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Abstract

This study examines how catalysts and operating conditions enhance the pyrolysis of
textile wastes, supporting their use as a viable feedstock for waste-to-energy recycling.
Pyrolysis of three common textile wastes—cotton, polyester, and nylon—was studied using
thermogravimetric analysis (TGA). Experiments were conducted at heating rates of 5, 10,
15, and 20 °C/min, both with and without catalysts, including K,CO3, ZnO, KOH, CaO,
and natural zeolite. The results showed that cotton decomposes at significantly lower
temperatures than polyester and nylon, with a peak decomposition rate at 361.7 °C com-
pared to 437.9 °C for polyester and 459.8 °C for nylon. Reaction kinetics were analyzed
using three established models: Kissinger—-Akahira-Sunose (KAS), Flynn-Wall-Ozawa
(FWO), and Kissinger. Among the materials studied, polyester exhibited the lowest acti-
vation energy (184.8 kJ/mol), while cotton and nylon showed higher values (241.1 and
236.2 k] /mol, respectively). Catalyst performance varied by material. Potassium carbon-
ate was particularly effective for cotton, increasing the weight loss rate and reaction rate
constant. ZnO significantly reduced the activation energy for nylon. Although catalysts
generally enhanced reaction rates, many also increased activation energy. This increase in
activation energy and collision frequency suggests that catalytic pyrolysis becomes more
temperature-sensitive while achieving higher reaction turnover frequencies.

Keywords: pyrolysis; textile waste; catalysts; kinetics; thermochemical decomposition

1. Introduction

Post-consumer textile waste has become a serious issue: despite the fact that more
than 95% of post-consumer material could be recycled, only 15% is recycled and two-thirds
of it ends up in landfill [1]. The primary concerns of landfilling textile waste are pollution of
soil and groundwater by heavy metals present in the dye components in the manufactured
textiles [2]. Every year, an estimated 190,000 tons of microfibers from synthetic fabrics,
largely comprised of petroleum-based polymers, are estimated to be deposited in the
ocean [3]. Synthetic microfibers, a major source of pollution, are projected to account for
up to 35% of microplastics in water bodies, with a large portion contributed by fabric
microfibers [4]. There is an enormous amount of cotton in textile waste, but since the cotton
is mixed with other materials (such as dyes and polymer fibers), it is difficult to recover it
economically [5]. The same issue is occurring for polyester and nylon.

In many densely populated cities, converting textile waste into energy could partially
fulfill energy needs, which is especially beneficial since textile waste as an energy source
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could be 70-80% cheaper than oil, wood pellets and wood chips [6]. There are several
methods to convert waste to energy: thermochemical, biochemical, and physicochemical.
Pyrolysis (as one of the thermochemical methods) is one promising way to convert waste
synthetic polymers and biomass wastes into gaseous fuel, liquid fuel, and charcoal via slow
or fast pyrolytic approaches [7]. Unlike mechanical and chemical processing, pyrolysis is
capable of treating nearly all kinds of synthetic polymers and their mixes.

The thermochemical conversion of textile waste has recently drawn attention as a
potentially effective method to recycle textile waste to bioenergy and biofuels [8-10]. Using
a thermogravimetric analyzer (TGA), Molto et al. [11] examined the thermal decomposition
of cotton fabric samples in an inert atmosphere and suggested a two-step kinetic model to
explain the thermal cracking of cotton waste. Zhu et al. [12] studied the thermal conversion
of ramie fabric waste for energy in a TGA unit at heating rates of 5, 10, 20 and 40 °C min .
The reaction kinetics was examined by comparisons between isoconversional model-free
methods (e.g., Coats—Redfern method) and one model-fitting method. Wen et al. [13] used
a Thermogravimetric-Fourier-Transform-Infrared-Spectroscopy (TG-FTIR) system to study
the pyrolysis kinetics of three types of textile waste and their mixture—polyester, wool and
cotton—under a CO; environment at a temperature range of 300-500 °C.

To improve the pyrolysis reaction rate and the pyrolysis oil quality, catalysts such
as Al,O3, CuO, ZnO and Fep;O3 can be applied. For example, Wu et al. [14] reported a
35% decrease in the pyrolysis reaction activation energy with the use of a ZnO catalyst.
Pyrolysis using catalysts can also boost liquid yields from textiles (blue and black jeans) [5].
The catalytic pyrolysis of textiles (cotton and polyester) was carried out at pilot scale,
utilizing Al,O3 at 800 °C. The typical yields of char, gas and oil were 17.8, 44.0 and 37.5%,
respectively [5]. The pyrolysis of polyethylene terephthalate (PET) was investigated at
temperatures of 400-550 °C [15]. Due to its low thermal conductivity and low melting
temperature, it was recommended that a proper reactor design (e.g., fluidized bed) and
catalyst (e.g., ZnO) be applied to increase heat transfer and minimize agglomeration.

