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Co-pyrolysis of waste biomass and plastics was investigated to find out whether the quality of pyrolysis
products was improved. For the sake of yield and compositional comparison, three polymers (poly-
ethylene terephthalate, polystyrene, and polyvinyl chloride) and two biomasses (walnut shells and peach
stones) were tested in a fixed bed reactor. The maximum bio-oil yield was obtained at 500 °C as 20.81 wt
% for walnut shell and 18.30 wt %, for peach stone pyrolysis, then co-pyrolysis experiments were per-
formed at 500 °C. Based on the experimental findings, blending of polyethylene terephthalate, poly-
styrene, and polyvinyl chloride into biomass affected product yield substantially. To gain more insight
into the effect of polymers, liquid and solid products were analyzed by various analytical techniques.
Results showed a significant modification on the chemical structure tars after co-pyrolysis, and tar yield
increased up to 49.80 wt%. Meanwhile, modifying the structures and enhancing the quality of the tars
and chars seemed possible by co-pyrolysis.

Pyrolysis

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Disposal of organic wastes is a serious environmental problem
of mankind considering accelerated industrialization and popula-
tion growth. The accumulation of waste and the “throw-away
philosophy” result in several environmental problems, health is-
sues and safety hazards, and prevent sustainable development in
terms of resource recovery and recycling of waste materials. On the
other hand, these wastes have a huge potential in lowering the
dependence on fossil fuels and producing energy through waste-
to-energy (WTE) processes (Herbert and Krishnan, 2016;
Taherzadeh and Karimi, 2008). Such technologies have been a
viable waste management strategy in establishing sustainable
waste disposal methods, and are capable of delivering clean energy
and providing better end products in comparison to other disposal
methods (Shen et al., 2016). When availability, and economic and
environmental benefits are considered as the most crucial factors
for proper selection of materials to be used in WTE technologies, it
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can be seen that non-edible biomass wastes have received
increased attention in recent years (Dewangan et al., 2016; Ning
et al.,, 2013). There are many different technologies that are being
applied in biomass utilization, including biological, physical and
thermochemical conversion. Transformation of the wastes into
bioenergy can be efficiently achieved applying thermochemical
methods such as combustion, pyrolysis and gasification (Alvarez
et al., 2014; Kajaste, 2014). As an effective and promising thermo-
chemical conversion technology, pyrolysis offers several advan-
tages in energy production since it is flexible due to convenient
manipulation of process parameters to optimize the product yield
based on preferences.

Through pyrolysis process, long-chain polymer molecules are
thermally degraded into smaller, less complex molecules by being
heated in the absence of oxygen (Sharuddin et al., 2016; Strezov
et al., 2008). Pyrolytic oil can be used in boilers and diesel en-
gines for power generation while it may also be used to obtain
valuable and useful chemicals, such as flavoring and resins
(Bhattacharjee and Biswas, 2017; Guo et al., 2010; Van Putten et al.,
2013). The solid product of pyrolysis, char, can either be directly
used as fuel since it has a high calorific value or it can be used as
feedstock to prepare carbonaceous products such as activated
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carbon. Other potential benefits of char are nitrate leaching,
adsorption of inorganic and organic contaminants and reduction of
trace-gas emissions from soil and atmosphere (Chen, D. et al., 2016;
Lu et al,, 2012; Zhao, B. et al., 2018). On the other hand, the gas
product can be considered as a mixture composed of carbon oxides,
light hydrocarbons, and hydrogen which can be utilized as gas fuel
(Chen et al., 2003; Solar et al., 2016). The production of synthetic
fuel and value-added intermediates from biomass seems attractive
considering renewable nature of biomass (Dorado et al., 2015;
Hasan et al., 2017). Still, most of the studies about pyrolysis are
mainly focused on how to increase the yield of pyrolytic oil that are
produced from lignocellulosic biomass and enhance its properties.
The major challenges in converting lignocellulosic biomass to
“drop-in” liquid fuels are related to the feedstock properties
(Perkins et al., 2018). This is due to several oxygenated products,
such as sugars, aldehydes, ketones, acids, and phenols which can be
formed during pyrolysis of biomass. Presence of such compounds
both lowers the calorific value of bio-oil, causes corrosiveness and
instability and hence liquid product of biomass pyrolysis, bio-tar,
requires additional separation steps (Chen et al., 2014; Nigam and
Singh, 2011; Ro et al., 2017). Therefore, current studies focus on
catalytic pyrolysis, hydro-pyrolysis, hydrothermal treatment or co-
pyrolysis techniques in order to improve the quality of bio-oil.

Recently, positive effects of plastic blending in biomass have
been reported in the literature since plastics can effectively balance
the C, H, and O content of the feedstock and eliminate disposal
problems of plastics (Chen et al., 2017; Kumagai et al., 2016;
Sogancioglu et al., 2017). Lignocellulosic biomass sources are
hydrogen deficient, whose H/C ratio usually vary between 0 and
0.3, therefore when they are pyrolyzed, yields of petrochemicals are
relatively low. On the other hand, plastic wastes mainly consist of
polyolefin, with a higher H/C value than biomass sources. Hence,
carbon and hydrogen will be exchanged during the co-pyrolysis
reaction, and increase the quality of petrochemicals with co-
feeding of plastics with biomass (Chattopadhyay et al., 2016). To
put it in other words, polymer blending to biomass creates more
free radicals and may suppress formation of long-chain hydrocar-
bon compounds (Shadangi and Mohanty, 2015). This synergistic
effect among plastic-derived olefins and lignin, cellulose, and
hemicellulose-derived fragments would lead to a strong improve-
ment on the properties of bio-oils (Chen, W. et al., 2016; Zhao, Y.
et al., 2018). Another benefit of co-pyrolysis can be stated as raw
material sustainability since using waste mixtures or different
feedstock types can help resolve issues related to the limited supply
of some feedstock types. Furthermore, it is the least capital inten-
sive process with low operating costs (Melendi-Espina et al., 2015;
Oyedun et al., 2014).

