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Abstract
Large amounts of textile wastes are discarded annually, not only polluting the environment but also causing a significant waste 
of resources. Here, we investigate a pyrolysis treatment that can be used for recycling polyester (PET) and viscose fibers (VFs) 
that are widely used in textiles to obtain valuable chemicals. Thermogravimetry analysis showed that free radicals generated 
by VF decomposition caused PET to fracture and depolymerize in the co-pyrolysis (CP) process, resulting in a decrease 
in the initial temperature (Ti). Pyrolysis–gas chromatography/mass spectrometry (Py-GC/MS) investigation uncovered the 
fact that the addition of a co-feed influenced the product distribution, that the peak area% values of the products changed 
significantly in the CP process of PET and VFs, and that the presence of PET significantly decreased the relative content 
of oxygen-containing products. The experimental peak area% values of phenols and alcohols, acids and esters, aldehydes 
and ketones, and furans were lower during noncatalytic CP than the values calculated based on the individual pyrolysis of 
PET or VFs, indicating that cross-reactions occurred between PET and VFs, leading to net deoxygenation. Furthermore, it 
was revealed that the generation of polycyclic aromatic hydrocarbons in catalytic co-pyrolysis was reduced from 67.11 to 
25.71% when ZSM-5 was present, while the production of monocyclic aromatic hydrocarbons (MAHs) increased from 32.87 
to 74.27%. These results show that ZSM-5 was beneficial for achieving improved MAHs selectivity.
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Introduction

The consumption of textiles has risen continuously with the 
increase in the world’s population and the improvement in 
living standards. In particular, the world fiber consumption 
was reported to be approximately 105 million tons in 2017 
[1]. Due to soaring textile production, a large amount of 
textile wastes produced by the textile industry have been 
disposed of annually. To date, scrap textiles (fiber products) 
are restricted by recycling facilities, recycling systems, 
separation technology, and other factors and have not been 
recovered effectively; rather, scrap textiles are incinerated or 

discarded together with other solid wastes [2, 3]. Thus, the 
disposal of textile wastes has caused great pollution to the 
environment [4]. Textile fibers are also regarded as the most 
prevalent form of microplastics, as they have been discov-
ered in fish, shellfish, and even bottled natural mineral water 
[5–7]. Thus, along with causing the waste of raw materials, 
the disposal of waste fibers is an important source of pollu-
tion and has caused severe damage to the environment [1].

Textile fibers are broadly classified into two types: 
natural fibers, which include animal and plant fibers [8], 
and chemical fibers, which are fabricated from natural or 
synthetic polymers through chemical processing and are 
also known as man-made fibers, which include regenerated 
cellulose fibers and synthetic fibers [8, 9]. Polyethylene 
terephthalate (PET) fiber is a synthetic fiber that is com-
monly known as polyester and has been widely used due to 
its excellent fiber-forming properties, mechanical proper-
ties, and low cost [10]. It is the most important chemical 
fiber in global fiber production and has a market share 
of 70% in the total synthetic fibers industry [11]. Polyes-
ter is widely used as a civil engineering material and as 
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an industrial fabric. Due to its extensive application in 
textiles, PET microfibers have been found in almost all 
environmental waters [11, 12]. The nonbiodegradability of 
synthetic fibers poses a threat to the environment, while at 
the same time failure to recycle these fibers is a waste of 
petroleum resources [13]. Viscose fibers (VFs), which are 
the main variety of regenerated cellulose fibers, are fabri-
cated from natural cellulose materials, such as wood pulp 
[14]. Viscose fibers have become a substitute for polyester 
fibers made from petrochemical raw materials and also for 
cotton fibers that face severe production and geographi-
cal constraints. VFs have good hygroscopicity and dyeing 
properties, and the finished fabric is soft to touch, com-
fortable to wear, and can be easily processed into textiles, 
leading to their wide use in the textile industry [15, 16]. 
Currently, viscose fibers rank third in usage among global 
fiber products [14].