The selection of catalysts in this study was based on their distinct and well-documented
chemical functionalities in thermochemical conversion processes. Alkali-based compounds
such as K,CO3; and KOH possess strong basicity and are known to promote dehydra-
tion, depolymerization, and char—gas reactions in lignocellulosic and polymeric materials,
thereby facilitating bond cleavage and accelerating thermal decomposition. CaO, a basic
oxide, has been widely reported to enhance secondary cracking reactions, capture acidic
gases, and improve tar reforming behavior during pyrolysis. ZnO, a metal oxide with
Lewis acidic character, has demonstrated strong catalytic activity for chain scission and
depolymerization of polyester- and PET-like polymers, while natural zeolite provides acidic
and porous active sites that promote cracking and vapor upgrading. These low-cost and
industrially accessible catalysts were therefore selected to represent a range of catalytic
functionalities (alkaline, basic oxide, metal oxide, and acidic porous catalysts) and to sys-
tematically evaluate their interactions with three major textile fibers (cotton, polyester,
and nylon).

Although catalytic pyrolysis of textile waste has been widely investigated, most
previous studies have focused on single textile types, specific catalysts, or product char-
acterization [16]. A systematic comparison of the kinetic behavior of the three dominant
textile fibers—cotton, polyester, and nylon—under identical experimental conditions using
multiple low-cost catalysts remains limited. The novelty of this study lies in (i) the direct
comparison of catalytic effects across natural and synthetic textile fibers, (ii) the evaluation
of inexpensive and industrially accessible catalysts representing different catalytic func-
tionalities, and (iii) the identification of catalyst-dependent kinetic compensation effects,
where activation energy and pre-exponential factor vary simultaneously. This comparative
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kinetic framework provides insight into catalyst-fiber interactions that cannot be obtained
from single-material studies.

These three fabrics have been chosen as they are the most common feedstock for the
apparel industry and the post-consumer waste resulting from their processing is substantial.
Our ultimate goal is to develop a microwave-assisted fluidized bed pyrolysis reactor for
the catalytic pyrolysis of a waste textile mix. Based on our previous study on microwave-
assisted catalytic pyrolysis of biomass residues, we selected K,COj for catalytic pyrolysis
of cotton at two different ratios of 10 and 20%; ZnO, CaO, KOH, and natural zeolite for
polyester; and ZnO, which has been reported to be effective in catalyzing the cracking
of low-melting temperature plastics, e.g., PET, to prevent agglomeration, for nylon. The
objective of this study is to identify suitable pyrolysis temperature ranges and effective
catalysts to decompose these three major textile wastes, with their reaction kinetics estab-
lished for assisting the design and simulation of pyrolysis reactors, and to discover the best
textile for pyrolysis compared to others. Also, the established reaction kinetics for selected
catalysts on each textile will provide us a reference for our future study on blended waste
textile mixtures.

2. Materials and Methods
2.1. Feedstock and Catalysts

Cotton, nylon 6 and polyester samples (100% pure) were provided by Lululemon
(Vancouver, BC, Canada) in various colors, but only undyed (white) and dyed (black)
samples were tested. The samples of cotton, nylon and polyester (150 g/m?) were shredded
using a shredding machine. Clinoptilolite (or natural zeolite) from KMI-zeolite and K,COs3,
Zn0O, KOH, and CaO from Sigma Aldrich were used as catalysts in the experiments.
Catalysts were physically mixed with shredded textile samples at the specified mass ratios
(10-20 wt% relative to textile mass). Mixing was performed manually using a mortar and
pestle for approximately 10 min to ensure uniform distribution of catalyst particles within
the textile matrix prior to TGA testing.

2.2. Thermogravimetry Analysis (TGA)

The TGA experiments were conducted in a Shimadzu TGA-50 thermogravimetric
analyzer (Mandel Scientific, Guelph, ON, Canada), located at the Department of Chemical
and Biological Engineering at the University of British Columbia using shredded textile
samples. All experiments were performed under an inert atmosphere using high-purity
nitrogen (99.999%) at a flow rate of 50 mL/min to prevent oxidative reactions during
thermal decomposition. Approximately 100 £ 0.5 mg of sample was placed in a quartz
crucible for each experiment. The catalyst-to-sample ratio was maintained at a range [e.g.,
1:5] to ensure sufficient microwave absorption for sample heating and to ensure sufficient
active sites for the vapor-phase intermediate reactions without causing excessive thermal
lagging, while the flow rate was optimized to minimize secondary reactions and ensure
the immediate removal of volatiles, consistent with established protocols in biomass and
plastic pyrolysis.

The samples were heated from room temperature to 700 °C at linear heating rates of
5,10, 15, and 20 °C/min, followed by an isothermal holding period of 10 min to ensure
completion of thermal decomposition. Sample mass was recorded at a frequency of 1 Hz
throughout the experiment. The balance resolution of the instrument was 0.01 mg.

To ensure reproducibility of the measurements, selected experiments were conducted
in duplicate. The variation in peak decomposition temperature (£3-5 °C) and total mass
loss (£5%) between repeated runs was within typical experimental uncertainty for non-
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isothermal TGA measurements. The reported thermal and kinetic parameters were ob-
tained from consistent datasets across the investigated heating rates.

It should be noted that thermogravimetric analysis represents small-scale thermal
decomposition under controlled heating conditions and does not replicate full reactor-
scale pyrolysis behavior. In this study, TGA is employed as a kinetic screening tool to
determine decomposition temperature ranges and apparent kinetic parameters, which
serve as fundamental inputs for subsequent reactor design and simulation.

