once
the content of WBs in the feedstock started to decrease (WTB2), the
intensity of styrene started to increase again in the range of 15.1 %
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Fig. 5. GC/MS analysis of vapours resulting from co-pyrolysis of WIB/WBs samples.
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(10 °C/min) — 20.2 % (30 °C/min). However, the content of styrene
compound was still lower than that of a neat sample which decomposed
into Phthalic anhydride 29.95 % at 10C/min-17.91 % at 30 °C/min. The
same features were noticed in WTB3, where styrene’s intensity was
estimated in the range of 20.12 % (10 °C/min) — 46.21 % (30 °C/min)
for Peak (A) and 32.98 % (10 °C/min) — 33.76 % (30C/min) for Peak
(B), as shown in Fig. 6. Also, it was observed that Phthalic anhydride
content did not change a lot and was estimated at 29.31 % (10 °C/min,
Peak (A)) and up to 17.57 % (30 °C/min Peak (B)). This demonstrates
that WBs with low percentage can be used to decrease the amount of
styrene compound in WTB and to crack it into other aromatic hydro-
carbons compounds.

3.4. Co-pyrolysis mechanism of WITB/WBs

The studies of the pyrolysis of WTB showed that its thermal degra-
dation mechanism is very complex because it contains several sub-
components (glass fibres, UPR, gelatine layer) [18,19]. In the present
research, this complexity should be increased because more elements
are included in the reaction, in particular hemicellulose, cellulose and
lignin (the main component of biomass), which can all be hydrolysed
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Fig. 9. The relationship between Ea progress and conversion rate of WBs and WTB/WBs samples.

simultaneously or sequentially. To simplify this reaction process, the
thermal decomposition mechanism of WTB1 (providing lower styrene
abundance) was applied based on the indicative TGA features with
GC-MS results of WTB1 and compared with WBs and WTB samples [19],
as shown in Fig. 7. As shown in the proposed co-pyrolysis mechanism, all
samples showed high thermal stability up to 100 °C followed by three
major degradation regions. In the first stage (up to 270-356 °C), the
moisture began to evacuate, then the UPR and fibres of WTB were
dismantled. In parallel, the components of biomass hemicellulose, cel-
lulose and lignin were dismantled. It was observed that WBs had early
degradation (270 °C) in contrast to WTB1 that reached 356 °C. In the
second stage (up to 420-590 °C), the dismantled organic components of
UPR and biomass were broken down into smaller molecules after
overcoming their Van der Waals bonds [68], while non-degradable
materials (short fibres) remained without any action due to their high
thermal stability [69]. As the reaction progressed and under the effect of
applied temperature, these small molecules with low crystallinity
decomposed into styrene (the main compound of UPR) [70]. Mean-
while, small molecules of biomass decomposed into light hydrocarbons
that can react with the styrene compound (through reforming reaction)
and break it down into the original compounds [33], thus releasing more
aromatic hydrocarbons, which naturally helps to get rid of the styrene
compound [34,71]. Finally, after the decomposition process had
finished, a short glass fibre remained in the third stage (solid carbona-
ceous formation) as a solid residue mixed with char fraction produced
from WTB and WBs.

In summary, the mechanism of co-pyrolysis of WTB/WS involves
several complex chemical reactions occurring simultaneously involving
initial decomposition of WTB/WS, radical formation, cyclization, and
rearrangement, which end up in the synthesis of more aromatic com-
pounds [72]. In the first step of the reaction, the organic fraction of WTB
(UPR) and WS undergo primary decomposition reactions at elevated
pyrolysis temperatures that help it decompose to its main styrene
compound. As the reaction progresses, the styrene compound can un-
dergo thermal cracking to form some smaller aromatic compounds.
Meanwhile, WS can be degraded to synthesise a range of volatile organic
compounds (VOCs: aldehydes, ketones, acids, hydrocarbons, etc.) [73].
This is followed by radical reactions involving the cleavage of the
chemical bonds of styrene and the VOCs of WS. These radicals can react
together and form new chemical species. Then, some of the reactive
intermediates generated by the degradation of styrene and WS can

undergo cyclization and polymerisation reactions, thus eventually
forming aromatic compounds. Finally, at the stage of hydrogen transfer
reactions [74], numerous rearrangement reactions occur, contributing
to the formation of more stable aromatic compounds from the evolving
primary radicals and reactive intermediates. At a low mixing ratio
(WTBL1), the abundance of VOCs synthesised from WS decomposition
was sufficient to contain and react with the styrene compound to pro-
duce more aromatic compounds, while at the highest mixing ratio
(WTB2), the VOCs were not sufficient because they reached a point
saturation as shown in Fig. 6.