In the literature, numerous studies are focusing on the co-
pyrolysis of plastics and biomass, in order to investigate product
yields and distributions together with product characteristics
(Bernardo et al., 2009; Paradela et al., 2009; Sajdak, 2017). Results
showed that, positive or negative synergy depend on the type and
contact of components, pyrolysis duration, temperature and heat-
ing rate, removal or equilibrium of volatiles formed, and addition of
solvents, catalysts, and hydrogen-donors. Among these factors, the
types of blending feedstock are a major factor that can significantly
influence the synergistic effects; thus, synergistic effects on co-
pyrolysis can be complicatedly varied (Abnisa and Daud, 2014;
Sajdak, 2017). For instance, blending polymers such as poly-
ethylene, polypropylene, polystyrene, polyurethane to specific
biomass samples is generally known to increase liquid product
yield (Dewangan et al, 2016; Suriapparao et al, 2018;
Chattopadhyay et al., 2016) According to the previous researches
polyvinyl chloride results in increase in solid product yield
(Ephraim et al, 2018; Lu et al, 2018). However, distinctive

properties of each biomass species make impossible to reach a
general consensus on precise polymer-biomass interactions during
co-pyrolysis.

In this study, walnut shells (WS) and peach stones (PST) were
selected as biomass species since they are popular plantations and
grown in many countries worldwide. About 10 million hectares of
land is used for the cultivation of walnut and its annual production
is approximately 3.5 million metric tons. On the other hand, an area
of 1.5 million hectares is harvested to produce approximately 23
million tons of peach stones throughout the world (FAO, 2017).
Hence, a considerable amount of non-edible wastes is discarded
during the processing of these fruits. To the best of our knowledge,
co-pyrolysis of walnut shells and peach stones with PET (poly-
ethylene terephthalate), PS (polystyrene), and PVC (polyvinyl
chloride) has not been reported in the literature yet. These syn-
thetic polymeric wastes selected due to the considerable amount of
usage and hence waste generation in the industrial and daily life.
PET and PS include aromatic rings in their repeating units which
can be produced by the polymerization of ethylene glycol with
terephthalic acid and styrene, respectively. On the other hand, PVC
is one of the most-widely produced polymer through polymeriza-
tion of vinyl chloride monomer. Therefore, the aim of this study is
to investigate the effect of biomass and different polymer charac-
teristics during co-pyrolysis to evaluate the potentials of the co-
pyrolysis products for recovery of chemicals. For this purpose, ef-
fects of polymer blending on liquid and solid product characteris-
tics were analyzed and discussed in detail.

2. Methods
2.1. Preparation and characterization of raw materials

In this study, two biomass samples including walnut shell (WS)
and peach stones (PST) were used for investigation. Waste PET, PS,
and PVC samples were obtained from the post-consumer polymer
waste collection establishment in Turkey. After grinding, all sam-
ples were sieved to obtain a uniform particle size between 1 and
1.25 mm to be used in a fixed-bed reactor. On the other hand, a
particle size between 112 um and 224 pm was used for TGA. The
blends were prepared by mixing the samples at a definite ratio of
50 wt %. Prior to pyrolysis and co-pyrolysis experiments, TGA was
performed for the raw materials and blends in a Setreram-Labsys
Evo thermobalance. In each analysis, approximately 10 mg of
sample was put uniformly in an Al,03 ceramic crucible and heated
from 25 °C to 1000 °C at a constant rate of 10 °C min~! in a nitrogen

atmosphere with a flow rate of 20 ml min~".

2.2. Pyrolysis experiments

The pyrolysis experiments were conducted in a fixed-bed
reactor system, which is illustrated in Fig. 1. In each trial, 10 g of
raw material (or blend with a 50 wt %) was put inside the reactor,
and then the reactor was closed tightly with an input pipe for inert
gas connection and output pipe was connected to the liquid
product collecting traps. Before each run, nitrogen was purged
through the reactor for 10 min to ensure an inert atmosphere.

The pyrolysis experiments were performed to study the effect of
pyrolysis temperature in the range 400—700°C and then co-
pyrolysis experiments were carried out at 500 °C. A thermocouple
was installed near the center of the sample chamber to enable
measurement of the temperature and the desired temperature was
adjusted using an automatic PID controller. The volatile products
left the reactor together with the inert gas and condensable gases
were converted to liquid as the volatile products passed through
the traps containing salty-ice. The liquid products were recovered
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Fig. 1. Schematic diagram of the reactor.

by washing the traps and the connection lines with dichloro-
methane (CH,Cl,). Water and pyrolytic oil dissolved in dichloro-
methane were then separated by a separation funnel, and pyrolytic
oil was passed over anhydrous sodium sulfate in order to remove all
of the remaining aqueous phases. Afterwards, dichloromethane
that was used in the extraction was removed by a rotary evaporator,
and liquid products were obtained. After the reaction was
completed, char was collected from the reactor, and the gas yield
was calculated by taking the difference from mass balance. All ex-
periments were repeated in triplicates and calculated yields were
reported as dry-ash free basis.

