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ARTICLE INFO ABSTRACT

Editor: Despo Kassinos Recycling the ever-increasing industrial waste has become a pressing concern globally and pyrolysis is regarded
as one of the up-and-coming techniques to recover the energy and chemical content of organic wastes. The
pyrolysis of a representative industrial waste as textile waste was investigated within the scope of this study. In
this way, efficient thermochemical conversion processes may be designed and optimized by creating value-added
products. Different heating rates were applied to determine pyrolysis behavior using a thermogravimetric
analyzer (TGA) coupled with a mass spectrometer (MS) and a Fourier transform infrared spectrometer (FT-IR).
According to the obtained thermograms, the active pyrolysis region was selected for studying the kinetics,
various iso-conversional methods (Friedmann, Kissinger-Akahira-Sunose; Flynn-Wall-Ozawa and Starink) were
applied to the non-isothermal TG data, and the results were compared among themselves. The mean activation
energy was 186.7, 185.8, 185.1, and 185.5 kJ/mol for the Friedmann, Flynn-Wall-Ozawa, Kissinger-Akahira-
Sunose, and Starink models, respectively. The activation energy variation was found in good agreement among
different kinetic models. The activation energy changes that were found provided a representation of the process
kinetics which were described by multiple reaction schemes. All four kinetic methods were found to be appli-
cable to forecasting the non-isothermal pyrolysis of textile wastes, although the existence of small variations in
the activation energy values. Furthermore, thermodynamic parameters as enthalpy, Gibbs free energy, and en-
tropy changes were estimated.The gasses that evolved during pyrolysis were identified by simultaneous moni-
toring of MS and FT-IR spectra and the temperature-dependent alteration of main volatile products were
obtained. Moreover, the char residue was analyzed via ex-situ SEM-EDX and FT-IR.
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1. Introduction innovative treatment facilities that combine organic waste disposal from

different origins and/or synthesis of fuels, value-added materials and

There is an increasing requirement for continuous economic devel-
opment to reduce the consumption of finite fossil fuel reserves, to reduce
the current dependency on such fossil resource reserves, and to prompt
searches for alternatives. On the other hand, the massive increase in the
generation of municipal and industrial wastes due to rapid industriali-
zation and population growth has become a worldwide concern [1]. The
massive consumption of energy and commodities matched with the
population growth and urbanization give rise to solid waste generation
that causes important threats to the environment if not disposed of or
effectively  recycled [2,3].  Therefore, sustainable  and
environment-friendly waste treatment techniques have been adopted for
waste disposal. Nowadays, efforts have focused on to design and operate

chemical feedstock via sustainable green processes [4]. With this in
mind, thermochemical conversion techniques such as gasification,
incineration and pyrolysis seem attractive considering socio-economic
and socio-environmental aspects simultaneously [5-8]. In comparison
to other thermochemical conversion processes, pyrolysis is known to be
one of the most flexible, cleanest and convenient methods for recycling
organic wastes in terms of releasing harmful pollutants [9,10] as well as
adding additional value to wastes by achieving energy recovery while
promoting circular economy [11-14]. It has considerable advantages of
reduction, harmlessness, stabilization, and resource recovery during
waste disposal [15]. A variety of organic wastes from different origins
such as agricultural wastes, plastic wastes [16-18], industrial wastes
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[19-21] and municipal wastes [22,23] can be evaluated alone or
together via pyrolysis and co-pyrolysis processes. By this way,
value-added products can be produced and industrial symbiosis can be
established among several industries such as food-manufacturing [24],
petrochemical [25] and polymer [26] industries. In particular, a bulk
quantity of industrial wastes such as textile wastes has been collected on
site because of accelerated industrialization and high production rates
which makes them feasible candidates for recovery via pyrolysis pro-
cesses. Moreover, the fast fashion cycle gives rise to enormous produc-
tion and consumption quantities of textiles and waste generation which
make the textile industry one of the most polluting industries [27,28]. It
is well known that the average global annual consumption of textiles has
dramatically increasing which in turn indicates simultaneous accumu-
lation of textile wastes in large quantities [29].

According to the recent industrial reports, $400 Billion worth of
clothing is wasted every year and a considerable amount of textile waste
is discarded into landfill. About, two thirds of the discarded materials
are known to be man-made fibers that takes decades to decay. When it
comes to polymer based textiles, it will take 200 years to breakdown in
the landfill[30]. Unfortunately, Approximately 87% of global textile
waste ends up in landfill or incineration, while over 95% of that can be
reused or recycled [31,32]. In comparison to other industrial wastes,
scarce attention has been devoted to the pyrolysis of textile wastes
although regional production rates are colossal in developing countries
like Turkey. It is known that value-added syn-gas [33,34], solid-phase
products such as porous sorbents and fuel [35-37] with some
high-quality liquid products [38] can be obtained from the pyrolysis of
textile wastes. Especially, cellulosic fibrous materials in such textile
wastes can be utilized in the production of bio-based carbonaceous
materials via pyrolysis processes. For instance, Nahil and Williams [39]
showed that acrylic textile waste can be used as precursor material for
the preparation of activated carbon while Zheng et al. [40] performed a
study on activated carbon fiber production using cotton woven waste as
a precursor.