3.5. Kinetic analysis

3.5.1. Isoconversional model-free methods

First, Ea for the co-pyrolysis process of WTB/WBs samples was
calculated using the listed isoconversional model-free methods above.
The values of Ea at each parameter y were determined by fitting KAS,
FWO, and Friedman plots (Fig. 8), then generating the slope of each
model followed by calculation of Ea at each transformation stage. The
KAS and FWO model-free plots showed fitted straight lines, especially at
conversion rates of 20-80 %. Meanwhile, Friedman plots provided a
more random distribution in the fitting lines due to their high sensitivity
to experimental data of a noisy nature [75]. Fig. 9 shows the relationship
between Ea progress and conversion rate, while the Ea values and their
correlation coefficient factor (R2) are summarised in Table 2. Accord-
ingly, the average Ea of WBs sample was estimated in the range of
275-383 kJ/mol. The calculations revealed that WTB/WBs samples had
Ea of 196-286 kJ/mol (WTB1), 204-235kJ/mol (WTB2), and
130-166 kJ/mol (WTB3). As shown, the average Ea value decreased
gradually by increasing the amount of WTB, which means that the
co-pyrolysis process can help a lot to reduce the WTB reaction’s
complexity, especially when compared to average Ea of WTB pyrolysis
estimated at 182-228 kJ/mol [19]. However, the values calculated
using model-free methods produced more variations in the results
because the linear reaction did not allow to contain the feedstock on
several subcomponents, hence making the reaction more of a nonlinear
reaction as a result of several parallel reactions occurring at the same
time [76].