2.3. Characterization of the products

In order to characterize the products obtained from the pyrol-
ysis and co-pyrolysis experiments, liquid and solid products were
analyzed by various techniques. For the characterization of liquid
products, GC-MS, TH-NMR, and elemental analysis were used. On
the other hand, SEM and elemental analysis were used in the
characterization studies of solid products. GC-MS analyses of the
pyrolytic oils were carried out using a Hewlett-Packard HP 7890 gas
chromatograph coupled to an HP 5975 quadrupole detector. Prior
to the GC-MS analyses, the oils were dissolved in dichloromethane.
The gas chromatograph was equipped with a 30 m x 0.25 mm
capillary column coated with a 0.25 um thick film of 5% phenyl-
methylpolysiloxane (HP-5). The carrier gas was helium with a
constant flow rate of 1.2 ml min~. The oven was programmed to
hold at 40°C for 5 min, then ramped up at a rate of 2°Cmin~! to
290 °C and held for 20 min. Chromatographic peaks were identified
by mass spectral data library and from their retention times. The
percentages of the peaks were calculated from the TIC (total ion
chromatogram) peak area. NMR analyses were performed using a
Bruker Ultrashield 500. For this purpose, the samples were diluted
in tetramethylsilane (TMS) containing deuterated chloroform
(CDCl3). Elemental analyses of the liquid and solid products were
performed by a CHN—S Analyzer (LECO CHNG628) in order to
determine elemental compositions together with calorific values of
the products. Surface morphologies of the chars were explored
using scanning electron microscopy (SEM). For this purpose, an
SEM (Carl Zeiss Supra 50 VP) was used to obtain high-resolution
secondary electron images and to investigate surface morphologies.

3. Results
3.1. Analysis of raw materials

Prior to the pyrolysis and co-pyrolysis experiments, which were
conducted in a fixed-bed reactor, characteristics of the raw mate-
rials were determined and the results are summarized in
Tables 1—3. When the proximate analysis results of the biomass
samples were evaluated, it was found that the content of volatiles
and moisture in WS are slightly higher (76.45 and 6.98 wt %). From
a biochemical composition perspective, high lignin contents of both
samples were noticeable. The highest lignin content was found in
PST as 39.26 wt %, while it was 36.89 wt % in the WS structure.
When the ash composition was investigated, lower ash content
than volatiles shows that the biomass materials are suitable to use
in pyrolysis since higher ash content of biomass may cause slagging,
corrosion and fouling (Trubetskaya et al., 2015). When the ash
composition was investigated in detail, K,0 and CaO contents were
found higher than other inorganic compounds. The oxides of alkali/
alkaline earth metals present in ash are known to catalyze sec-
ondary reactions thereby reducing the activation energy during
pyrolysis and may affect product yields by decreasing yield of tars
and favoring formation of char, water and gaseous products
(Johansson et al., 2018; Mallick et al., 2018).

In order to determine the structural changes in the solid matrix
during pyrolysis and co-pyrolysis, SEM images of raw biomass
samples were also obtained and are given in S1. Accordingly,

Table 1
Proximate and component analyses of biomass samples.
WS PST

Proximate analysis (%)
Moisture (ASTM E871-82, ASTM E870-82) 6.98 6.88
Ash (ASTM D1102-84, ASTM E870-82) 0.58 0.86
Volatiles (ASTM E872-82, ASTM E870-82) 76.45 72.42
Fixed carbon® 15.99 19.84
Component analysis (%)
Hemicellulose (ASTM E—1757, ASTM D-1695) 26.20 25.10
Lignin (ASTM E—1757, ASTM D1106-96) 36.89 39.26
Extractives (ASTM E—1757, ASTM D1107-96) 4.14 5.28
Cellulose® 32.19 29.50

¢ From difference.
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Table 2
Mineralogical analyses of biomass samples.

Ash WS PST
Na,O 1.830 1.604
MgO 4.240 11.872
Si0; 1.092 2.322
Al,04 - 0.513
P,0s5 4.886 13.562

Cao 39.254 18.757
MnO 0.084 0.301
Fe,03 0.759 7.020

K;0 43.681 40.516

SO3 3.512 3.062
CuO — 0.274
ZnO — 0.114

SrO 0.172 -

BaO 0.364 -

Cl 0.126 —
Cry03 — 0.083
Table 3
Elemental analysis of the samples.
WS PST PET PS PVC
C (%) 47.52 49.28 61.62 90.34 47.97
H (%) 6.71 6.65 4.73 9.06 5.28
N (%) 0.21 0.34 0.26 0.29 0.38
07 (%) 45.56 43.73 33.38 0.31 —
H/C 1.683 1.609 0.914 1.196 1.311
o/C 0.720 0.666 0.407 0.003 —
Calorific value (MJ/kg) ° 17.536 18.379 21.639 43.576 -

¢ From difference.
b From Dulong's equation.

biomass samples had a non-porous particle profile with a smooth
heterogeneous surface.