Of the fabrics widely used in daily life, few are made 
of pure VF or pure PET; rather, most fabrics are VF/PET 
blends. Textile wastes are quite heterogeneous due to their 
different forms and proportions, which limits the recycling 
of textile wastes [1, 17]. An alternative promising method 
for the processing of blended fabrics is pyrolysis. Pyrolysis 
is the direct heating of raw materials in an oxygen-free or 
anoxic atmosphere that can convert waste into small molec-
ular products such as fuel oil and chemical raw materials 
to achieve resource recycling [18–20]. When used for the 
recycling of textiles, pyrolysis can reduce the harm to the 
environment posed by waste and alleviate the global energy 
crisis to some extent.

Biomass is a plant resource composed of organic carbon, 
and it is currently the only renewable resource that can be 
used for the preparation of liquid fuels [21]. Lignocellulosic 
biomass is one of the most abundant types of biomass on 
Earth, and its main components include cellulose, hemicel-
lulose, and lignin [22]. Therefore, viscose fibers are also a 
kind of biomass. Generally, the bio-oil derived from biomass 
pyrolysis (without catalyst or modification) has a high oxy-
gen content, low pH value, and low heating value and cannot 
be directly used in the chemical industry [23, 24]. It is criti-
cal to employ appropriate upgrading techniques to increase 
the quality of bio-oil obtained from biomass pyrolysis [25]. 
Co-pyrolysis (CP) is the pyrolysis of multiple raw materi-
als having different compositions and properties that takes 
advantage of the synergistic effect between the molecules 
in the original materials. In general, CP can boost the yield 
and quality of pyrolysis oil, as well as its calorific value. 
A large number of studies have shown that hydrogen-rich 
petroleum-based polymers donate hydrogen in-situ during 
CP with biomass, causing free radical interactions and in situ 
deoxidation, thus improving the quality of the bio-oil [18, 
19, 26]. When a biomass–plastic mixture is processed by 
co-pyrolysis, the interactions between the volatiles from the 

two different raw materials and between pyrolysis volatiles 
and solid raw materials promote synergy [27].

The co-pyrolysis of petroleum-based plastics and biomass 
without a catalyst has the disadvantage of non-selectivity of 
products and the need for high temperatures. Catalytic co-
pyrolysis (CCP) introduces the use of a catalyst in CP. The 
use of a catalyst can improve the distribution width of the 
product components to a certain extent and can also reduce 
the pyrolysis temperature and energy consumption [28]. 
Zeolites have long been utilized as acidic catalysts in the 
pyrolysis of liquid fuels due to their distinctive pore struc-
tures and chemical characteristics [29, 30]. Among various 
zeolites, the ZSM-5 catalyst is the most attractive due to its 
efficient deoxygenation and dehydration capabilities [28]. 
The CCP of biomass and plastics over ZSM-5 has been 
extensively studied. Using the HZSM-5 zeolite as a cata-
lyst, Dorado et al. [31] examined into the CCP of different 
types of biomass and plastics. They found that compared 
to the pyrolysis of biomass or plastics alone, CCP showed 
improved selectivity for aromatic compounds. The activation 
energy of macroalgae and HDPE co-pyrolysis was dramati-
cally lowered in the presence of HZM-5, and the quantities 
of acids and oxygenated compounds were greatly reduced, 
according to Xu et al. [32]. He et al. [30] conducted ex-
situ CCP of corn stalk (CS) and high-density polyethylene 
(HDPE) over the HZSM-5 catalyst. They discovered that 
benzene, toluene, and xylenes were the most common aro-
matics generated during the CCP process because to the 
strong shape selectivity of HZSM-5.

The recycling of textile wastes is of great significance 
for environmental protection and resource conservation. As 
mentioned above, biomass-based VFs and petroleum-based 
PET may have great potential in co-pyrolysis conversion to 
fuel oil. However, there have been few studies on the co-
pyrolysis of polyester/viscose. In this work, CCP treatment 
of commonly used polyester and viscose textile fibers under 
the action of ZSM-5 was studied for the first time. The ther-
mal decomposition behaviors of PET, VF, and their mixtures 
were analyzed by thermogravimetry (TG), and the pyrolysis 
products of PET, VF, and their mixtures were studied by 
pyrolysis–gas chromatography/mass spectrometry (Py-GC/
MS). To evaluate the synergistic effect of VF and PET, the 
discrepancies between the experimentally measured values 
and the calculated values of mass loss and pyrolysis products 
were used. The interactions between the reaction intermedi-
ates produced by the pyrolysis of PET and VFs were also 
analyzed. The results of this work will be beneficial for the 
future development of methods to increase the selectivity for 
valuable aromatics in the CCP conversion of textile wastes.
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Materials and methods

