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lysis of waste pistachio nutshells
and polystyrene: optimisation of parameters, and
catalyst loading on the products yield and
composition
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The increasing energy demand and environmental challenges associated with fossil fuel use have spurred

interest in renewable energy sources, particularly biofuels derived from waste biomass and plastics. This

study investigates the catalytic co-pyrolysis of pistachio nutshells (PNS) and polystyrene (PS) to produce

pyrolysis oil and char with enhanced fuel properties. The experiments were conducted in a semi-batch

reactor under varying temperatures (500–650 °C), 30 °C min−1 heating rate, and 100 mL min−1 inert gas

flow rate. Furthermore, PS loadings (20–50 wt%) and CuO loadings (5 and 10 wt%) were employed to

improve the pyrolysis oil characteristics. The optimum conditions were found to be 550 °C with 30 wt%

PS and 5 wt% CuO loading, yielding a maximum bio-oil output of 49 wt%. The characterisation of the

pyrolysis oil revealed significant improvements in fuel quality with catalytic treatment, including an

increased higher heating value (HHV) of 35.90 MJ kg−1, reduced oxygen content (11.69 wt%), and lower

viscosity (36.40 cP). Similarly, the resulting biochar exhibited high carbon content (76.57 wt%), low ash

and moisture content (<1%), and enhanced calorific value, indicating its potential as a solid fuel or soil

amendment. FTIR and NMR analyses confirmed the reduction of oxygenated functional groups and the

presence of desirable hydrocarbon structures in the oil, while XRD and SEM analyses demonstrated

improved structural properties of the char. The results highlight the synergistic benefits of co-processing

biomass and plastic waste, as well as the catalytic role of CuO in enhancing product quality. This

approach offers a sustainable waste-to-energy pathway, promoting circular economy principles and

advancing the production of renewable fuels from mixed solid wastes.
1. Introduction

The rising global energy demand, depletion of fossil fuel
reserves, and escalating environmental concerns have under-
scored the urgent need for sustainable and renewable energy
alternatives.1 Among various options, biofuels derived from
biomass have garnered signicant attention due to their
carbon-neutral nature and potential to valorise waste mate-
rials.2 According to estimates, the agriculture sector alone
produces 140 billion tonnes of biomass waste annually,
demonstrating the great potential for the utilisation of
biomass.3 Just 40% of this is used to generate power, fuel, and
feed.3 A serious concern for the ecology and climate is the
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incineration of most biomass residues.4 However, of the 181.5
billion tonnes of lignocellulosic biomass, the most prevalent
kind of biomass that is created each year from agriculture and
forestry waste, only 8.20 billion tonnes are used.4 Recycling this
rich resource into biofuels is preferable to landlling, open
dumping, or incinerating the remaining underutilised biomass
to potentially meet or supplement the world's renewable energy
demands.4 Reducing the use of fossil fuels, promoting zero
waste of biomass, andmanaging biomass resource cycles are all
aided by the conversion of lignocellulosic and agricultural
biomass into valuable products (such as fertiliser, bioplastics,
and biofuels).3

Plastic is utilised extensively around the world because of its
affordability, adaptability, and usefulness.5 Plastic has perme-
ated every aspect of contemporary life, making its complete
eradication all but impossible. Global industrialisation and
population growth have resulted in a sharp rise in demand for
consumer goods, food, energy, and technology. The amount of
garbage generated worldwide has increased dramatically as
a result, accounting for 44% of food waste, green waste, and
RSC Adv., 2025, 15, 44691–44710 | 44691
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12% of plastic waste.3 The amount of plastic produced annually
has grown from 2 million tonnes in 1950 to 381 million tonnes
in 2018, resulting in 464 million tonnes of plastic garbage
annually.6 Around 20% of plastic garbage was recycled globally,
25% was burned, and the remaining 55% was dumped in
landlls or dumpsites.6 The plastic garbage, recycling and reuse
will always be preferable to landlling or burning. However,
technological obstacles (such as chemical reactions between
plastic waste and the processing chemicals) and physical
obstacles (such as buildup, segregation, and pretreatment to
remove pollutants, colourants, or adhesives) limit the recycling
of plastic trash. Using thermochemical processes to transform
severely polluted and non-reformable plastics (thermosets) into
fuels or energy is a good alternative.7 Like this, turning biomass
waste into biofuels will increase the global supply of renewable
energy because it is produced in vast quantities each year, but it
is not used to its full potential. The pyrolysis still has some
advantages over the others, such as using less energy, emitting
comparatively fewer harmful gases, being easier to scale up, and
having portable reactors (mobile reactors).3,8 Combining plastic
waste with biomass as feedstocks for the co-pyrolysis process
has grown in popularity. Biomass and plastics can be converted
into char, oil, and gas via a variety of thermochemical processes,
including pyrolysis, gasication, torrefaction, combustion,
hydrothermal liquefaction, and hydrothermal carbonisation.
Benets of co-pyrolysing plastics and biomass include
increased production of pyrolysis oil and char, decreased
moisture content, oxygen content, viscosity, corrosivity, less
hydrogen demand during upgrading, and effective resource
recycling.9

The thermochemical process is converting feed waste into
fuels and chemicals.10 These techniques make plastics a useful
resource in a circular economy. Over the past 20 years, the
circular economy concept has drawn attention worldwide
because it creates frameworks to close material resource loops,
lessen dependency on petrochemicals, minimise imports of
natural resources, reduce anthropogenic environmental effects,
and mitigate climate change. Pistachio nutshells (PNS) biomass
is produced in India's extensive agro-industrial sector, which is
mainly unused. At the same time, the increasing amount of
plastic waste poses a threat to the environment, as polystyrene
(PS) is resistant to natural decomposition. In 2022, world
production of pistachios was 1 million tonnes, with the United
States, Iran, and Turkey combined accounting for 88% of the
total. The thermochemical conversion method for turning
biomass and plastic waste into useful products like char, gas,
and bio-oil is pyrolysis. The liquid product obtained from the
pyrolysis of biomass and plastics has two main phases: aqueous
(15–30%) and organic phases (35–75%).11 Further, the pyrolysis
oil obtained from thermal pyrolysis has many drawbacks, such
as high oxygen content (typically 35–50%), high water content
(15–30%), highly viscous (40–100 cP), acids etc. Further, the
presence of ne solid particles and char can cause fouling and
abrasion in engine systems unless adequately ltered. The
thermal pyrolysis oil has a pungent odour and contains volatile
organic compounds (VOCs), making it unpleasant and poten-
tially hazardous to handle. Therefore, upgrading this complex
44692 | RSC Adv., 2025, 15, 44691–44710
mixture into usable fuel typically requires energy-intensive and
expensive catalytic processes and hydrotreatment under high
pressure with hydrogen.

Ma et al. (2020) investigated catalytic pyrolysis of Ulva pro-
lifera using ZSM-5, Y-Zeolite, and Mordenite. Zeolite catalysts
improved pyrolysis oil by enhancing deoxygenation, increasing
hydrocarbons, and reducing acidity and viscosity. They also
shied product distribution toward higher liquid yields and
fewer oxygenated compounds.12 Buyang et al. (2023) studied the
catalytic pyrolysis of non-edible Reutealis trisperma oil (RTO)
using raw dolomite for bio-oil production, and they reported
that the use of a catalyst decreased the viscosity (3.12 cSt) and
increased caloric value (41.61 MJ kg−1) and density
(0.85 g cm−3).13 Chireshe et al. (2019) conducted catalytic
pyrolysis of forest residues in a kg-scale rotary kiln reactor. They
reported an enhanced catalyst volatile interaction improved
deoxygenation, producing an organic-rich oil with 12.60 wt%
oxygen and a Higher Heating Value of 35.50 MJ kg−1.14 Table S1
lists many studies on the production of pyrolysis oil with and
without a catalyst. Although the pyrolysis of plastics and
biomass separately has been thoroughly studied, co-pyrolysis
provides synergistic effects that can improve the production
and quality of the nal product.15 Nevertheless, limited studies
are available on the catalytic co-pyrolysis of feedstock combi-
nations, like PS and PNS. The current study addresses this gap
by exploring the synergistic effects of PNS and PS co-processing
and assessing the catalytic inuence of CuO on product yield
and composition. Unlike previous studies that focused on
zeolite catalysts, this study uniquely integrates waste biomass
and non-recyclable plastic under catalytic conditions, optimis-
ing operational parameters to enhance liquid fuel quality.
Furthermore, the novelty lies in demonstrating the role of CuO,
which enhances deoxygenation, increases hydrocarbon content,
reduces undesirable oxygenated compounds in pyrolysis oil,
and improves the properties of the resulting char. This dual
valorisation of pyrolysis oil and biochar from waste underlines
a sustainable and circular waste-to-energy strategy, advancing
the eld of catalytic thermochemical conversion.

In light of the aforementioned research gap, the present
study focuses on the thermal and catalytic co-pyrolysis of waste
biomass (PNS) and plastic (PS) to produce liquid fuel. The
pyrolysis experiment was performed in a semi-batch stainless
steel reactor at 550 °C, 30 °C min−1 heating rate and 100
mL min−1 nitrogen gas ow rate. Further, the pyrolysis oil was
characterised using ultimate analysis, heating value, FTIR, GC-
MS, and 1H NMR. The solid residue obtained under optimised
conditions was also characterised in terms of its physical and
chemical properties.