3.2. Pyrolytic and co-pyrolytic characteristics of samples in TGA

TG and dTG curves reveal weight loss as a function of temper-
ature arising from phase transitions during pyrolysis reactions.
Hence, TG and dTG curves of the samples and their blends are given
in Fig. 2. Thermal decomposition of WS and PST mainly consisted of
three weight loss stages: loss of moisture bound (from ambient
temperature up to approximately 175 °C), active pyrolysis in the
appropriate temperature range (approximately between 180 °C and
480 °C), and passive pyrolysis due to secondary decomposition at
high temperatures over 700 °C. At the end of the active pyrolysis
zone, WS lost 61.36 wt % of its initial weight while PST lost 59.78 wt
%.

When it comes to degradation of polymers used in the experi-
ments, breaking down of virgin PS and PET seems to occur in a
single step, while PVC degradation takes place in multiple steps. It
is known that PVC degradation has two characteristic distinct
stages as dehydrochlorination relatively lower temperatures fol-
lowed by cracking and decomposition of the dehydrochlorinated
PVC at higher temperatures (Yu et al., 2016). For PVC, the decom-
position temperature range was recorded between 235°C and
534°C and 13.58% of the initial weight remained after decompo-
sition. On the other hand, residues of approximately 6.44 and
18.86 wt % of the sample weight remained after thermal decom-
position of PS and PET, respectively. The peak temperature of PET
with a maximum mass loss rate (431 °C) was very close to that of PS
(436°C), while the peak temperature of PVC (286°C) was the
lowest. The structural properties of the biomass/polymer blends
were affected by the constituents, and these results are also

indicated in the TG and dTG curves. Blending PET, PS, and PVC
seemed to delay the initiation point of pyrolysis reactions, and both
type of the biomass and type of the polymer affected the charac-
teristic temperatures.

3.3. Pyrolysis and co-pyrolysis product yields

Fig. 3 shows the product yields obtained during the pyrolysis of
WS and PST at temperatures from 400 °C to 700 °C. The maximum
tar yields of 20.81 (+0.82) and 18.30 (+1.01) wt. % (dry, ash-free
basis) were obtained at 500°C for WS and PST, respectively.
Further increase in pyrolysis temperature, resulted in a decrease in
tar yield. This is primarily attributed to the secondary cracking of
the bio-oils at higher temperatures. The yield of non-condensable
gases increased with increasing pyrolysis temperature for both of
the biomass samples as the pyrolysis temperature increased from
400°C to 700°C. In contrast, the char yields decreased with
increasing pyrolysis temperature. Char yields were determined as
30.58 (+0.18) for WS and 33.56 (+0.36) wt. % for PST at 500 °C. Since
PST has higher lignin content than WS, char formation was higher
in the case of PST pyrolysis.

With respect to co-pyrolysis with PET, PS, and PVC, product
yields are presented in Fig. 4 together with the product yields of
polymer pyrolysis. During pyrolysis of PET, PS, and PVC, almost all
of the material decomposed as mainly liquid and gas products, and
a negligible amount of char was observed as soot formation in the
reactor. Several authors also stated previously that char fraction of
plastic materials is only a minority of total weight, which can be
neglected (Encinar and Gonzalez, 2008). In the case of PET pyrol-
ysis, 76.20 wt% of the material was converted into gaseous products
while gas yield of PVC pyrolysis was 83.88 wt %. In the case of PS
pyrolysis, the observation was different, in that tar was higher than
gaseous products as its yield was 68.80 wt %. The highest gas
product yield occurring in PVC pyrolysis was mainly attributed to
the chloride ion, which eases decomposition due to its high
electronegativity.

In order to evaluate synergetic effects, theoretical yields were
calculated based on the weighted average of individual pyrolysis
yields, and a comparison between experimental and theoretical
yields was done. The theoretical tar yields of WS/PVC and PST/PVC
co-pyrolysis were calculated as 18.46 and 17.21 wt %, respectively.
On the other hand, the experimental tar yields of WS/PVC and PST/
PVC were 17.60 and 14.70 wt %. This indicates an antagonistic effect
of PVC on liquid product yields during co-pyrolysis. However, PET
and PS caused a synergetic effect to enhance liquid product yield
during the co-pyrolysis. Experimental liquid product yield
increased to 28.90 and 23.45wt % for WS/PET and PST/PET,
respectively, while their theoretical values were 22.30 and 21.05 wt
%. As expected, the highest co-pyrolytic tar yield was obtained in
the case of blending PS. For WS/PS and PST/PS, the experimental tar
yields (44.81 and 49.8 wt%) were higher than that of the theoretical
yields (43.71 and 43.55 wt %). These phenomena meant that in-
teractions between PET and PS and lignocellulosic fragments might
exert a positive effect on condensable liquid products. These syn-
ergetic effects in co-pyrolysis could be attributed to radical inter-
action during co-pyrolysis. Synthetic polymers act as hydrogen
donors in thermal co-processing with biomass because of their
high hydrogen content relative to biomass. It may be stated that the
tar yields were comparable, and promising for the production of
fuel and chemicals. For all biomass/polymer pairs, the theoretical
gas products yields were found to be higher than the experimental
gas yields. This is due to secondary reactions of radicals, which
cause condensation reactions of non-condensable fragments. In
terms of char yield, co-processing polymers with biomass samples
decreased char yields substantially. The highest co-pyrolysis char
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yields were obtained in the case of PET blending (25.90 and
28.50 wt % for WS/PET and PST/PET) while the lowest yields were
obtained in co-pyrolysis with PVC (19.98 and 20.30 wt % for WS/
PVC and PST/PVC).