2.3. Methods

The solid-state thermal decomposition rate is determined by the temperature and
reactant concentration. In the non-isothermal tests, the reaction continues at a specified
heating rate 3 (K/min), while the sample weight is constantly tracked as a function of time.
The fractional conversion is calculated by:

x = Wo — wr 1)
woy —w f
where wy, w,, and w¢ represent the sample mass presented at a given time and the initial
and final times, respectively. The non-isothermal decomposition reaction rate, denoted
as do/dt, is determined by the rate at which conversion changes over time. At a linear
temperature heating rate, two independent functions, namely conversion function (f(x))
and temperature function (k(T)), describe the reaction kinetics, as given in Equation (2):

da

du
T ﬁﬁ =k(T)f(a) 2)

The Arrhenius equation describes the dependency of the rate constant, k, on temperature:

KT) = Aexp(~ %) ®)
The activation energy (E«) reflects the minimal energy required to initiate the re-
action. A lower activation energy value indicates a greater probability of reactivity at
lower temperatures.
The Kissinger method is a differential method, which relates the temperature values
Tm at the maximum reaction rate to the heating rate and activation energy by [17]:

LnR/T?m = Ln ‘g—f— l%n (4)

The activation energy can be determined by the slope of —E« /R (R =8.31 J/mol-K)
from a straight line of In (3 /Tm) versus 1/T.

The Kissinger—Akahira-Sunose (KAS) method in its simplified form is given by [17,18].

The method is an integral isoconversional technique that offers higher accuracy than the

Kissinger method by not assuming a constant activation energy throughout the process. It

is expressed as:
AR E
2 _ b
Lnp/T° = Ln E.  RT 5)
The activation energy can be calculated from a plot of Ln /T? versus 1/T for an
assumed constant value of A, where the slope is equal to —E /R.
The Flynn-Wall-Ozawa (FWO) method is an isoconversional, integral method and is

given by the following standardized equation [19,20]:

AEq4

ILnp = Ln RF(o)

E
—5.331 — 1.052 R—; (6)
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For a constant conversion, «, and pre-exponential factor, A, the plot of In 3 vs. 1/T
at several heating rates should give a straight line with a slope of —1.0527 E/R. The
activation energy can be estimated via the slope at a wide range of conversion, «.

The Coats—Redfern method belongs to a model-fitting method that involves the ther-

mal degradation mechanism [21]. The simplified equation can be expressed as:

LnF(x)/T?> = Ln

AR Ex

m— RT @)

The activation energy can be estimated from the slope of the plot of In(F(cx)/T?) vs.

1/T using a specific algebraic expression of F(x) for a given kinetic mechanism (Table 1).

The pre-exponential factor A can then be calculated from the intercept In (AR/BE).

Table 1. Algebraic expressions, F(«), for the frequently used reaction mechanisms [22].

Differential Form

Integral Form

Mechanism (o) F(o)

Contracting sphere (R2) 2(1 — x)1/2 1—(1—ow)l/2
Contracting cylinder (R3) 3(1 — x)?/3 1—(1—owl/3
One-dimensional diffusion (D1) 1/2x o?
Two-dimensional diffusion (D2) [-In(1 — x)]! (1 —-o)In(l — &) + o

Three-dimensional diffusion (D3)
Ginstling—Brounshetein (D4)

3(1 — )?/3/2[1 — (1 — 0)'/3]
3/2[(1 — &)~ V/3 — 1)1

[1-1- P
1— Qa/3) — (1 — x)?/3

Power law (P2) 2 x1/2 o 172
Power law (P3) 3 o 2/3 o 1/3
Power law (P4) 4 374 o 1/4

Avarami-Erofe’ev (A2)
Avarami-Erofe’ev (A3)
Avarami-Erofe’ev (A4)

2(1 — &)[—In(1 — x)]*/2
3(1 — a)[—In(1 — x)]?*/3
4(1 — x)[~In(1 — x)]?/*

[—In(1 — o)]'/2
[~In(1l — o)]/3
[—In(1 — a)]/*

3. Results and Discussion

3.1. Pyrolysis of Single Species (Cotton, Polyester, and Nylon)

The proximate and ultimate analyses of polyester, cotton and nylon are shown in

Table 2. Overall, the three samples were quite similar in elemental composition, with high
carbon content and relatively low hydrogen content. The oxygen content is highest for
cotton and lowest for nylon. The HHV of fabric samples using a bomb calorimeter ranges
from 16.8 to 31 MJ/kg, with nylon as the highest, corresponding to it having the lowest
oxygen content. Petroleum-based fibers like polyester, acrylic, and nylon have higher
carbon content and HHV compared to other natural fabrics [23].

Table 2. Proximate and ultimate analyses of textile samples.