However, a deep awareness on the process of pyrolysis and the py-
rolytic decomposition mechanism is imperative for better modelling
approaches for pyrolysis systems. Such approaches are ultimately used
in design and optimization as they provide a better perception about the
pyrolytic decomposition mechanism. Since pyrolysis is the essence of
most other thermochemical conversion techniques such as combustion
and gasification, profound knowledge on its kinetics is critical to the
assessment of the feasibility, design, and scaling of the industrial ap-
plications of other thermochemical conversion technologies [41]. The
thermogravimetric analysis (TGA) technique is one of the prevailing
methods of both investigating thermal events and determining kinetic
parameters during thermochemical conversion since weight loss mate-
rials reflect physical and chemical structural transformation processes.
However, the presence of overlapping zones on thermograms, the un-
certainty about the interaction effects, and the difficulty to gain
analytical precise results have limited the sole use of TGA in thermal
degradation studies [42]. In recent years, there has been an expanding
interest in hyphenated TGA techniques such as FT-IR and MS that are
utilized for gathering further information about evolved species during
pyrolysis. TGA coupled with FT-IR and MS is used to determine the
pyrolytic characteristics, kinetics and evolved products of several ma-
terials [43,44]. In this study, textile waste from a local fabric
manufacturing company was used as a feedstock for pyrolysis. This
study aimed at the kinetic analysis of textile waste pyrolysis using
different iso-conversional methods via thermogravimetry for the first
time. This analysis process was also coupled with the in-situ online
recording of evolved gasses using Fourier Transform-Infrared (FT-IR)
and mass spectrometry (MS) since determining and appraising all po-
tential secondary products that could be obtained from such textile
wastes demands robust, selective, benign and reproducible analytical
conceptualization. This thorough study can contribute a beneficial
reference for the pyrolysis of textiles, which is dependent on an
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environmentally friendly and sustainable waste to energy conversion
process.

2. Materials and Methods
2.1. Non-isothermal TGA/FT-IR experiments

Mixed waste fabric pieces were obtained from a local waste recycling
company (Akkent Textile Co.) which collects and reprocess different
types of textiles including cotton and polyester. Prior to thermoanalyt-
ical measurements, the wastes were mixed and ground cryogenically
using a high-speed rotary mill. After the homogenization of the samples,
they were sieved, and a particle size of 112 ym was used in the experi-
ments. By performing proximate and ultimate analyses, the character-
istics of the mixed fabrics were determined. The gross calorific values
were calculated by the Dulong’s formula as it is given in Uzun et al.[45].

The pyrolysis of the textile waste was studied with a thermo analyzer
(Setaram Labsys Evo) coupled with an FT-IR spectrometer (Thermo
Scientific Nicolet Iz 10) and an MS (Pfeiffer Omni Star) spectrometer.
About 10 mg of the sample was evenly distributed over an Al,O3 crucible
for good dispersion and put into the TGA furnace to prevent a possible
temperature gradient in the sample and ensure the kinetic control of the
process. Before heating the sample, a 30-min purging period was applied
for the sample to flush out traces of air from the system. Nitrogen was
supplied to the thermo analyser at a flow rate of 20 mL/min during the
process to maintain the inert atmosphere in all experiments. The sample
was heated from 25 °C to the final temperature of 1000 °C with different
linear heating rates as 5, 10, 20 and 40 °C/min.

The evolved gases that formed during the TGA measurements were
carried to both FT-IR and MS devices simultaneously. Transfer lines
were kept at constant temperatures to prevent the condensation of
volatiles or adsorption on the transfer lines because a broad range of
volatile gases such as vapours of some organic compounds was expected.
For detecting volatiles, FT-IR measurements were made in the contin-
uous scan mode, and IR spectra were recorded in the range of 400-4000
em L. Volatiles were also scanned simultaneously for the selected m/z
values during the MS analysis. The MS device was operated under a
vacuum, and the in-situ detection of the intensity of the characteristic
fragment ion of the associated gasses according to its mass to charge
ratio (m/z) was performed. An SEM-type detector was used for multiple
ion detection (MID) scanning and the signals of the mass/charge ratios
(m/2) for the targeted compounds were recorded. The analyses were
performed in triplicates to ensure precision in the results.

The fixed-bed pyrolysis experiments were performed to identify the
product yields of solid, liquid and gaseous products at 500 °C. The
separation of phases after the reaction was followed the same procedure
as it was described in our previous paper [46].

2.2. Calculation of kinetic parameters

Thermogravimetric analyzer records mass change of the sample as a
function of time and temperature in a specified atmosphere and thereby
it used to observe the thermal conversion of materials. The obtained data
from isothermal or non-isothermal thermogravimetry can also give
insight into the kinetic parameters of the process. The isothermal and
non-isothermal techniques differ depending on the data collection
method that includes monitoring change in the weight loss of the sample
with respect to time in constant temperature or linear temperature
change [47]. The data gathered data from non-isothermal TGA experi-
ments at different heating rates can be used along with kinetic approach
to support pyrolytic degradation behaviors of complex materials.
However, isothermal experiments are hard to consistently manage
because of the presence of non-isothermal heating time between the
heating element and the sample during analysis.