3.4. Characterization of liquid products

3.4.1. 'H-NMR analysis

TH-NMR analysis of the tar samples was performed to under-
stand the ratios of protons in chemical environments. Based on the
proton type, four different groups of compounds can be identified

in the structure of pyrolytic and co-pyrolytic tars as carbonyl
(10.5—9.0 ppm), aromatic (9.0—6.0 ppm), oxygenated phenols
(6.0—4.0 ppm), and aliphatic compounds (4.0—0.5 ppm). Integra-
tion results are presented in Table 4 for quantifying the proton
ratios of the tars and the spectrums are given in S2. The aromaticity
of the pyrolytic and co-pyrolytic tars was evaluated in particular
since there is a growing interest to produce aromatic hydrocarbons
by pyrolysis process due to their widespread application in chem-
ical industry. Industrial applications of aromatics have been
unearthed for octane enhancement or as raw materials for the
production of value-added solvents, plastics and synthetic fibers
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Table 4
TH-NMR results of the pyrolytic and co-pyrolytic tars.

Chemical Main assignments of type of protons Functionality WS WS/ WS/ WS/ PST PST/ PST/ PST/
shift (%) PET PS PVC (%) PET PS PVC
(ppm) %) (%) %) (%) (%) (%)
10.5-9.0 R-(H-)C=0, —CHO, —COOH, downfield Carboxylic acid and aldehyde protons 1.82 1.50 0.20 0.00 246 1.04 0.79 0.00
9.0-6.8 ArH, HC=C-(conjugated) Aromatic protons including guaiacyl 7.46 52.91 52.30 33.34 11.20 38.20 54.50 31.41
units
6.8—6.0 ArH, HC=C-(non-conjugated) Aromatic protons including syringyl 13.52 3.40 5.50 0.19 12.55 4.82 1.87 049
units, aromatic and non-conjugated
alkenes
6.0-4.0 —CH,-O—,—CH,-OH, =CHO, ArH, ArOH, HC=C (non-conjugated), Vinyl, carbohydrates, methoxys, 6.91 7.92 1338 0.00 836 7.21 10.08 0.55
Ar—CH,—0-aliphatic OH nonconjugated alkenes, aromatic
ethers, non-conjugated olefinic proton
4.0-2.0 CH50-,—CH,0-,—CHO—,a- to oxygen, ring-join methylene a-Hydrogen atoms of branched chain of 60.26 28.49 15.11 40.43 51.50 35.44 27.88 42.41
(Ar—CH,—Ar) aromatic ring carbons, methoxy, and
H—C—OH, H-COR, RCOO-C—H aliphatic OH
CH5C(=0)-, CH3—Ar,—CHyAr, CH,-to aromatic,—CH3,—CHj,
CH,C=0, CC—H, Ar—C—H, H—C-COOR, H—C—COOH, H—C—C=0,
C=CCH3;
2.0-1.0 —CH,—, aliphatic OH, CH; and CH attached to naphthenes, and Aromatic B-hydrogen atoms and 10.03 5.77 11.17 19.31 12.15 11.37 4.48 18.31
CHg to an aromatic ring (naphthenic), —CHs3, —CH,, —CHp, B-  methylene hydrogen atoms in alkanes
CH3,—CH,, and CH, or further to aromatic ring
1.0-0.5 v-CHj3 or further from an aromatic ring and paraffinic CHs Alkanes, aliphatics, aromatic y- 0.00 0.00 234 6.72 178 191

039 6.82

hydrogen atoms and methyl hydrogen

atoms in alkanes

Aromaticity (%)

22.79 57.44 57.99 33.53 23.75 44.06 56.37 31.90

(Lee et al., 2016; Kelkar et al., 2015) Therefore, several pyrolysis
studies have been aimed to increase selectivity towards to aro-
matics by applying co-pyrolysis processes or catalytic pyrolysis
(Chang et al., 2018; Sun et al., 2016; Zhang et al., 2018). According to
the results, the aromaticity of the tars obtained from co-pyrolysis
with PET, PS, and PVC was higher compared to that of the tar ob-
tained by pyrolysis of the biomass alone. The aromaticity of tar
produced by pyrolysis of WS was 22.79%, while the aromaticity of
PST tar was 23.73%. Furthermore, o-hydrogen atoms of the

branched chain of aromatic ring carbons, methoxy, and aliphatic
hydroxyl contributed more to the hydrogen functionality of WS and
PST tars than other functionalities. This may indicate that main
constituents of lignocellulosic structures; lignin, cellulose and
hemicellulose, have been thermally cracked to smaller functional
groups. Overall, a few oxygenated phenols with negligible car-
bonyls were found in the structures of the bio-oils of WS and PST. In
the case of co-pyrolysis with PET and PS, aromatic protons
including guaiacyl units increased substantially, while PVC
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blending resulted in an increase in both aromatic protons including
guaiacyl units and a-hydrogen atoms of the branched chain of ar-
omatic ring carbons, methoxy and aliphatic hydroxyl. This may be
due to the structure of PET and PS that contain aromatic monomers
and condensation of polyenes and aromatization during PVC
decomposition. It is generally accepted that chlorine radicals that
are formed during decomposition of PVC may cause aromatization,
cyclization and condensation reactions (Liu et al., 2018).