2. Materials and methods
2.1. Sample collection and preparations

Pistachio nutshell (PNS) and polystyrene (PS) were selected to
produce bio-oil using pyrolysis. The pista nutshell was collected
from a local industry near Manipal, whereas PS was collected
from the waste dumping site at MIT Manipal. PNS was sun-
dried for over a week and placed in the oven at 105 °C for 3 h.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of experimental setup.
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PS was washed with water and sun-dried over 2–3 days, then
placed in a hot air oven at 105 °C for 8 hours. Further, PNS and
PS were pulverised in a grinder to get the desired particle size
(<1 mm). Finally, the grounded biomass and plastic were placed
in an airtight bag to prevent humidity.

2.2. Catalyst

Copper oxide (CuO, particle size: <50 nm, powder) was used for
catalytic pyrolysis without any treatment. CuO was loaded at 5
and 10 wt% physically to evaluate the effect of the catalysts on
liquid yield and the properties of the fuel.

2.3. Characterisation of feedstock

Proximate analysis serves as the initial step in characterising
feed materials, providing key parameters such as moisture
content (MC), volatile matter (VM), ash content (A), and xed
carbon (FC). The moisture and ash content were determined in
accordance with ASTM D 2974-08, while volatile matter was
measured according to ASTM D 4559-99. Furthermore, the
ultimate analysis was performed using a CHNS/O elemental
analyser (Variael Dice, Germany). Further, several factors,
including size, shape, density, moisture content, surface char-
acteristics, and compactness, inuence feed bulk density (BD).
Bulk density plays a crucial role in transportation and storage.
BD was measured using a digital scale and a graduated cylinder,
with the weight of the sample determined via a computerised
weighing scale and its volume calculated using the graduated
cylinder. The higher heating value (HHV) of the sample was
determined by combusting the solid fuel in a controlled envi-
ronment using an oxygen-bomb calorimeter (Parr 1108P).
Lastly, the biochemical composition of the biomass was
assessed using the Van Soest method.16

2.4. Fourier transform infrared (FTIR) analysis

Fourier transform infrared spectroscopy was utilised to classify
functional groups on biomass and plastic material in samples
of different ratios. A small amount of sample was mixed with
oven-dried potassium bromide (KBr) powder in a 1 : 100 ratio
and loaded into a sample holder. The sample was scanned at
a rate of 40 scans per second with a step size of 4 cm−1 within
the range of 400–4000 cm−1 wavenumbers.

2.5. Thermal analysis

Thermogravimetric analysis (TGA) was performed in a ther-
mogravimetric analyser (TGA, STA449, NETZSCH) to assess the
thermal behaviour of the sample. A sample weighing 8.0 mg was
placed in an aluminum crucible and heated from 30 to 900 °C at
10 °C min−1 under a continuous nitrogen gas ow of 50
mL min−1. The weight loss of the biomass as a function of
temperature was recorded, and the data obtained were analysed
using Origin soware.

2.6. Experimental setup

Pistachio nutshell and polystyrene were pyrolysed in an inert
environment in a cylindrical semi-batch reactor. The reactor
© 2025 The Author(s). Published by the Royal Society of Chemistry
was constructed using high-grade stainless steel (SS-304) with
an internal diameter of 15 cm, an outer diameter of 16.20 cm,
and a length of 50 cm. The outer surface of the furnace was also
made of high-grade stainless steel, while the internal surface
was lined with ceramic bricks to minimise heat loss. It was
assumed that the heating was uniform throughout the reactor,
ensuring negligible heat loss. The experimental setup consists
of a stainless-steel reactor, a furnace, a nitrogen cylinder, a gas
rotameter, a PID controller, a condenser, a thermocouple, and
a liquid collection tank. A desired amount of sample (250 g per
test) was loaded into the reactor and positioned vertically inside
the furnace. The pyrolysis process was carried out at a specic
temperature with a heating rate of 30 °C min−1, while the feed
particles were maintained at approximately 1 mm in diameter.
The holding time was maintained at 45 minutes, allowing
sufficient time to achieve equilibrium. Temperature and heat-
ing rate were regulated via a control panel directly connected to
the furnace. The nitrogen was inserted into the reactor from the
bottom section, while the top section was connected to
a condenser. The nitrogen ow rate was precisely controlled
using a gas rotameter and maintained at a steady rate of 100
mL min−1 throughout the experiment. The hot volatiles
generated during pyrolysis were captured in the condenser,
where condensable gases formed pyrolysis oil while non-
condensable gases exited the system. Aer the experiment,
the reactor was cooled to room temperature (25–30 °C), and the
resulting biochar was collected and stored in an airtight glass
jar for further analysis. The complete experimental setup for the
pyrolysis process is illustrated in Fig. 1. Additionally, the yields
of solid, liquid, and gaseous products were determined using
eqn (1)–(3).

Pyrolysis oil yield ðwt%Þ ¼ weight of oil obtained

weight of total feed
� 100 (1)

Char yield ðwt%Þ ¼ weight of char obtained

weight of total feed
� 100 (2)

Syngas yield (wt%) = 100 − [pyrolysis oil yield (wt%)

+ char yield (wt%)] (3)
RSC Adv., 2025, 15, 44691–44710 | 44693
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2.7. Optimization of pyrolysis process parameters

The optimisation of pyrolysis temperature, plastic loading, and
catalyst concentration plays a crucial role in enhancing the yield
and composition of pyrolysis oil. In this study, pyrolysis was
conducted at varying temperatures (500, 550, 600 and 650 °C) to
determine the optimal conditions for maximising liquid fuel
production. Plastic waste was incorporated at 20, 30, and
50 wt% to assess its inuence on product distribution and
synergistic effects during co-pyrolysis. Higher plastic content
typically enhances hydrocarbon formation but may also lead to
excessive wax formation at elevated temperatures. Plastic
loading at 50 wt% choked due to the formation of excess wax;
thus, only 30 wt% was considered the optimum loading. Addi-
tionally, CuO catalyst was introduced at 5 and 10 wt% to facil-
itate catalytic cracking and improve bio-oil quality by reducing
oxygenated compounds. The catalyst promotes deoxygenation,
enhancing the production of valuable hydrocarbons while
minimising char and gas formation. A systematic evaluation of
these parameters helps identify the ideal pyrolysis conditions
that balance pyrolysis oil yield, composition, and stability. The
insights gained from this optimisation can contribute to the
efficient valorization of biomass-plastic mixtures, offering
a sustainable pathway for converting waste into high-value
liquid fuels through catalytic pyrolysis.
2.8. Physicochemical characterisation of pyrolysis oil

A feasibility study of pyrolysis oil is crucial before its industrial
application. Therefore, the viscosity was evaluated using
a rheometer (Cone and Plate, HAKKE Rheostress 1) at 40 °C with
a rotation speed of 50 rpm. The higher heating value (HHV) and
elemental composition of pyrolysis oil were analysed following
the procedure outlined in Section 2.3. The acidity was measured
using an Eutech Waterproof pH Spear meter, while its density
was determined using a density meter (Anton Paar,
DMA4500M). The moisture content was assessed using a Karl
Fischer water analyser (Metrohm 787 KF Titrino), and the ash
content was quantied with a thermogravimetric analyser (TGA)
in accordance with ASTM D5142 standards. The compositional
analysis of pyrolysis oil was performed using a PerkinElmer
(Clarus 600/680) gas chromatography-mass spectrometry (GC-
MS) system. The GC-MS was equipped with an Elite 5 MS
column (30 mm × 0.250 mm), and helium was used as the
carrier gas at a constant ow rate of 0.6 mL min−1. The GC
program was set with an initial oven temperature of 40 °C, held
for 4 min, then increased at a rate of 5 °C min−1 until reaching
300 °C, where it was maintained for 10 minutes. The injector
temperature was set at 250 °C. Before analysis, the bio-oil was
diluted with dichloromethane, ltered, and a 1 mL sample was
injected into the GC system. The obtained GC-MS chromato-
gram was compared with the National Institute of Standards
and Technology (NIST) library to identify and conrm the
primary compounds and their composition. The 1H NMR of
pyrolysis oil was performed using a Bruker Ascend 400 MHz.
The sample was prepared by mixing DMSO4 solvent. The
experiment was repeated twice, and the best results were listed
in the manuscript.
44694 | RSC Adv., 2025, 15, 44691–44710
2.9. Physicochemical characterisation of biochar

The proximate and elemental analyses, heating value (HHV),
pH, and bulk density were determined following the methods
outlined in Section 2.3. The Brunauer–Emmett–Teller (BET)
surface area was measured using a BET surface area analyzer
(Autosorb-iQ, Quantachrome Instruments) with ASiQwin 5
soware. Prior to analysis, dried mixed wood sawdust biochar
(MWSB) was degassed at 200 °C for 3 h to eliminate pore
moisture. The BET analysis was conducted according to ASTM
standard D6556-19 using a multi-point method, where the
degassed sample underwent an adsorption/desorption process.
Additionally, the water holding capacity (WHC) was assessed
using a ceramic Büchner funnel, Fisher brand P8 lter paper,
and deionised water. Surface morphology was examined using
a eld emission scanning electron microscope (FE-SEM)
equipped with energy-dispersive spectroscopy (EDS). A small
amount of moisture-free biochar was placed on a carbon tape-
coated SEM tab, which served as the background. Imaging
was performed at an accelerating voltage of 15 kV, with the bi-
ochar sample remaining uncoated.
2.10. Results analysis and data presentation