The basic rate equation of solid-state thermal decomposition pro-
cesses assume that the conversion rate is proportional to the concen-
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Fig. 1. Characteristics of as-received textile waste. [(SEM micrographs (a), FT-IR spectrum (b), ultimate analysis and proximate analysis table (c)].

tration of reactant and dependent on temperature. In the non-isothermal
experiments, the sample weight is continuously measured as a function
of time, while the reaction proceeds for a fixed heating rate, # (K/min).
The kinetic equation non-isothermal thermal degradation reaction is
given by the rate of change of conversion with time and is represented as
do/dt. At a linear temperature heating rate, two different independent
functions, namely temperature function (k(T)) and fractional conversion
function (f(«)) characterizes kinetic expression as given in Eq. 1:

da

da
T ﬁﬁ = k(T)f(a) (@H)

The dependency of the rate constant, k, on temperature is described
by Arrhenius equation:

k(T) = Aexp( - %) (2

where E, is the activation energy, A the pre-exponential factor and R the
gas constant.

By merging Eqs. (1) and (2), the reaction rate can be given in the
form:

da E,
Z_ A — 3
p=exo( - o) (@) ®
Moreover, fractional conversion is written by:
a=Ye W @
Wo — Wy

where; wy, wy and wy are sample mass which presented at initial, arbi-
trary, and final times respectively.
Eq.(3) can also be integrated into,

.
:% . exp(—%)dT EAﬂidp(u) (5)
g(a) and p(u) are known as the integrated form of fractional conversion
function f(a) and temperature integral, respectively. The solution of p(u)
can be obtained by using different approaches which utilizes different
mathematical approximations such as Doyle [48],
Agrawal-Sivasubramanian [49] and Senum-Yang [50].

According to the assuming reaction mechanisms, there exits two
possible approaches in kinetic analysis as iso-conversional (model-free)
and model-fitting (or model-based). The iso-conversional method was
implemented herein to predict the kinetic parameters using heating as a
function of conversion degree which depicts the progress of the process
from initiation to completion. These iso-conversional methods are
known to be appropriate for figuring out the kinetic parameters of
complex thermal conversion reactions which can be roughly separated
into two main categories as integral or differential methods. In this
study, we have targeted different iso-conversional methods, namely
Friedmann, Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose (KAS)
and Starink to determine the activation energy. Eqs. 6-9 shows the
linearized forms of the kinetic models which were used during the iso-
conversional kinetic analysis.

da E, .
In ('Bﬁ> = InA+ Inf(a)— RT (for Friedman) (6)
AE, E,
Ing=In Re(@) —5.331 - 1.052—RT (for FWO) (@]
ANE AR E,
In (ﬁ) = In (Eag(a)) “RT (for KAS) (€))
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Fig. 2. TG and dTG curves of textile waste at the different heating rates.

3 E,
In (#) = C, —1.0037 R—; (for Starink) 9

The thermodynamic parameters of the pyrolysis process, including
enthalpy change (AH), Gibbs free energy change (AG), and entropy
change (AS), were determined using Eyring method [51,52] by the help
of the equations which were given below:

AH = E,—RT (10)
KsT,
AG =E,+RT, 1 11
G—E,+ n( hA) an
AH — A
AS:TiG a2)

Here, Kg is Boltzmann constant (1.381 x10723 3/ K), h is the Plank
constant (6.626 x10734J. s) and Ty, is the maximum temperature peak
observed from the dTG curve.
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3. Results and Discussion
3.1. Compositional analysis of the textile waste

It is known that the physicochemical characteristics of feedstock,
play an important role in the choice of convenient thermochemical
conversion techniques [53]. In general, mixed wastes of the industries
tend to be more reactive than conventional fuels due to their structural
characteristics, and a complete understanding of the characteristics of
such wastes is required for the analysis before pyrolysis. Therefore, in
this study, the composition and structure of textile waste were analyzed
in detail prior to the pyrolysis experiments. Fig. 1 shows the SEM mi-
crographs, and FT-IR spectrum together with ultimate and proximate
analyses of the textile waste on an as-received basis. As seen in the SEM
micrographs, the morphology of the waste was observed with magnifi-
cations of 500 and 1000X in order to determine topological changes
during pyrolytic decomposition. The SEM micrographs displayed an
unsmooth, non-porous, and partially disrupted surface morphology.

To verify the functional groups, present in the textile waste, FT-IR
spectroscopy was performed, and the obtained spectrum is also shown
in Fig. 1. As it can be seen in the spectrum, an intense peak around
3500 cm™! corresponded to O-H stretching due to the moisture of the
waste. Moreover, the O-H bending vibration of absorbed water was
observable around 1640 cm™!. Around 1240 cm™!, 1090 cm™! and
722 cm™!, peaks were observed and assigned to the asymmetric aro-
matic ester stretching, C-O-C stretching and aromatic out-of-plane C-H
vibration of polyester [54]. The peak at 2900 cm™! indicated the C-H
stretching vibration of alkyl groups, and the location of the strong band
between 1310 and 1250 was assigned to the C-O stretching of the aro-
matic ester structure. Moreover, several bands between 1430 and 1315
were attributed to the single -CH; scissoring, C-H asymmetric defor-
mation, and single -OH bending vibration of the cellulosic structure [38]
that was present in the textile waste.