Materials

PET granules having an intrinsic viscosity of 0.64–0.66 dL 
 g−1 were provided by Sinopec Yizheng Chemical Fiber Co., 
Ltd. (China). PET granules were melt spun into 38 mm sta-
ple fibers with a linear density of 1.66 dtex, by referring to 
the preceding report for the melt spinning procedure [33]. 
Viscose fibers were kindly supported by Yibin Grace Co., 
Ltd. (Chengdu, China). Wet spinning was used to create the 
VFs, which have an α-cellulose content of 94% and a degree 
of polymerization of 360–400. Previous papers have docu-
mented VF regeneration and wet spinning processes [9, 34]. 
VFs and PET were decimated into powder using an airflow 
crusher, and then dried for usage. The data of the proximate 
and ultimate PET and VF analyses, which were carried out 
using an elemental analyzer (Euro Vector EA3000, Italy) 
and in compliance with Chinese National Standards (GB/T 
28,731–2012), are presented in Table 1.

The ZSM-5  (SiO2/Al2O3 = 34) zeolite catalyst was pur-
chased from Shanghai Ziyi Reagent Factory (Shanghai, 
China). The catalyst was calcined at 550 ℃ in a muffle fur-
nace, activated for 4 h, cooled, and sealed for storage prior 
to the catalytic pyrolysis experiments.

Thermogravimetric analysis (TGA)

The thermal degradation behaviors and mass transfer rate of 
PET, VF, and their mixture (PET/VF:1/1) with and without 
the catalyst were investigated using a Q500 thermogravi-
metric analyzer (TA Instruments, USA). In an alumina cru-
cible, about 8–10 mg feedstock was placed and blanketed 
by nitrogen at a flow rate of 50 mL  min−1. Different heating 
rates of 10, 20, 30, and 40 ℃  min−1 were utilized to raise the 
temperature from room temperature to 750 °C. In the cata-
lytic TG experiments, identical amounts of ZSM-5 catalyst 
(4 mg) were thoroughly mixed with the samples (PET, VF, 

or PET/VF) in an agate mortar and then heated under the 
same conditions as those for the non-catalytic TG experi-
ments. To ensure that the results were accurate and reliable, 
each experiment was repeated three times.

Kinetic analysis

The thermal degradation of these materials is a complex 
physicochemical process involving chemical reactions, phys-
ical changes, and heat and mass transfer [35]. The design 
of such a complex pyrolysis process for a material depends 
essentially on kinetic analysis. Kinetic parameter data are 
important for understanding the thermochemical conver-
sion. In this paper, the Kissinger–Akahira–Sunose (KAS) 
method was used to estimate the reaction's activation energy 
(E) using TGA data. The KAS equation is expressed as [32]:

where β is the heating rate (K  min−1), T is the abso-
lute temperature (K), g(α) is the integrated form of the 
reaction mechanism function, A and E are the pre-expo-
nential factor  (s−1) and the apparent activation energy (kJ 
 mol−1), respectively, and R is the universal gas constant 
(8.314 J  mol−1  K−1). α is the amount of material that has 
been pyrolyzed or the percentage of total material that has 
been converted, and it can be described using the following 
formula.

where W
0
 is the initial sample mass, Wt is the sample's 

mass at time t, and W∞ is the sample's final mass.
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Table 1  Ultimate and proximate 
analysis of VF and PET

a By difference

Samples VF PET

Ultimate analysis/mass%
C 43.3 63.0
H 6.2 4.2
Oa 50.5 32.8
N – –
Proximate analysis/mass%
Moisture 9.69 1.63
Volatile matter 83.26 88.16
Ash 1.15 2.54
Fixed  carbona 5.90 7.67