Fixed Volatiles Ash HHV

Sample Carbon (%) (%) Content (%) (M]/kg) ¢ H N > ©

Polyester (white) 14.20 85.80 0 22.96 62.54 4.38 0 0 33.08
(black) 17.09 82.01 0.9 20.56 60.85 421 0 0 34.94
Cotton (white) 15.02 84.98 0 16.9 42.78 6.1 0 0 51.12
(black) 14.43 85.27 0.3 16.81 42.8 6.12 0 0 51.08
Nylon (white) 7.8 92.2 0 31.29 62.18 9.44 11.82 0 16.56
(black) 5.37 94.07 0.56 30.39 62.43 8.99 10.91 0 17.66

The weight loss (TG) and weight loss rate (DTG) graphs of different textiles (polyester,
nylon and cotton) are shown in Figures 1 and 2. The heating rate was 10 °C/min. The
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curves suggest that the pyrolysis of polyester occurs in only one stage; however, the cotton
samples first lost a small amount of their weight (roughly 5-6%) below 100 °C and they
lost most of their weight at the second stage. The first weight loss stage could be due to
the evaporation of water and other volatile chemicals in cotton samples [5]. The second
stage resulted from fiber decomposition. The decomposition of cotton samples occurred
at lower temperatures (316420 °C) compared to polyester (385-488 °C). Degradation of
nylon samples took place at a similar temperature range as for polyester.

120 H
100 A
80 A

60 -

Weight (%)

40 -

0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

White polyester = - = Black polyester White cotton

Black cotton Black nylon = « = White nylon

Figure 1. Pyrolysis TG curves of textile samples at a heating rate of 10 °C/min.
25 r
20
15

10

Weight loss rate (%/min)

Temperature (°C)

= = = White polyester Black polyester White cotton

Black cotton e Black nylon = = \White nylon

Figure 2. Pyrolysis DTG curves of textile samples at a heating rate of 10 °C/min.

It has been reported [24-27] that the thermal decomposition of PET started at tem-
peratures of 360—400 °C, with the most prominent peak at ~428 °C. For example, Girija
et al. [28] suggested that PET went through a single-stage decomposition with ~60% de-
graded at a temperature of 440 °C. The maximum amount of volatiles was released from
the pyrolysis of black and white nylon (93.55 and 92.71%, respectively) (Table 3). Alhulaybi
and Dubdub [29] showed that the pyrolysis of PET occurs at a temperature of 377 to 477 °C
with about 20 wt% residue generation. The kinetic parameters presented in Table 3 were
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determined at a heating rate of 5 °C/min. This specific rate was selected as the baseline for
kinetic performance to align with the lowest heating rate utilized in the TGA experimental
series, ensuring high resolution of the initial decomposition stages.

Table 3. Pyrolysis performance of polyester and cotton samples at a heating rate of 5 °C/min.

TemPerature a.t Maximum Weight Weight Loss
Sample Maximum Weight Loss Rate (%/°C) During
Loss Rate (°C) Pyrolysis (%)
White polyester 437.9 13.50 78.75
Black polyester 442 8 8.88 78.47
White cotton 361.7 15.21 90.38
Black cotton 359.8 8.36 86.75
Black nylon 465.4 9.37 93.55
White nylon 459.8 8.39 92.71

The activation energies of cotton, polyester and nylon pyrolysis extracted using both
the Kissinger and FWO methods are presented in Tables 4 and 5. E« ranges from 180 to
300 kJ/mol, and black polyester had the lowest activation energy (184.8 KJ /mol). Using the
FWO method, the activation energy was found to fall in a similar range as obtained using
the Kissinger method, with undyed cotton having the lowest value. Matsumura et al. [30]
estimated the activation energy from the Arrhenius plot and it was 111.8 k] /mol for PET,
which was smaller than 142.6 k] /mol for cotton. Yousef et al. [31] studied the pyrolysis
behavior of buttons and their kinetic performance to convert them into energy and their
original chemical components. The kinetic analysis revealed that the E of the pyrolyzed
polyester was in the range of 152-202 k] /mol, and for nylon it was 156-201 k] /mol.

Table 4. Activation energies of different textile samples from the Kissinger method.

Sample E (kJ/mol)
White polyester 202.7
Black polyester 184.8
White cotton 241.1
Black cotton 297.0
White nylon 218.9

Table 5. Activation energies at various fractional conversions («) from the FWO method (unit:
kJ/mol).

ot
Sample Average
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
White cotton 104.1 178.5 194.3 199.0 198.4 199.5 194.9 190.8 188.3 183.0
White polyester ~ 233.2 237.2 236.5 235.1 233.8  238.8 237.5 240.1 243.5 237.3
White nylon 128.0 205.5 212.6 2122 226.1 250.1 255.6 259.3 268.9 224.2

The activation energy values estimated by the KAS method, which is similar to the
FWO method, at different fractional conversions for various textile samples are demon-
strated in Figure 3. White polyester is seen to have very stable values at the full range of
fractional conversions from 0.1 to 0.9 (average: 237 kJ/mol). Osman et al. [32] used the
FWO method to show a variation in E during the pyrolysis of PET, which was in the range
of 166-180 k] /mol. Zhu et al. [12] calculated the activation energies of pyrolyzed ramie
using the KAS and FWO methods (167 and 169 k] /mol, respectively), which were lower
than the E, of pyrolyzed textile waste using the same methods.
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Figure 3. Activation energies of undyed cotton, polyester and nylon at different fractional conversions
obtained via the KAS method.