Ultimate and proximate analysis indicates the potential use of waste
materials in pyrolysis processes. As seen in the finding shown in Fig. 1,
the as-received textile waste had higher contents of C and O. The oxygen
in the textile waste (47.39 wt%) was more abundant than carbon
(45.60 wt%) and hydrogen (6.45 wt%). In addition, high volatile
(62.42 wt%) and fixed carbon (31.84 wt%) were detected in the struc-
ture, while minor quantities of moisture (3.28 wt%) and ash (2.46 wt%)
were present. High ash content is considered a problem during ther-
mochemical conversion processes because it can cause fouling or ag-
gregation, and result in some disposal problems, reduced energy
conversion rates and ultimately increased processing costs [55]. Fixed
carbon indicates the portion of the waste that must be burned in a
solid-state, and has information on equipment selection since it reveals
the caking properties of the material. Besides, the volatile matter con-
centration of the material is important for the feasibility and product
distribution of pyrolysis. A relatively high volatile matter content in-
dicates that the textile waste can be ideally converted to pyrolytic
products with a high amount of gas and liquid products. In this study,
the higher heating value (HHV) of the textile waste was determined from
the Dulong formula according to the elemental analysis results given in
Fig. 1 as 16.18 kJ/ kg. In order to characterize the degree of carbon-
ization of the as-received material, the H/C and O/C ratios of the textile
wastes are also reported in the figure as 0.68 and 0.78, respectively.

3.2. Thermogravimetric analysis and effect of heating rate

In order to extensively perceive the pyrolysis process of the textile
waste, thermogravimetric analyses (TGAs) were carried out under a
nitrogen atmosphere, and the effects of the heating rate were deter-
mined from the shape of the resultant thermograms. According to TG
and dTG thermograms shown in Fig. 2, there was an observable shift
towards a higher decomposition temperature when the heating rate was
increased. The lateral shift of the shoulders and peaks can be attributed
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Table 1
Characteristic pyrolysis temperatures for textile waste.
B (°C/min) T; (°C) Tp (°C) Ts (°C) R, (%/min.mg)
5 225.1 3329 414.2 0.56
10 239.3 341.7 424.8 1.02
20 242.3 351.8 438.3 2.51
40 270.0 370.9 453.8 3.64

T; is the initial active pyrolysis temperature.

Tp is the peak temperatures in active pyrolysis zone.
Tt is the terminal active pyrolysis temperature.

Rp is the pyrolysis reactivity.

to the thermal lag effect during non-isothermal experiments due to the
combined effects of heat transfer and mass transfer. It is well known that
a variation of the heat flow rate at the inner parts of samples is caused by
different heating rates. A relatively lower heating rate can result in
better heat transfer from the surface to the core of the sample, while the
heat distribution can decline, and the heat transfer efficiency is reduced
at higher heating rates. In general, as the heating rate increases, the
peaks in dTG curves become broader. This thermal hysteresis is also
related to heat transfer efficiency, which may delay the decomposition
of the inner regions of the sample [56,57]. Therefore, an appreciable
time is taken by the gas used in the purging process to maintain the
equilibrium with the temperature of the sample in the case of higher
heating rates, and hence a large amount of instantaneous energy is
transferred to the sample. On the other hand, the timescale is shortened
considerably at low heating rates. Thus, the temperature corresponding
to the salient transformation of the different fractions in the sample at
higher heating rates is increased [58]. For the heating rates of 5, 10, 20,
and 40 °C/min, the peak maxima were observed at 332.9, 341.7, 351.8,
and 370.9 °C, respectively as it can be seen from the Table 1. The
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reactivity values of pyrolysis changed from 0.56% to 3.64%,/min.mg due
to increasing heating rate from 5°C/min to 40°C/min. The results
showed that the pyrolysis of the textile wastes commenced at temper-
atures above 225 °C. The thermal degradation process of textile can be
divided into two main stages during heating in a nitrogen atmosphere.
The first stage is characterized by slight weight loss which can be
attributed to the moisture content of the sample. The next stage is the
decomposition stage where the maximum weight loss occurs. After this
second stage, a slight weight loss is also observable, which is related to
the small-scale decomposition reactions of carbonaceous fractions.
Based on the integrated dTG curves obtained in this study, the analysis
of the kinetics of the main pyrolysis stage was carried out and is
described in the following sections.