12538 H. Peng et al.

1 3

Py‑GC/MS analysis

The pyrolytic analysis (Py) experiments were carried out in 
a Pyroprobe 5200 instrument (CDS Analytical, USA). In all 
pyrolysis experiments, the temperature was rapidly raised to 
700 ℃ at a flash heating rate of 20 ℃  ms−1 and maintained 
for 60 s. The pyrolysis volatiles entered the adsorption trap 
(280 ℃, where they were adsorbed for 2 min and then des-
orbed). High-purity helium gas (99.999%) purged the vola-
tiles generated by heat through the transfer pipeline (280 °C) 
to the injection port of a gas chromatograph (GC) (GC-450, 
Varian, USA) equipped with an online mass spectrometer 
(MS) (240-MS, Varian, USA). Nonpolar CP Si1 8 CB cap-
illary (30 m × 0.32 mm × 0.25 um) was used for GC. The 
helium carrier gas flow was 1 mL  min−1 with a split ratio of 
20:1. The inlet temperature was 50 °C. The chromatographic 
column was programmed to carry out the following heating 
protocol: hold at 40 ℃ for 5 min, then raise the temperature 
to 300 ℃ at a heating rate of 10 ℃  min−1, and then hold at 
this temperature for 10 min. MS utilized electron ionization 
(EI) at 70 eV, had a scan mass range of 40–500 m/z, and an 
ion source temperature of 230 °C.

In all pyrolysis experiments, samples of PET, VF, and 
their mixture (PET/VF:1/1) were placed in a 25-mm-long 
quartz tube (2.0 mm i.d.) and fixed with quartz wool on both 
ends. Catalytic pyrolysis studies were carried out by plac-
ing raw material (about 1 mg) in the middle of a quartz tube 
and ZSM-5 catalyst (1 mg) on both sides of the quartz tube. 
The feedstock and catalyst were separated by quartz wool as 
shown in previous work [21].

The chemical compositions of pyrolysis products were 
determined according to the relevant literature and the NIST 
database. To establish reproducibility, all pyrolysis experi-
ments were repeated at least three times. For the GC/MS 
spectrum obtained in each experiment, each of the prod-
ucts was analyzed in detail, and their relative percentage 

values and absolute peak areas were recorded (Supplemen-
tary materials). The averages of the values obtained in three 
experiments were used as the final determination values.

Results and discussion

Characterization of materials

Table 1 shows the physicochemical parameters of PET and 
VFs. PET had a substantially higher total carbon and hydro-
gen content (67.2 mass%) than VFs (49.5 mass%). This is 
because VFs have a high oxygen content (50.5 mass%). 
The high oxygen content that comes from thermochemical 
conversion methods such as pyrolysis endangers both the 
calorific value and stability of bio-stability oil [32]. The fact 
that the structure of the VF contained oxygen-containing 
functional groups and compounds, such as cellulose, hemi-
cellulose, and lignin, all contributed to the high oxygen con-
centration that was present in the material [36]. Aromatic 
rings, esters, and carboxyl groups are all present in PET, 
contributing to the material's high carbon content and low 
hydrogen concentration. Similar to the theoretical values for 
pure PET (C, 62.5 mass%; H, 4.2 mass%; O, 33.3 mass%), 
the percentages of C, H, and O in PET were 63.0, 4.2, and 
32.8 mass%, respectively.

The proximate analysis revealed that both VFs and PET 
had a significant quantity of volatile matter content (83.26 
mass% and 88.16 mass%, respectively), indicating that 
pyrolysis can release a significant amount of useful prod-
ucts (fuels or gases) [37]. However, PET (2.54 mass%) has 
a larger ash concentration than VF (1.15 mass%). Caking 
and scaling are caused by ash, which restricts mass and heat 
transport [36]. As a result of the aforementioned examina-
tion of the basic properties of PET and VFs, it is clear that 
their independent pyrolysis has limitations. As a result, the 
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Fig. 1  Thermal and catalytic TG (a) and DTG (b) curves of PET, VF, and PET/VF composites
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synergistic interaction between the two components is criti-
cal for improving pyrolysis product quality and yield.