To elucidate the reaction mechanism of pyrolysis of different textile waste, the acti-
vation energy was extracted by the Coats—Redfern method based on different pyrolysis
reaction mechanisms, with the E, values of undyed cotton, polyester and nylon at different
heating rates displayed in Figures 4-6. It is believed that a likely mechanism will have an
E« value close to that obtained using other methods (e.g., Kissinger or FWO). It is seen that
for white polyester and white cotton, the E, values from the R2 and R3 mechanisms are
closest to the values obtained from Kissinger and FWO methods, suggesting that polyester
and cotton likely followed the reaction mechanism R3, a contracting cylinder, or R2, a
contracting sphere. On the other hand, white nylon likely followed the mechanism model
of D1 (one-dimensional diffusion). The difference is possibly related to the much lower
oxygen content in nylon than in cotton and polyester. The mechanism for pyrolyzed ramie
was a phase-boundary-controlled reaction type (R2 or R3) [12].

m5
=10
15
“ il II || ETTTH
R2 R3 D1 D2 D3 D4 P2 P3 P4 A2 A3 A4

Mechanism model

Figure 4. Relationship between estimated E, and reaction mechanisms for pyrolysis of white
polyester as estimated by the Coats-Redfern method.
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Figure 5. Relationship between estimated E and reaction mechanisms for pyrolysis of white cotton
as estimated by the Coats—Redfern method.

350 -
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0 4 m10
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Figure 6. Relationship between estimated E and reaction mechanisms for pyrolysis of white nylon
as estimated by the Coats—Redfern method.

3.2. Catalytic Pyrolysis of Single Species (Cotton, Polyester, and Nylon)

Pure textile materials were intentionally used in this study to isolate the intrinsic
thermal and catalytic behavior of individual fiber types. Real post-consumer textile wastes
typically contain blends, dyes, and additives that introduce additional complexity and
variability. While absolute kinetic values may differ for mixed wastes, the relative trends
observed here provide a fundamental basis for understanding catalyst—fiber interactions in
more complex waste streams.

For the pyrolysis of white polyester with 20% KOH, the starting temperature, temper-
ature at maximum weight loss rate and ending temperature all increased with the increase
in heating rate, and the pyrolysis temperature range became wider (Figure 7). However,
as shown in Figure 8, the heating rate had little effect on the total mass loss (or yield of
solid residue).
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70 A
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T 100 200 300 400 500 600 700 800
-10 Temperature (°C)
——dw5 dwl0 ————dwl5 ——dw20
Figure 7. Pyrolysis DTG curves of white polyester with 20% KOH at different heating rates. The
notion “dw” refers to the derivative of weight (DTG) at specific heating rates.
120 1
100 —
80 4
£
=
) 60 -
(]
=
40
20 A
0 T T T T T T T 1
0 100 200 300 400 o ?00 600 700 800
Temperature (°C
—w5 w10 wl5 —=—w20

Figure 8. Pyrolysis TG curves of white polyester with 20% KOH at different heating rates.

The catalytic performance observed in the mixed textile systems (e.g., polyester—
cotton blends) differs significantly from those of the single-component materials. In single-
component pyrolysis, the catalyst interacts directly with a uniform decomposition pathway.
However, in the mixed system, the presence of cellulose-derived volatiles from cotton
may undergo cross-linking or synergistic reactions with the polyester-derived monomers
on the catalyst surface. For instance, the alkaline sites of CaO show higher activity in
deoxygenating the mixed vapors compared to the single-component runs, suggesting that
the catalyst effectively manages the more complex intermediate products generated by the
interaction of different polymer chains. This synergy is crucial for achieving consistent
bio-oil quality in heterogeneous textile waste streams.
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The influence of catalysts on TGA behavior can be interpreted through combined
chemical and physical effects. Chemically, alkaline catalysts (K,CO3 and KOH) can promote
dehydration, depolymerization, and fragmentation reactions, particularly for oxygen-rich
cellulose-based fibers (cotton). Physically, the presence of solid catalyst particles can
improve heat transfer within poorly conductive textile matrices, change melt viscosity
and volatilization pathways (especially for polyester/nylon), and modify transport of
evolved volatiles away from the sample surface. Therefore, a catalyst may shift the DTG
peak temperature and change the apparent kinetic parameters (E4 and A) depending on
which chemical pathway becomes dominant and whether mass/heat transport limitations
are altered.

The pyrolysis characteristics of the three textile species are summarized in Table 6. White
cotton with 20% KyCOs3 was subjected to a maximum total weight loss (97%) at a heating
rate of 5 °C/min. The highest solid residues were generated from the pyrolysis of white
and black polyesters. Using catalysts increased the maximum weight loss rate for all
tested textile species, which is more apparent for the pyrolysis of white cotton with 10%
K;COs. Also, the temperature at maximum weight loss rate increased for cotton and
polyester with catalysts compared to the control (pure) and decreased for nylon. An
increase in Tr, can occur when the catalyst promotes competing reaction pathways such as
dehydration/condensation and char stabilization, or when stronger interactions between
the catalyst and polymer fragments delay volatilization. For melting polymers, catalyst
particles can also influence melt-phase transport and volatilization, producing either earlier
or delayed peak decomposition depending on the balance between catalytic cracking and
transport resistance.