All experiments were performed in triplicate to ensure repro-
ducibility and strengthen the reliability of the ndings. The
results are presented as mean ± standard deviation based on
averaged measurements. A 95% condence level was applied to
assess the statistical signicance of the outcomes. Furthermore,
the data were visualised using suitably scaled graphs and tables
to provide a clear depiction of variability and comparative
trends among the samples.
3. Results and discussions
3.1. Physicochemical characterisation of feeds

The feasibility study of PNS and PS is listed in Table 1, which is
comparable with cashew nutshell,17 pine cone shells,18 waste
groundnut shells,19 polypropylene,20 and low-density poly-
ethylene.21 The proximate analysis of PNS and PS conrmed
moisture contents of 5.01% and 0.31%, which are found to be
lower than the permissible limits (<10 wt%).22 PNS has a good
agreement with cashew nutshell, which was found to be lower
than Pinecone shells and waste groundnut shells. The moisture
content plays a crucial role in pyrolysis and biomass processing
as it directly affects thermal efficiency, product yield, and energy
consumption. Higher moisture levels increase energy demand
for drying, reducing overall process efficiency and bio-oil yield
while favouring gas and water production. Lower moisture
content enhances pyrolysis efficiency by promoting better heat
transfer and improving char and liquid fuel yields.22 Further,
PNS and PS conrmed 84.41 and 99.62 wt% volatile matter, 2.30
and 0.05 wt% ash content, and 8.28 and 0.02 wt% xed carbon.
PNS's volatile matter was higher than that of cashew nutshell,
pinecone shells, and waste groundnut shells, whereas PS had
a good agreement with PP and LDPE. Further, the ash content of
PNS is in good agreement with waste groundnut shells and is
higher than that of cashew nutshell and pinecone shells.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physicochemical characterisation of PNS and PS with other feedsa

Analysis PNS PS Cashew Nutshell17 Pine cone shell18 Waste groundnut shells19 PP20 LDPE21

Proximate analysis (wt%, dry basis)
Moisture content 5.01 � 0.31 0.31 � 0.15 5.30 7.90 7.80 — —
Volatile matter 84.41 � 2.78 99.62 � 0.72 84.60 74.85 74.10 99.90 99.50
Ash content 2.30 � 0.17 0.05 � 0.07 1.70 0.53 3.80 0.10 —
Fixed carbon 8.28 � 0.16 0.02 � 0.01 8.70 16.73 14.30 — 30.5

Ultimate analysis (wt%, dry basis)
C 48.90 � 0.21 91.68 � 0.11 56.56 46.81 46.30 87 75.96
H 6.80 � 0.12 7.89 � 0.10 7.58 7.44 5.90 12.50 13.45
N 1 � 0.01 — 0.63 0.27 1.70 — —
S — — 1.10 <0.10 0.26 0.10 —
O 43.30 � 0.12 0.43 � 0.12 23.85 45.43 45.86 0.40 10.59
H/C 1.66 1.03 1.60 1.90 1.52 1.73 0.18
O/C 0.66 0.002 0.31 0.72 0.74 0.0034 0.14
HHV (MJ kg−1) 15.27 � 0.12 42.15 � 0.11 23.85 20.50 18.90 47.30 41.27
Bulk density (kg m−3) 842.59 � 3.13 256.25 � 6.24 480.52 650 425.12 — —

Biochemical analysis (wt%)
Cellulose 51.22 � 0.10 — 25.5 — 38.46 — —
Hemicellulose 22.01 � 0.11 — 5.23 — 19.20 — —
Lignin 21.97 � 0.10 — 14.3 — 26.30 — —

a PP = polypropylene, LDPE = low-density polyethylene, PNS = pistachio nutshell, PS = polystyrene, HHV = higher heating value.
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Biomass with higher volatile matter (>80 wt%) and lower ash
content (<10 wt%) exhibits easier ignition, making it a more
efficient fuel source. A higher volatile content also promotes
greater liquid fuel production during pyrolysis. Additionally,
lower ash content minimises the risk of furnace or boiler
clogging.23 Furthermore, the reduced ash content in samples
enhances the fuel's heating value, as excessive ash would act as
a heat sink, thereby lowering combustion efficiency.23 A xed
carbon content of less than 10 wt% (8.28 and 0.02 wt% for PNS
and PS, respectively) during biomass pyrolysis indicates that
most of the biomass was converted into volatile compounds,
resulting in higher liquid and gas yields while producing
minimal char. This suggests efficient thermal decomposition,
favouring pyrolysis oil and gas production over solid carbona-
ceous residue formation.24

Further, elemental analysis of PNS and PS has conrmed
48.90 and 91.68 wt% carbon, 6.80 and 7.89 wt% hydrogen, 43.30
and 0.43 wt% oxygen content, respectively. The nitrogen and
sulphur content were found to be almost negligible or absent in
PNS and PS. PNS's carbon and hydrogen content is in good
agreement with pinecone shells and waste groundnut shells,
but is lower than that of cashew nut shells. Similarly, the carbon
– content of PS was found to be higher than that of PP and LDPE
(Table 1). The lower nitrogen and sulfur content limited the
formation of SOx and NOx emissions during pyrolysis.24,25 The
elemental composition of biomass signicantly inuences its
heating value, with carbon content being directly correlated to
the fuel's energy potential.25 The oxygen content of PNS was
found to be 43.30 wt%, which is in good alignment with pine-
cone shells and waste groundnut shells. Similarly, PS has a good
agreement with PP about lower than LDPE. Polypropylene (PP)
has a lower oxygen content than low-density polyethylene
© 2025 The Author(s). Published by the Royal Society of Chemistry
(LDPE) because of its chemical structure. PP consists solely of
carbon and hydrogen, whereas LDPE contains more oxygen-
containing impurities due to its manufacturing process. The
absence of oxygen in PP enhances its thermal stability and
increases its heating value compared to LDPE.26

The H/C and O/C ratios of biomass are crucial indicators of
fuel quality and pyrolysis efficiency. A higher H/C ratio
enhances hydrocarbon formation, thereby improving bio-oil
quality, while a lower O/C ratio reduces oxygenated
compounds, resulting in a higher energy content. Optimising
these ratios helps produce high-quality biofuels with enhanced
stability and combustion properties. The molar H/C ratios of
PNS and PS were found to be 1.66 and 1.03, which are in good
agreement with groundnut shells and cashew nutshells but are
lower than that of pinecone shells. Furthermore, the O/C ratios
of PNS and PS were found to be 0.66 and 0.002, respectively,
which agree with other reported biomass values in Table 1.
Fig. 2 illustrates the H/C and O/C ratios of biomass and plastic
feedstocks listed in Table 1, indicating their correlation with
heating value. As the O/C ratio decreases and the H/C ratio
increases, the heating value improves. Plastics (PP and LDPE)
exhibit lower O/C and H/C ratios, signifying higher energy
potential compared to biomass. The HHV of the PNS and PS was
found to be 15.27 and 42.15 MJ kg−1, which holds a good
agreement with the listed biomass and plastics. The Higher
Heating Value (HHV) is a crucial parameter in biomass pyrolysis
as it determines the energy potential of the produced biochar,
pyrolysis oil, and syngas. A higher HHV indicates greater energy
content, making the fuel more efficient for combustion or
further processing. It directly correlates with carbon content
and, inversely, with oxygen content, inuencing the selection of
biomass feedstocks for pyrolysis-based biofuel production.
RSC Adv., 2025, 15, 44691–44710 | 44695
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Fig. 2 Van–Krevelen diagram of PNS and PS along with other testified feeds.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/2
5/

20
26

 1
1:

55
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Furthermore, the bulk density of PNS and PS was found to be
842.59 and 256.25 kg m−3, respectively. The PNS has a higher
bulk density than the cashew nutshell, pine nutshells, and
groundnut shells. Bulk density inuences the storage, trans-
portation, and processing efficiency of biomass, affecting
reactor design, heat transfer, and overall pyrolysis performance.
Lastly, the biochemical composition of PNS was conrmed as
51.22 wt% cellulose, 22.01 wt% hemicellulose and 21.97 wt%
lignin, which has good agreement with the feeds listed in Table
1. The elevated cellulose and hemicellulose content in PNS
suggests a higher liquid fuel yield during pyrolysis.27
3.2. Thermal analysis

The thermal stability proles of PNS and PS at 10 °Cmin−1 were
analysed in Fig. 3a and b. It was found that PNS undergoes
a multi-step weight loss process, comprising drying, active
pyrolysis, and passive pyrolysis stages, whereas PS has only an
active decomposition stage (Fig. 3a). The rst stage (30–150 °C)
is attributed to the removal of the mixture and light volatile
matter. In the rst stage, PNS and PS were found to be 10.32 and
0.37% which align well with the characterisation data reported
in Table 1. Furthermore, the second stage (150–550 °C)
conrmed maximum decomposition (67% and 99.63% for PNS
and PS), due to the continuous supply of heat. At this stage, the
higher-weight compounds fractionate into lower-weight
compounds. In contrast, PS shows a sharp, single-step decom-
position occurring primarily between 300 and 450 °C, indi-
cating rapid depolymerization and chain scission of the
polymer, with almost no char residue remaining aer 450 °C.28

