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A B S T R A C T

Renewable lignocellulosic biomass is a favorable energy resource since its co-pyrolysis with
hydrogen-rich plastics can produce high-yield and high-quality biofuel. In contrast to earlier co-
pyrolysis research that concentrated on increasing product yield, this study comprehends the
synergistic effects of two distinct feedstocks that were not considered earlier. This work focuses
on co-pyrolyzing wheat straw (WS) with non-reusable polyethylene terephthalate (PET) for the
production of pyrolysis oil. WS and PET were blended in different ratios (100/0, 80/20, 60/40,
40/60, 20/80, and 0/100), and pyrolysis experiments were conducted in a fixed-bed reactor
under different temperatures to assess their synergistic effect on oil yield. Synergy rates of up to
7.78 % were achieved on yield for the blends of plastic and biomass at a temperature of 500 ◦C. In
comparison to individual biomass or plastics, co-pyrolyzing PET-biomass blends demonstrated
good process interaction and promoted the yields of value-added products. The heating value of
the pyrolysis oils was in the range of 16.45–28.64 MJ/kg, which depends on the amount of plastic
present in the feedstock. The physical analysis of the oils shows that they can be used for heat
production by direct combustion in boilers or furnaces. The correlation between WS and PET was
validated with the aid of Fourier transform infrared spectroscopy (FT-IR) and gas
chromatography-mass spectrometry (GC-MS) analysis. The GC-MS result demonstrated the
presence of different compounds such as O-H compounds, esters, carbonyl group elements, acids,
hydrocarbons, aromatics, and nitrogenated compounds in the pyrolysis oil, which differed based
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on the proportions of PET in the feedstock. The increased hydrocarbon and reduced oxygen
percentages in the pyrolysis oil were implicitly caused by enhanced hydrocarbon pool mecha-
nisms, in which the breakdown of PET may be supplied as a hydrogen donor. Overall, waste
lignocellulosic biomass and plastics can be used to produce biofuels, which helps reduce the
amount of solid waste that ends up in landfills. This study also revealed that future research
should be focused on the reaction mechanisms of WS and PET co-pyrolysis in order to examine
the synergistic interactions.

1. Introduction

The worldwide energy scenario has changed dramatically over the last 30 years. The rapid growth and advancement of human
activities are attributed to energy, which has been used for power generation, industrial development, and transportation [1]. Fossil
fuels, including coal, oil, and natural gas, have played a major role in meeting this increase in energy needs [2]. Significant changes in
energy production have resulted in increased road traffic and, consequently, a change in the focus on the causes and effects of NOx and
volatile matter emissions [3]. Renewable energy sources—also referred to as alternative energy sources—are crucial for the devel-
opment of a future world to produce energy. They could potentially offer energy services with nearly zero emissions [4]. The
development of renewable energy projects in rural areas can reduce migration by generating rural-based work opportunities [5].
Biomass for power production is increasing in popularity as it produces more energy with increased efficiency. It also provides a
solution for waste disposal, since solid waste management is one of the major issues for developing and underdeveloped countries [6,
7]. Several cities in developing Asian countries have reported existing landfill site issues [8]. Though waste separation is mandated in
several cities, only about 30 % of waste is sorted properly, meaning plastic ends up in landfills instead of being recycled. The quantity
and composition of the waste are considered key factors in developing new waste management technology [6]. The estimations of
these variables are imperative for the development of resource recuperation and recycling. Without these data, the successful
implementation of recycling technology is very difficult. It is also helpful for the prediction and estimation of a landfill’s life. The
variation in composition is common and differs according to day, season, and collecting center [9]. In order to overcome these issues, a
common waste treatment technique is essential to minimize domestic and industrial waste. Pyrolysis is considered a successful waste
conversion technique to recover energy from lignocellulosic and plastic waste [10]. The process of pyrolysis involves heating wastes
without the presence of air to produce recyclable components such as char, oil, and combustible gases.

The process of biomass pyrolysis has become increasingly popular in recent years as the primary and essential phase of thermo-
chemical conversion [11]. The pyrolysis process has a major impact on the physicochemical characteristics and yield of the products
[12]. For instance, Park et al. [13] employed approximately 100 g of rice straw to perform slow pyrolysis experiments. The authors
conducted the experiments by varying the process temperature up to 700 ◦C. At 500 ◦C, the yield of pyrolysis oil and char reached up to
39 wt%. When the reactor was kept at 700 ◦C, the gas production was enhanced, but the oil production somewhat declined. Bala-
gurumurthy et al. [14] performed a rice straw pyrolysis experiment at 400 ◦C using rice straw under hydrogen (H2) and nitrogen (N2)
atmospheres and produced a maximum of 31.0 % and 12.8 % of pyrolysis oil under N2 and H2 atmospheres, respectively. Rice straw in
the N2 environment produced more pyrolysis oil than in the H2 environment. After pyrolyzing corn cobs, Cao et al. [15] showed
pyrolysis oil, char, and gas yields ranged from 34.0 wt% to 40.9 wt%, 23.6 wt% to 31.6 wt%, and 27.0 wt% to 40.9 wt%, respectively.
The authors identified less variation in their yields above 600 ◦C. Alper et al. [16] conducted a pyrolysis experiment on two different
agricultural residues, such as cherry stones and grape seeds, at 300–700 ◦C. The authors reported that the pyrolysis temperatures had a
major impact on their product distribution. For cherry stones and grape seeds, higher amounts of pyrolysis oil yields were attained at
500 ◦C and 700 ◦C, respectively. The derived pyrolysis oil is primarily composed of oxygenated hydrocarbons. Sánchez et al. [17]
explored the characterization study of pyrolysis oil produced from rape and sunflower wastes. The resulting pyrolysis oil was assessed
as a green biofuel option that is friendly to the environment. The char products were rich in carbon and projected as a solid fuel. The
produced pyrolysis gas was also identified as a biofuel due to its composition and higher heating value. Numerous studies have
demonstrated that co-pyrolysis, in addition to individual pyrolysis, can improve the yield and characteristics of biofuel [18–20].
Co-pyrolysis of biomass and plastics aims to improve the yield and quality of biofuel products while utilizing flexible material re-
sources and developing sustainable fuels. It was also found that co-pyrolysis had a major impact on the product’s composition and
quality. According to one study, when woody biomass is co-pyrolyzed with plastic waste, the formation of hydrocarbons, more stable
alcohols, and esters is promoted while the formation of reactive oxygenated compounds, such as ketones, aldehydes, and acids, is
suppressed [21].