Table 6. Pyrolysis performance of cotton, polyester and nylon at a heating rate of 5 °C/min.

Sample

Temperature at Maximum Maximum Weight Loss  Total Weight Loss

Weight Loss Rate (°C) Rate (%/°C) During Pyrolysis (%)
White polyester 437.9 13.50 78.75
White polyester (KOH:20%) 446.0 18.88 70.13
White polyester (Zeolite:20%) 449.9 47.28 78.33
White polyester (ZnO:20%) 439.0 19.56 83.38
White polyester (CaO:20%) 439.3 30.84 77.03
White cotton 361.7 15.21 90.38
White cotton (K,COs3:10%) 377.2 20.09 97.24
White cotton (K,CO3:20%) 376.0 18.73 88.31
White nylon 459.8 8.39 92.71
White nylon (ZnO:20%) 428.2 16.95 94.62

Catalyst weight is commonly subtracted to obtain the weight loss of the sample by
assuming that the weight of the catalyst does not change during the pyrolysis. However, if
the catalyst weight changes during pyrolysis, its weight loss should be accounted for in
the data analysis. To evaluate the changes in weight of catalysts during pyrolysis, each
catalyst alone was subjected to the heating process at the same heating rate with the same
carrier gas, with their behavior demonstrated in Figure 9. Among the five types of catalysts,
KOH had the highest weight loss during pyrolysis, which was around 30%, and ZnO and
natural zeolite had a similar weight loss of 10 to 11%. K,CO3 was stable throughout the
experiment, while the total weight loss of CaO was ~8%. To check the stability of the
samples at temperatures with no expected catalyst decomposition, the catalyst samples
were put into an oven and heated up to 250 °C. The resulting weight losses are shown in
Table 7. It is seen that zeolite and ZnO had a weight loss of ~10%, likely from the removal
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of water, while KOH gained weight (8%), likely due to the conversion of KOH to K,COj3
via reacting with CO, present in the atmospheric air.
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Figure 9. Weight loss of catalysts alone during pyrolysis.

Table 7. Weight change in catalysts after exposure to air in an oven at 250 °C for 24 h.

Catalyst Weight Change (%)
KOH 8.25

KyCOs 0.00

Zeolite -9.78

ZnO —11.30

CaO 0.9

As observed in Figure 9, the initial mass of the catalyst, particularly KOH, exhibited a
slight increase at the beginning of the pyrolysis process. This is attributed to the hygroscopic
nature of KOH, leading to the rapid absorption of atmospheric moisture (H,O) and carbon
dioxide (CO;) during the sample loading and initial heating phases. The interaction
with CO; results in the formation of potassium carbonate (K,COj3), which accounts for
the recorded mass gain before the onset of the primary thermal decomposition of the
polymer matrix.

To ensure the accuracy of the kinetic parameters, the TGA curves were corrected by
subtracting the independent weight loss profile of the catalyst (measured under identical
conditions) from the catalyst-sample mixture. This normalization isolates the degradation
behavior of the textile components from the catalyst’s own thermal changes (e.g., moisture
loss or carbonation).

The activation energies of catalytic pyrolysis of undyed polyester, nylon and cotton
were estimated using the Kissinger method, with the data summarized in Table 8. The
lowest E, was obtained from white nylon with ZnO (125.9 k] /mol), and the highest E
from white polyester with ZnO as the catalyst (345.5 k] /mol). The results of Table 8 show
that the addition of a catalyst could increase the activation energy, which is contrary to the
data in the literature [14]. Yang et al. [33] studied the pyrolysis behavior of three types of
biomass (sawdust, cellulose and straw) in the absence of a catalyst and in the presence of
Ni-Ca;S5i0O4 and Ni-CaO-Ca;SiO; as catalysts by TGA. For the three types of biomass tested,
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Ni-CaO-Ca;5i04 showed the catalytic effect, as reflected by a decrease in E. However, for
straw pyrolysis, Ni-Ca,SiOy increased the activation energy, which might be due to the
strong interaction of the catalyst with the metals in the ash of straw.

Table 8. Activation energies of different textile samples from Kissinger method.

Sample E (kJ/mol)
White polyester 202.7
White polyester (20% KOH) 2474
White polyester (20% Zeolite) 2249
White polyester (20% CaO) 296.5
White polyester (20% ZnO) 345.5
White cotton 241.1
White cotton (10%K,CO3) 288.7
White cotton (20%K,CO3) 257.4
White nylon 218.9
White nylon (20% ZnO) 125.9

The E estimated using the KAS method is presented in Figures 10-12. The activation
energy (Ey) values of white polyester with ZnO across different fractional conversions ()
were the highest among all tested catalysts. As illustrated in Figure 10, the values for the
ZnO-catalyzed pyrolysis range from 400 kJ /mol to approximately 1000 kJ/mol at « = 0.8,
which is significantly higher than the ranges observed for other catalysts (200-300 kJ/mol).
Conversely, for the CaO catalyst at a fractional conversion of 0.9, the calculated activation
energy drops to 0 kJ]/mol. This near-zero value at the final stage of decomposition is
attributed to a mathematical artifact in the isoconversional model fitting; at such high
conversion levels, the remaining mass loss is negligible, leading to a loss of linear correlation
in the Arrhenius plots. For white cotton with K,COj3, as shown in Figure 11, E« had a
broader range (100-300 kJ/mol). E for white nylon with ZnO was between 35 and
74 kJ /mol (Figure 12), which was much lower than the activation energy of undyed cotton
and polyester using the KAS method.