These differences suggest that PS has higher thermal stability
up to its degradation point and decomposes more cleanly, while
PNS degrades more slowly and leaves behind solid residue.
When co-pyrolysed, PS can provide heat and volatiles that
44696 | RSC Adv., 2025, 15, 44691–44710
facilitate the breakdown of biomass components, potentially
enhancing pyrolysis oil yield and modifying product distribu-
tion.28 This thermal behaviour supports the strategic use of PS
in biomass pyrolysis to optimise energy transfer and improve
process efficiency. The third stage (>550 °C) is known as the
char formation stage, which decomposes at a slower rate within
a wider temperature range (200–900 °C).29

The DTG proles of PNS and PS are presented in Fig. 3b. For
the PNS sample, the rst two peaks, appearing at 252 and 332 °
C, conrmed the decomposition of hemicellulose and cellulose.
However, lignin decomposition does not have any sharp peaks
due to the slow decomposition rate. The peak arose at 413 °C for
PS, conrming random chain scission, leading to an unzipping
reaction that regenerates the styrene monomer, which is the
main decomposition product.28 This process is highly efficient,
resulting in the rapid volatilisation of the polymer into low-
molecular-weight compounds, including styrene, along with
minor products such as benzene, toluene, ethylbenzene, and
other light aromatic hydrocarbons.30 It is noteworthy that PS
does not contain oxygenated functional groups or inorganic
matter, so its decomposition leaves almost no solid residue or
char.28 The sharp and intense weight loss peak in this temper-
ature range conrms the fast and complete breakdown of PS,
making it thermally less complex but highly volatile. This
characteristic makes PS a suitable co-feed in pyrolysis
processes, as its decomposition can supply both heat and
reactive volatiles to enhance the thermal conversion of biomass.
The xed carbon value of PS reported in Table 1 supported the
TGA results of PS.30
3.3. FTIR analysis

FTIR analysis of PNS and PS (Fig. 4) conrmed the presence of
various functional groups. In the case of PNS, the broad
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Thermal analysis of (a) PNS and (b) PS at 10 °C min−1 heating rate.
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absorption band between 3000–3500 cm−1 (centred at
3328 cm−1) corresponded to –OH stretching vibrations, indi-
cating the presence of water, phenols, alcohols, acids, and
proteins.31,32 The peak at 2920 cm−1 was attributed to CH2 and
CH3 asymmetric and symmetric stretching, suggesting alkenes
and carboxylic acids.31 Absorptions in the range of 1620–
1730 cm−1 conrmed carbonyl (C]O) groups, primarily
ketones and esters.33 Peaks between 1230–1407 cm−1 indicated
methyl and phenolic groups, while those at 1000–1042 cm−1

suggested ethers and esters due to C–O stretching.23,34 Finally,
the region between 650–900 cm−1 conrmed the presence of
mono- and substituted aromatic compounds.34,35 FTIR analysis
of PS revealed characteristic absorption bands indicative of its
© 2025 The Author(s). Published by the Royal Society of Chemistry
chemical structure. Bands observed at 3871, 3668, 3311 cm−1,
1339 cm−1, and around 550 cm−1 corresponded to aromatic and
substituted phenyl rings.36 The peak at 2851 cm−1 was attrib-
uted to C–H and ]C–H stretching vibrations, conrming the
presence of alkanes and alkenes.31 Peaks at 1565 cm−1 and in
the range of 1750–1850 cm−1 were associated with C]C
stretching, indicating the presence of carbon–carbon double
bonds. Additionally, the peak at 2917 cm−1 corresponded to
C–H stretching in –CH3 or –CH2

− groups.36 Furthermore, peaks
in 2015, 1816, and 1009 cm−1 were linked to symmetric,
asymmetric, and deformation vibrations of C–H bonds, con-
rming the presence of aromatic compounds.37
RSC Adv., 2025, 15, 44691–44710 | 44697
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Fig. 4 FTIR analysis of PNS and PS.
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3.4. Process parameters optimisation

3.4.1. Effect of temperature. Temperature greatly affects
biomass pyrolysis by inuencing product distribution and yield.
Higher temperatures favour bio-oil and gas production, while
lower temperatures enhance biochar yield.38 It also impacts
reaction rates, devolatilization, and secondary reactions.
Optimal temperature selection is crucial to maximising desired
products and improving the overall efficiency of the pyrolysis
process. The pyrolysis experiments were conducted at temper-
atures of 500, 550, 600, and 650 °C to determine the optimal
conditions for maximum liquid yield and to analyse the prop-
erties of the resulting pyrolysis oil. As shown in Fig. 5, the
highest oil yield (40.05 wt%) was obtained at 550 °C, accom-
panied by 28.12 wt% char and 33.58 wt% syngas. This indicates
that 550 °C is the optimal temperature for maximising the
liquid fraction, as it achieves an ideal balance between primary
decomposition and secondary vapour cracking reactions. At this
temperature, sufficient thermal energy is provided to decom-
pose lignocellulosic components cellulose, hemicellulose, and
lignin into volatile intermediates, which subsequently
Fig. 5 Effect of pyrolysis temperature on pyrolysis oil yield.

44698 | RSC Adv., 2025, 15, 44691–44710
condense into liquid oil upon cooling. The dominance of
depolymerisation and decarboxylation reactions in this range
leads to higher volatile evolution and minimised secondary gas
formation, enhancing liquid yield. Furthermore, at 500 °C, the
yields of pyrolysis oil, char, and syngas were observed to be
38.34 wt%, 27.78 wt%, and 33.86 wt%, respectively. At higher
temperatures of 600 °C and 650 °C, the pyrolysis oil yields
slightly increased to 38.69 wt% and then decreased to
36.23 wt%, while char yields were 28.93 wt% and 26.39 wt%,
and syngas yields were 31.01 wt% and 33.37 wt%, respectively.
This reduction in pyrolysis oil production at elevated tempera-
tures can be attributed to intensied secondary cracking reac-
tions and reforming processes, which break down heavier
organic vapours into lighter, non-condensable gases such as
CO, CO2, CH4, and H2.39 The higher thermal energy at these
conditions favours gas-phase reactions over condensation,
converting volatile intermediates into permanent gases rather
than condensable liquids. In addition, thermal polymerisation
of reactive tar vapours may lead to the formation of solid
carbonaceous residues, further reducing oil yield.40

The char yield trend displays a relatively stable behaviour up
to 550 °C, followed by a slight increase at 600 °C and a decline at
650 °C. Initially, the char yield increases marginally due to
incomplete devolatilization at lower temperatures. As the
temperature rises, primary decomposition becomes more
extensive, leading to lower char residues. The slight rise around
600 °C might be associated with secondary condensation of
heavy vapours on char surfaces or the formation of poly-
aromatic carbonaceous structures through repolymerization
reactions.39 However, above 600 °C, char yield drops signi-
cantly to 26.39 wt%, signifying more complete volatilization and
enhanced conversion of solid carbon to gas. This decline indi-
cates that higher temperatures favour thermal cracking and
gasication reactions, reducing the solid residue and improving
the overall conversion efficiency of the biomass feed.39 The
syngas yield, indicated by the blue line, exhibits an inverse
relationship with the yields of char and oil. It remains nearly
constant at around 33 wt% between 500 °C and 550 °C,
decreases slightly to about 31.01 wt% at 600 °C, and then rises
sharply to 33.37 wt% at 650 °C. The initial stability of the gas
yield corresponds to the equilibrium between volatile evolution
and condensation reactions. The slight dip near 600 °C may be
due to partial condensation of light hydrocarbons or temporary
stabilisation of intermediates.41 The subsequent increase in gas
yield at higher temperatures results from intensied secondary
cracking and gasication reactions that convert condensable
vapors and char into gaseous products. Reactions such as
decarboxylation, decarbonylation, and reforming of hydrocar-
bons become dominant, promoting the formation of CO, CO2,
and H2 at elevated temperatures.41 The maximum pyrolysis oil
yield at 550 °C is due to the optimal balance between thermal
decomposition and secondary cracking. At this temperature,
biomass breaks down efficiently into volatiles that condense
into liquid oil. However, lower temperatures (500 °C) cause
incomplete decomposition, while higher temperatures (600–
650 °C) promote secondary reactions, converting volatiles into
non-condensable gases, thereby reducing oil yield by 41%.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.4.2. Effect of plastic loading. Plastic loading signicantly
inuences pyrolysis oil yield by enhancing the volatile content
and hydrogen availability during co-pyrolysis with biomass.
Moderate plastic addition can improve oil quality and yield due
to synergistic interactions. However, excessive plastic loading
may lead to increased gas formation and reduced liquid yield
due to secondary cracking.42 The effect of increasing plastic (PS)
loading on the pyrolysis of PNS is clearly observed in the
product yield distribution (Fig. 6). During thermal pyrolysis of
PNS, the pyrolysis oil yield was approximately 40 wt%, with char
and syngas yields at around 28 wt% and 34 wt%, respectively.
Upon introducing 20 wt% PS, the pyrolysis oil yield increased
signicantly to approximately 47.59 wt%, while the char and
syngas yields dropped to about 23.31 wt% and 31.01 wt%.
Further increasing the PS content to 30 wt% resulted in
a continued rise in pyrolysis oil yield to approximately
51.46 wt%, accompanied by reduced char (21.54 wt%) and
syngas (27 wt%) production. Furthermore, at the highest plastic
loading of 50 wt%, a maximum pyrolysis oil yield of approxi-
mately 53.51 wt% was achieved, while the char yield increased
slightly to 24.09 wt%, and the syngas yield decreased to 22 wt%,
respectively. Although 50 wt% plastic loading resulted in the
highest pyrolysis oil yield (53.51 wt%), the oil produced was
highly viscous, causing blockage in the condenser during the
experiment. Therefore, in this study, 30 wt% PS loading was
considered the optimal level for efficient and stable pyrolysis
operation. These results indicate that increasing PS content
enhances liquid product formation due to improved volatile
release and synergistic interactions while simultaneously
reducing solid and gaseous by-products.