In order to demonstrate the above and to increase the accuracy of the
results, nonlinear kinetic modelling approaches (Vyazovkin and Cai)
were used. The Ea values were computed using these approaches based
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Table 2
The computed Ea of WBs and WTB/WBs samples at different conversion regions.
y KAS FWO Friedman Vyazovkin Cai
Ea (kJ/ R? A(1/s) Ea (kJ/ R? A(1/s) Ea (kJ/ R? A(1/s) Ea (kJ/ R? Ea (kJ/ R?
mol) mol) mol) mol) mol)
WBs sample
0.1 173.76 0.99 3.93E + 201.09 0.99 1.29E + 21 236.06 0.97 5.18E + 23 177.55 0.99 183.82 0.99
14
0.2 239.04 1.00 2.16E + 262.29 1.00 1.92E + 25 306.01 1.00 2.11E + 28 240.18 1.00 248.67 0.98
18
0.3 307.86 0.98 4.26E + 340.98 0.10 1.39E + 30 375.95 0.99 1.53E + 33 306.75 0.98 317.59 1.00
23
0.4 315.93 0.99 6.51E + 358.46 0.99 2.13E + 30 402.18 0.99 4.69E + 34 322.30 0.99 333.69 0.98
23
0.5 280.93 1.00 5.14E + 314.75 1.00 1.68E + 26 332.23 1.00 9.18E + 27 280.78 1.00 290.71 1.00
19
0.6 270.21 1.00 1.78E + 304.26 1.00 5.81E + 24 306.01 0.98 1.58E + 25 271.24 1.00 280.82 1.00
18
0.7 540.41 1.00 2.49E+ 39 588.40 1.00 8.14E + 45 865.56 0.98 6.02E + 46 534.81 0.99 553.71 0.98
0.8 241.11 0.99 9.12E + 272.78 0.99 2.98E + 21 297.26 1.00 4.42E + 23 240.91 1.00 249.42 0.98
14
0.9 105.03 1.00 1.35E + 130.27 0.99 4.43E+09 323.49 0.97 5.99E+4-08 111.46 1.00 115.40 1.00
03
Avg. 274.92 0.99 2.77E + 308.14 0.90 9.05E + 44 382.75 0.99 6.68E + 45 276.22 0.99 285.98 0.99
38
WTB1
sample
0.1 102.12 0.97 1.82E + 122.40 0.99 5.32E +13 192.35 0.99 8.66E + 18 108.07 0.98 111.53 0.98
07
0.2 242.31 1.00 7.96E + 271.03 1.00 7.08E + 24 349.72 0.98 2.31E + 31 244.16 1.00 251.97 1.00
17
0.3 216.81 1.00 8.77E + 244.80 1.00 2.87E + 21 323.49 0.99 9.38E + 27 223.50 1.00 230.65 1.00
14
0.4 193.97 0.97 6.68E + 236.06 0.97 2.18E + 20 279.78 0.97 1.77E + 24 213.47 0.97 220.30 0.96
13
0.5 235.52 0.97 2.33E + 266.66 0.97 7.63E + 21 306.01 0.96 6.18E + 25 237.67 0.97 245.27 0.97
15
0.6 239.02 1.00 1.62E + 271.03 1.00 5.3E + 21 437.15 0.95 2.08E + 34 236.05 0.97 243.60 0.99
15
0.7 200.94 1.00 2.95E + 227.32 1.00 1.31E + 18 279.78 0.98 1.06E + 22 204.24 0.96 210.78 1.00
12
0.8 172.62 0.95 2.79E + 201.09 0.95 2.48E + 15 174.86 0.97 4.54E + 13 176.11 0.95 181.74 0.96
08
0.9 156.22 1.00 4.04E + 183.60 1.00 1.32E+13 227.00 1.00 1.45E + 16 161.10 1.00 166.26 1.00
06
Avg. 195.50 0.98 8.90E + 224.89 0.99 7.88E + 23 285.57 0.98 2.32E + 33 200.49 0.98 206.90 0.98
16
WTB2
sample
0.1 160.71 0.99 9.74E + 183.60 0.99 8.66E + 18 201.09 0.98 6.4E + 19 164.44 0.98 170.25 0.98
11
0.2 193.52 0.99 3.62E + 218.58 1.00 1.18E + 20 209.83 1.00 4.35E + 19 196.29 1.00 203.22 1.00
13
0.3 201.20 0.98 1.61E + 227.32 0.98 5.25E + 19 218.58 1.00 1.93E + 19 203.85 0.97 211.04 1.00
13
0.4 162.95 0.98 1.22E + 183.60 0.98 2.69E + 16 192.35 1.00 7.32E + 16 166.59 1.00 172.47 0.97
12
0.5 197.87 1.00 9.66E + 227.32 1.00 6.96E + 18 253.55 0.99 1.03E + 21 200.76 0.97 207.85 0.97
07
0.6 153.81 0.98 5.96E + 174.86 0.98 5.96E + 14 183.60 0.99 5.96E + 14 157.64 0.98 163.20 0.97
14
0.7 248.59 0.98 1.61E + 279.78 0.98 3.89E+21  236.06 0.99  3.55E + 18 250.25 0.97  259.09 0.96
14
0.8 248.59 1.00  1.23E + 279.78 0.99 4.03E+20 253.55 0.96 7.39E + 18 249.83 0.99 258.65 0.95
14
0.9 266.05 1.00  8.66E + 314.75 1.00 1.74E+22  367.21 0.96 5.19E + 25 282.67 1.00  292.65 1.00
20
Avg. 203.70 0.99 9.63E + 232.18 0.99 2.43E + 21 235.09 0.99 5.76E + 24 208.04 0.98 215.38 0.98
19
WTB3
sample
0.1 88.59 0.99 2.98E + 113.66 1.00 2.65E + 12 148.63 0.97 3.93133E + 14 96.58 1.00 97.99 1.00
05
0.2 111.67 1.00 4.07E + 139.89 1.00 1.33E + 13 174.86 0.95 1.45865E + 16 119.44 1.00 121.18 1.00
06
0.3 149.65 1.00 7.30E + 174.86 1.00 6.48E + 15 218.58 0.97 1.93253E + 19 158.36 1.00 160.67 1.00
08