Plastic can be found almost anywhere on Earth. The environment and public health are suffering greatly as a result of the accu-
mulated plastic waste. According to World Bank estimates, the world’s yearly plastic waste production is predicted to rise from 2.01
billion tons to 3.40 billion tons by 2050 [22]. Plastic may be pyrolyzed directly and can produce liquid fuel; however, liquid products
are challenging to use directly as fuel oil [23]. Thus, the co-pyrolysis of waste plastics and biomass is a viable and attractive technique
that will reduce environmental pollution caused by the disposal of solid wastes and produce high-value compounds. During
co-conversion, chemical interactions between co-reactants may result in an increase in pyrolysis oil output. Plastic can facilitate
biomass decomposition by providing hydrogen to stabilize the oxygen radicals in the biomass [24]. Xue and Bai [25] observed that
co-pyrolysis of polyethylene (PE) and corn stover increased PE cracking because the free radicals formed from lignin promoted the
radical-initiated breakdown of PE, demonstrating that lignin was highly interacting with plastics. Qi et al. [26] found that when a
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microalgae biomass was co-fed with PP, positive and negative synergy was observed in oil and gas yields, respectively. Jin et al. [27]
and Van Nguyen et al. [28] reported comparable results from co-pyrolysis studies. The maximum synergy promoting gas/char output
was found at 50 % plastic content, with values ranging from 25 wt% to 75 wt%. When the plastic percentage was added to the
feedstock from 5 wt% to 75 wt%, the maximum variance in gas yield was observed at 40 %. When biomass and plastic were
co-pyrolyzed, the results demonstrated improved conversion efficiency than individual component pyrolysis due to increased syn-
ergistic effects [29,30]. Increased gas content has been noted by certain researchers when co-pyrolyzing plastic with higher lignin [31]
and cellulose biomass [32]. The output of nitrogen components in liquid products dropped significantly during the co-pyrolysis of
high-density polyethylene with straw [33], and the liquid yield somewhat improved [34]. In addition to that, the outcomes of the study
conducted by Ryu et al. [35], Wang et al. [36], Esso et al. [37], and Cai et al. [38] showed that the quality of pyrolysis oil can be greatly
increased by co-pyrolyzing solid biomass with waste plastic. Among various plastic materials, about 7–9% of the plastic consumed
worldwide is made of PET, one of the most significant commercial polyesters [39]. It is a non-biodegradable plastic material yet has a
little amount of oxygen content comparable to solid biomass and a comparable H/Ceff. The recyclability rate of PET wastes is
sometimes lowered to less than 10 % when combined with other polymers, despite the fact that some wastes have been recycled to
generate engineering components [36]. Compared to other types of polyolefins, the calorific value of PET is low, and the addition of
PET for the co-pyrolysis process may not significantly enhance the oil quality due to its inherent oxygen content. On the other side, the
usage and availability of waste PET are abundant. It is most commonly used as a single-serving container for water and carbonated soft
beverages. According to Recycling International, in 2021, the consumption of PET reached 20 million tonnes. The widespread use of
PET generates a significant volume of PET waste. However, its low degradation and thermal stability generate major environmental
and human health issues. The current PET disposal methods, such as recycling, incineration, and land filling, have limitations due to
environmental degradation. Therefore, co-pyrolysis of PET with biomass was identified as a more effective and reliable method to
dispose of PET waste. From these results, it can be understood that the research on co-pyrolysis of biomass and plastics typically focuses
on improving the oil’s characteristics and producing a higher yield of oil, but the synergistic mechanism that underlies the results is
discussed very little.

The yield of pyrolysis and its chemical compositions may be influenced by a number of factors, such as types of feedstock, tem-
perature of the reactor, reaction duration, and type of catalysts [23]. Among these, temperature had a major effect on the species
generated and the content of the products [40]. Furthermore, the complex organic compounds present in the pyrolysis oil are analyzed
qualitatively and quantitatively using advanced FT-IR and GC-MS diagnostics. In order to manage environmental pollution,
co-pyrolysis of different types of woody and agricultural biomass with waste plastics can be utilized to produce liquid fuels and
chemical compounds. To our knowledge, the co-pyrolysis of lignocellulosic biomass with different types of waste polymers has rarely
been reported in detail. However, extensive information on synergistic interaction during co-pyrolysis of WS with PET in various
compositions and product distribution is not available. This research aims to fill this gap. This study investigated the correlation
between the co-pyrolysis product yield obtained at different blends of WS and PET (100/0, 80/20, 60/40, 40/60, 20/80, and 0/100).
The synergistic effect on co-pyrolysis process yield was ascertained between biomass and plastics by comparing individual component
pyrolysis. Further experimental work has been extended to conduct the catalytic pyrolysis process using the HZSM-5 catalyst. In order
to examine the impact of the catalyst on the co-pyrolysis process, the yield obtained from catalytic co-pyrolysis was compared to the
yield obtained from the non-catalytic process with maximum synergy.

2. Materials and methods

2.1. Materials

The wheat straw (WS) used for this study was collected from a local agricultural field in Coimbatore, India. The samples were
ground initially to a grain size of <1.0 mm. After that, the collected WS was air heated for 2 days. The dried samples were further dried
in a closed oven maintained at 100 ± 5 ◦C. The waste PET plastics used for food, water, and beverage packing having a thickness
between 0.25 mm and 0.9 mm were collected from a local plastic waste vendor in Coimbatore, India. The plastic waste was collected in
a pellet form of size ⁓ 1.0 mm.

2.2. Feedstock analysis

The proximate and elemental analysis of WS and PET plastics was carried out using ASTM standards (moisture - D3173; volatile
matter- D3175; ash- D3174; fixed carbon-by difference; carbon, hydrogen, nitrogen, sulfur- D5373; oxygen-by difference). The
proximate analysis was done in a muffle furnace at a controlled temperature. The weights of the feedstocks and pyrolysis products are
measured by a balance to calculate the yields. The following equations (1)–(4) are used for the analysis of moisture content, volatile
matter, ash content and fixed carbon respectively.