3.3. Kinetic analysis

To progress in the validation of realistic models for the design and
optimization of pyrolysis processes on an industrial scale, obtaining
kinetic data under realistic operation conditions is extremely important
[59]. Fig. 3 shows the Friedman plots used for determining the activa-
tion energies (Fig. 3.a) and the activation energy values against the
conversion degree by different iso-conversional methods (Fig. 3.b).
Different models including the Starink, KAS, and FWO were imple-
mented on the same experimental data used in the Friedman model
analysis, since determining activation energy values by running other
models with different approaches provides better information on the
estimation and trend of the activation energy. The numerical values of
the activation energies with their regression coefficients as the result of
one-way analysis of variance (ANOVA) are given in Table 2. All the
results of each kinetic model were expressed as the standard deviation
(SD). Moreover, the fit model declared square correlation coefficients

1,6x10"
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1,2x10"
1,0x10"

8,0x10™

A(s?)

1]
6,0x10 R Aaa e,
4,0x10" A
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0,0 A A A-A-A

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

Fig. 3. Friedman plots (a), activation energy variation with conversion degree (b) and pre-exponential factor variation with conversion degree (c) for textile

waste pyrolysis.
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Table 2

Activation energy (kj.mol-1) with respect to conversion degree for pyrolysis of textile waste.

Journal of Environmental Chemical Engineering 10 (2022) 107748

Friedman FWO KAS Starink aA (sh) Compensation plot & equation
Ea (kj. 2 E, (kj. 2 E, (kj. 2 Ea (kj. R? 32
mol™ 1) mol™ 1) mol™ 1) mol™1) .

0.10 191.3 0.9969 197.5 0.9911 198.1 0.9901 198.3 0.9902 1.09 x 10*3 /
0.15 204.5 0.9997 206.2 0.9952 207.1 0.9947 207.3 0.9947 1.55 x 10 ,"
0.20 199.3 0.9997 196.6 0.9945 196.8 0.9939 197.1 0.9940 5.42 x 103 ,"
0.25 197.3 0.9988 197.1 0.9938 197.2 0.9932 197.5 0.9932 3.67 x 1013 /l
0.30 199.5 0.9955 200.2 0.9956 200.5 0.9951 200.7 0.9951 5.66 x 1013 30 /'
0.35 199.4 0.9883 192.9 0.9853 192.7 0.9836 193.0 0.9838 5.52 x 103 ,Q'
0.40 199.3 0.9978 199.0 0.9972 199.1 0.9970 199.4 0.9970 5.42 x 1013 /
0.45 199.0 0.9912 197.6 0.9933 197.5 0.9925 197.8 0.9926 5.15 x 103 /,’I
0.50 199.0 0.9990 196.0 0.9987 195.9 0.9986 196.2 0.9986 5.09 x 103 I/
0.55 190.8 0.9976 185.7 0.9989 184.9 0.9987 185.3 0.9987 9.81 x 102 <« 28 ,r'
0.60 188.4 0.9970 186.5 0.9980 185.8 0.9978 186.1 0.9978 6.06 x 102 £ /’
0.65 187.7 0.9989 181.2 0.9974 180.1 0.9971 180.5 0.9971 5.24 x 10'2 ,"
0.70 176.2 0.9917 173.9 0.9956 172.3 0.9950 172.8 0.9950 5.22 x 10! ,’
0.75 174.5 0.9808 167.4 0.9900 165.5 0.9885 165.9 0.9887 3.72 x 101! /‘
0.80 166.5 0.9883 167.6 0.9926 165.6 0.9916 166.1 0.9917 7.40 x 100 2% /’
0.85 165.0 0.9802 158.9 0.9843 156.5 0.9820 157.0 0.9822 5.53 x 10'° /'
0.90 161.0 0.9918 154.7 0.9945 151.9 0.9936 152.5 0.9937 2.44 x 10'° ,"
x 188.2 0.9937 185.8 0.9939 185.1 0.9936 185.5 0.9932 3.22 x 10'3 7

24
SD 14.1 15.8 16.9 16.8 y=0,2011x- 8,4556

R?=1
22
190 200

180
E, (ki/mol)

X : Average value.
SD: Standard deviation.
@ Based on Friedman iso-conversional method.

Time (min)

10 20 30 40 50 60 70

100

80 90

Absorbance (Abs)

Wavenumbers (cm™)

020

0.10

0.00

2000

1000

10

4
30

20 Time (min)

3000

2000 1000

Wavenumbers (cm)

Fig. 4. 2-D and 3-D FT-IR spectra of textile pyrolysis (p = 10 °C/min).



G. Ozsin and A.E. Piitiin

-1,0x10™ m/z=16 i

-2,0x10™

-3,0x10™ E

-4,0x10™ g

3,6x10™

T
1

2,4x10™

T
1

~140°C (11.4 min

lon current (A)

0,0

3210 | —— m/z=44 /\ |
/\ A ~380°C (35.6 min)
0,0 ) | b
[
-3,2x10™ \ g
\/\M\M,—w
-6,4x10™ g

! ! ! ! ! ! ! ! !

0 10 20 30 40 5 60 70 80 90 100

Time (min)

Fig. 5. Single ion current curves monitored using MS during textile waste py-
rolysis (§ = 10 °C/min).

(R?) of 0.9937, 0.9939, 0.9936, and 0.9932 were harmonized with the
statistical model for Friedman, FWO, KAS and Starink, respectively. The
correlation coefficients at the active pyrolysis stage indicated
well-fitting results. According to the results p-value that is greater than
0.05 (0.94498), as a result, four models have not significantly different
in terms of activation energy.

