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Abstract
In this work, the fossil fuel-based thermoplastics, i.e., low-density polyethylene (LDPE), polypropylene (PP), and polystyrene 
(PS) were pyrolyzed at 450 °C, 500 °C, and 550 °C thermally and catalytically to enhance the oil yield and further enrichment 
via fractionation. In the catalytic process, spent FCC (sFCC) and low-cost  BaCO3 with 10 wt% loading were used in a semi-
batch quartz reactor. Thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG) were carried out 
at 10 °C/min for LDPE, PP, and PS to analyze the degradation behavior. Among the used catalysts, the sFCC gives higher 
oil yield than  BaCO3 under identical conditions. The LDPE oil yield obtained was 55.5% and 35.7% for sFCC and  BaCO3, 
respectively. Similar trends were observed for PP (80.0% and 70.0%) and PS (98.0% and 95.0%). Gas chromatography–mass 
spectrometry (GC–MS) analysis revealed that product oil composition obtained for sFCC-catalyzed pyrolysis process was 
majorly in the gasoline range  (C6–C12) whereas for  BaCO3 enabled pyrolysis in the diesel range  (C13–C18). Plausible acid 
and base-catalyzed reaction mechanism and product formation are discussed for catalytic pyrolysis of PP. Fractionation of 
pyrolysis oil was performed at 150 °C, 250 °C, and 350 °C and physiochemical properties as well as the visual inspection of 
resulting fractions were carried out as per ASTM methods. Overall, this work represents the utilization of sFCC and low-cost 
 BaCO3 catalyst to convert plastic waste into promising fuel.
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Introduction

The first synthetic plastic originated in 1950 and since then, 
its demand has been continuously increasing. The annual 
worldwide plastic uses has risen from 1.5 million metric 
tonnes in 1950 to 459 million metric tonnes in 2019 [1]. 
Overall 381 million metric tonnes of plastic solid waste 
(PSW) was produced worldwide, out of which 3.46 million 
metric tonnes were produced in India during the 2019–2020 
period [2]. Currently, PSW is a major issue worldwide, par-
ticularly where a high amount of PSW is produced and dis-
carded openly in the environment. Many universities and 

research centers are working to develop an appropriate strat-
egy for recycling of vast quantities of PSW. In India, PSW 
has thermoplastic content of about 94.0% (recyclable) and 
6.0% thermosetting plastic (non-recyclable), where polyeth-
ylene terephthalate (PET) is 8.6%, high-density polyethylene 
(HDPE)/LDPE is 66.9%, polyvinylchloride (PVC) is 4.1%, 
polypropylene (PP) is 9.9%, polystyrene (PS) is 4.7%, and 
others are 6.4% [3].

The chemical recycling of PSW is an economical and 
environmentally friendly option for reusing waste plastic 
material and recover energy. Pyrolysis has emerged as a 
promising chemical recycling method which is opposite pro-
cess of making plastic products from petroleum-based feed-
stock. It provides a way by which high-value compounds are 
generated that can be used for material or energy recovery 
from complex PSW feed streams [4]. Pyrolysis of PSW pro-
duces oil, gas, and char simultaneously, but the oil product 
is of particular interest. Several studies have been reported 
the recovery of valuable hydrocarbons by thermal pyrolysis 
of PSW [5–8]. Chang [9] reviewed that low-to-moderate 
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temperature (250–800 °C), moderate feedstock residence 
time (15–240  min), and low-to-moderate heating rate 
(5–100 °C /min) were favorable for oil production by plastic 
waste pyrolysis [9].

Thermal pyrolysis has a few constraints such as high tem-
peratures, prolonged retention time, as well as substandard 
oil quality. These issues can be effectively tackled by adopt-
ing catalytic pyrolysis. The catalytic pyrolysis enhanced oil 
yield as well as improved the oil quality. Furthermore, cata-
lytic pyrolysis reduced the necessary pyrolysis temperature 
and residence time, thereby optimizing the overall process. 
The researchers across the globe are working on pyrolysis 
of waste plastics for its valorization to valuable products 
via acid and base catalyst such as zeolite with varying  SiO2/
Al2O3 ratio, bi-functional Fe/HZSM-5, kaolin clay, differ-
ent size of zeolites, dual catalyst (HZSM-5 and MCM-41), 
and  BaCO3 [10–16]. These studies observed that zeolites, 
particularly HZSM-5, exhibit strong catalytic activity for 
converting plastic into pyrolysis oil with physicochemi-
cal characteristic close to conventional gasoline and diesel 
fuels. However, due to its high cost, researchers have sought 
to investigate alternative, cost-effective catalysts in recent 
times. A few studies have been performed using  BaCO3 as 
catalyst in plastic pyrolysis [16–19]. In one such study, high-
density polyethylene (HDPE) was pyrolyzed thermally and 
catalytically using  BaCO3 catalyst to optimize temperature, 
catalyst/plastic ratio, and reaction time. The oil obtained at 
optimum conditions (450 °C, 0.1 cat/plastic ratio and 2 h 
reaction time) was analyzed using GC–MS and observed that 
major fraction of hydrocarbon was in the range of  C7–C28. 
The ASTM distillation was also performed on obtained 
pyrolysis oil. The various fractions of distillation showed 
the properties similar to gasoline, kerosene, and diesel fuels 
[16]. Singh [17] used  BaCO3 nanomaterial to produced aro-
matic derivatives by the pyrolysis of waste polystyrene ther-
mocol (WPST) and virgin polystyrene (VPS). The results 
revealed that VPS produced 99.29% of aromatic derivatives, 
while WPST produced 88.77% [17]. These studies showed 
that  BaCO3 powder effectively pyrolyzed the plastic waste. 
Therefore, in this work, a low-cost base catalyst  BaCO3 has 
been chosen along with sFCC.