Thermogravimetric analysis

Thermal degradation behaviors and kinetic analysis

The mass loss (TG) and derivative mass loss (DTG) curves 
of PET, VF, and their blends pyrolysis at a heating rate 
of 10 °C  min−1 are displayed in Fig. 1. As presented in 
Table 2, the main temperature range for VF deterioration 
was 259–353 ℃, with a maximum mass loss rate at 340 °C. 
This corresponds to the temperature range of cellulose 
decomposition [38]. Above 400 °C, the breakdown of the 
lignocellulosic part of biomass resulted in a gradual loss of 
mass [39]. Active pyrolysis is the quick decomposition of 
lignocellulosic biomass below 400 °C, while passive pyroly-
sis is the sluggish decomposition over 400 °C [40]. The ther-
mal degradation of PET occurred between 365 and 453 °C, 
with the largest degree of thermal degradation occurring at 
429 °C. In the presence of the ZSM-5 catalyst, the cracking 
temperature ranges shifted to lower temperatures for both 
PET and VF. This result confirmed that the catalyst signifi-
cantly reduced the decomposition temperatures [41]. This is 
in accordance with previous research, which demonstrated 
that the catalyst can lower the reaction's activation energy, 
lowering the decomposition temperature [42].

The PET/VF TG and DTG curves were not the same as 
those of the pure feedstocks. The co-pyrolysis of PET/VF 
was separated into two steps based on the DTG profile. The 
first step started at 267–362 ℃, corresponding mainly to the 
decomposition of the VF, and the second step was between 
362 and 449 ℃, mainly due to the decomposition of the 
PET. The initial temperature (Ti) of the VF increased during 
co-pyrolysis, while the Ti of PET decreased. This is because 
when the VF began to degrade, the softened PET covered 
the VF surface, preventing volatile chemicals from being 
released [43]. The lower Ti of PET during the co-pyrolysis 
indicates that VF decomposition products accelerated the 
PET decomposition and further demonstrates the synergistic 

effect during the co-pyrolysis of VF and PET. Breakdown of 
VF produces free radicals, which in turn cause the fracture 
and depolymerization of PET, accelerating its decomposi-
tion and lowering its Ti. According to the findings of Wang 
et al. [44], the CP of lignin and polyethylene led to the same 
result. Specifically, the Ti value of the lignin increased while 
the Ti value of the polyethylene decreased when compared 
to the Ti values of lignin and polyethylene that were derived 
from separate pyrolysis.

Table 3 presents the averaged apparent activation energy 
( E ) values and the correlation coefficient (R2) values 
obtained by the KAS method. The fact that the R2 values for 
the broad conversion range (0.1–0.9) were close to 1 (> 0.95) 
(Table S1) demonstrates that the TGA data had strong fit-
ting capabilities, and it also demonstrates that the activation 
energy estimations were accurate. The KAS determined that 
the E values for the PET, VF, and PET/VF samples were 
235.55, 169.11, and 210.46 kJ  mol−1, respectively, as shown 
in Table 3. When catalytic co-pyrolysis was carried out, the 
E value decreased drastically to 175.15 kJ  mol−1, which con-
firmed that ZSM-5 had an obvious effect on reducing the 
apparent activation energy.

The synergetic effect of PET/VF blends

Changes in decomposition temperature during the CP pro-
cess show that VF and PET have a synergistic impact. To 
further validate the link between the VF and PET samples, 
theoretical TG/DTG curves were calculated. These curves 
represent the sum of the individual component behaviors in 

Table 2  Thermal parameters 
of PET, VF, and PET/VF 
composites with ZSM-5

Ti: temperature for initial mass loss, Tmax: temperature for the maximum mass loss rate, Tf: temperature for 
final mass loss

Sample Catalyst The first stage The second stage

Ti/℃ Tmax/℃ Tf/℃ Ti/℃ Tmax/℃ Tf/℃

VF No 258.8 340.1 353.4 – – –
ZSM-5 254.8 338.9 352.8 – – –

PET No – – – 365.2 428.6 453.0
ZSM-5 – – – 358.9 425.6 448.5

PET/VF No 267.5 338.4 362.4 362.4 423.1 448.9
ZSM-5 293.1 337.4 363.7 363.7 422.4 450.5

Table 3  Averaged apparent activation energy of samples determined 
by KAS

PET VF PET/VF PET/VF/ZSM-5

‾E/kJ  mol−1 235.55 169.11 210.46 175.15
R2 0.9976 0.9969 0.9871 0.9890
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the mixture. The formula for calculating the mass loss values 
of the mixes is as follows [45]:

where WCal (%) represents the estimated mass percentage 
of the blends, XV and XP represent the mass fractions of VF 
and PET in the blend, and MV (%) and MP (%) represent the 
mass percentage values of the materials in the individual 
pyrolysis experiments, respectively.