(continued on next page)
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Table 2 (continued)

y KAS FWO Friedman Vyazovkin Cai
Ea (kJ/ R? A (1/5) Ea (kJ/ R? A (1/5) Ea (kJ/ R? A (1/5) Ea (kJ/ R? Ea (kJ/ R?
mol) mol) mol) mol) mol)
0.4 116.40 0.99 2.77E + 148.63 0.99 3.33E+12 139.89 0.95 9.03911E + 12 129.26 1.00 131.15 0.98
06
0.5 99.77 0.98 3.24E + 131.15 1.00 1.06E + 11 148.63 0.98 2.12819E + 12 111.66 1.00 113.29 1.00
04
0.6 108.08 0.97 6.12E + 131.15 0.99 2.00E + 11 139.89 1.00 2.00014E + 11 119.61 1.00 121.35 1.00
04
0.7 116.40 0.97  4.50E + 139.89 0.98 1.47E+11  122.40 0.96 7,316,148,666  124.96 0.97 126.78 0.97
04
0.8 141.34 1.00 1.88E + 174.86 0.98 1.67E + 13 78.69 0.96 1,879,069.194 156.13 0.97 158.41 0.98
06
0.9 241.11 1.00 4.85E + 279.78 1.00 4.31E + 19 323.49 1.00 1.73994E + 22 252.64 0.99 256.32 1.00
12
Avg. 130.33 0.99  5.39E + 159.32 0.99 4.79E+18  166.12 0.97 1.93541E +21  140.96 0.99  143.01 0.99
11
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Fig. 10. Vyazovkin and Cai plots of curves of WBs and WTB/WBs samples.

Table 3

Thermodynamic coefficients of parameters of WIB/WBs sample at 30C/min.
y KAS Fwo Friedman

AH (kJ/mol) AG (kJ/mol) AS AH AG (kJ/mol) AS AH (kJ/mol) AG (kJ/mol) AS
(J/mol K) (kJ/mol) (J/mol K) (J/mol K)

0.1 97 175 150 117 115 181 187 121 290
0.2 237 183 367 266 126 412 344 125 534
0.3 211 194 328 239 142 371 318 140 493
0.4 189 185 292 231 147 357 274 142 425
0.5 230 208 357 261 159 405 301 150 466
0.6 234 213 362 266 165 412 432 176 669
0.7 196 209 303 222 166 344 274 170 425
0.8 167 230 259 196 173 303 169 168 263
0.9 151 237 234 178 184 276 222 190 343
Avg. 190 204 294 220 153 340 280 153 434

on integration optimisation algorithms built with Matlab software. After (WTB1), 208.04-215.38 kJ/mol (WTB2), and 140.96-143.01 kJ/mol
several iterations, the Ea values became constant, thus the optimal Ea (WTB3) with R? > 0.98 (Table 2). Finally, the Vyazovkin and Cai re-
was estimated mathematically for each model, where the average Ea lationships were plotted and the plots of WBs and WTB/WBs samples are
was estimated at 276.22-285.98 kJ/mol (WBs), 200.49-206.90 kJ/mol shown in Fig. 10, while their Y-axes formulas are described using Egs.

11
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Fig. 11. The ANN-predicted relationships of WBs pyrolysis at 30 °C/min.
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(S1) and (S2) in the Supplementary section. Lastly, the calculated
thermodynamic parameters of WTB/WBs sample at 30 °C/min
providing less styrene compound are summarised in Table 3.

3.6. ANN-based prediction of co-pyrolytic behaviour

The constructed ANN model was employed to predict TGA-measured
data of WBs and WTB1 samples (optimal mixing ratio) at unknown
heating conditions. The optimisation process showed that two hidden
layers with neurons with a 3 x 5 x 1 pattern were more stable and had
the best prediction performance. Figs. 11, 12 shows the ANN-predicted
diagrams of WBS and WTB1 co-pyrolysis at 30 °C/min, respectively. It is
clear that the training (Fig. 11A, 12A) and validation Figs. 11B, 12B
models were successful in prediction and validation of co-pyrolytic
behaviour of both samples (WBs and WTB1) with R2 = 1. Meanwhile.
the accuracy error distribution of the developed network and their re-
gressions showed a high accuracy, as shown in Fig. 11C, 12D and
Fig. 11C, 12D.