The petroleum refineries utilize fluid catalytic cracking 
(FCC) catalysts for hydrocracking, hydrorefining, and cata-
lytic reforming processes to enhance the yield of gasoline and 
other hydrocarbons derived from crude oil [20]. When the 
FCC catalyst degrades due to the inclusion of noxious heavy 
metal contaminants and deposition of coke, it is considered 
as hazardous solid waste and termed as sFCC. Every year, 
approximately 200,000 tons of sFCC catalysts is produced 
globally and disposed off in landfills [21]. The predominant 
constituents in the sFCC catalyst were  Al2O3,  SiO2,  V2O5, 
NiO,  Fe2O3, and Y-zeolite, alongside trace amounts of other 
elements imparting it the remarkable catalytic capabilities for 

plastic pyrolysis [22–24]. Therefore, utilizing sFCC as a cata-
lyst in plastic waste pyrolysis presents a mutually beneficial 
opportunity for addressing plastic waste concerns as well as 
minimizing sFCC. This approach aligns with the principles 
of sustainability and resourcefulness with the novel approach 
of wastes to wealth and promoting circular economy. Lim-
ited studies have been performed with regard to utilization of 
the sFCC as effective catalyst for plastic pyrolysis [25–27]. 
Saeaung et al. [28] processed HDPE, LDPE, PP, and the bio-
degradable plastic (polylactide), thermally and catalytically 
to investigate the influence of different catalysts (zeolite, 
sFCC, and MgO) and temperature (400–600 °C) on the yield 
of pyrolysis oil and its composition. Due to higher acidity, 
zeolite produced higher gases (67.0% for LDPE and 65.0% for 
PP) and lower oil yield (32.0% for LDPE and 34.0% for PP) 
compared to sFCC which have gaseous yields of 60.0% (for 
LDPE) and 58.0% (for PP) whereas the oil yields were 40.0% 
(for LDPE and PP both). The acidity of sFCC increased the 
selectivity toward gasoline range hydrocarbon in pyrolysis oil 
by increasing  C8–C12 fraction as well as aromatic hydrocarbon 
which enhances the octane number of the fuel [28]. Aisien 
et al. [25] aimed to optimize both the temperature and catalyst-
to-plastic ratio to achieve the highest possible oil yield during 
waste PP catalytic pyrolysis using sFCC catalyst. The results 
indicate that the maximum oil yield (77.6 wt%) was achieved 
at the temperature of 400 °C and a catalyst-to-plastic ratio of 
0.1 [25]. In another study, it was observed that the optimal 
conditions for achieving the maximum oil yield (88.8 wt%) 
through the catalytic pyrolysis of HDPE using sFCC were the 
temperature of 500 °C and the catalyst-to-plastic ratio of 0.2 
[26].

The reports suggested that the waste plastic can be effi-
ciently converted to oil and gas by pyrolysis process; moreo-
ver, catalyst improved the quality of the pyrolysis oil that 
exhibits the gasoline and diesel range hydrocarbons. How-
ever, research focused on reducing the overall operational 
costs of the process through the utilization of cost-effective 
catalysts remains relatively limited. Furthermore, a gap that 
remains unaddressed is fractionation of the plastic pyrolysis 
oil and quantitative as well as qualitative analysis of frac-
tionated products. As a novel approach, this study presents 
fractionation of plastic pyrolysis oil and quantitative and 
qualitative comparison of obtained fractions. The objective 
of this work is to optimize the pyrolysis oil yield and quality 
for LDPE, PP, and PS in catalytic and thermal processes.

Materials and Method

Materials

LDPE (CAS No: 9002-88-4), PP (CAS No: 9003-07-0), and 
PS (CAS No: 9003-53-6) were collected from the MNIT 
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campus which was received as a packing material. These 
thermoplastic samples were cut into 1–2 cm sizes for pyroly-
sis experiment. sFCC from oil refinery and barium carbonate 
powder (CAS No: 513-77-9) supplied by Loba Chemie having 
98.5 wt% purity with other impurities reported in Table S1 
were used as a catalyst for pyrolysis experiment.

Experimental Setup and Procedure

An electric tube furnace with inner diameter of 5 cm and outer 
diameter of 6.35 cm with height of 38 cm was used for ther-
mal/catalytic pyrolysis experiments. It was equipped with a 
digital PID temperature controller. The pyrolysis experiments 
were performed in a semi-batch mode in a quartz reactor hav-
ing inner diameter of 4 cm and outer diameter of 4.5 cm with 
height 35 cm. The reactor was connected with a 3-neck glass 
adapter for connecting nitrogen gas and condenser. The setup 
is schematically shown in Fig. 1. All the experiments were 
conducted with 30 gm of thermoplastic and 3 gm of catalyst 
with intermittent nitrogen gas purging. At the start of each 
experiment, the system was flushed with nitrogen at the rate 
of 100 ml/min for 10 min. Thermal and catalytic pyrolyses 
were performed at 10 °C/min heating rate and at 450 °C, 
500 °C, and 550 °C. The vaporized product was condensed 
and collected in liquid collector for further analysis. The oil 
(O), wax (W), residue (R), and gaseous product (G) yield were 
calculated using Eqs. 1, 2, 3, and 4, respectively. The residue 
reported in this work was catalyst-free basis.