%M=
sample weight before drying − sample weight after drying

sample weight before drying
x 100 (1)

%VM=
oven − dried sample weight − remaining sample weight after burning

oven − dried sample weight
x 100 (2)
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%A (air − dried sample)=

⎛

⎜
⎝

W1

W2x T
100

⎞

⎟
⎠x 100 (3)

where

W1 =weight of ash

W2 = initial weight of sample

T= percent of total solid

%FC=100 − (%M+%VM+%A) (4)

The ultimate analysis to identify the value of carbon, hydrogen, nitrogen, sulfur, and oxygen in the samples was done using an
elemental analyzer (EA 2400 Series II). The analysis was carried out using 10 mg of pure samples under nitrogen atmosphere. Before
analysis, both the samples were removed from dust or moisture since it leads to deviations in the results. The moisture and dust
particles were removed by initial heating and screening process. The solid biomass and plastics were converted into powdered form
and the analysis is accomplished by combustion analysis. The traditional wet chemistry approach is used for the determination of
lignocellulosic content of WS. The analysis was carried out using 0.50 g of biomass sample. This is a very accurate approach for
determining composition analysis. In this method, an acid chlorination treatment was initially applied to the sample in a water bath for
more than 1 h at a temperature of 75 ◦C. Then a required quality of NaClO2 and CH3COOH were added for chlorination. Finally, the
solution is filtered and then rinsed with cold water. The leftover residue is classified as cellulose and hemicellulose, as determined by
gravimetric analysis. A two-step sulfuric acid hydrolysis procedure is used to assess acid-insoluble lignin content.

2.3. TGA analysis

The thermal decomposition behavior of the WS and PET was investigated using the TGA701 thermogravimetric analyzer. The
analysis was conducted using 3–5 mg of sample under a nitrogen atmosphere. For this, the sample was kept in a closed furnace and
heated from atmospheric temperature to 1073 K at a heating rate of 10 K/min. For the entire analysis, the flow rate of the nitrogen was
adjusted to 20 mL/min. The following formula is used to compute the conversion of the feedstock: The derivative of conversion in
relation to time was used to generate derivative thermogravimetric (DTG) curves, which were then plotted against temperature.

2.4. Test stand

A fixed-bed cylindrical reactor with an internal diameter of 50 mm and a length of 100 mm, heated by an electric furnace, was used
to carry out the pyrolysis experiments. Fig. 1 represents the schematic view of the reactor set up. Heat was applied to individual and

Fig. 1. Schematic view of the pyrolysis reactor.
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different blends of WS/PET at an average rate of 10 ◦C/min to reach the desired temperature. The reaction was maintained until no
vapor was detected from the condenser. For this purpose, a minimum of 30 min is given to one complete reaction. The evolved gases
coming out of the reactor were cooled in a condenser. For that, the condenser system is supplied with adequate ice water maintained at
0 ◦C. The evolved gases are condensed using a horizontal type cylindrical condenser made of high-grade stainless steel with a diameter
of 50 mm and a length of 470 mm. When the pyrolysis gas hits 50 ◦C within the condenser, the condensable pyrolysis oil and water
typically begin to condense, while the phenolic chemicals begin to condense at 80 ◦C. It should be pointed out that the partial pressure
of vapor compounds varies with composition and is affected by feedstock type and reactor operating conditions. The heat applied to
the reactor is fully utilized for heating the sample since the reactor is well insulated with insulating material. About 100 g of feed were
loaded for each test run. A combination of WS and PET particles was tested with different mass ratios. Once the material was filled
inside the reactor vessel, it was closed tightly to ensure anaerobic conditions. In order to measure the temperature of the reactor, two K-
type thermocouples were fixed at two different points. The internal temperature was monitored through a digital meter and was
controlled by an auto transformer. At the end of each run, the reactor was allowed to cool to room temperature. Following each
experimental run, the residual solid residue—also known as char—inside the reactor was weighed using a digital weighing machine
and stored. The weight of pyrolysis oil is also found by direct measurement. The weight of the pyrolysis oil product and the char were
subtracted from the weight of the loaded feedstock to determine the weight of the gas yield. The calculation revealed that the mean
yield values of a minimum of three trials conducted with identical experimental setups fell within the experimental error range of less
than ±1 %. The following equation (5) was used to measure the yield of individual products.

Yield (wt%)=
Yield of desired product (oil or char or gas)in grams

feedstock in grams
(5)

2.5. Method

The pyrolysis experiments were carried out on individual components as well as their different blends. The blends were obtained by
mixing WS and PET at different weight ratios. Both the individual and co-pyrolysis experiments were conducted at different reaction
temperatures. In order to analyze the maximum yield point, the temperature of the reactor was varied from 350 ◦C to 650 ◦C at a
heating rate of 10 ◦C/min. The temperature range for this study was designed based on the TGA analysis of the individual components.
The product yield and its variation during the co-pyrolysis process were assessed with the addition of PET with WS at four different
ratios of 80/20, 60/40, 40/60, and 20/80. The blended components were pyrolyzed at a temperature of 500 ◦C, and the temperature of
the reactor was raised at a rate of 10 ◦C/min. The catalytic co-pyrolysis process was carried out on the feedstocks having 60 % PET
using HSZM-5 catalysts. For catalytic process, 10 % of the catalyst was loaded with the feedstock. For each run, 10 g of HSZM-5
catalysts were blended with the feedstocks. The catalyst was supplied by Nikunj Chemicals, India Ltd. Table 1 shows the character-
istics of zeolite used in the catalytic degradation process. When biomass and plastic are combined in binary, ternary, or multiple
combinations, a synergistic impact is produced, which may be greater or less than the result obtained from the weighted value of each
individual component during co-pyrolysis. The combination of feedstocks is one of the key factors that impacts the synergistic effects
[41]. To ascertain the existence and degree of a synergistic impact, the experimental and estimated product content from the
co-pyrolysis of WS and PET plastic was assessed and compared. Equation (6) was utilized to assess theoretical product outcomes [19].
A synergistic impact is one that occurs when two substances/materials interact to produce an effect greater than the sum of their
individual effects. This may result from the interaction of molecules of both substances, particularly carbon and hydrogen. When the
values are compared, the noticeable increase is known as the positive synergy impact, while the obvious reduction is known as the
negative cooperativity effect.