The effect of plastic loading on pyrolysis product distribu-
tion is inuenced by the inherent properties of polystyrene (PS),
which has a high volatile and hydrogen content compared to
biomass. The increasing PS content in the PNS feedstock results
in a 13.46% increase in pyrolysis oil yield, while the yields of
char and syngas decline. This enhancement in oil production is
primarily due to synergistic interactions between the biomass
and plastic during co-pyrolysis. Polystyrene decomposes readily
Fig. 6 Effect of plastic loading on pyrolysis oil yield.

© 2025 The Author(s). Published by the Royal Society of Chemistry
into low-molecular-weight hydrocarbons, providing additional
hydrogen that stabilises reactive intermediates and suppresses
secondary cracking reactions. This results in higher liquid yield
and improved oil quality.43 Moreover, the presence of PS
promotes the breakdown of heavy biomass components into
more condensable volatiles, further boosting oil production.42

At the same time, the decrease in char yield is attributed to
complete volatilization of the feedstock, while reduced syngas
formation occurs due to the redirection of volatile intermedi-
ates into liquid products instead of further cracking into non-
condensable gases.43 Thus, the co-pyrolysis process becomes
more favourable for liquid fuel production with increasing
plastic content.

3.4.3. Effect of the feed to catalyst ratio. The introduction
of CuO has a signicant inuence on pyrolysis, enhancing
reaction rates and altering product distribution. Additionally,
catalysts promote secondary cracking, which reduces the yield
of pyrolysis oil while increasing the formation of gas and char.
Results suggested a reduced yield of pyrolysis oil, but the use of
CuO improves pyrolysis oil quality by reducing oxygenated
compounds, and making it more stable and energy-dense for
fuel applications.44 Fig. 7 shows the impact of CuO loading on
the pyrolysis product distribution of PNS blended with 30 wt%
PS. Thermal pyrolysis (PNS + PS 30 wt%) oil yield peaked at
approximately 51.46 wt%, signicantly higher than that of raw
PNS (40 wt%), due to the synergistic effect of PS and PNS.
However, the addition of CuO further led to a decline in
pyrolysis oil yield to around 47.23 wt% at 5 wt% and an addi-
tional 41.26 wt% at 10 wt% CuO. Simultaneously, char yield
increased from about 21 to 27 wt%, while syngas yield rose from
27 to 32 wt%, respectively. This trend suggests that CuO acts as
a catalyst, promoting cracking and gasication reactions that
convert more volatiles into non-condensable gases and solid
residues, thereby reducing the liquid yield by 45%. The catalytic
activity of CuO facilitates dehydrogenation, decarboxylation,
and reforming reactions, enhancing syngas formation while
also promoting the formation of more stable char structures.44
Fig. 7 Effect of the biomass-to-plastic-to-catalyst ratio on pyrolysis
product yield.
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Therefore, while plastic addition initially boosts pyrolysis oil
yield, increasing CuO loading shis the product distribution
toward more gas and char at the expense of pyrolysis oil.45,46
3.5. Physicochemical characterisation of pyrolysis oil

The physicochemical characterisation of pyrolysis oil is listed in
Table 2 and compared with other tested pyrolysis oils. The
comparative analysis of pyrolysis oils derived from biomass and
plastic blends, with and without catalytic, reveals signicant
variations in physicochemical properties that directly inuence
their fuel quality and potential application. Thermal pyrolysis
oil has a brown colour, smoky odour, and exhibits moderate
carbon (58.98%), hydrogen (6.86%), negligible nitrogen
(0.78%), and a high oxygen (33.38%), leading to an H/C ratio of
1.39 and an O/C ratio of 0.42. Further, the higher heating value
(HHV) is relatively low (25.70 MJ kg−1) compared to other
pyrolysis oils in Table 2, indicating limited energy density, while
it has a higher density (1028.42 kgm−3), viscosity (77.25 cP), and
pH (2.29). The physicochemical characterisation of thermal oil
highlighted several limitations that hinder its direct use as
a transportation fuel, indicating the need for further upgrading.
Thermal pyrolysis oil hinders its direct use as a transportation
fuel, as it has high oxygen content (33.38%), which results in
low energy density, chemical instability, and poor combustion
characteristics.47 The thermal pyrolysis oil exhibits a relatively
lower heating value (25.70 MJ kg−1), which means it produces
less energy per unit compared to conventional fuels.

Furthermore, its high viscosity (77.25 cP at 35 °C) poses
challenges for fuel injection and atomization in engines, while
its high acidity (pH 2.29) can cause corrosion in engine and fuel
storage systems.48 Additionally, the higher fuel density
(1028.42 kg m−3) and elevated oxygen-to-carbon ratio (O/C =

0.42) indicate incomplete deoxygenation, which reduces its fuel
quality. The low carbon content (58.98%) further compromises
its caloric value, and the smoky odour and dark colour suggest
the presence of heavy, potentially harmful compounds.47,48 PS
was blended with PNS at 30 wt%, resulting in pyrolysis oil that
Table 2 Physicochemical analysis of pyrolysis oil and comparison with

Analysis
Thermal
pyrolysis oil

PNS +
PS (30 wt%)
pyrolysis oil

Colour Brown Blackish brown
Odour Smoky Smoky
Elemental analysis (wt%)
C 58.98 � 0.12 68.69 � 0.11
H 6.86 � 0.10 7.33 � 0.10
N 0.78 � 0.10 0.48 � 0.10
S — —
O 33.38 � 0.12 23.50 � 0.14
H/C 1.39 1.19
O/C 0.42 0.34
HHV (MJ kg−1) 25.70 � 0.10 30.06 � 0.10
Ash content 1.01 � 0.81 0.80 � 0.94
Density (kg m−3) 1028.42 � 0.38 954.85 � 0.44
Viscosity at 35 °C at 100 RPM 77.25 � 0.14 42.61 � 0.12
pH 2.29 � 0.10 3.10 � 0.10

44700 | RSC Adv., 2025, 15, 44691–44710
turned blackish brown and showed an increase in carbon
content (68.69%) and a decrease in oxygen (23.50%), enhancing
HHV (30.06 MJ kg−1). This composition also improved fuel
characteristics by reducing fuel density (954.85 kg m−3) and
viscosity (42.61 cP), with a less acidic pH (3.10). Blending plas-
tics at 30 wt% with biomass signicantly improved the fuel
characteristics of the resulting pyrolysis oil due to the high
carbon and hydrogen content and low oxygen content inherent
in plastics like polystyrene.47 This blend led to an increase in
carbon content (from 58.98% to 68.69%), a reduction in oxygen
content (from 33.38% to 23.50%), and an enhanced higher
heating value (from 25.70 MJ kg−1 to 30.06 MJ kg−1), indicating
improved energy density.3 Additionally, the blend of plastics
(PS) lowered the viscosity (from 77.25 to 42.61 cP) and reduced
acidity (pH increased from 2.29 to 3.10), contributing to better
fuel handling and reduced corrosiveness.3 These enhancements
result from the thermal degradation of plastics, producingmore
hydrocarbons and fewer oxygenated compounds, thereby
improving the overall quality, stability, and combustion
performance of the pyrolysis oil.47,49

The addition of CuO at 5 wt% to the PNS + PS blend during
pyrolysis enhanced the fuel properties of the resulting oil by
acting as a catalyst that promotes deoxygenation, cracking of
heavy molecules, and formation of hydrocarbon-rich
compounds.50 This catalytic effect led to a signicant increase
in carbon content (from 68.69% to 79.40%) and a marked
reduction in oxygen content (from 23.50% to 11.69%), which
collectively boosted the higher heating value from 30.06MJ kg−1

to 35.90 MJ kg−1, indicating superior energy density.45

Furthermore, CuO reduced the viscosity (from 42.61 to 36.40
cP), lowered ash content (to 0.082%), and slightly increased the
pH (to 3.27), which contributes to improved combustion
performance, reduced corrosiveness, and enhanced fuel
handling. These improvements result from CuO ability to
facilitate secondary reactions, break oxygenated bonds, and
suppress the formation of polar compounds, thereby producing
a cleaner, more stable, and energy-dense bio-oil.45 Furthermore,
BGS shows a lower carbon content (52.90%), the highest H/C
other pyrolysis oils