(1)O(wt% ) =

(

weight of liquid product

weight of plastic feed

)

× 100

Analysis and Characterization Techniques

TGA Analysis Thermogravimetric analysis (TGA) is the 
most commonly used technique for studying the thermal 
decomposition of solids. TGA analyzer (STA6000, Perkin 
Elmer, USA) was used to quantify the sample mass change of 
thermoplastic with temperature. TGA curves were obtained 
at 10 °C/min heating rates and temperature between 30 °C 
and 600 °C. Nitrogen gas was used as a purge gas to replace 
the air in the pyrolysis zone to avoid the unwanted oxidation 
of the sample. The flow rate of nitrogen was maintained at 
50 ml/min.

Catalyst Characterization X-ray photoelectron spectroscopy 
(XPS) using ESCA + (Omicron nanotechnology, Oxford 
Instrument, Germany) equipped with monochromator alu-
minum source (hv = 1486.7  eV) was used to measuring 
the elemental composition of the sFCC catalyst.  NH3-TPD 
(temperature programmed desorption) analysis (Belcat II, 
MicrotracBEL Corp., Japan) assessed sFCC catalyst acid-
ity. Ammonia was adsorbed, using 5%  NH3–He mixture at 
90 °C for 50 min with 40 ml/min flow rate. Thermal con-
ductivity detector measured the amount of  NH3 desorbed. 

(2)W (wt% ) =

(

weight of wax

weight of plastic feed

)

× 100

(3)R (wt% ) =

(

weight of residue in the reactor

weight of plastic feed

)

× 100

(4)G(wt% ) = 100 − [(BO) + (W) + (R)]

Fig. 1  Schematic representation 
of the pyrolysis setup
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 CO2-TPD analysis was used for basicity measurement of 
 BaCO3 powder in which helium (He) degassed the catalyst 
at 500 °C for 1 h.  CO2 adsorption was carried out at 50 °C 
for 30 min with 50 ml/min flow rate.

Physicochemical Characterization of  Pyrolysis Oil Physi-
cal properties of thermal and catalytically derived pyroly-
sis oil (PO) were investigated by adopting ASTM methods, 
i.e., ASTM D-4052 for density, ASTM D-445 for kinematic 
viscosity. Viscosity was measured by Ostwald U-tube vis-
cometer, cloud and pour point were determined by pour 
point apparatus, and API gravity was calculated mathemati-
cally using Eq. 5. Calorific value of PO was determined by 
ASTM-D240, using bomb calorimeter (SABC-01, Span 
Automation, India). The chemical properties including ele-
mental analysis (CHNO) were analyzed using CHNSO ana-
lyzer (Flash smart V CHNS/O, Thermo Fisher Scientific, 
USA). While Fourier Transform Infrared Spectroscopy (FT-
IR Spectrum 2, Perkin Elmer, USA) was used to identify the 
functional group present in the pyrolysis oil. The PO which 
was obtained by thermal and catalytic pyrolysis of LDPE 
and PP using sFCC catalyst at 500 °C and PS at 450 °C was 
fractionated in a vacuum rotary evaporator (Hei-Vap-Core-
NL, Inkarp-Heidolp, India) into four different hydrocarbon 
fractions (fraction 1 to 4). The fractions were collected at 
150 °C, 250 °C, and 350 °C. The fourth fraction was the res-
idue which had boiling point greater than 350 °C. The maxi-
mum temperature of vacuum rotary evaporator can rise up 
to 210 °C; therefore, pressure–temperature nomograph was 
used to calculate the desired temperature (250 °C, 350 °C) 
under vacuum which is shown in Fig. S1 and the resultant 
data are shown in Table  1. Silicon oil (kinematic viscos-
ity-1000 cSt) was used in water/oil bath as heating medium 
and chiller (− 5 °C) was used for condensing the vapors.

PO was characterized by GCMS (QP2020, Shimadzu, 
Japan) equipped with RTX-1701 capillary column 
(30 m × 0.25 mm ID × 0.25 μm film thickness). The GC was 
first programmed to heat to 50 °C for 2 min followed by 
heating to 300 °C at a rate of 10 °C /min for 5 min. The flow 
rate of the carrier gas (helium) was maintained at 1.18 mL/
min. Every time 5 µl sample was injected with injector tem-
perature maintained at 250 °C and split flow ratio of 20:1. 
Relative EMV mode was used for MS analysis. The NIST 

library used to compare and measure the identified collec-
tion of electron ionization (EI) and mass spectra. Structural 
formula and molecular weight were then identified by mass 
spectrometer.

Uncertainty Assessment

Generally, experimental results involve some error, selec-
tion of instrument and calibration, methodology, effects, and 
human errors are the main sources. In this work of plastic 
pyrolysis, representative experiments were repeated 3 times 
and absolute uncertainty was evaluated for oil yield. The 
absolute uncertainty involved for oil yield comes under the 
range of ± 1%. The property values such as calorific values, 
viscosity, density, pour point, cloud point, and so on have 
the uncertainty of ± 1%.