The theoretical and experimental curves are illustrated 
in Fig. 2. Figure 2a, b shows that the temperature of the 
first peak (338 ℃) of the experimental DTG curve of the 
PET/VF mixture was slightly lower than that of the calcu-
lated curve (341 ℃), which can be explained by the inter-
molecular reaction between the pyrolytic molecules [46]. 
The interaction between VF and PET in the co-pyrolysis 
process influenced the temperature of the maximum mass 

(3)W
Cal

= X
V
∙M

V
+ X
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loss rate, implying a synergistic effect. The experimental 
carbon residue value at 750 °C was greater than the cor-
responding calculated value, suggesting that a substantial 
amount of solid residue was generated as a result of the 
interaction between the PET/VF pyrolysis intermediates, 
as shown in Fig. 2a. Park et al. [47] came to the same 
result. They found that the amount of residual coke pro-
duced experimentally during the co-pyrolysis of Quercus 
variabilis and waste plastic films was greater than the 
theoretical yield. When ZSM-5 was added (Fig. 2c), the 
experimental value of solid residues at 750 ℃ was almost 
equal to the theoretical value. This indicates that the cata-
lyst can produce more volatile products and reduce the 
formation of solid residues. During CCP (Fig. 2d), the 
peak height of DTG in the PET decomposition region was 
significantly different from that during CP. That is, PET 
decomposition was accelerated by the catalyst.
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Py‑GC/MS measurement

Product distributions in the pyrolysis of PET, VF and their 
mixture

Table 4 shows the product distributions obtained in the 
non-catalytic and catalytic pyrolysis of PET, VF, and their 
mixture. The identified products were classified into mono-
cyclic aromatic hydrocarbons (MAHs), polycyclic aro-
matic hydrocarbons (PAHs), phenols and alcohols, acids 
and esters, aldehydes and ketones, and furans. In the non-
catalytic pyrolysis (NCP) of PET, the peak area% values 
of MAHs and PAHs were 9.43% and 24.76%, respectively. 
Low contents of aldehydes and ketones were obtained (only 
3.37%) that were dominated by benzaldehyde and pheny-
lacetaldehyde. Phenols and alcohols accounted for 3.5%, 
with phenol as the main component. Meanwhile, the peak 
area% values of acids and esters reached 58.94%, of which 
benzoic acid and benzoates made the largest contributions. 
In the PET degradation process, carboxyl and vinyl terminal 
groups were formed by the cleavage of the ester bond trans-
ferred from β-hydrogen to carbonyl carbon, and then, the 
C–H bond and C–O alkoxy bond were partially dissociated 
to form the C=C and O–H bonds [48].

The oxygen-containing compounds produced in VF pyrol-
ysis are mainly acids, esters, ketones, furans, alcohols, phe-
nols, and aldehydes. The content of phenols was 14.45% and 
was mainly generated by the decomposition of lignin [49]. 
The main acids and esters were phenacyl formate and methyl 
pyruvate, with a content of 20.27%. The relative content of 
aldehydes and ketones was 6.95%, which mainly consisted 
of compounds such as butanediol, 1,3-cyclopentanedione, 
2H-pyran-2,6(3H)-dione, 2-cyclopentene-1,4-dione, methyl 
cyclopentenolone, 3-methyl-1,2-cyclopentanedione, and lev-
oglucosenone. The main components of furans included fur-
fural, 2-furanmethanol, 2,5-dimethyl-4-hydroxy-3-furanone, 
and 2-ethyl-5-methylfuran. During the CP of PET and VFs, 
the values of the peak area% of the products changed greatly, 
demonstrating that the incorporation of PET significantly 
reduced the relative amounts of oxygen-containing products.

Compared to NCP, catalytic pyrolysis over ZSM-5 pro-
duced more hydrocarbons, i.e., MAHs and PAHs, while the 
fractions of all oxygenated compounds were significantly 
reduced, indicating that ZSM-5 can promote the deoxygen-
ation of pyrolysis products. Following deoxygenation, the 
compounds containing oxygen underwent transformations 
known as oligomerization, cyclization, and hydrogen trans-
fer, which resulted in the formation of aromatic hydrocar-
bons [50]. Small amounts of oxygen-containing compounds 
still remained after catalytic pyrolysis, which may be related 
to the pore size of ZSM-5. It has been noted that the reduced 
pore size of ZSM-5 precludes bigger oxygen-containing 
molecules from penetrating the pores and forming aromatic 
hydrocarbons [29].