The region of 9.0—6.0 ppm accounted for 57.44%, 57.99%, 33.53%,
44.06%, 56.37%, and 31.90% of the total area for WS/PET, WS/PS, WS/
PVC, PST/PET, PST/PS, and PST/PVC, respectively.

3.4.2. GC-MS analysis

Primary pyrolysis and co-pyrolysis compounds and their rela-
tive proportions obtained at a pyrolysis temperature of 500 °C were
analyzed by GC-MS. GC-MS analysis provides data at a molecular
level, in which mass spectrum gives the structural information of
compounds separated by gas chromatogram (Wang et al., 2013).
Accordingly, chromatographic peaks were identified by spectral
data library and the percentages of the peaks were calculated from
the TIC peak area. Table 5 gives the classification and peak-area
percentage of samples together with the main peak and its corre-
sponding compound and Fig. 5 shows obtained chromatograms
during analysis. Furthermore, comparative lists of identified com-
pounds can be found in Supplementary files (S3 and S4).

When the tars produced by the pyrolysis of biomass alone were
analyzed several oxygenated products such as lignin-derived phe-
nolics, acids, alcohols, aldehydes, ketones were found in the
structures of WS and PST tar. However, it was seen that the largest
constituent class was phenol and its derivatives, which mostly
came from the decomposition of lignin. Lignin is a complex aro-
matic structure and is composed of substituted phenyl propane
units, linked by hydroxyl and methoxy groups, and decomposition
of this natural polymer causes formation of phenolics (Mei and Liu,
2017). Cracking of the side chains or breaking of the internal ether
bonds and C—C bonds of lignin during pyrolysis causes the for-
mation of various free radicals containing a benzene ring; subse-
quently, various aromatic compounds may be generated. The
compounds of lignin pyrolysis are predominantly phenolic com-
pounds, which are more complex and mostly contained methoxy-
substituents, benzenediols, and polysubstituted phenols and
formed by the fracture of main chain and complex reactions of alkyl
side chains such as dehydration, decarbonylation, decarboxylation,
demethylation and alkylation (Zheng et al., 2018). However, due to
the significant complexity of the decomposition reactions, the

various characteristics and the relative distribution of the aromatic
derivatives attained through lignin pyrolysis would be based on
different factors, such as the type of feedstock and its preparation
methods together with and reaction conditions (Jung et al., 2015).
WS bio-oil had more phenol and derivatives (58.54%) than that of
PST (49.17%), and the main phenolic compounds observed in the
structure of bio-oils were alkyl phenols (especially o,m,p-cresol)
and methoxy phenols. The major phenols were 4-phenol, 2,6-
dimethoxy- (18.30%) for WS and phenol, 2-methoxy-4-methyl-
(11.36%) for PST. The compounds in bio-oil mainly consisting of
aldehydes, ketones, acids, esters, ethers, furans, alcohols, and hy-
drocarbons were obtained from the decomposition of cellulose and
hemicellulose. On the other hand, PAH's and their derivatives were
not identified in the case of biomass pyrolysis.

It is remarkable that the amount of acid and esters were
considerably increased during the co-pyrolysis of biomass with PET,
while the relative amount of phenolics and ketones decreased. It is
well known that pyrolytic oils with such acidic characteristics can
create some problems in pyrolysis systems due to corrosion. The
percentage of total acids and esters was 65.87% for co-pyrolysis of
WS/PET and 63.11% for co-pyrolysis of PST/PET. It has been well
established that PET decomposition is initiated by beta scission at
the carboxylic group where the ester link is broken to form ben-
zenecarboxylic acid and vinyl benzoate. As temperature keeps
increasing the amount of vinyl benzoate formed further de-
composes into other aromatic compounds in the wax fraction and
lighter compounds in the gas phase (Diaz-Silvarrey et al., 2018).
After main pyrolysis stage, nearly half of PET may be decomposed
as benzenecarboxylic acid producing carboxylic acid and olefin end
groups (Cepeliogullar and Piitiin, 2014). This scission may then
yield many different gaseous substances (primary products), which
further react among themselves (Dimitrov et al., 2013). Accordingly,
co-pyrolytic tars of both WS/PET and PST/PET yielded benzene-
carboxylic acid in their structures by more than 40%. Formation of
PAH's was also observed during the co-pyrolysis of PET.

Regarding the effect of PS during co-pyrolysis with biomass, it
can be said that pyrolysis liquid product of WS/PS and PST/PS py-
rolysis contained a considerable amount of benzene and its de-
rivatives, with a percentage of 80.78% and 88.46%, respectively. This
is because, pyrolysis of PS produces benzene, toluene, and styrene
along with other low molecular weight aromatic hydrocarbons. PS
pyrolysis is known to produce the monomer, styrene, via end-chain
B-scission or unzipping reaction (Suriapparao et al., 2018). The high
yields of aromatic compounds are due to thermal degradation of PS,
which produces radical chain ends by scission of the main chain