Result and Discussion

The TG/DTG curves at 10 °C/min heating rates are shown in 
Fig. 2a and b. The on-set temperatures of LDPE, PP, and PS 
were 410 °C, 344 °C, and 371 °C, and end-set temperatures 
were 499 °C, 480 °C, and 450 °C, respectively. Using the 
DTG analysis, it was observed that LDPE, PP, and PS have-
shown a single peak which indicates that the degradation 
of thermoplastics is a one-step process. Further, the maxi-
mum rate of degradation and corresponding temperatures 
for LDPE, PP, and PS was 27.08%/min at 475 °C, 10.19%/
min at 425 °C, and 16.42%/min at 407 °C, respectively. So 
TGA and DTG have given the insight of thermal degradation 
of LDPE, PP, and PS. It is reported that temperature should 
be little higher (5–10 °C) than maximum degradation tem-
perature in pyrolysis experiments to provide enough driving 
force for vapors to come out of the reactor. However, fur-
ther increase in the temperatures over the maximum thermal 
degradation limit can hamper the liquid oil production and 
increase the number of gaseous products [29]. As the tem-
perature of the reaction rises, the C/H ratio of the pyrolysis 
oil also rises, making the oil more aromatic hydrocarbon 
rich. According to reports, 600 °C is the ideal temperature 
needed to produce considerable aromatics from plastic 
waste. However, higher temperatures are not preferable, to 
inhibit the formation of polycyclic aromatic hydrocarbons 
(PAHs) [30]. In conclusion, for the majority of cases, the 
ideal pyrolysis temperature ranges from 400 to 550 °C to 
enhance the yield and quality of pyrolysis oil [31]. In this 
study, the operating temperature was chosen in the range of 

(5)API gravity =

(

141.5

specific gravity at 15 ◦C

)

− 131.5

Table 1  Set temperature of different fraction under vacuum pressure 
in rotary vacuum evaporator

Fractions Desired tempera-
ture (°C)

Set tempera-
ture (°C)

Pressure (mbar)

Fraction 1 150 150 1000
Fraction 2 250 185 200
Fraction 3 350 210 20
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450–550 °C to maximize the oil yield and minimize other 
products yield (wax, gas, and char).

The XPS analysis of sFCC (Fig. S2) shows the pres-
ence of different elements such as Si (26.94  wt%), Al 
(25.15 wt%), and O (38.98 wt%) with a significant amount 
of C (8.91 wt%) deposition on the surface of the catalyst, 
as reported in Table S2. The acidity of the sFCC catalysts 
strongly affects the plastic degradation rate as well as prod-
ucts (oil, wax, gases) distribution. The  NH3-TPD profiles of 
the sFCC catalyst are shown in Fig. S3a where mainly two 
desorption peaks are observed in the TPD profile of sFCC 
catalyst. After deconvolution analysis, the first desorption 
peak at around 175 °C corresponds to the desorption of  NH3 
from weak acid sites (Lewis acid sites) whereas high tem-
perature peak at around 297 °C designated to the desorption 
of  NH3 species from strong acid sites (exchangeable protonic 
sites) known as framework Bronsted Acid sites. The acidity 
due to Lewis sites was 0.055 mmol/g, whereas acidity due 
to Bronsted sites was 0.106 mmol/g. Therefore, total acidity 
of sFCC catalyst was 0.161 mmol/g.

The  CO2-TPD profile for  BaCO3 is shown in Fig. S3b. 
 CO2 desorption peaks are categorized into 4 different tem-
perature range; those are as follows: 20–150 °C for weak 
basic sites, 150–300 °C for moderate basic sites, 300–450 °C 
for strong basic sites, and > 450 °C for very strong basic sites 
on catalyst [32, 33]. In case of  BaCO3, only very strong basic 
sites present which has the total basicity of 0.006 mmol/g.

Effect of Temperature on Pyrolysis Oil Yield for LDPE, 
PP, and PS

Temperature plays a vital role in pyrolysis process. The 
pyrolysis temperature was decided by the results obtained 
from TGA/DTG analysis. In this work, thermal and cata-
lytic pyrolyses of LDPE, PP, and PS were performed at 
450 °C, 500 °C, and 550 °C to enhance the pyrolysis oil 

yield. LDPE and PP show higher yield of pyrolysis oil at 
500 °C whereas PS gives highest PO yield at 450 °C. Simi-
lar results are reported in literature, where at 450 °C, LDPE 
and PP converted into waxy products instead of oil due to 
its long hydrocarbon polymer chain structure [34]. Thermal 
pyrolysis of LDPE and PP showed the highest oil yield of 
32.4% and 65.0% at 500 °C, respectively (Figs. 3a and 4a). 
Similarly, thermal pyrolysis of PS obtained highest oil yield 
of 90.0% at 450 °C which is shown in Fig. 5a. Both end-
chain and random-chain scission processes are applicable in 
PS degradation, which speeds up the process. While LDPE 
is a long-chain polymer and degradation occurs via random-
chain scission mechanism which requires relatively higher 
temperature [15]. For this reason, LDPE and PP, at 450 °C, 
produced less amount of oil, wax, and gas products and 
higher amount of residue during pyrolysis due to incomplete 
degradation. This observation is also supported by the deg-
radation temperature obtained by TGA analysis (Fig. 2a and 
b). TGA analysis shows that complete degradation of LDPE 
and PP occurs at 499 °C and 480 °C, respectively. There-
fore, the selection of appropriate temperature for pyrolysis 
is crucial which can affect the yield of pyrolysis products.