When the activation energies along the entire conversion range were
analyzed to understand the mechanism behind the textile waste pyrol-
ysis process, it was concluded that the values with respect to the con-
version degree tended to change. It is generally believed to be
convenient to express the continuing pyrolytic degradation and activa-
tion energy barriers once the initial reaction commences and when the
concentration of inorganics is lower than the volatile carbon content
[60]. In this study, conversion degrees below 0.10 and above 0.90 were
considered to estimate the kinetics of the process. According to the data,
for the conversion range of 0.10-0.90, the activation energy values were
found to be between 161.0 and 204.5 kj/mol using the Friedman model.

The maximum activation energy was observed at the conversion
degree of 0.15 while the minimum value was at the conversion degree of
0.90 via the Friedman model. The initial activation energy was observed
to be low up to a certain point which was related to the breakage of a few
weak linkages and elimination of volatiles from the textile waste
because all strong bonds are not likely to crack at the initial stage of the
pyrolytic degradation process. Therefore, more energy is necessary for
breaking these strong bonds. A slightly higher value of activation energy
was determined for the initial thermal decomposition segment up to
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approximately the mid-point, and this slightly higher value of activation
energy may be due to the presence of surface-deposited volatiles which
requires more energy to drive away[61]. Since the activation energy
value indicates the minimum energy demand to launch the reaction, a
lower activation energy value means that the sample has a higher
probability is to react sooner. On the contrary, higher activation energy
values indicate the better the stability of the sample [62-65]. Therefore,
the difficulty of pyrolytic reactions of the textile waste sample can be
derived from the activation energy values throughout the entire degra-
dation zone. As the pyrolytic reaction commences at the initial stages of
degradation, the activation energy tends to increase at first, which
shows that the degradation reaction becomes increasingly difficult at the
initiation stage.

The activation energies determined from all studied methods
exhibited remarkably similar fluctuation behaviors, and the numerical
values obtained for the activation energy were analogous. It may be
considerably difficult to obtain the convergence solution while using
single-stage thermal decomposition reactions to conduct kinetic
modeling due to the complex composition of textile wastes. In other
words, the change in the activation energy with the conversion degree
could be attributed to the degradation of different structural compo-
nents [66] which resulted in fluctuations in the numerical values of the
activation energy. The activation energy values estimated using the
Friedman, FWO, KAS, and Starink methods also showed excellent
agreement with each other; and with only a slight deviation. Moderate
deviations allow determining the kinetic parameters of processes with
minimal errors. For the sake of simplicity, the activation energy values
calculated by using four different kinetic models were almost the same
as each other with some small deviations. The small differences in
activation energies are caused due to the approximations and calcula-
tions used to solve temperature integral for the derivation of the
iso-conversional model equations. Based on the overall average regres-
sion coefficient values of the kinetic models explored, the experimental
data better fitted with the FWO model which uses Doyle’s approxima-
tion for mathematical formulation. On the other hand, Friedman, KAS,
and Starink models also showed satisfying results with high regression.

In this study, the Friedman method was used in the further calcula-
tions to obtain a pre-exponential model after the interpretation of the
activation energy since this method is advantageous as it does not use
approximations and can be applied to any temperature program [67].
The frequency factor calculated using the Friedman equation ranged
from 2.44 x 100 to 1.55 x 10'* s71, and its variation with the con-
version degree was similar to that observed in the case of the activation
energy. The mean value of the pre-exponential factor was 3.22 x 10%3
s L. In chemical kinetics, pre-exponential factors that are greater than
10° 571, are accepted to be related to a highly reactive system with a
simple complex [68]. All estimated values of the pre-exponential factor
over the entire degradation range were greater than 10° s~!, implying
that the complexes of the pyrolysis reaction could be transferred on the
surface freely [69]. It is also well-known that a wide range of the
pre-exponential values implies the alteration of the reaction chemistry
and product formation with respect to the conversion degree, since it
indicates the number of molecular collisions required for the reaction to
occur[70,71]. Moreover, a high-level linear relationship between the
activation energy and the pre-exponential factor in its natural loga-
rithmic form (InA) was confirmed with a high correlation coefficient of
unity as demonstrated in Table 1. The observation of the compensation
effect during textile waste degradation substantiates the suggestion that
the analysis was reasonably able to deliver representative
pre-exponential factors.

3.4. In-situ evolved gas analysis
The TGA/FT-IR technique is able to detect the main decomposition

products based on their functional groups and the presence of covalent
bonding [72]. This analysis allows to identify the removal of the
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Fig. 6. SEM micrographs of char residue of textile waste.

functional groups and permanent gases during heating in real-time.
Simultaneous FT-IR spectra were obtained to identify the functional
groups of the active pyrolysis stage of the textile waste as shown in
Fig. 4. As seen in the 2D and 3D spectra several peaks corresponding to
distinct functional groups were obtained. The complexity of such spectra
is an expected result of the interactions of the waste components of
textiles and free radicals forming during thermal degradation. The
intense gas evolution region of textile waste pyrolysis was dominated by
the characteristic peak of C=0 vibration. The CO» stretching vibrations
between 2250 and 2500 cm ! and the bending vibrations between 580
and 730 cm™! were due to the decarboxylation reactions during the
scission of the polymeric chain including intramolecular or intermo-
lecular exchanges. The bands in the regime between 2850 and
3030 cm ™! belonged to the C-H stretching vibrations of light hydro-
carbons. The slight O-H peak between 3100 and 3500 cm ! was a
characteristic indicator of HO as a result of the dehydration reactions
that occurred during pyrolytic degradation. The absorbance peak be-
tween 2000 and 2250 cm™! showed the presence of CO due to the
decarbonylation reactions of pyrolysis.