Table 5
Class-wise distribution of compounds in pyrolytic and co-pyrolytic tars using GC-MS (area %).
Main peak WS (%) WS/PET (%) WS/PS (%) WS/PVC (%) PST (%) PST/PET (%) PST/PS  PST/PVC (%)
(%)
Phenol, 2,6- Benzenecarboxylic 3-Octen-2-one, 8- Naphthalene Phenol, 2-methoxy- Benzenecarboxylic Styrene Naphthalene, 1-
dimethoxy- acid phenyl- 4-methyl- acid methyl-
Retention time of the main 35.40 24.94, 25.64, 36,35 61.54 28.19 25.01 23.99, 25.65, 26.28,  7.47 31.14
peak (min) 28.85, 29.03
Integration result of the 18.30 51.53 18.30 5.78 11.36 4298 49.22 6.51
main peak (%)
Class
>"Phenol derivatives 58.54 23.88 4.96 2.96 49.17 19.40 3.94 6.17
S"Benzene derivatives 10.63 5.72 80.78 30.04 7.87 10.87 88.46 31.16
>_PAH's and derivatives - 242 4.34 64.40 - 1.90 3.42 59.06
>"Ketones 3.69 2.12 1.49 - 9.05 1.30 0.90 0.28
>-Acids and esters 19.33 65.87 3.67 0.37 12.27 63.11 1.10 1.79
>"Alcohols 5.46 - 2.10 - 10.70 1.16 0.57 0.50
Others* 2.35 - 2.65 2.23 1091 2.25 1.62 1.04

¢ Miscellaneous alkanes, alkenes, alkynes, aldehydes, hetero-compounds and unidentified.
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Fig. 5. GC-MS chromatograms of tarry products produced by pyrolysis and co-pyrolysis.

followed by a depolymerization or an intramolecular hydrogen
abstraction (back-biting reaction). Monomer molecules are gener-
ated mainly by a depolymerization, but oligomers such as dimers
and trimers are formed by a back-biting reaction followed by B-
scission (Artetxe et al., 2015; Gui et al, 2013; Shadangi and
Mohanty, 2015). Hence, the majority of aromatics formed during
the co-pyrolysis of WS/PS and PST/PS were believed to be formed
through free radicals originating from thermal decomposition of PS.

When the class-wide distribution of co-pyrolytic oils produced
by co-pyrolysis of WS/PVC and PST/PVC were investigated,

formation of PAH's was noticeable. In the case of WS/PVC co-
pyrolysis, the amount of the PAH's and their derivatives was
64.40%, while this amount for PST/PVC was 59.06%. Furthermore,
the amount of benzene derivatives was noteworthy as 30.04% for
WS/PVC and 31.16% for PST/PVC. Only a small amount of phenol and
its derivatives was identified in the tars produced by co-pyrolysis
with PVC due to the prominent effect of PVC decomposition,
which prompted aromatization reactions and formation of heavier
tar components through dechlorination accompanied by inner
cyclization; aromatic chain scission and release of two or three
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aromatic-ring containing groups prior to the coke formation (Gui
et al., 2013). Tang et al. explained the formation of heavier com-
pounds such as PAHs during co-pyrolysis of biomass and PVC due to
the HCl release which prompted the evolution of light tar compo-
nents to heavy components and then caused the formation of
higher molecular weight substances (Tang et al., 2018). A similar
observation of the work carried out by Zhou et al. concluded that
aromatic ringed structures in the PVC tar (which were mainly 1-
methylnaphthalene, 2-methylnaphthalene, acenaphthylene, ace-
naphthene, and benzo [a]anthracene) may be formed directly from
chain scission process after dehydrochlorination process of PVC
molecules (Zhou et al., 2015). Cepeliogullar and Piitiin compared
the PVC tar composition with the co-pyrolytic tars of different
biomass-PVC pairs and observed considerable amount PAHs and
derivatives, which was also found mainly in pure PVC pyrolysis
(Cepeliogullar and Piitiin, 2014).

3.4.3. Elemental analysis of liquid products

The amount of elemental carbon, hydrogen, and nitrogen pre-
sent in the products was determined by an elemental analyzer
while the oxygen content was calculated by the difference. All of
the analysis results are reported after triple measurements and the
average elemental composition, together with H/C ratio and calo-
rific value, are given in Table 6. According to the results, the
elemental composition of the bio-oil obtained by the pyrolysis of
WS was found to be comparable to the composition of PST.

The elemental composition of the liquid product obtained by the
pyrolysis of WS was 63.10 wt % carbon, while PST pyrolysis yielded
a liquid product which included 62.00 wt% carbon. The higher
heating value of these two biomass samples was estimated by
Dulong's equation and found to be approximately 24 MJ/kg. The
pyrolytic oils were characterized by a lower oxygen content
compared to their precursors. When the analysis results of co-
pyrolytic tars were evaluated, it was clearly seen that PET, PS, and
PVC blending decreased the oxygen content and H/C ratio, and
increased calorific values of the liquid products. Since lower oxygen
content makes the liquid product more stable, and higher carbon
content is required to enhance the calorific value, the most prom-
ising co-pyrolysis oil may be stated as WS/PVC which has H/C and
O/C ratios of 1.08 and 0.03, respectively.