Effect of Catalyst

The catalyst aid can reduce the pyrolysis temperature by 
lowering the activation energy. The effect of catalyst was 
investigated at three temperatures viz; 450 °C, 500 °C, and 
550 °C. In this work, the  BaCO3 powder and sFCC catalyst 
were used with the catalyst-to-plastic weight ratio of 0.1. 
As expected, the oil and gaseous products yield increased 
by catalytic pyrolysis process compared to thermal pyroly-
sis under identical conditions due to reduction in activa-
tion energy by the catalysts. The pyrolysis of LDPE and 
PP by  BaCO3 and sFCC catalyst was carried out at 450 °C, 
500 °C, and 550 °C. The results are shown in Figs. 3 and 4. 

Fig. 2  a TGA analysis of LDPE, PP & PS at 10 °C/min heating rate; b DTG curve of LDPE, PP & PS at 10 °C/min heating rate
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The oil yield obtained by thermal pyrolysis of LDPE was 
20.1%, 32.4%, and 29.2% at 450 °C, 500 °C, and 550 °C, 
respectively, whereas for PP, it was 45.0%, 65.0%, and 
60.0%, at 450 °C, 500 °C, and 550 °C, respectively. The 
results are shown in Figs. 3a and 4a for LDPE and PP, 
respectively. Similarly, for sFCC catalyst, the oil yield was 
30.1%, 55.5%, and 43.7% (for LDPE) and 52.0%, 80.0%, and 

75.0% (for PP), at 450 °C, 500 °C, and 550 °C, respectively. 
The results are shown in Figs. 3b, c and 4b, c. In case of 
LDPE, at temperature 500 °C, the maximum yield of oil 
was 32.4%, 35.7%, and 55.5% for thermal process, BaCO3-
catalyzed process, and sFCC-catalyzed process, respectively. 
Further the yield obtained was 65.0%, 70.0%, and 80.0% 
for PP at 500 °C and 90.0%, 95.0%, and 98.0% for PS at 

Fig. 3  Product distribution of LDPE plastic at 450 °C, 500 °C, and 550 °C and 10 °C/min heating rate for a thermal pyrolysis b  BaCO3 catalyst 
c: sFCC catalyst
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450 °C, respectively, which is shown in Figs. 3, 4, and 5, 
respectively.

It was observed that at 500 °C, LDPE and PP resulted 
in higher oil yield as the temperature was slightly higher 
than the complete degradation temperature. The higher 

temperature provides enough driving force for gases to come 
out of the reactor. If the residence time for pyrolysis gases is 
high, further cracking of the reaction products takes place 
leading to non-condensable gaseous products. This observa-
tion was confirmed by the results obtained at 550 °C, where 

Fig. 4  Product distribution of PP plastic at 450 °C, 500 °C, and 550 °C and 10 °C/min heating rate for a thermal pyrolysis b  BaCO3 catalyst c: 
sFCC catalyst
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the gaseous product yield increased and oil yield decreased 
when compared with the results at 500 °C for LDPE and 
PP. Further, improper reaction conditions can result in wax 
formation. The yields of wax at 500 °C for thermal pyroly-
sis and catalytic pyrolysis  (BaCO3 and sFCC) were 50.6%, 

44.2%, and 22.4% (for LDPE) and 15.0%, 12.0%, and 10.0% 
(for PP), respectively. The wax formation in PE pyrolysis 
was relatively high as the significant fraction of the products 
was heavy linear hydrocarbons with a high carbon number 
chain while PP produced branched hydrocarbons, which 
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have lower melting temperatures than linear alkane [35]. 
It was also observed that the yield of oil obtained from PS 
pyrolysis was more or less similar for both catalytic and 
non-catalytic processes. But the composition of oil shifted 
toward lower hydrocarbon range in catalytic pyrolysis. This 
observation is reported based on GC–MS results which are 
shown in Fig. S5a, S5b, and S5c. It was also observed that 
the amount of residue (char) increased with temperature in 
PS pyrolysis (Fig. 5a–c). The presence of aromatic hydro-
carbons chain (styrene) in PS could be the possible reason 
for char formation. The conclusion can be supported by the 
fact that less char formation was observed for LDPE and 
PP which has no aromatic chain. The presence of higher 
aromatic content in PS pyrolysis oil was confirmed by the 
FT-IR results (vide infra). The results presented in this sec-
tion are consistent with literature [36].

Plausible Reaction Mechanism for Acid 
and Base‑Catalyzed Pyrolysis of PP

The possible pyrolysis reaction mechanism for both sFCC 
and  BaCO3 has been proposed. It was evident by GC–MS 
results (vide infra) that sFCC produced higher amount of 
lighter hydrocarbon as it promotes the acidic site cracking on 
its surface through carbonium ion (carbocation) mechanism 
in which catalyst donate the proton to polymer chain result-
ing in formation of low molecular weight (gasoline range, 
i.e.,  C6–C12) hydrocarbons [37], whereas  BaCO3 promotes 
base site cracking in which catalyst accepts a proton from 
polymer chain by carbenium ion (carbanion) mechanism 
[38, 39].