YPredicted =WWS X YWS +WPET X YPET (6)

Where,

WWS − Experimental yield from wheat straw

WPET − Experimental yield from PET

Table 1
Characteristics of HZSM-5 catalyst.

Characteristics HZSM-5 Unit

SiO2/Al2O3 28 w/w
Pore size (nm) 0.5 nm
BET surface area 341 m2/g
External surface areaa 38 m2/g
Micropore volumeb 0.17 cm3/g
Particle size 50–70 μm
Total acidity 2.03 mmolNH3/g

a Obtained by application of the t-plot method.
b Measured at p/p0: 0.995.

A.K. M et al.
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YWS − Mass proportion of wheat straw

YPET − Mass proportion of PET

2.6. Individual and co-pyrolysis mechanism

The composition of the biomass has a considerable impact on its pyrolysis behavior. Lignocellulose consists primarily of cellulose,
hemicellulose, and lignin. Cellulose is the primary component of the plant’s skeletal structure; hemicellulose twists over the cellulose
fiber, and lignin wraps over the above two. It has been claimed that the pyrolysis of biomass is mostly composed of hemicellulose-
dominated, cellulose-dominated, and lignin-dominated [42]. As a result, understanding the biomass pyrolysis mechanisms is
crucial. Cellulose has a simple linear polymer chain structure that can be easily decomposed. It has been established that cellulose
pyrolysis is initiated at temperatures below 250 ◦C, and cellulose polymers tend to be carbonized through dehydration and
cross-linking processes. Similar to cellulose, hemicellulose contains sugars. However, they have been demonstrated to have lower
thermal stability and quickly break down at temperatures ranging from 200 to 300 ◦C. The hemicellulose structure has a significant
impact on product qualities. The presence of xylan in the structure affects the feedstock’s pyrolysis activity. Xylan polymers with more
side chains tend to form smaller molecules through ring-breaking reactions than xylose and xylan disaccharides. However, extracting
hemicellulose from biomass is quite challenging. It is difficult to define the precise hemicellulose structure and the relationships
between the pyrolysis products. Lignin has a more complicated structure. It consists of three basic phenyl units linked by C-C and C-O
bonds. The pyrolysis reaction of lignin differs with respect to lignin structure and biomass type. For non-woody samples, biomass types
have a significant impact on lignin conversion and the formation of gaseous products. PET, which contains oxygen and aromatic
groups, degrades primarily through decarboxylation. Combining radicals results in the production of higher molecular weight gas
products. The primary degradation of the PET structure could be identified as the random scission of ester links in the main chain.

The mechanism for co-pyrolysis is more complex than that for biomass and plastic pyrolysis since it produces a large number of
chemical products. The co-pyrolysis process consists of the initiation, development of secondary radicals, and termination by radical
recombination or dispersion. For the co-pyrolysis of biomass and plastics, the process started with the breakdown of biomass at a lower
temperature (<350 ◦C) than the plastics. At that temperature, the degraded solids served as radical donors. The released radicals
initiated the plastic chain scission process, which served as hydrogen donors for the biomass particles. The radicals also reacted with
the solids, producing large amounts of 2-alkenes and 3n carbon atoms. These interactions increased the breakdown of biomass,
resulting in reduced solid residue and a higher liquid yield, indicating a synergistic impact. The simplified mechanism of the individual
and co-pyrolysis processes is provided in Fig. 2.

2.7. Pyrolysis oil analysis

The physicochemical parameters of the produced oil were tested to assess its potential as a fuel. The liquid products that were
obtained included both an aqueous phase and an oil phase. The formation of these phases in the oil product is mainly recognized by the
considerable amount of water content found in the WS. Prior to the physical analysis, the aqueous phase from the oil was separated by
centrifuging the oil at 2000 rpm for 15 min. The pyrolysis oils obtained at maximum yield conditions were aged and subjected to
several physical characterizations. As per ASTM D4052, D4287, D1293, and D240, the density, viscosity, pH value, and calorific value
of the pyrolysis oil were assessed. The density of the oil was measured by weighing a known volume of oil. The viscosity and pH values
were measured by a digital Redwood viscometer (Model: SICBRV-01, Shambhavi Impex, Thane, India), which can measure liquids
having a Red Wood flow of 20 s–2000 s, and a digital pH meter (Model: LMPH10, LABMAN), which can measure the value between − 2

Fig. 2. Mechanism of individual and co-pyrolysis of wheat straw and PET.
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and 16. The calorific value was measured using Parr-6772 calorimetric thermometer.
The pyrolysis oil obtained from different feedstocks was quantitatively analyzed using a FT-IR (BRUKER Optik GmbH TENSOR 27)

and GC-MS (THERMO GC-TRACE ULTRA VER: 5.0, THERMO MS DSQ-II) detector. The FTIR spectra of the individual and co-pyrolysis
oils were collected in the range of 400–4000 cm− 1 region with 4 cm− 1 resolution. The GC-MS analysis was carried out using an internal
standard. An internal standard is a chemical substance that is added in the same concentration to all samples during a quantitative
analysis. Hexadecane was chosen as the internal standard for this analysis. It is a widely used and successful method for chroma-
tography and spectroscopy. Using an internal standard is a useful tool for minimizing the impacts of random and systematic mistakes
during analysis, which helps to enhance the precision of results. For the analysis, helium was used as the carrier gas and set to flow at a
rate of 1 ml/min. The analysis was carried out with the support of a capillary column (DB-5) with a thickness of 0.25 μm, a length of 30
m, and a diameter of 0.25 mm. The analysis was started by preheating the oven to 70 ◦C for 2 min, and then it was raised to 270 ◦C at a
rate of 10 ◦C/min. This investigation allowed for the identification of every single chemical compound in the pyrolysis oils [43]. Prior
to the analysis, the oil samples were filtered using a nylon microfilter. The filtered sample was further diluted using a 1:5 v/v methanol
solvent solution (20 ml of methanol in a total volume of 100 ml). For the analysis, 1 μL of the sample was introduced into the GC-MS
apparatus. Each sample spectrum contained a large number of peaks, and the NIST database having similarity index percentage of 89.1
% (Data Version: NIST23, Software Version 3.0) was used to compare the peaks with the compounds.