Fig. 5 shows the in-situ monitoring of the evolved gaseous emissions
using the MS method which offers comparative analysis with FT-IR.
Signals for the ion current values for various mass numbers corre-
sponding to the expected volatiles were collected throughout each
experiment after scanning mass to charge (m/z) ratios. As a consecutive
effort, the analysis was focused specifically on CH4, H20, and CO,. Mass
numbers were chosen based on known fragmentation patterns, as 16,
(CHy), 18, (H20), and 44(CO3), and this way, the aforementioned for-
mation profiles were discussed with respect to the initial, maximum, and
final formation temperatures. CO evolution during pyrolysis was not
monitored by the MS device since the m/z ratio of the carrier gas (N2)
hinders the precise detection of CO.

It is noted that the major gas evolution that was measured for CO,

between 260 °C (at 23.6 min) and 462 °C (at 43.7 min) with a peak at
380 °C (35.6 min). A similar peak temperature of CH,4 release was
observed during the pyrolytic degradation of the textile waste at a
heating rate of 10 °C/min. CH4 evolution is known to be a result of the
decomposition of the methoxy group (-OCH3) or removal of the methyl
(-CH3) or methylene (-CHs-) constituents [73]. Both CO, and CH4
featured a sharp peak around 380 °C (35.6 min). Unlike CH4 evolution,
fragments in the evolution of CO, indicated several stepwise decar-
boxylation reactions which continued at the higher temperatures, while
the CH4 was formed within a single stage. Moreover, H,O had a major
evolution within the 265-490 °C (24.1-46.5 min) range with a
maximum at 380 °C (35.6 min), while a slight evolution peak of it
extended from 90° to 182°C (6.5-15.7 min). This means that, by the
formation of water during pyrolysis, the dehydration reactions resulted
in a defined sharp peak, while inherent water evaporation in the waste
occurred at a lower temperature which was associated with the intensity
of the low signal.

3.5. Analysis of the char residue

The characteristics of the raw textile waste prior to the pyrolysis and
char samples in the specified conditions are presented together with
kinetic data for easy interpretation of the changes that occurred during
thermal decomposition. The analysis of the char residue is concerned
with the observed microstructure and investigation of the elemental
composition together with the existing functional groups. The average
dry and ash-free basis yield of char residue at the end of the active py-
rolysis zone was found as 29.7 wt% during 10 °C/min experiments,
while tar, water and gas products were 36.3, 5.9 and 28.1 wt%
respectively.

To better interpret the physicochemical changes of the textile waste
during pyrolytic degradation, the results from the SEM-EDX analysis of
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Fig. 7. Changes in morphology, elemental composition and functional groups during textile waste pyrolysis based on SEM-EDX (4000X) and FT-IR analyses.

the samples before and after pyrolysis are displayed in Fig. 6. These are
beneficial to characterize the shapes of char particles, as well as their
elemental composition based on EDX analysis. It may be seen that
carbonized fibers appeared after the release of volatile compounds from

the structure. At the end of the main pyrolysis zone, the fibrous particle
size decreased, and the micro-fibrous structure was retained. The
distinction in the surface morphology and thinning of the fibrous sam-
ples was caused by pyrolytic decomposition reactions. During pyrolysis,
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Table 3
Thermodynamic parameters for textile waste pyrolysis.

o AH (kj/mol) AG (kj/mol) AS (j/mol)
0.10 186.5 191.7 -8.4
0.15 199.7 199.0 1.1
0.20 194.4 196.1 -2.8
0.25 192.4 195.0 -4.3
0.30 194.5 196.2 -2.8
0.35 194.3 196.1 -2.9
0.40 194.2 196.1 -3.1
0.45 193.9 196.0 -3.3
0.50 193.8 195.9 -3.4
0.55 185.6 191.4 9.3
0.60 183.2 190.0 -11.1
0.65 182.5 189.6 -11.7
0.70 171.0 183.3 -20.0
0.75 169.3 182.4 -21.3
0.80 161.2 177.9 -27.2
0.85 159.8 177.1 -28.2
0.90 155.7 174.9 -31.3
x 183.1 189.9 -11.2

X : Average value.