In the meantime, the MSE was estimated to be 4.5891 E-08 in case of
WBs (Fig. 11E) and 2.4916 E-06 in case of WTB1 (Fig. 12E) after 1000
iterations. Meanwhile, the basic characteristics of error distribution
((Fig. 11F) and (Fig. 12F) tended to follow a normal distribution
behaviour around zero and were in the ranges of
— 0.000024 + 0.0000217 (WBs) and — 0.00028 + 7.47E-05 (WTB1).
Finally, the ANN model built at the optimal conditions was used to
predict the TGA curves of both samples at 25 °C/min, followed by
comparison with the experimental data, as shown in Fig. 13. It appears
that an optimised ANN model with good performance was used to learn
and predict the mass loss behaviour of WBs and the pyrolytic decom-
position behaviour of WTB1 samples at unspecified heating rates.
However, the predicted TGA profiles were imaged at 25 °C/min for WBs
and WTBI, exceeding those at 30 and 20 °C/min. This is due to the
complexity of the structural composition of these raw materials (WBs
and WTB1), which needs further optimisation process of the developed
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Table 4
DAEM and IPR optimum parameters of WBs and WTB1 pyrolysis samples.
Parameter WBs WTB1
DAEM IPR DAEM IPR
El 307.77 200.17 225.32 146.54
Al 4.43E + 43 7.39E + 38 3.2E + 22 5.34E + 17
E2 144.66 136.63 144.67 136.63
A2 4.43E+56 1.7E+53 3.2E + 35 1.22E + 32

ANN to improve the accuracy of the results. Based on that a well-trained
ANN can be employed to predict more TGA data of WTB/WBs mixture
and other types of mixtures.

3.7. Fitting of TGA-DTG curves of WBs and WTB/WBs samples

The distinctive characteristics of TGA and DTG experimental profiles
of WBs (at 30 °C/min) and WTB1 (at 30 °C/min) samples were fitted
using DAEM and IPR, respectively. The simulated profiles and their
validated experimental TGA-DTG curves are shown Fig. 14. As shown,
both DARK and IPR models succeeded to fit the distinctive region of WBs
and WTB/WBs samples with deviation close to zero. The activation
energies and pre-exponential factors using the fitting process are sum-
marised in Table 4.

4. Conclusions

In this research, the co-pyrolysis behaviour of WTB (glass fibre/
UPR)/woody biomass (WBs)) and their volatile products was studied
and analysed. The kinetic and thermodynamic behaviour of co-pyrolysis
of WTB/WBs with different mixing ratio was also studied. The measured
TG curves at unspecified heating rates were fitted mathematically using
an ANN model. The TG-DTG results showed that the WTB/WBs mixture
decomposed together at a single peak up to the mixing ratio (WTB:
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WBs) = 1:1, while at a higher mixing ratio, each fraction (WTB and
WBs) in the feedstock started to decompose separately. Also, the WTB/
WBs sample with a 1:1 mixing ratio was successful in cracking the sty-
rene compound (the main toxic element in WTB) upto 7 % at 30 °C/min,
in addition to developing other more aromatic hydrocarbon compounds.
At this mixing ratio, the activation energy was estimated at 195.5 kJ/
mol (KAS), 224.9 kJ/mol (FWO), 285.6 kJ/mol (Friedman), 200.5 kJ/
mol (Vyazovkin), 206.9 kJ/mol (Cai) with R2 > 0.98. Based on these
results, it can be confirmed that the co-pyrolysis process has high po-
tential in WTB treatment and reduction of its toxic substrates in pyrol-
ysis products. Finally, based on the results obtained, the co-pyrolysis of
WTB and WTS mixture can be considered as a promising approach for
production of sustainable energy.
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