The acid-catalyzed mechanism of PP is shown in Fig. 6a, 
in which secondary carbocation (carbonium ion) genera-
tion occurs via proton donation of sFCC catalyst to polymer 
chain followed by β-scission resulting in formation of gase-
ous product  (C1–C5) and lower carbon paraffins  (C6–C20) 
and olefins. In second step, propagation reaction takes place 
in which carbonium ion reacts with another polymer chain 
and converts into tertiary carbonium ion resulting in naph-
thene and aromatic products formation by cyclization and 
aromatization process. In third step, the pyrolysis reaction 
was finally terminated by the rearrangement of carbonium 
ions. The long-chain olefins and other long-chain polyaro-
matics, leftover in the reactor, were responsible for char for-
mation on the catalyst surface. The mechanism shows that 
high molecular weight olefinic molecules degrade on the 
FCC catalyst surface, generating smaller and more selective 
molecules within the catalyst pores for further cracking. The 
conclusions made about reaction mechanism are supported 
by the experimental results. The GC–MS results revealed 
that liquid hydrocarbons are in the range of  C6–C18 where 
the majority of the components are in the range of  C6–C12.

The conversion of long-chain polymer into small hydro-
carbon using  BaCO3 catalyst occurs in three steps, i.e., 
hydrogen transfer (carbanion formation), β-scission, and ter-
mination as depicted in Fig. 6b. The basic catalyst induced 
carbanion by hydrogen transfer in long-chain hydrocarbon, 
followed by newly formed unstable carbanion turned into 
tertiary stable anion using β-scission with the assistance of 
 BaCO3 catalyst. Resulting in ample amount of shorter-chain 
olefins generated, β-scission was the primary contributor to 
the formation of shorter-chain alkenes and additionally the 
naphthenes and aromatics formation through Diels–Alder 
reaction. The termination reaction facilitates the formation 
of diesel range alkane through proton retention by carbanion 
chain from  BaCO3 surface [39].

Compositional Analysis

Identification of compounds and its composition was done 
through the gas chromatography attached with mass spec-
trometer (GC–MS). The carbon numbers observed for pyrol-
ysis oil were grouped in four different categories, viz. gaso-
line range  (C6–C12), diesel range  (C13–C18), heavy gas oil 
 (C19–C24), and fuel oil (>  C24) which are shown in GC–MS 
spectra in Fig. 7, Figs. S4 and S5. Comparison of GC–MS 
analysis of LDPE, PP, and PS oil for thermal,  BaCO3, and 
sFCC is shown in Figs. 8, 9, and 10. As observed, GC–MS 
analysis of thermal pyrolysis oil shows uniform product dis-
tribution from gasoline range to fuel oil. The  BaCO3 cata-
lyst-derived PO showed the highest hydrocarbons wt% for 
LDPE (50.8%), PP (55.4%), and PS (35.3%) that lie in die-
sel range  (C12–C18). Similarly, sFCC-derived oil shows the 
highest hydrocarbons wt% for LDPE (48.2%), PP (62.7%), 
and PS (32.7%) that lie in the gasoline range  (C6–C12). The 
uniform product distribution from gasoline range to fuel oil 
in case of thermal pyrolysis is due to the free radical mecha-
nism and inadequate heat transfer where long polymer chain 
does not break down to lighter hydrocarbon which results in 
formation of wax and viscous liquid [40]. Meanwhile, cata-
lytic pyrolysis using sFCC and  BaCO3 occurs via carbonium 
and carbenium ion mechanism, which converts long-chain 
polymer into significant fractions of gasoline and diesel 
range hydrocarbon.

Table 2 presents a compositional analysis in terms of 
paraffinic, olefinic, naphthenic, aromatic, and oxygenate 
content of LDPE, PP, and PS oil produced by thermal and 
catalytic pyrolysis. The results clearly indicate that LDPE 
oil produces a higher amount of paraffinic and olefinic com-
pounds compared to PP and PS oil due to its elongated, lin-
ear molecular structure. In the case of PP oil, its naphthenic 
content was higher than that of LDPE and PS oil due to 
the presence of branching in its structure. This was attrib-
uted to an increased cyclization process, which was further 
enhanced by catalytic pyrolysis. The naphthenic content 
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of PP thermal pyrolysis oil was 33.56%. Moreover, when 
using  BaCO3 and sFCC catalysts, the paraffinic content rises 
to 40.32% and 50.66%, respectively. The PS oil contains 
a higher concentration of aromatics content compared to 

LDPE and PP oil, owing to the presence of aromatic chain 
(styrene) within its molecular structure. Notably, the sFCC 
process leads to a significant increase in monoaromatics 
(17.20%) when compared with the thermal (8.19%) and 

Fig. 6  Proposed reaction mechanism for; a acid-catalyzed (sFCC), b base-catalyzed  (BaCO3) for PP plastic pyrolysis
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 BaCO3 (8.17%) processes. This analysis provides valuable 
insights into how the different thermoplastics structure, pro-
cessing techniques, and catalysts improve the cyclization and 
aromatization process that ultimately impacts the composi-
tion of plastic pyrolysis oils.