3. Results and discussion

3.1. Characterization of biomass and plastic

The ideal feedstock component for energy generation is not well understood, despite the fact that the feedstock utilized for py-
rolysis is more crucial. This is due to the fact that most pyrolysis facilities are focused on processing particular types of waste and pay
little attention to optimizing the components. In contrast, a number of recent studies [44,45] have concentrated on a variety of biomass
feedstocks for pyrolysis applications. Proximate analysis was performed on dried samples of the raw materials to determine the relative
concentrations of volatile matter, fixed carbon, moisture, and ash. In addition to that, the CHNS analyzer was also used to examine the
material characteristics. Table 2 lists the results of the characterization study. The moisture content of WS is 6.43 wt%, which is
favorable for the thermal conversion process. In general, a moisture level under 10 % enhances heat transfer during pyrolysis [46]. The
presence of ash in pyrolysis feedstock is another element that influences energy, calorific value, and heat transfer [47]. It is the
byproduct of the oxidation of inorganic materials. The lower ash present in feedstock encourages lower residual levels after pyrolysis.
The ash in WS and PET was observed as 8.95 wt% and 0.1 wt%, respectively. The energy content of the feedstock can also be
determined by the elemental analysis. Higher carbon content has a larger energy potential than lower carbon and oxygen feedstocks.
According to the analysis, the carbon content of WS and PET was 47.41 wt% and 64.58 wt%, respectively. Table 2 indicates that the
organic WS has a higher ash and oxygen content but a smaller amount of carbon, hydrogen, and volatile matter compared to waste
PET. A biomass that has more hydrogen has a higher calorific value, which makes it a better fuel option [48]. In comparison to carbon
and hydrogen, WS has a comparatively low nitrogen level. Lower nitrogen concentrations are typically preferred for clean combustion
since they are attributed to the creation of nitrogen oxides (NOx), which can have negative environmental effects. Similarly, lower
sulfur content also favors environmental sustainability. The values of celluloses, hemicelluloses, and lignin in WS in relation to the
structural components were 22.80 %, 32.50 %, and 44.70 %, respectively. The quantities of these elements have an impact on the
process’s energy efficiency [49].

Table 2
Properties of WS and PET used in the present study.

Property WS PET

Proximate analysis (wt%)
Moisture 6.43 –
Volatile matter 75.32 85.36
Ash 8.95 <0.10
Fixed carbona 9.30 14.54
Ultimate analysisb (wt%)
Carbon 47.41 64.58
Hydrogen 6.32 4.73
Nitrogen 0.59 0.44
Sulfur 0.02 0.04
Oxygena 45.66 30.21
HHV (MJ/kg) 17.01 23.54
Component analysis (wt%)
Lignin 22.80 –
Cellulose 32.50 –
Hemicellulose 44.70 –

ND-Not detected.
a by difference.
b Ash free basis.
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3.2. TGA analysis of the biomass and plastic

TGA analysis gives a better understanding of the beginning and end temperatures for thermal degradation. The TGA and DTG
curves of the WS and PET samples are displayed in Fig. 3. According to the data, the percentage of weight loss increased as the
temperature rose for both WS and PET materials; however, the breakdown of WS proceeded at a lower temperature than that of PET.
The biomass materials are naturally organic materials that are mostly made of lignocellulosic components. They also contain sig-
nificant quantities of carbon and hydrogen, which are weakly bonded. In contrast, PET is made of long-chain polymers of hydro-
carbons, which are generally resilient and need higher temperatures to break their bonds. This makes them more prone to thermal
disintegration at lower temperatures [50]. In this study, the complete decomposition of the selected WS occurred in three phases. The
first phase represented the removal of moisture up to 140 ◦C, followed by active decomposition between 150 ◦C and 550 ◦C, with
extreme degradation at 483 ◦C. In the last stage, solid elements decompose and residual char is formed at temperatures between 550 ◦C
and 700 ◦C. The initial stage represented 11.2 % mass loss, and in the second stage, the maximum mass loss occurred at up to 62 %. The
second stage of decomposition is known as the active pyrolysis zone, where cellulose and hemicelluloses decompose rapidly [51]. As
shown in figure, which refuted the existence of moisture in the used plastics, this first stage of moisture removal was lacking in the case
of PET materials. The same findings were also validated by Çepelioğullar & Pütün [52] and Chattopadhyay et al. [53]. In general,
plastics showed the highest rate of breakdown in all circumstances, while biomass showed the lowest rate of mass loss and only partial
disintegration. The thermal mass losses of waste plastics such as low-density polyethylene (LDPE), high-density polyethylene (HDPE),
polypropylene (PP), and PET have comparable pyrolysis behaviour. During TGA analysis, only one quick narrow temperature range
appears between 450 and 500 ◦C, and the maximum mass loss occurred at approximately 460–480 ◦C with little residues (approxi-
mately 1 %) [54]. In contrast to WS, waste PET degraded at higher temperatures, as shown in Fig. 3, with approximately 96.4 % of the
breakdown occurring at short temperatures due to its homogeneous nature. It was noted that the TGA curve of PET resembled the
earlier findings [55,56]. Further, the addition of PET with WS accelerates thermal degradation behavior during co-pyrolysis.

3.3. Pyrolysis of the single component

3.3.1. Effect of temperature on WS pyrolysis
Fig. 4 represents the yield of pyrolysis products as a function of reactor temperature. The oil contains liquid oil fractions and water

particles. The yield of pyrolysis oil, char, and gas is in the range of 31–41 wt%, 20–40 wt%, and 28–40 wt%, respectively, within the
considered temperatures. The maximum pyrolysis oil yield of 41.3 wt% occurred at a temperature of 500 ◦C. At lower temperatures,
the production of pyrolysis soil is lower and favours the formation of char. At 350 ◦C the yields of char, oil and gas were 40.2 wt%, 31.3
wt%, and 28.5 wt%, respectively. As the pyrolysis temperature was raised from the initial 350 ◦C to the final 550 ◦C, the yield of char
decreased. The primary breakdown of WS residues occurs more quickly at elevated temperatures, or the residual char undergoes
secondary decomposition, which could explain the drop in char yield [57]. On the other side, the yield of pyrolysis gas increased
steadily from 28.5 wt% to 39.8 wt%. Higher temperatures may cause the char to secondary decompose into non-condensable gaseous
compounds, which would further boost gas production as the pyrolysis temperature rose. Increasing the temperatures may cause the
char to secondary decompose into non-condensable gas compounds, which would further boost gas production [58]. The yield of
pyrolysis oil is observed to have an increasing and decreasing pattern. The maximum pyrolysis oil yield was observed at a temperature
of 500 ◦C. According to Kader et al. [59], this particular temperature was sufficient for the complete pyrolysis reaction to take place,

Fig. 3. TGA and DTG curve of WS and PET.