a number of reactions such as dehydration, decarbonylation, and
decarboxylation occurred, which altered the morphology. After pyro-
lytic decomposition, the fibrous surface was obviously rougher, and
significant shrinking was observed. As an important fact, it should be
emphasized that textile waste carbonaceous chars with a carbon content
greater than 90 wt% are produced by applying a moderate temperature
during pyrolysis. Since the textile waste char had a tubular-like struc-
ture, it may have served as an alternative reinforcement for composites
which can substitute low strength general-purpose carbon fibers due to
the enhancement of the carbon content. As seen in the presented mi-
crographs of the char, fiber-like structures also had some irregular,
twisted shapes due to the evolution of volatiles from the structure.
Chowdhury and Sarkar [74] indicated that devolatilization during py-
rolysis decreases cell wall thickness and increases the proportion of
voids as was also observed in the micrographs. When volatile materials
passed through, the structure shrank, and some surface cracks that alter
the fibrous morphology occurred. This disintegrated, twisted surface
morphology due to the diffusion of volatiles should be further investi-
gated, and the production conditions of char residue should be opti-
mized to utilize the chars as an alternative filler material. In order to
achieve porous textures such as activated carbon fibers, the pyrolyzed
chars may be further activated by physical and chemical activation
methods. Also, the char yield and characteristics may be enhanced by
altering pyrolysis conditions such as heating rate and temperature since
carbonization is favorable using lower heating rates and higher tem-
peratures. This enhancement on the quality of the chars is related with
the elimination of the functional groups and increase in the quantity of
conjugated ringed structures[75].

FT-IR spectroscopy was employed to study the functional groups of
the char residue after pyrolysis. The surface functional groups were
qualitatively identified and compared as seen in Fig. 7. In comparison to
the as-received textile waste, some surface groups disappeared due to
the cracking of the structure. Removal of hydroxyl, alkyl and ester
groups are observable which may be attributed to primary and sec-
ondary reactions during active pyrolysis such as dehydration, decar-
boxylation, methylation, aromatization, and fragmentation.

3.6. Thermodynamic analysis

Thermodynamic parameters were calculated according to the pre-
exponential factor and the activation energy values that were deter-
mined using Friedman iso-conversional method. The variations in AH,
AG, and AS with different conversion degrees are given in Table 3.
According to the results, the change of AH is in line with the trend in
activation energy. In a chemical process, the AH value indicates the
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energy difference between the products and reactants. For textile waste
pyrolysis, AH values at all the conversion degree were positive, implying
that the reaction was an endothermic process. Moreover, it is known that
low AH values are favorable for the active complex formation, and show
that products are easily formed when less energy is added. It’s worth
noting that modest differences between activation energy and AH
(which is less than about 5 kJ/mol) suggest favorable conditions for the
formation of activated complex due to the low potential barrier between
the molecules of the samples [76]. The mean value of AH was
183.1 kJ/mol, which is found to be close to the mean value of the
activation energy. The difference in activation energy AH at each con-
version degree was also found to be close, which elucidates the progress
of pyrolysis and the formation of products. On the other hand, another
thermodynamic parameter, AG, represents the increase in total energy
of the system with the activating complex formation. The higher value of
the AG shows that the more energy the system must absorb throughout
the reaction, whereas the lower the AG indicates the less energy is
required for the formation of the products [76,77]. The AG values ob-
tained for the pyrolysis of textile waste were in between 174.9 and
199.0 kJ/mol with an average value of 189.9 kj/mol. The numerical
values of AG during active pyrolysis zone imply that the reactions were
energetically endergonic and unfavorable. Therefore, non-spontaneous
processes were driven throughout the thermal decomposition range.
When it comes to the state function that depicts the degree of disorder of
a system as AS, the lowest value of the AS was estimated at a conversion
degree of 0.9 as — 31.3 j/mol.K. In the case of a higher AS value, the
system is farther away from the thermodynamic equilibrium state which
in turn shows the shorter the time required to form the activated com-
plex [78]. Moreover, a higher AS showed that the system had not yet
reached equilibrium, and the reaction rate would be faster if the reaction
time was reduced. Negative AS values after the initiation stage of py-
rolytic degradation imply that the product’s degree of disorder is lower
than the reactant’s. The value of AS during pyrolysis of textile waste
decreases with increasing conversion except the initial step, implying a
slower reaction to form active complexes and therefore a longer reaction
time.

4. Conclusions

As given in the kinetic results, the value of average activation energy
was 188.2 kJ/mol, and the mean pre-exponential factor value was
3.22 x 10" s7! using Friedman method. When different kinetic
methods were utilized, they were found compatible with Friedman’s. In
addition to thermokinetic study of textile wastes, thermodynamics of the
process is analyzed. The variations in AH, AG, and AS with different
conversion degree was estimated to determine favorability and status of
the resultant products during pyrolytic degradation. Comparative online
FT-IR and MS analysis, which was carried out simultaneously with TGA,
confirmed the evolution of H,O, CO, and CHy, and the evolution pro-
files of these molecules were monitored. Moreover, the char residue was
analyzed via SEM-EDX and ex-situ FT-IR. These results can be used as a
baseline kinetic modeling benchmark large-scale pyrolysis simulation of
textile industrial wastes. With efficiently developed feasible pyrolysis
systems, these waste textile streams can be converted into favorable
solid, liquid, and gaseous products with added value along with energy
to promote awareness regarding waste management and circular
economy.
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