Figure 3 compares the ion chromatograms generated 
by the pyrolysis of PET, VF, and their 1:1 mixture over 
the ZSM-5 catalyst. As shown in Fig. 3, the main catalytic 
products were benzene (1), toluene (2), ethylbenzene (3), 

Table 4  Main pyrolysis 
compound obtained from PET, 
VF, and PET/VF mixture with 
and without ZSM-5

Compound Peak area/%

PET VF PET/VF

No cat ZSM-5 No cat ZSM-5 No cat ZSM-5

MAHs 9.43 60.43 16.75 43.73 19.56 61.49
PAHs 24.76 24.22 22.02 42.82 39.92 21.28
Phenols and alcohols 3.50 0.59 24.12 3.87 7.16 3.29
Acids and esters 58.94 11.81 20.27 5.58 29.87 9.82
Aldehydes and ketones 3.37 2.95 6.95 1.09 2.58 –
Furans – – 9.90 2.92 0.92 4.12
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xylene (4), styrene (5), naphthalene (8), methylnaphtha-
lene (9), and biphenyl (10). According to the TG results, 
the co-pyrolysis of PET and VF reduced the decomposi-
tion temperature of PET. Comparison of the chromato-
grams shows that the CCP products were similar to those 
obtained by the CP of PET and VF alone. This showed 
that the CCP of PET and VF changed the decomposition 
temperature but did not change the decomposition mecha-
nism. The product distribution changed with the introduc-
tion of a co-feed for CP. Benzoic acid (7) was present in 
the pyrolysis products of PET, but its content decreased 
significantly during CCP, indicating that the synergistic 
effect between PET and VF involves decarboxylation or 
de-carbonylation. It should be noted that the total hydro-
carbon content (MAHs and PAHs) increases strongly dur-
ing CP and CCP. Consistent with previous reports, the 
aromatic yield of the biomass/polymer mixture was higher 
than those of the individual feedstocks [31].

Synergistic effect analysis by Py‑GC/MS

Using Py-GC/MS, the synergies between PET and VFs were 
further explored. The measured pyrolysis product distribu-
tion of the PET/VF mixture is referred to as the “experi-
mental” value, and the “calculated” value is the simple lin-
ear sum of the independent pyrolysis distributions, which 
is similar to the calculation of  Wcal described in the TG 
experiments. As shown in Fig. 4, a significant difference 
was observed between the experimental peak area% and the 
calculated peak area% values.

For phenols and alcohols, acids and esters, aldehydes and 
ketones, and furans, the experimental peak area% values 
were lower than the estimated values for non-catalytic CP, 
indicating that cross-reactions occurred between the PET 
and VFs, leading to a net deoxygenation. It is well known 
that the presence of oxygenated compounds has a strong 
negative impact on the stability of pyrolysis oil, which 
reduces its value. Co-pyrolysis of biomass and polymers has 
been shown in numerous investigations to have a synergistic 
impact. This reduces the production of oxygen-containing 
compounds and improves the quality of the pyrolysis oil. For 
example, Lin et al. [51] discovered that the peak area and 
peak area% values of oxygen-containing compounds such 
as aldehydes, ketones, and furans were lower than calcu-
lated during the co-pyrolysis of poplar wood and polypro-
pylene (PP). This proved the presence of a synergistic effect 
between poplar wood and PP.