PNS + PS (30 wt%)
+ CuO (5 wt%)
pyrolysis oil BGS52 SNS52 CNS + PS53

Blackish brown
Smoky

79.40 � 0.14 52.90 63.30 64.94
7.70 � 0.10 8.00 08.30 7.96
1.21 � 0.10 00.90 01.60 0.07
— 0.04 00.20 0.26
11.69 � 0.17 37.80 26.60 26.98
1.16 1.81 1.57 1.47
0.11 0.53 0.31 0.31
35.90 � 0.10 23.7 � 1.8 26.5 � 2.0 31.38
0.082 � 0.31 — — 0.05
952.65 � 0.46 1.01 � 0.0 1.04 � 0.0 0.945
36.40 � 0.10 — — 48
3.27 � 0.10 5.01 2.87 3.8

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 FTIR analysis of pyrolysis oil obtained from pyrolysis at 550 °C.
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ratio (1.81), but the lowest HHV (23.7 MJ kg−1), indicating lower
energy density. SNS displays relatively balanced characteristics
with a carbon content of 63.30%, oxygen at 26.60%, and anHHV
of 26.5 MJ kg−1, while CNS + PS blend oil shows decent
performance with 64.94% carbon, a lower O/C ratio (0.31), and
an HHV of 31.38 MJ kg−1 (Table 2). The use of CuO with PNS +
PS blends pyrolysis oil exhibited the best performance in terms
of energy content, elemental composition, and physicochemical
properties such as low viscosity, density, and ash content
(0.082%), indicating efficient conversion and greater fuel
quality.50 This suggests that the integration of polystyrene into
biomass signicantly enhances carbon content and fuel prop-
erties, while the use of CuO further promotes deoxygenation
and energy densication of pyrolysis oils. The data underscores
the potential of tailored feedstock and catalyst optimisation
strategies in producing high-grade bio-oils suitable for
advanced fuel applications, outperforming conventional
biomass pyrolysis oils and even some co-pyrolysis products re-
ported in the literature.51 Overall, the results emphasise the
effectiveness of combining plastic waste with lignocellulosic
biomass under catalytic pyrolysis to yield pyrolysis oil with
improved HHV, stability, and combustion characteristics.45
3.6. FTIR analysis of pyrolysis oil

FTIR analysis of the thermal, co-pyrolysis and catalytic pyrolysis
oil provides insights into the functional groups, indicating the
nature of the organic compounds generated during pyrolysis
(Fig. 8). The thermal pyrolysis oil displayed distinct absorption
bands at 513 cm−1, corresponding to C–Cl stretching vibrations,
and 735 cm−1, likely associated with out-of-plane C–H bending
of aromatic compounds.54 The peaks at 1266 cm−1 and
1684 cm−1 indicate the presence of C–O stretching in esters and
C]O stretching in carbonyl groups, respectively, suggesting the
presence of ketones or aldehydes.55 The broad absorption
© 2025 The Author(s). Published by the Royal Society of Chemistry
around 2929 cm−1 is characteristic of C–H stretching in
aliphatic hydrocarbons, while the broad peak at 3367 cm−1 is
assigned to O–H stretching, possibly due to alcohols or phenolic
compounds.56 Further, PNS + PS (30 wt%) pyrolysis oil at 735
and 3027 cm−1 indicates aromatic ring deformations and
unsaturated C–H stretching, respectively. These functional
groups point to the presence of aromatic hydrocarbons and
unsaturated compounds.57 Interestingly, the catalytic pyrolysis
oil using CuO exhibited minimal transmittance changes, with
weaker or nearly absent peaks, especially in the carbonyl and
hydroxyl regions.53 This implies that the CuO may facilitate
more complete cracking or deoxygenation of oxygenated
compounds, resulting in a cleaner oil with reduced polar
functionalities.55 Overall, FTIR spectra conrm the presence of
diverse organic functionalities, including aliphatic, aromatic,
carbonyl, and hydroxyl groups, with compositional variations
inuenced by feedstock ratios and catalytic conditions.
3.7. NMR analysis of pyrolysis oil

An overview of the entire content of the pyrolysis oil was ob-
tained through structural characterisation using 1H NMR. A
semi-quantitative evaluation of hydrogen atoms of oxygenated
compounds and hydrocarbons was obtained by integrating the
relevant spectra regions, removing the solvent residual signal
(2.4 ppm) and the water signal (3.7–3.3 ppm).58 1H NMR spectra
of PNS, PS, PNS + PS (30 wt%) and PNS + PS (30 wt%)+CuO
(5 wt%) are displayed in Fig. 9a–c. Furthermore, the integrated
signal areas for each sample at various ppm values are listed in
Table 3. From the result, it was noticed that the area of COOH
(11–12.50 ppm) was slightly increased by the addition of PS
(30 wt%) and decreased by the addition of CuO (30 wt%),
respectively. The GC-MS composition also conrms the similar
trends for acid alterations. Furthermore, the area of CHO, ArOH
(8.2–11.0 ppm) conrmed a reduction in phenols and aldehyde,
RSC Adv., 2025, 15, 44691–44710 | 44701
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Fig. 9 1H NMR spectra of pyrolysis oil (a) PNS, (b) PNS + PS (30 wt%) and (c) PNS + PS (30 wt%)+CuO (5 wt%).
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which is supported by GC-MS data. The abundance of aromatic
and conjugated alkene hydrogens (8.2–6.0 ppm) was found to
be increased by the addition of PS and CuO.58 It is challenging
44702 | RSC Adv., 2025, 15, 44691–44710
to evaluate the behaviour of carbonyl species' hydrogens due to
the spectral overlap of aliphatic and carbonyl hydrogens.
However, compared to thermal pyrolysis, hydrogen percentages
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Percentage (%) of hydrogen based on 1H NMR analyses of bio-oils grouped according to chemical shift rangea

Chemical shi
(ppm) Hydrogen assignment PNS PNS + PS (30 wt%) PNS + PS (30 wt%) + CuO (5 wt%)

12.5–11.0 COOH 0.25 0.27 0.21
11.0–8.2 CHO, ArOH 0.86 0.20 0.20
8.2–6.0 Aromatic and conjugated H 14.58 50.14 55.61
6.0–4.20 Aliphatic OH, ]CH]CH], Ar]CH2 + O]R 2.53 10.31 10.58
4.2–3.0 R–CH2–O–R, CH3–O–R 25.95 6.08 7.58
3.0–2.0 –CH2CH]O, aliphatic H 25.59 12.68 11.67
2.0–0.0 Aliphatic H 24.70 20.29 14.23

a Excluding the water (3.7–3.3 ppm) and the solvent residual signals (2.4 ppm).
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in the 3.0–0.0 ppm range show a slight decrease in aliphatic
hydrogens when employing a PS and CuO catalyst.59 The
pyrolysis oil indicates a substantial reduction in hydrogens
associated with ethers (4.2–3.0 ppm) due to the introduction of
PS and CuO. This phenomenon happens due to structural
transformation or degradation of ether linkages. Further, CuO
acts as a catalyst, promoting cleavage or reduction reactions,
while PS may hinder ether formation or alter the chemical
environment.60 Further, the Aliphatic OH, ]CH]CH], Ar]
CH2 + O]R (4.2–6.0 ppm) was found to be increased by the
addition of PS and CuO. The increase in aliphatic with PS and
CuO addition suggests enhanced formation of unsaturated and
oxygenated compounds. CuO likely promotes oxidation and
dehydrogenation, while PS contributes additional carbon
sources and reactive intermediates, facilitating the formation of
alcohols, alkenes, and aromatic derivatives through catalytic
and thermal interactions.51 The 1H NMR analysis of pyrolysis oil
was supported by GC-MS data. Overall, it was noticed that the
use of PS and CuO with PNS resulted in a reduction in
oxygenated compounds and an increase in hydrocarbons
(aromatic and aliphatic). The formation of aromatic and poly-
aromatic hydrocarbons was explained by secondary reactions
during pyrolysis, based on Diels–Alder and deoxygenation of
oxygenated aromatic compounds mechanisms.59–61
3.8. GC-MS analysis

The composition analysis of pyrolysis oil was performed using
a GC-MS analyser, and the derived compounds are listed in
Fig. 10a and Table S2. Furthermore, the GC-MS spectra ob-
tained from the test are listed in Fig. 10b–d. GC-MS results
conrmed the existence of phenols, hydrocarbons, acids, alco-
hols, furan derivatives, nitrogen-containing and cyclo-
oxygenated compounds. Signicant compositional changes in
the pyrolysis oil were revealed by GC-MS analysis due to the
addition of polystyrene (PS) and CuO on PNS. The thermal
pyrolysis oil conrmed 15.56% phenols, 23.77% hydrocarbons,
7.87% acids, 12.27% alcohols, 1.52 nitrogen-containing
compounds, 0.89% furan-based compounds and 3.83% cyclo-
oxygenated compounds. However, with the addition of PS at
30 wt% and CuO at 5 wt%, the phenol content was reduced by
9% and 9.7% respectively. The reduction in phenol content is
attributed to the dilution of lignin-derived precursors by the
catalytic activity of PS and CuO. CuO promotes deoxygenation
© 2025 The Author(s). Published by the Royal Society of Chemistry
and aromatic ring cleavage, converting phenols into hydrocar-
bons and other low-oxygen compounds, thereby lowering the
phenol yield by 51%. Furthermore, the hydrocarbon concen-
tration in pyrolysis oil was found to increase by 10.21% and
17.90% with the addition of PS and CuO, respectively, due to
enhanced deoxygenation and cracking processes. The catalytic
activity of CuO encourages the formation of hydrocarbons, and
PS's hydrogen-rich structure is responsible for this increase.51