A.K. M et al.



Heliyon 10 (2024) e37255

9

but instantaneously, it was not sufficiently high for the occurrence of secondary decomposition. Thus, 500 ◦C was observed as an
optimum temperature for yielding maximum pyrolysis oil during WS pyrolysis. The decreasing pyrolysis oil yield beyond the optimum
temperature was also noted in the literature [60].

3.3.2. Effect of temperature on PET pyrolysis
Batch-type pyrolysis of PET has been performed at five different temperatures, and their variations in yields are displayed in Fig. 5.

These yields depend on the internal heat transfer behavior of the polymeric material [61]. The yields of pyrolysis oil, char, and gas at
lower temperatures were 42.3 wt%, 20.5 wt%, and 37.2 wt%, respectively. The yield of oil and gas increased as the temperature
increased. Severe thermal cracking at increased temperatures leads to the formation of more gas fractions [62]. The production of char
is hardly affected by process temperature, showing a decreased trend with increasing temperature. It is noted that the amount of char
residue left in the reactor decreases, going from 20.5 wt% at 350 ◦C to 2.8 wt% at 550 ◦C. The yield of pyrolysis oil increased from 42.3
wt% at 350 ◦C to 48.5 wt% at 550 ◦C, whereas the maximum yield was obtained at the temperature of 500 ◦C. The variation in stability
of PET is the main reason for increased pyrolysis oil production. According to Sharypov et al. [63], at a suitable pyrolysis temperature,
the C=C linkage in polymer materials breaks more frequently, leading to the production of more condensable volatiles. Other than
pyrolysis oil, char, and gas products, the formation of wax during the plastic pyrolysis process is common, which can cause equipment
blockage, reduced production efficiency, and lower product quality. The amount of wax produced during PET pyrolysis was
considered, but a negligible amount of wax was identified inside the reactor outlet. The formation of wax was immediately cleaned up
for further experimental study.

Fig. 4. Product distribution of WS pyrolysis.

Fig. 5. Product distribution of PET pyrolysis.
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3.4. Co-pyrolysis characteristics

Co-pyrolysis of biomass and plastics has been investigated by various authors due to their simple operation and efficiency in
producing liquid fuels with lower char formation [64]. The products derived from the pyrolysis of WS/PET blends with varying mixing
weight ratios are displayed in Fig. 6. When the blend increased from 20 % to 80 %, the oil yield during experimentation varied from
40.3 wt% to 51.0 wt%. On the other side, the yield of char decreased gradually with the addition of polymers to biomass. The reduced
char yield is directly proportional to the ash present in the blends. The increased oil yield is also due to the presence of additional
volatile matters with the addition of polymers [65]. In general, polymers can act as hydrogen donors during biomass and plastic
co-pyrolysis, which improves the conversion of biomass into oil [66]. The higher gas yield may be ascribed to the strong cracking of the
liquid element into short-carbon-chain elements that enhance the yield of non-condensable gases [67].

Table 3 compares the yield during co-pyrolysis of different biomass and plastics under different ratios. Furthermore, by comparing
the yield of oil with other types of biomass and plastics, we discovered that the oil yield is minimum when the biomass is blended with
PET. Combining biomass with other types of polyolefins, such as polystyrene (PS), PP, and LDPE, produced the maximum oil yield due
to the higher volatile matter present in the plastics. The lower volatile matter and higher oxygen content of PET produced a lower oil
yield. However, the heating value of the oil produced in this study (at 2:3 ratio) is higher than that of the co-pyrolysis oil produced from
Ficus benghalensis/PET under the same biomass plastic ratio. In order to boost the yield of the oil and heating value further, WS can be
combined with PP, PE, or PS.

3.5. Analysis of synergistic effect

The synergistic effect on yields can be perceived by the comparison of theoretical and experimental yields. The additivity rule was
used to find the theoretical value from individual component yield. Fig. 6 shows that, in comparison to theoretical data, co-pyrolysis of
WS with PET clearly reduces the formation of gas while clearly increasing the oil phase. At a lower proportion (addition of 20 % PET),
the yield of pyrolysis oil decreased and recorded a negative synergistic effect compared to char and gas. The yield of pyrolysis oil was
reduced up to 6.45 %. The output of char was higher than expected, while the production of oil was lower than expected with a 20 %
addition of PET with WS. Further, the addition of 40 % PET with WS showed lower pyrolysis oil and char yields and higher gas yields.
The positive synergistic effect on pyrolysis oil yield was observed when more than 40 % PET was added to WS. The interactions
between WS and PET can be attributed to the transference reaction of hydrogen atoms and the formation of free radicals [64]. This
phenomenon could potentially impede the breakdown of functional groups bound to the cellulose structure of biomass, hence
impeding the release of lower-molecular-weight gas components and promoting the synthesis of higher-molecular-weight organic
compounds [73]. At 60 % addition of PET, the maximum positive synergistic effect was identified with pyrolysis oil yield of 50.1 wt%,
showing an increase of 7.78 % compared to the theoretical value. Regarding char yield, the co-pyrolysis experiments produced lower
char compared to individual pyrolysis, which is related to lower ash content [74]. Previously, Anandaram et al. [69] reported
co-pyrolysis of forest wood (Ficus benghalensis) and PET and showed positive synergy on pyrolysis oil yield. During the individual
pyrolysis process, Ficus benghalensis produced a maximum of 38.1 wt% oil at a temperature of 500 ◦C. On the other side, individual
pyrolysis of PET at 500 ◦C produced 58.0 wt% oil. But during co-pyrolysis, 60 % addition of PET with biomass improved the oil yield to
54.2 wt%, which is 6.5 % more than the predicted value (50.9 wt%). Çepelioğullar and Pütün [56] showed lower gas production and
higher pyrolysis oil and char yields than the total yields from individual pyrolysis of three distinct biomass and PET. Ansah et al. [75]

Fig. 6. Identification of synergistic effect.
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found a higher positive synergy on oil yield while co-pyrolyzing municipal solid waste (MSW) with PET. The investigation also found a
substantial interaction at a 70/30 blend between MSW and PET to provide maximum oil yield.