The cross-deoxidation reactions between PET and VFs 
are highly important because the oligomerization of oxygen-
containing pyrolysis intermediates in the biomass can easily 
form coke, resulting in the reduction in the pyrolysis yield 
and catalyst deactivation. Under the action of PET derivative 
intermediates, the oxygen-containing intermediates can be 
effectively converted into aromatic hydrocarbons to prevent 
coke formation [52]. In addition, aldehyde and ketone prod-
ucts were no longer obtained by CCP. This can be explained 
by the fact that hydrogen-rich compounds derived from the 
polymer can provide hydrogen for biomass oxygenated mol-
ecules, so increasing the deoxidation of these compounds 
and producing light olefins within the pores of the zeolite. 
A sequence of processes can convert light olefins into aro-
matic hydrocarbons [53]. In contrast, the experimental con-
tents of other oxygen-containing compounds like phenol and 
furan were found to be greater than the comparable esti-
mated values. This finding may have some connection to the 
hydrogen transferability of the ZSM-5 catalyst. Hydrogen 
was extracted from the PET and transferred to biomass free 
radicals to produce more oxygen-containing compounds, but 
these compounds do not diffuse into the pores of ZSM-5 
because the size of these molecules is greater than the size of 
ZSM-5 pores. Lin et al. [29] also reached a similar conclu-
sion in their experiments on the pyrolysis of wood-plastic 
composites catalyzed by HZSM-5 and discovered that the 
amounts of phenols and ketones observed in the experiment 
were significantly higher than the corresponding estimated 
values. During the CCP, the experimental peak area% val-
ues of the MAHs were greater than the estimated values, 
whereas the experimental peak area% values of the PAHs 
were less than the calculated values, indicating that the cata-
lyst was more favorable for obtaining higher-value MAHs 
that can be used as a fuel additive under ambient pressure 
and do not require an additional hydrogen supply.
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Aromatics selectivity in Py‑GC/MS

MAHs such as toluene, ethylbenzene, and xylene are tra-
ditional petroleum derivatives and basic materials for the 
fuel and chemical industry, and PAHs such as naphthalene 
and biphenyl are widely used in the production of pesti-
cides, dyes, and other chemicals [31]. The results for the 
aromatic selectivity in the pyrolysis of PET, VF, and their 
mixture with and without ZSM-5 are shown in Fig.  5. 
During fast pyrolysis, the main pyrolysis products usually 
undergo a hydrocarbon pool mechanism and phenolic pool 
mechanism at the acid sites of ZSM-5, where alkylation 
and hydrogen transfer reactions are carried out to generate 
MAHs and PAHs [54]. Compared to non-catalytic pyroly-
sis, more MAHs were produced during catalytic pyrolysis. 
With smaller dynamic particle sizes, ZSM-5 zeolite exhibits 
strong selectivity for benzene, toluene, xylene, and styrene 
[55]. In addition, when CCP was applied, the production of 
PAHs was significantly reduced from 67.11 to 25.71%, while 
the production of MAHs increased from 32.87 to 74.27% 
(Table S3). These results show that the use of the ZSM-5 
catalyst was beneficial for obtaining enhanced selectivity 
for MAHs.

Conclusions

In this study, the synergistic effect and pyrolysis product 
distributions of polyester and viscose fiber over ZSM-5 
were investigated via TG and Py-GC/MS for the first time. 
There was an increase in the  Ti value of VF when it was 
co-pyrolyzed with PET, which indicates that VF degrada-
tion products accelerate PET degradation. The interaction 
between VFs and PET was shown to alter the maximum 
mass loss rate temperature in the actual and anticipated TG 
and DTG curves. The Py-GC/MS results show that the peak 

area% values of the products changed considerably during 
the CP of PET and VF, with the presence of PET signifi-
cantly reducing the relative amounts of oxygen-containing 
products. Compared to NCP, catalytic pyrolysis over ZSM-5 
produced more hydrocarbons, while the amounts of the 
oxygen-containing products were significantly reduced. 
Benzoic acid was present in the pyrolysis products of PET, 
but its content decreased significantly during CCP, indicat-
ing that the synergistic effect between PET and VF led to 
decarboxylation or de-carbonylation. For non-catalytic CP, 
the experimental peak area% values of phenols and alco-
hols, acids and esters, aldehydes and ketones, and furans 
were lower than the values calculated from the results of the 
individual pyrolysis of PET and VF, suggesting that cross-
reactions occurred between PET and VF, leading to some 
net deoxygenation. The CCP results showed that the ZSM-5 
catalyst was conducive to obtaining higher-value MAHs. By 
exploring the benefits of the co-pyrolysis of polyester and 
viscose, this study aimed to promote the recycling economy 
of solid textile wastes, rather than discarding these prod-
ucts. This study provides reference information for the treat-
ment of PET and VF textile wastes and explores a candidate 
approach for the reuse of textile waste resources. We will 
continue to investigate the synergy and catalytic activity 
between various textile fibers in future research, a critical 
step for the recycling of textile wastes.
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