On the other hand, the acid concentration in pyrolysis oil was
found to be increased by 5.83% and reduced by 2.66% due to
the addition of PS and CuO at 30 and 5 wt% due to incomplete
deoxygenation and formation of oxygenates during PS thermal
breakdown. However, CuO catalyses decarboxylation and
deoxygenation, converting acids into CO2 or hydrocarbons,
thereby decreasing acid concentration in the pyrolysis oil.62

Further, the alcohol content in pyrolysis oil was found to be
decreased by 8.96% and 9.56% due to the addition of PS and
CuO at 30 and 5 wt%, respectively, due to two main reasons: PS
reduces the relative contribution of biomass-derived oxygenates
by dilution, while CuO catalyses dehydration and deoxygen-
ation reactions, converting alcohols into alkenes, ethers, or
hydrocarbons, thus lowering alcohol levels in the pyrolysis oil.46

The nitrogen-containing and cyclo-oxygenated compounds
in pyrolysis oil were found to be increased by (0.74 and 0.16%)
and 1.51 and 3.27%) due to the addition of PS and CuO at 30
and 5 wt. loading. The slight increase in nitrogen-containing
compounds (0.74% with PS and 1.51% with CuO) may result
from secondary reactions between PS-derived intermediates
and trace nitrogen in the PNS, forming stable nitrogenous
compounds. Meanwhile, the notable rise in cyclo-oxygenated
compounds (0.16% with PS and 3.27% with CuO) is attributed
to the enhanced stabilisation and cyclisation of oxygenated
intermediates.63 PS decomposition may generate aromatic
radicals that facilitate ring formation, while CuO acts as
a catalyst, promoting oxidative cyclisation and stabilisation of
intermediates into oxygen-containing heterocycles.46,51 Finally,
furan-based compounds were found to decrease by 0.16% by the
addition of PS at 30 wt%, while using CuO at 5 wt% further
increased it by 0.11%, respectively. The slight decrease of 0.16%
in furan-based compounds with 30 wt% PS addition is due to
the dilution of cellulose and hemicellulose-derived precursors,
as PS does not contribute to furan formation. However, the
subsequent 0.11% increase with 5 wt% CuO addition is attrib-
uted to the catalytic role of CuO in stabilising and promoting
RSC Adv., 2025, 15, 44691–44710 | 44703
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Fig. 10 (a) The compositional analysis of pyrolysis oil derived from
GC-MS. GC-MS chromatograph obtained from pyrolysis oil, (b) PNS,
(c) PNS + PS (30 wt%) and (d) PNS + PS (30 wt%) + CuO (5 wt%).
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the formation of furan derivatives from oxygenated intermedi-
ates, enhancing their presence in the pyrolysis oil despite the
reduced biomass fraction.63 Overall, the combined action of PS
and CuO at 30 and 5 wt% greatly improves the quality of the
pyrolysis oil by suppressing unwanted polar oxygenates and
increasing hydrocarbon selectivity.
44704 | RSC Adv., 2025, 15, 44691–44710
3.9. Characterisation of char

The char obtained at 550 °C was characterised as per its physical
and chemical properties and compared with other chars such as
Bambara Groundnut Shell (BGS) and Shea Nutshell (SNS)52 and
presented in Table 4. Table 4 presents a comparative physico-
chemical analysis of various biochar samples, including PNSC
and PNSC blended with 30 wt% PSC. It is evident that the
moisture content of chars was found to be below 1% which
makes it an ideal candidate for fuel and energy materials.64

Further, moisture content signicantly inuences the energy
efficiency of char, combustion behaviour, and storage stability.
The lower moisture content below 1% enhances caloric value,
reduces smoke during burning, and prevents microbial degra-
dation, whereas higher moisture content lowers thermal effi-
ciency, increases drying costs, and limits the effectiveness of
char as a fuel or soil amendment.64 Further, carbon content
signicantly increases from 61.26% in PNSC to 76.57% with
PSC addition, reecting enhanced carbonisation, while oxygen
content correspondingly decreases, improving the biochar's
energy quality.65 The amounts of hydrogen and nitrogen are
mostly constant, with slight increases, whereas sulphur is very
low in PNSC but higher in literature samples. These factors
could have an impact on emissions when the product is being
used; however, it can be managed by blending other feeds.65

Compared to SNS, which exhibits higher H/C (0.99) and O/C
(0.71) ratios than BGS (0.92 and 0.39), the PNSC and PNSC +
PSC (30 wt%) samples show lower H/C (0.62 and 0.56) and O/C
(0.43 and 0.19) ratios, signifying greater aromaticity, carbon-
isation, and structural stability of the char.66

The bulk density of char improves slightly with PSC addition,
enhancing handling and storage characteristics. pH remains
alkaline across all modied samples, supporting their potential
use in soil amendment applications. The ability of char to retain
nutrients, immobilise heavy metals, and function as a soil
amendment is improved by its alkaline pH. It increases
microbial activity, balances off soil acidity, and enhances cation
exchange capacity. Because alkaline biochar improves soil
health and decreases pollutant mobility, it is useful in waste-
water treatment, agriculture, and environmental cleanup.67 The
HHV of the PNSC and PNSC + PSC (30 wt%) was found to be
25.15 and 32.42 MJ kg−1, conrming that the addition of plas-
tics enhanced the HHV of chars. Similar reports were also re-
ported on Jungle Cork Tree (JCT) and non-recyclable
polyethylene terephthalate (NRPET) char.40 The ash content was
also found to be reduced by 3.77% with the addition of PSC,
which indicates the suitability of char for energy material
application.40 Overall, additions enhance carbon content,
reduce moisture and oxygen contents, and improve physical
attributes without compromising basic chemical stability.
Compared to BGS and SNS char, the modied chars offer
superior elemental proles and structural qualities, under-
scoring their potential for energy and environmental applica-
tions. The produced char, with a high carbon content, low
moisture, and alkaline pH, is suitable for various energy and
environmental applications, such as a solid fuel for combus-
tion, a soil amendment to improve fertility, and an adsorbent
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Physicochemical characterisation of char derived from PNS + PS blend at 550 °C

Analysis PNSC PNSC + PSC (30 wt%) BGS52 SNS52

Moisture content (wt%) 0.22 � 0.04 0.03 � 0.03 — —
Ash content (wt%) 8.25 � 0.16 4.48 � 0.14 — —
C (%) 61.26 � 0.12 76.57 � 0.16 48.4 61.30
H (%) 3.18 � 0.10 3.61 � 0.10 04.0 4.70
N (%) 0.05 � 0.01 0.05 � 0.01 01.2 0.7
S (%) — — 00.5 1.0
O (%) 35.51 � 0.01 19.77 � 0.02 45.9 32.30
H/C 0.62 0.56 0.99 0.92
O/C 0.43 0.19 0.71 0.39
HHV (MJ kg−1) 25.15 � 1.40 32.42 � 1.60 — 26.40
Bulk density (kg m−3) 631.91 � 11.85 689.03 � 9.08 — —
pH 8.19 � 0.11 8.21 � 0.14 — —
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for wastewater treatment, due to its enhanced stability,
porosity, and nutrient-retention capacity.
3.10. FTIR analyses of char

FTIR analysis presented in Fig. 11 conrmed the functional
group present in the char derived from PNSC, PNSC + PSC
(30 wt%) and a blend using 5 wt% CuO. The plot between
wavenumber and transmittance of char is present in Fig. 11.
The spectra reveal signicant differences in transmittance
across the char derived from PNS, plastic blending, and catal-
ysis blending. PNSC exhibits a moderate transmittance across
the spectral range, with notable bands in the regions corre-
sponding to C–H, C]O, and C–O functional groups. These
indicate the presence of aliphatic hydrocarbons, carbonyl
compounds, and oxygenated species, typical of biomass-derived
pyrolysis char.68 The introduction of PS at 30 wt% shows
decreased absorption in the lower wavenumber region (500–
1500 cm−1), suggesting reduced oxygenated functionality and
increased hydrocarbon content due to the polymeric nature of
the plastic.69 Peaks in the aromatic region (730–760 cm−1) and
Fig. 11 Functional group analysis of char derived from different compo

© 2025 The Author(s). Published by the Royal Society of Chemistry
at 3020 cm−1 (C–H stretching in aromatics) are more prom-
inent, indicating the formation of aromatic hydrocarbons.69

The addition of CuO catalyst results in a marked increase in
transmittance across the spectrum, particularly in the regions
associated with polar functional groups (O–H and C]O),
implying their effective decomposition or conversion.70 The
atter prole with diminished peaks suggests that CuO
promotes deoxygenation and cracking reactions, leading to
a more rened, less polar pyrolysis oil and char composition.
Overall, FTIR results demonstrate that co-pyrolysis with poly-
styrene enhances the aromatic hydrocarbon content. At the
same time, CuO catalysis further improves oil quality by
reducing oxygenated compounds, indicating synergistic effects
of plastic blending and catalytic treatment on pyrolysis oil
composition.
3.11. XRD analysis of char

The XRD plot of PNSC, PNSC + PSC (30 wt%) and PNSC + PSC
(50 wt%) is presented in Fig. 12. The patterns span the 2q range
of approximately 5° to 60°, revealing distinct peaks that allow
sites.