3.6. Effect of yield on catalytic co-pyrolysis

The results of pyrolysis experiments obtained from the non-catalytic and catalytic co-pyrolysis processes on feedstocks with 60 %
PET are shown in Fig. 7. Both experiments were conducted at 500 ◦C, and the effect of the catalyst on the product yields was analyzed.
The result shows that the catalytic co-pyrolysis process produces more oil and gas products than the conventional co-pyrolysis process.
At co-pyrolysis, the highest oil and gas yields were 50.1 wt% and 39.5 wt%, respectively. However, catalytic co-pyrolysis increased oil
and gas production to 51.9 wt% and 39.8 wt%, respectively. There was a slight increase in oil yield with the catalytic process. The
catalytic method enhanced yield by up to 3.6 %. The increased oil and gas production and decreased char residue demonstrated a
positive synergy between WS and PET. The reaction between the catalyst and the feed materials is complicated by the materials’
complex structure [59]. However, the fundamental explanation for the good synergy effect on oil yields is the interaction of biomass
with plastic-derived olefins [76]. In the presence of zeolites, it became clear that oxygenated elements could interact with olefins.
Furthermore, it has been demonstrated that plastic-derived hydrocarbons can act as hydrogen donors for biomass-derived oxygenates,
minimizing the generation of char [77]. Fig. 8 provides a simple reaction between the catalyst and the feedstock during co-pyrolysis
process. During the catalytic pyrolysis process, the formation of polycyclic aromatic hydrocarbons (PAHs) can be increased by
decreasing single aromatic and other oxygenated compounds. The process depicted in Fig. 8 can be used to support this increase in
PAH. The reaction path was proposed between WS (cellulose component) and PET in the presence of a zeolite catalyst.

3.7. Characterization study

The primary and co-pyrolysis oils obtained at their optimum conditions under non-catalytic process were examined to determine
their physical and chemical characteristics. Various physical properties, such as density, viscosity, flash point, and heating value, were

Table 3
Comparison of yield during co-pyrolysis of different biomass and plastics.

Biomass/plastic Biomass-to-plastic Ratioa Oil yield in wt% Calorific value of the oil Reference

Wheat straw/PET 2:3 50.1 24.2 This study
Neem bark/LDPE 2:3 64.8 33.5 [19]
Bamboo/PP 4:1 50.9 27.2 [68]
Bamboo/PS 4:1 50.1 28.2 [68]
Oakwood/PP 4:1 55.1 25.0 [68]
Oakwood/PS 4:1 56.16 32.4 [68]
Ficus benghalensis/PET 2:3 54.2 23.9 [69]
Karanja seeds/PS 2:1 57.81 a [70]
Niger seeds/PS 2:1 57.94 a [70]
Palm shell/PS 2:3 68.3 %, 40.3 [71]
Poplar wood/PVC 1:1 78.6 a [72]

a Not reported.

Fig. 7. Comparison of oil yield at catalytic and non-catalytic process under maximum synergy conditions.
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analyzed and reported.

3.7.1. Physical analysis of the pyrolysis oil
Table 4 represents some of the common physical characteristics of the produced pyrolysis oils. The colour of pyrolysis oil is

identified as dark brown, which is being influenced by the existence of micro level carbon particles. Compared to triglyceride de-
rivatives, the lignocellulose molecules found in pyrolysis oil have larger amounts of oxygen. The oxygen content of the derived biomass
pyrolysis oil varied from 30.41 to 46.02 wt%. The presence of higher oxygen content is the main reason for the reduced energy value of
the pyrolysis oil. The densities of pyrolysis oil derived from different feedstocks are displayed in Table 4. Upon observation, the PET
pyrolysis oil exhibits the lowest density of 915 kg/m3, and a maximum density was recorded for the WS pyrolysis oil. These findings are
consistent with Faisal et al. [78] and Stedile et al. [79], who discovered that the densities of pyrolysis liquids derived from plastics and
biomass generally fall within the range of 850–950 kg/m3 and 1000–1200 kg/m3, respectively. The viscosity of the pyrolysis oil
represents its flow ability. The viscosity of the oils is in the range of 4.20–11.40 cSt. The viscosity of the oil is reduced with an increased
PET ratio in the feedstock. The heating values of the pyrolysis oil derived from the individual components of WS and PET are 16.45
MJ/kg and 28.64 MJ/kg, respectively. Compared to PET pyrolysis oil, the heating value of WS pyrolysis oil is low due to the existence
of higher oxygen molecules. In order to prevent adverse effects on the quality of the WS pyrolysis oil, it is always necessary to limit the
amount of oxygen. These oils can be used for heat production by direct combustion in boilers or furnaces. Further, the lower heating
value of pyrolysis oils can be upgraded utilizing a number of techniques, including esterification, hydrogenation, steam reforming,
emulsification, and membrane separation.

3.7.2. Chemical characterization of the pyrolysis oil

3.7.2.1. FT-IR analysis. The FT-IR spectra show valuable information about the functional groups present in the oils. The FTIR spectra
of the WS pyrolysis oil, PET pyrolysis oil, and co-pyrolysis oil produced from 2:3 ratio of WS and PET is shown in Fig. 9. For WS
pyrolysis oil, the identification of O-H stretching vibrations, at 3386.7 cm− 1, reveal the existence of alcohols and phenols. The

Fig. 8. Reaction between the catalyst and the feedstock during co-pyrolysis process.

Table 4
Physical characteristics of the produced pyrolysis oils.