3.5. Characterization of solid products

SEM and elemental analysis were used for the characterization

of chars. Fig. 6 illustrates SEM micrographs of the chars obtained
during pyrolysis and co-pyrolysis. It may be seen that significant
morphological variations were present because of the radical in-
teractions of PET, PS, and PVC with WS and PST. According to the
micrographs of bio-chars (WS and PST), the structures were more
fragmented and porous than the parent biomass samples (S1)
because of thermal cracking. It is generally believed that macro-
molecular structure of biomass changes as a result of depolymer-
ization, vaporization, and cross-linking of the solid matrix, causing
aromatic ring rupture, and forming a carbonaceous char while the
volatiles are evolving (Asadullah et al., 2010; Vyas et al., 2017). It
may be concluded that various residual chars with different surface
morphologies can be obtained by addition of different polymers
during thermal degradation. In the case of co-pyrolysis with PET,
many cavities, wreckages, and interconnected pores were observed
in the secondary electron images of WS/PET and PST/PET. On the
other hand, PS induced the breaking down of the carbonaceous
matrix since the disintegration of the particles was visible in the
micrographs of WS/PS and PST/PS. By looking at the surface
topography of chars produced by co-pyrolysis with PVC (WS/PVC,
PST/PVC), it may be stated that PVC was molten into the lignocel-
lulosic structure and various large pores were strongly formed in
the external surface. The effect of PVC is known to be decrease the
surface area by blocking pores and make surface morphology more
agglomerative and smooth due to softening of PVC (Lu et al., 2018;
Xu et al., 2016). On the other hand, chars produced by co-pyrolysis
with PET and PS may be utilized in some applications such as
adsorption, catalysis or preparation of functional composites or
anode materials.

Elemental analysis of the chars is also shown in Table 6 for
comparison. The content of carbon in the WS char increased from
76.41 wt % to 84.66 wt % during co-pyrolysis with PET. On the other
hand, the oxygen content decreased from 18.71 wt % to 11.03 wt %.
The effects of PS and PVC in terms of carbon and oxygen content
were found to be less significant in enhancing the quality of the
char. Apart from the WS biomass, the best PST co-pyrolysis char was
obtained in the case of PVC blending, since PST/PVC char had the
highest calorific value of 32.08 M]/kg. The calorific value of the char
varied roughly between 27 and 32M]j/kg during pyrolysis
depending on the type of the biomass-polymer pairs. Considering
that the calorific values of WS and PS were 17.536 and 18.379, it is
noteworthy that all the chars were acceptable for use as a solid fuel.
Furthermore, the chars produced by co-pyrolysis with PET, PS, and
PVC can withstand longer storage times during storage and provide

Table 6
Elemental analysis of liquid and solid products.
WS WS/PET WS/PS WS/PVC PST PST/PET PST/PS PST/PVC

Liquid products
C (%) 63.10 64.70 72.52 87.96 62.00 65.01 70.59 85.47
H (%) 6.91 5.92 7.31 7.94 6.39 5.56 7.21 7.63
N (%) 0.57 0.18 0.42 0.20 1.01 0.43 0.67 0.20
0 (%)* 29.42 29.20 19.75 3.90 30.60 29.00 21.53 6.70
H/C 1.30 1.09 1.20 1.08 123 1.02 1.22 1.06
o/C 0.35 0.34 0.20 0.03 0.37 0.34 0.23 0.06
Calorific value (MJ/kg)" 2438 25.14 31.50 40.52 24,67 2478 3039 38.71
Solid products
C (%) 76.41 84.66 76.32 83.63 81.55 85.33 70.56 85.46
H (%) 444 3.70 3.39 3.59 3.67 3.78 3.22 3.51
N (%) 0.44 0.61 0.48 0.54 0.57 0.53 0.55 0.51
0 (%)? 18.71 11.03 19.81 12.24 14.21 10.36 25.67 10.52
H/C 0.69 0.52 0.53 0.51 0.54 0.53 0.54 0.49
o/C 0.18 0.09 0.19 0.11 0.13 0.09 0.27 0.09
Calorific value (MJ/kg)" 28.87 31.97 27.14 31.26 3031 32.44 23.88 32.08

2 From difference.
> From Dulong's equation.
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Fig. 6. SEM micrographs of chars.

lower energy loss, gas and steam emissions during combustion due
to their lower H/C and O/C ratios caused by aromatization (Liu et al.,
2013; Mafu et al., 2017; Wang et al., 2017).

4. Conclusions

The aim of this study was to investigate the effects of polymeric
wastes in co-pyrolysis on product yield and distribution, along with
the chemical composition of the products. Regarding the effects of
PET, PS, and PVC on the yields of products, it may be concluded that
synergetic effects and product characteristics highly depended on
polymer-biomass pairs. In terms of liquid product yields, co-

pyrolysis with PET and PS caused a synergetic effect to increase
yields substantially. On the other hand, an antagonistic effect of PVC
on liquid product yields during co-pyrolysis were observed.
Furthermore, all of the examined polymers decreased the
oxygenated compounds and increased calorific values of the liquid
products which may be an indication of co-pyrolytic tars can be
further used as chemical feed stock and fuel substitute. Also, PET, PS
and PVC blending to biomass caused to increase aromaticity of the
tars substantially and the detailed composition of the co-pyrolytic
tars were determined by GC-MS analysis. According to the re-
sults, modifying and tailoring the structures and enhancing quality
of the products for the target use seemed possible by using
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different plastic wastes through co-pyrolysis. Consequently, co-
pyrolysis can be an environmentally friendly technique in waste
treatment for transformation and recycling of commingled biomass
and polymeric wastes into valuable products.
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