RSC Adv., 2025, 15, 44691–44710 | 44705
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for phase comparison and crystallinity assessment. The PNSC
exhibits sharp and intense peaks at 23.13, 31.85, 45.57, and
56.31°, suggesting crystalline carbon structures, likely graphitic
or turbostratic carbon. These peaks indicate well-ordered
domains, with 31.85° oen attributed to graphitic (002)
planes, conrming high structural integrity in the carbon
matrix.71 Strong diffraction peaks observed at 31.85°, 45.57°,
and 56.31° suggest the possible presence of uorite, graphite,
and chlorapatite phases. Additional lower-intensity peaks were
attributed to calcite, bayerite, and hydrobiotite. Moreover, in
the lower 2q range, distinct peaks corresponding to apophyllite,
pyrophyllite, and barite were also detected alongside graphite
and uorite.71 In contrast, composite samples with PNS and PS
(particularly at higher PS loadings) exhibit broader and less
intense peaks, indicating reduced crystallinity resulting from
polymer integration or structural disorder. Further, the XRD
plot of PNSC + PSC (30 wt%) shows characteristic peaks at
22.65°, 31.85°, 43.60°, 45.83°, 50.73°, and 57.86°. These peaks
imply the retention of partial crystalline order, possibly related
to residual graphitic domains or mineral phases embedded
within the polymer matrix. The peak at 45.83° is well-resolved in
PNSC + PSC (30 wt%), whereas it diminishes in PNSC, indi-
cating a loss of crystallinity with increasing PS content. A set of
overlapping peaks in the 22°–23° region (22.55°, 22.65°, and
23.13°) suggests an amorphous-to-semi-crystalline transition
region possibly inuenced by disordered carbon or semi-
crystalline polymer chains.40 These shis and broadenings are
more evident in the blue curve, where peak merging and
intensity reduction indicate a higher degree of structural
disruption, likely due to increased PS content interfering with
the regular packing of crystallites. Furthermore, PNSC + PSC
50 wt% exhibits peaks at 22.55°, 31.85°, 45.57°, and 56.31°,
indicating the presence of residual crystalline phases, likely
originating from amorphous carbon and degraded inorganic
components. The reduced intensity and broadness suggest
structural disorder, with partial retention of graphitic or
mineral features disrupted by high polymer content. The
prominent sharp peaks observed at 31.85° in PNSC + PSC
Fig. 12 XRD analysis of char obtained at thermal and co-pyrolysis at
30 and 50 wt%.

44706 | RSC Adv., 2025, 15, 44691–44710
30 wt% and 50 wt% were attributed to the presence of chlorite
and gibbsite. Alongside these dominant peaks, several medium-
intensity peaks at 26.65°, 22.55°, 45.57°, 45.83°, 50.73°, 56.31°,
and 57.86° indicated the presence of coquimbite, graphite, and
hydrobiotite phases.71 The reduction in peak intensities and
increased baseline for the PNSC + PSC 50 wt% conrms the
decline in overall crystallinity as polymer concentration
increases, promoting amorphisation. This trend is consistent
with the incorporation of non-crystalline or weakly crystalline
polymeric materials into a carbon-rich matrix, diluting the
diffraction contribution from well-ordered domains. Overall,
the XRD pattern demonstrates that PNSC maintains the highest
crystallinity, which gradually diminishes as PS loading
increases in PNSC + PSC composites.40 The composite with
30 wt% PS retains moderate crystallinity with clear diffraction
peaks, while the 50 wt% sample exhibits signicantly reduced
order, highlighting the structural inuence of polymer incor-
poration on the crystalline framework of the materials. This
evolution in crystallinity reects potential changes in thermal
stability, conductivity, and mechanical behaviour due to matrix
disruption and phase interaction. Waqas et al. (2018) produced
the biochar at a dynamic temperature and reported similar
results.71
3.12. SEM analysis of char

SEM images of PNSC, PNSC + PSC (30 wt%) and PNSC + PSC
(30 wt%) + CuO (5 wt%) are listed in Fig. 13a–c at 5 kX
magnication. Fig. 13a shows he unmodied PNSC, exhibit-
ing a denser and more aggregated structure with fewer visible
pores and a smoother surface. The compact morphology
observed here suggests a signicantly lower surface area and
limited exposure of active sites. Additionally, the surface
structure of the char was found to be rough and irregular in
terms of size and channel formation. Furthermore, PNSC +
PSC (30 wt%) composite displays a brous morphology
(Fig. 13b) but with slightly less dened pores and surface
roughness compared to Fig. 13a. Although the addition of
PSC contributes to the formation of a porous structure, it
limits the overall textural development. Fig. 13c shows the
PNSC + PSC(30 wt%) + CuO (5 wt%), revealing a highly porous
and brous surface morphology with a well-developed
network of interconnected channels. The presence of CuO
appears to enhance the porosity and structural complexity,
resulting in a rougher texture and a larger surface area. This
suggests that CuO plays a synergistic role in enhancing the
surface properties of the composite. This morphology
suggests a better dispersion of the components and a more
favourable structure for applications requiring high reactivity
or adsorption capacity. Overall, the SEM analysis clearly
demonstrates that the combined addition of PNS and CuO
signicantly improves the material's morphological proper-
ties, enhancing its surface area and porosity. These
enhancements are particularly benecial for various func-
tional applications such as adsorption, catalysis, or electro-
chemical energy storage, where surface characteristics play
a crucial role in performance.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Surface morphology analysis of char (a) PNSC, (b) PNSC + PSC (30 wt%) and (c) PNSC + PSC (30 wt%) + CuO (5 wt%).
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4. Conclusions

This study successfully demonstrated the catalytic co-pyrolysis
of pistachio nutshells (PNS) and polystyrene (PS) as an effec-
tive strategy for producing high-quality bio-oil and energy-rich
char. The experimental optimisation revealed that a PS
loading of 30 wt% at 550 °C produced the highest yield of liquid
fuel, while CuO catalyst at 5 wt% further enhanced the quality of
the pyrolysis oil by reducing oxygenated compounds and
increasing its heating value. The synergy between biomass and
© 2025 The Author(s). Published by the Royal Society of Chemistry
plastic enhanced the hydrocarbon prole, improved fuel prop-
erties, and increased the stability of the bio-oil, making it
a promising alternative to conventional fuels. Characterisation
of the products conrmed enhanced physicochemical proper-
ties, including reduced acidity and viscosity of the oil, as well as
higher carbon content and heating value in the char. The
integration of waste biomass and plastic not only promotes
sustainable waste management but also supports circular
economy principles by converting low-value materials into
energy-dense fuels. Furthermore, the study highlights the
RSC Adv., 2025, 15, 44691–44710 | 44707

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06092c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/2
5/

20
26

 1
1:

55
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
signicant role of metal oxide catalysts in tuning product
distribution and improving fuel quality. Overall, this work
provides a viable route for valorising agro-industrial and plastic
waste through catalytic pyrolysis, contributing to renewable
energy generation, resource efficiency, and environmental
sustainability. Future research should focus on reactor scale-up
and long-term stability of the products.

The current study demonstrates the potential of catalytic co-
pyrolysis of PNS and PS using CuO catalyst, which has certain
limitations. The experiments were performed in a semi-batch
reactor under controlled laboratory conditions, which may not
fully replicate the complex dynamics of large-scale continuous
operations. Reactor heat and mass transfer uniformity, resi-
dence time distribution, and volatile condensation efficiency
can vary signicantly in industrial systems, potentially altering
product yield and composition. Therefore, a systematic molec-
ular study is required for better accuracy of the results. The
catalyst was used in a physical mixing mode, which could result
in non-uniform contact between the feed and catalyst particles,
thus inuencing the reaction kinetics and conversion efficiency.
Another limitation lies in the lack of long-term catalyst stability
and recyclability assessments; sintering, deactivation, or carbon
deposition on CuO during repeated use could inuence its
efficiency. Furthermore, although the produced pyrolysis oil
exhibits improved heating value and lower oxygen content, it
still contains residual oxygenated and acidic compounds,
indicating the need for further post-processing such as hydro-
treatment or advanced catalytic upgrading to rene its quality
and meet commercial fuel specications. The compositional
variability of waste biomass and plastics also poses a challenge
to process reproducibility and product uniformity. Future
research should focus on scaling up the reactor design, opti-
mising heat transfer and vapour recovery systems, and per-
forming continuous ow trials to assess operational stability.
Exploring alternative and bimetallic catalysts (e.g., Cu–Ni, Zn–
Fe) or supported catalysts could further enhance selectivity
toward hydrocarbon-rich fractions and minimise secondary
cracking. Furthermore, in-depth kinetic and thermodynamic
modelling would help predict reaction behaviour and energy
efficiency at scale. Long-term studies assessing catalyst regen-
eration, life-cycle emissions, and techno-economic feasibility
are essential to transition this process toward industrial
viability. Also, integrating product upgrading steps with co-
pyrolysis in a single process chain could enhance overall effi-
ciency and product quality. Investigations into co-feeding
diverse biomass–plastic mixtures and their effect on product
properties will also broaden the application potential. Overall,
this study provides a solid foundation for waste-to-fuel valor-
isation. Addressing these limitations will be vital for achieving
sustainable, large-scale implementation and aligning with
circular economy and carbon neutrality goals.
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