It can be seen that LDPE and PP produced gasoline 
and diesel fraction in greater percentage than the catalytic 
pyrolysis of PS. It is proposed that substituent size (–H for 
LDPE, –CH3 for PP, and –C6H6 for PS) induced the steric 
hindrance and prevented the catalyst active sites from con-
tacting the polymer chain. Therefore, pyrolysis of PS was 
least impacted by catalyst due to the aromatic ring in the 
structure compared to LDPE and PP. In case of PS pyrolysis, 
thermal process results in the presence of heavy hydrocar-
bons in oil fractions. On the contrary, the catalytic pyrolysis 
of PS shifted the distribution toward light hydrocarbons but 
not as much as compared with LDPE and PP process in iden-
tical conditions. This leads to an important conclusion that 
 BaCO3 and sFCC catalysts used in this study were not that 
effective to obtain light hydrocarbons  (C6–C12) during PS 
pyrolysis; however, these catalysts were helpful in breaking 
the heavy hydrocarbon chain  (C24 and above) to obtain the 
mixture of hydrocarbons  (C6–C24). In other words, the con-
version of PS was least affected by catalyst but its product 

distribution was affected. On the basis of hydrocarbon com-
positional analysis of the oil and wax, it can be suggested 
that the composition of the carbonaceous material (residue) 
is long-chain hydrocarbon with carbon number > 40.

FT‑IR Analysis

FT-IR technique via ATR mode was used to identify the 
characteristics and functional group of pyrolysis oil obtained 
from LDPE, PP at 500 °C, and PS at 450 °C, with 10 °C/
min heating rate using sFCC catalyst. The FT-IR spectra 
are shown in Fig. 11. As observed, no peak appears in the 
wavelength range of 3100–3600  cm−1; it indicates that no 
O–H stretching vibration was present in LDPE, PP, and 
PS pyrolysis oil. Peak observed at 3074  cm−1 corresponds 
to C–H stretching vibration of aromatics, those were pre-
sent in PP and PS oil with very low-intensity spectra. The 
wavelength range of 3000–2840  cm−1 corresponds to C–H 
stretching of symmetric and asymmetric vibration for –CH3 
and –CH2 aliphatic groups. Moreover, wavelength range of 
1460–1360  cm−1 corresponds to C–H bending of aliphatic 
which was present in these three pyrolysis oils. These were 
the major components of the oil of all above-mentioned 

Fig. 6  (continued)
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Fig. 7  GC–MS spectra of 
LDPE pyrolysis oil at 500 °C 
and 10 °C/min heating rate for 
a thermal pyrolysis, b  BaCO3 
catalyst, c sFCC catalyst

Fig. 8  Composition of pyrolysis oil at 500 °C and 10 °C/min heating rate for LDPE by thermal,  BaCO3, and sFCC catalyst pyrolysis
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thermoplastics; hence, high-intensity peaks were observed 
in these ranges.

The spectra at 1020 and 1091  cm−1 are corresponding 
C–O stretching vibration of primary and secondary alcohol 
groups, respectively. It is noticeable that the prominent peak 
observed at 887  cm−1 in the PP oil spectrum. This peak 
corresponds to the C–C stretching vibration of paraffinic 

compounds, indicating that paraffins content is the major 
fraction of the PP oil composition which is also supported by 
GC–MS analysis (Table 2). The wavelength range between 
810 and 710  cm−1 corresponds to the C–H bending vibra-
tions of monosubstituted benzene compounds. Specifically, 
the peaks at 809 and 722  cm−1 are indicative of para-sub-
stituted and ortho-substituted benzene, respectively. These 

Fig. 9  Composition of pyrolysis oil at 500 °C and 10 °C/min heating rate for PP by thermal,  BaCO3, and sFCC catalyst pyrolysis

Fig.10  Composition of pyrolysis oil at 450 °C and 10 °C/min heating rate for PS by thermal,  BaCO3, and sFCC catalyst pyrolysis

Table 2  Compositional analysis of LDPE, PP, and PS thermal and catalytic oil

Products LDPE oil PP oil PS oil

Thermal 
(500 °C)

BaCO3 
(500 °C)

sFCC 
(500 °C)

Thermal 
(500 °C)

BaCO3 
(500 °C)

sFCC 
(500 °C)

Thermal 
(450 °C)

BaCO3 
(450 °C)

sFCC 
(450 °C)

Paraffinic and 
olefinic

87.2 75.12 60.65 63.79 55.23 40.86 48.25 50.24 52.34

Naphthenic 11.32 22.18 35.43 33.56 40.32 50.66 3.11 9.16 3.18
Total aromat-

ics
0 1.17 2.42 1.1 2.8 6.76 45.39 38.31 41.22

Monoaromat-
ics

0 1.17 2.42 1.1 2.8 6.76 8.19 8.17 17.20

Polyaromat-
ics

0 0 0 0 0 0 37.20 30.14 24.02

Oxygenates 1.48 1.53 1.50 1.55 1.65 1.72 3.25 2.29 3.26
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features are predominantly observed in the PS oil spectrum, 
suggesting that PS oil contains a higher aromatic content 
compared to LDPE and PP oil.

Elemental Analysis

The elemental analysis of pyrolysis oil obtained from LDPE 
and PP at 500 °C and PS at 450 °C with 10 °C/min heating 
rate using sFCC catalyst was performed to know the con-
tent of C, H, and N in the samples. The results are listed in 
Table 3. All pyrolysis oil sample contained 82–87 wt% of 
carbon. The C/H ratio of pyrolysis oil obtained from LDPE 
and PP was similar, i.e., 6.05, which was comparable to 
commercial diesel (5.61) and gasoline (6.18). Moreover, 
C/H ratio of PS oil was 11.43; it indicates that PS oil con-
tains higher fraction of unsaturated hydrocarbon (alkene) 
and aromatics which were confirmed by FT-IR (Fig. 11) 
and GC–MS analysis. These findings strongly confirm that 

pyrolysis oil from LDPE and PP shows fuel-like characteris-
tics and can be used as supplementary fuel with commercial 
fuel.