Properties Unit WS pyrolysis oil PET pyrolysis oil WS:PET ratio

80/20 60/40 40/60 20/80

Density kg/m3 1090 915 1060 1015 965 930
Viscosity at 30 ◦C cSt 11.40 4.20 10.60 9.60 7.90 6.40
Flash point ◦C 145 60 135 101 85 72
Carbon wt% 47.25 64.5 50.31 53.35 59.40 61.52
Hydrogen wt% 5.90 7.92 6.10 6.54 6.95 7.44
Nitrogen wt% 0.80 0.55 0.74 0.70 0.67 0.61
Sulfur wt% 0.03 0.02 0.03 0.03 0.03 0.02
Oxygena wt% 46.02 27.00 42.82 39.38 32.95 30.41
Heating value MJ/kg 16.45 28.64 18.13 20.78 24.20 26.30

a Value calculated by difference.
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absorbance peak of C-H vibrations between 2925.6 cm− 1 and the bands between 1448.9 cm− 1 show the presence of alkanes. The
presence of ketones, aldehydes, and carboxylic acids is indicated by the carbohydrate content of the biomass, which has a high C=O
stretching absorbance of 1717.2 cm− 1 [80]. Alkenes and aromatics are present in the oil, as indicated by the absorbance peaks at
1620.4 cm− 1. The presence of primary, secondary, and tertiary alcohols and phenols representing C-O stretching and O-H bending are
also identified by the peaks between 1043.0 cm− 1. For PET pyrolysis oil, the peak identified at the wave length of 3390.1 cm− 1 in-
dicates O–H stretching. The peaks identified at 2888.3 cm− 1 indicate that PET pyrolysis oil may contain aliphatic C–H groups. The peak
that appears at 1715.3 cm− 1 is indicative of the -C=C- stretch, which is associated with alkenes and aromatic chemicals. The dif-
ferences in peak positions and intensities provide information on the molecular relationships and compatibility of PET. The alcohol,
phenols, and carboxylic acids found in the co-pyrolysis oil are depicted in the figures. The hydroxyl groups in the intra- and inter-
molecular hydrogen bonds are primarily responsible for the increased viscosity of the pyrolysis oils [81]. Apart from that, the pyrolysis
oils are made up of a wide range of chemical substances, such as furans, ketones, acids, and aldehydes [82].

3.7.2.2. GC-MS analysis. The chemical compounds of the obtained pyrolysis oil were analyzed through GC-MS. This analysis offers
structural details of the substances present in the oil sample. The pyrolysis oil contains O-H compounds (phenol and alcohol), esters,
carbonyl group elements, acids, hydrocarbons, aromatics, and nitrogenated compounds. The composition was significantly influenced
by the WS:PET ratio. The existence of O-H compounds, hydrocarbons, and aromatic compounds is used for the production of biofuel.
But the presence of oxygenated compounds is considered an undesirable byproduct [83]. The corrosiveness of pyrolysis oil is mostly
caused by acids, while the lower energy value is associated with the presence of ether and esters. When pyrolysis oil is transported and
stored, it becomes unstable due to the presence of ketones and aldehydes, while nitrogen-based compounds create adverse effects on
the environment. Fig. 10 represents the effect of blend ratio on the chemical compositions of pyrolysis oil, and Fig. 11 represents the
variation in chemical compositions with reference to the individual component analysis of WS. Pyrolysis of WS produced 20.5 %

Fig. 9. FTIR spectra of WS, PET and co-pyrolysis oil.
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phenolic compounds, 12.6 % alcohol, 36.5 % acid, and 11.9 % hydrocarbon. The majority of acids present in the pyrolysis oil are the
cause of the depolymerization of lignocellulosic components of the biomass. On the other side, the pyrolysis of PET generated
maximum hydrocarbon and alcohol-based compounds. The improved hydrocarbon percentage with respect to the addition of PET
represented the pool mechanisms, whereas the alkene produced by PET may have acted as a hydrogen donor [84]. An understanding of
the hydrocarbon pool mechanism from a model biomass is shown in Fig. 12. The yield of the co-pyrolysis process changed dramatically
at different H/C ratios. Adding 20 % PET to WS resulted in a significant increase in hydrocarbons. The study also concluded that the
addition of PET is likely to have a greater impact on product distribution. The reduction of carbonyls and improvement in hydrocarbon
production may be attributed to the improved hydrogenation reactions. Although numerous studies have observed synergetic effects
during the co-pyrolysis procedure [85,86], the exact mechanism is still being investigated due to the complex interactions between
different feedstocks. Fortunately, many experimental findings may still be explained using the widely recognized radical mechanism
[87].

4. Conclusion

To study the yield distributions and synergistic effects at direct reactor temperature and different blending ratios, WS and PET were
co-pyrolyzed in a fixed-bed reactor. The individual pyrolysis of WS and PET yielded maximum pyrolysis oil of 41.3 wt% and 49.6 wt%
at a temperature of 500 ◦C. During the co-pyrolysis process, a higher oil yield was obtained than the predicted value due to the
synergistic action between biomass and plastics. With a maximum difference of 7.78 %, the synergistic effect was greatest at 500 ◦C at a
40/60 WS:PET ratio. The physical and chemical characteristics of the produced pyrolysis oils can be refined into hydrocarbon fuel and
utilized as a raw material for the chemical industry. The heating value of the pyrolysis oils is directly correlated with the amount of
plastic present in the feedstock. The reduced phenolic content with co-pyrolysis oil increased its stability to use as a fuel for furnace.
The interaction of plastics produced carbon and hydrogen biofuels. The elements identified in the co-pyrolysis oil varied considerably
with the H/C ratio of the feedstocks. The addition of 20 % PET to WS produced a considerable amount of hydrocarbons. The improved
hydrogenation process with a higher PET ratio produced more hydrocarbon products than carbonyls. It can be concluded from the
study that the utilization of WS and land-polluted non-reusable PET wastes for biofuel conversion is advantageous from both an
economic and environmental point of view. The presence of zeolite based catalytic enhanced the yield by up to 3.6 %. The findings also
showed that this biomass, as well as other comparable biomass, may be blended with PET and other waste polymers to produce more
sustainable fuels. Further research is needed to understand the viability and reaction mechanisms of biomass plastic pyrolysis systems
in order to provide further environmental benefits. In order to get a higher yield and higher oil quality, it is critical to monitor the
feedstock ratio in the co-pyrolysis process. Since the catalyst was added to the process to improve product quality and quantity, this
study recommends using different types of catalysts for the co-pyrolysis process, such as aluminosilicates and metal oxides. While
considering the lower heating value of the pyrolysis oil, the study also recommends upgrading the fuel using various upgrading
techniques such as esterification, hydrogenation, steam reforming, emulsification, and membrane separation.
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