1200

1000

800 A

600 -

Ea (KJ/mol)

400

200 -

—@—27n0 Polyester Zeolite KOH —@—Ca0

Figure 10. Ey of white polyester with catalysts at different fractional conversions from the
KAS method.
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300 -
250 A
200 A

150 A

=]

E, (KJ/mol)

100 ~

50 -

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

—&—7n0 Nylon

Figure 12. E of white nylon with 20% ZnO at different fractional conversions from the KAS method.

Chong et al. [34] aimed to assess kinetic parameters for the thermal decomposition of
cellulose and palm empty fruit bunch fiber (EFBF) in the presence of calcium oxide (CaO),
zinc oxide (ZnO) and magnesium oxide (MgO). Using these oxides, the average activation
energy of EFBF decreased, where the most significant reduction was seen for the addition
of 10 wt% of MgO (274.5 to 194.8 k] /mol).

According to Table 5, using the FWO method, the activation energy of white cotton is
lower than that of white polyester and white nylon (183 vs. 237 and 224 kJ /mol). Utilizing
catalysts increased the activation energies of both polyester and cotton compared with
the pyrolysis of pure samples (Table 9). However, white nylon with ZnO showed a 34%
decrease in E« compared to nylon alone. This suggests that ZnO is a very effective catalyst
for the pyrolysis of nylon. A decrease in apparent activation energy suggests that the
dominant decomposition pathway requires less energy, which is consistent with catalytic
facilitation of key bond-breaking steps. For example, Lewis-acidic or redox-active metal
oxides can weaken ester or amide linkages through coordination effects, while alkaline
catalysts can promote base-catalyzed fragmentation and dehydration reactions. In addition,
catalytic enhancement of volatile removal can reduce the extent of secondary reactions
at the sample surface, effectively lowering the energy barrier inferred from TGA. Suami
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etal. [35] used the FWO method to estimate the activation energy of the pyrolyzed polyester
and cotton with and without FeCl,. The E, for cotton was 133 kJ/mol, while the value
with the catalyst was 124 k] /mol. Their result proved that the addition of FeCl, improved
the pyrolysis rate of cotton and enhanced pyrolysis in the low-temperature range, whereas
the activation energies of polyester with and without a catalyst were almost in the same
range (203 and 205 k] /mol, respectively).

Table 9. E« (k]J/mol) of catalytic pyrolysis of white cotton, white nylon and white polyester at various
fractional conversions (x) by the FWO method.

ot
Sample Average
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Cotton with 10% K,COs;  202.0 259.6  261.3 2720 2554 2578 256.5 259.1 292.8 257.4
Cotton with 20% K,CO; 1206 201.5 2250 2398 2476 2529 2501 2655 3052 234.3
Polyester with zeolite 2999 2917 2935 2913 2667 2527 2516 2553  238.0 271.2
Polyester with KOH 2107 2822 2879 2755 2609 2587 2471 2446 2254 254.8
Polyester with ZnO 4004 5403 4721 4913 4682 4825 5461 7632  479.1 515.9
Polyester with CaO 250.7 2713 2787 2867 2956 3130 3358 4101 N/A 262.9
Nylon with ZnO 113.1 1226 1318 1371 1421 1504 157.5 185.7 195.9 148.4

The heating rate may affect the balance of sample decomposition and the heat transfer
process, because of the lag of sample temperature to the reactor temperature. No clear
pattern is observed in Figures 13 and 51-56 regarding the impact of heating rate on the
extracted activation energy from different kinetic models, suggesting that there is little
heat transfer limitation at the heating rates selected in this study. The mechanisms for the
catalytic reaction of white polyester with KOH, zeolite and CaO followed the diffusion
model (D1) (E« = 250-270 kJ/mol). However, the proposed reaction models could not
successfully describe the pyrolysis of white polyester with ZnO because of its high E«
(>500 kJ/mol). For catalytic pyrolysis of undyed cotton with 10 and 20% K,COs3, three-
dimensional diffusion mechanisms of D3 and D4 appeared to match most. The mechanism
model that closely matched the pyrolysis of white nylon with ZnO was R2 or R3. Chong
et al. [34] discovered that CaO, MgO, and ZnO would not affect the mechanisms other than
catalyzing the reactions. Mostly second-order chemical reaction and three-dimensional
diffusion are the closest mechanisms to describe the decomposition of EFBF in the presence
of oxide catalysts. The cellulose decomposition was controlled by a 1.5-order chemical
reaction and a three-dimensional diffusion mechanism.

Kinetic compensation occurs when there is a strong and positive correlation between
the pre-exponential factor A and activation energy E« from the Arrhenius equation for a
reaction between the same reactants under similar experimental settings or similar reactants
under the same settings, even though those parameters should be independent. The kinetic
compensatory effect has a few origins: (1) the chemical and physical characteristics of the
reactants and the reaction process; (2) the measurement settings in the thermal analysis
experiment; (3) the calculation and approaches of experimental data processing [36].

According to Figures 14 and S7-59, there exist strong positive compensation effects
among activation energies and pre-exponential factors in the pyrolysis of textiles with and
without catalysts. Those results prove that changes in activation energy were compensated
for partially by changes in the pre-exponential factor. Similar results were achieved in the
study of compensation effects of pyrolyzed ramie during various thermal treatments; the
linear relationship IgA = —1.3515 + 0.0808 E (R? = 0.9999) for ramie was determined [12].
The decrease in E indicates a lesser degree of dependence or sensitivity of the pyrolysis
reaction rate on the temperature, but not necessarily a higher reaction rate, and vice versa.
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It is clearly observed in this study that the reaction rate constants increase significantly with
the introduction of catalysts, as shown in Table 10 and Figures S10-512 (except for white
nylon). The increase in reaction rate can be attributed to both the improvement of heat
transfer for those poorly thermally conductive textile samples and the intrinsic catalytic
effect on the cracking of organic vapors, which accelerates the removal of decomposed
products from the sample surface.

400 -
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Figure 13. Relationship among heating rate, activation energy and reaction mechanisms for pyrolysis
of white polyester with KOH.
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Figure 14. Compensation effect between pre-exponential factor and activation energy of pyrolyzed
white polyester with KOH and zeolite.

In several cases, catalyst addition increased the apparent activation energy. This does
not necessarily contradict the catalytic promotion of pyrolysis. Under non-isothermal TGA
conditions, the calculated activation energy is an “apparent” value reflecting the dominant
overall pathway rather than a single elementary step. A higher apparent E, may indicate
that the catalyst shifts the mechanism toward a pathway that is more temperature-sensitive
(e.g., enhanced char-forming reactions, stronger catalyst-intermediate interactions, or
diffusion-influenced decomposition). Moreover, the kinetic compensation effect observed
in this work indicates that increases in E« can be accompanied by substantial increases in
the pre-exponential factor (A) or turnover frequency, resulting in higher overall reaction
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rate constants despite higher E«. Therefore, evaluation of both E« and A (or reaction rate
constant k) is necessary to assess catalytic effectiveness.

Table 10. Reaction rate constant, (k) of white polyester with and without catalyst.

Temperature k

°O) Polyester Zeolite KOH CaO ZnO

100 1.25 x 101 436 x 1012 253 x 10  1.75 x 108  6.53 x 10%!
200 1.26 x 101 442 x 1012 257 x 10" 178 x 1018  6.68 x 102
300 127 x 101 447 x 1012 2.60 x 10"  1.81 x 108  6.79 x 10%!
400 128 x 1011 450 x 1012 262 x 101  1.82 x 108  6.86 x 10%!
500 129 x 101 452 x 1012 263 x 10 1.84 x 1018  6.92 x 102!
600 1.29 x 101 454 x 1012 2.64 x 101* 185 x 10'®  6.96 x 10%
700 1.30 x 101 455 x 1012 265 x 10*  1.85x 108  6.99 x 102!

4. Conclusions

Pyrolysis of cotton, polyester and nylon was carried out in a TGA. Catalysts increased
the pre-exponential factor significantly, leading to an increased reaction rate and rate
constant. Except for white nylon, catalysts increased the activation energies of pyrolysis re-
actions of undyed polyester and cotton, making the reactions more sensitive to temperature.
There exists a strong compensation effect in the catalytic pyrolysis of white polyester, white
nylon and white cotton. Overall, cotton, polyester, and nylon each show good suitability
for catalytic pyrolysis, though with different strengths. Cotton decomposes at the lowest
temperatures, making it relatively easy to break down, but its higher activation energy
means it benefits strongly from catalysts like K;COj3 to enhance efficiency. Polyester is
the most favorable overall, with the lowest activation energies and stable decomposition
behavior, though catalyst choice is critical since ZnO can hinder rather than help. Nylon
requires higher temperatures but becomes highly suitable when paired with ZnO, which
dramatically reduces its activation energy and boosts reactivity. Taken together, the three
fibers have overlapping decomposition ranges, making them thermally compatible for
co-processing, with careful catalyst selection ensuring effective conversion and synergy.
Although this work is based on TGA measurements, the obtained kinetic trends provide
valuable guidance for selecting catalysts and operating temperature ranges for future
bench- and pilot-scale pyrolysis studies involving real textile waste streams. The use of
robust catalysts (e.g., CaO or ZnO) offers a path toward high-quality bio-oil production in
fluidized bed reactors. Future work should focus on the mechanical separation of catalysts
for regeneration and the performance of these systems under continuous feed conditions
with heterogeneous post-consumer waste. Further study integrating product analysis and
surface characterization of spent catalysts will help to elucidate detailed reaction pathways.
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