Fractional Distillation

The fractions were analyzed for their carbon range by 
GC–MS. The mass percent of fraction1 to 4 for thermally 
pyrolyzed oil of LDPE, PP, and PS is shown in Table 4, 
while the cumulative distilled volume with temperature for 
catalytically pyrolyzed oils (by sFCC) is depicted in Fig. 12. 
The results indicate that PP oil has the highest content of 
lighter hydrocarbons, whereas PS oil contains a greater 
proportion of heavy hydrocarbons. The cumulative volume 
curve clearly illustrates the prevalence of lighter hydrocar-
bons in PP oil compared to the other oils. Additionally, the 
findings highlight that catalytic pyrolysis promotes the for-
mation of lighter fractions, as discussed in the earlier section 
on compositional analysis.

Visibility Test

The visibility inspection was carried out for catalytic pyroly-
sis oil of LDPE, PP, and PS and their distillation fractions 
according to distillation fuel bar chart standard method 
(ASTM 4176). The results are shown in Fig. 13. As observed 

Fig. 11  FT-IR spectra obtained 
for pyrolysis oil of LDPE, PP at 
500 °C, and PS at 450 °C with 
10 °C/min heating rate using 
sFCC catalyst

Table 3  Elemental analysis of LDPE, PP, PS oil

Products C (%) H (%) N (%) C/H ratio

LDPE oil 84.26 13.86 1.18 6.07
PP oil 83.29 13.75 1.11 6.05
PS oil 87.99 7.69 1.39 11.43
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(Fig. 13a), PP oil has better visibility among the oils show-
ing all lines very clearly, while LDPE oil was less visible 
and PS oil has no visibility of bar lines. It indicated that PP 
oil has higher amount of lighter hydrocarbons compared to 
LDPE and PS oil. On the contrary, PS oil contains higher 
amount of polyaromatics heavy hydrocarbons. This observa-
tion was also supported by the results of fractional distilla-
tion (Fig. 12) where the combined volume percentage (frac-
tion 1 and 2) of PP oil was 70.0% while for PS, it was only 
27.0%. Figure 13b shows the visibility test of LDPE oil in 
which a clear difference between the visibility of oil (before 
fractionation) with suspended particles and settled particles 
(by centrifuge) was observed. The oil with suspended solid 
shows no visibility whereas oil after centrifugation shows 
clear visibility of bar line (visibility grade “5”). The initial 
three fractions of LDPE have shown the clear visibility of 
bar line (visibility grade “5”). The fraction 4 appeared dark 
and did not show any visibility (grade “0”). In Fig. 13c, PP 
oil showed good visibility (grade “5”) compared to LDPE oil 
for centrifuged samples. The initial three fractions also show 
visibility grade of “5” while fraction 4 shows no visibility 
(grade “0”). In Fig. 13d, PS oil has shown no distinction in 
terms of visibility before and after the centrifuge showing 

blackish dark color that can be attributed to the presence of 
long-chain aromatic hydrocarbon. The fractionation of PS 
oils did not yield fraction 1. The fraction 2 and fraction 3 
show visibility grade of “5” while fraction 4 shows no vis-
ibility. Therefore, the visibility test and other physiochemical 
properties (Table 5) of pyrolytic oil of LDPE, PP, and PS 
and their different fractions obtained from fractional distil-
lation suggested that fractions of these oils showed gasoline 
and diesel-like characteristics and can be used as fuels or 
fuel supplements. The visibility test also indicates that the 
fractions from various plastics under identical condition 
were almost similar in terms of appearance (quality) and, 
however, varied in terms of quantity.

The visibility test, physicochemical properties, and 
hydrocarbon distribution of fractions obtained under iden-
tical conditions from various plastic oils revealed strik-
ing similarities in qualitative aspects. Despite quantitative 
variations in the fractions, their qualitative characteristics 
remained consistent. Therefore, GC–MS compositional 
analysis and physicochemical analysis (vide infra) were 
discussed for PP fractions only. GC–MS analysis was con-
ducted on four distillate products derived from the pyroly-
sis of PP oil, aiming to validate the actual carbon number 
distribution and composition of these distillate fractions. 
The GC–MS spectra for the four PP pyrolysis oil fractions 
are depicted in Fig. S6, while the corresponding carbon 
number distribution percentages are presented in Fig. 14. 
The analysis of carbon number distribution showed that 
fractions 1 and 2 have maximum percentage of gasoline 
and diesel range hydrocarbons  (C6–C12 and  C13–C18). 
Nearly, 82.2% and 81.3% of the product mapped with 
combined gasoline and diesel range for fraction 1 and 
fraction 2, respectively. Further, the GC–MS analysis of 
fraction 3 and 4 revealed that major percentage of carbon 
number falls in the range of heavy gas oil (HGO) and 

Table 4  Mass percentage of different fraction for LDPE oil, PP oil at 
500 °C, and PS at 450 °C by thermal pyrolysis

Types of 
plastic

Composition (wt.%)

Frac-
tion 1 
(150 °C)

Frac-
tion 2 
(250 °C)

Frac-
tion 3 
(350 °C)

Fraction 4 
(> 350 °C)

Losses

LDPE 4.18 33.17 29.23 23.15 9.55
PP 12.23 34.74 25.60 17.77 9.66
PS 0 20.04 31.19 35.40 13.0
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fuel oil  (C19–C24 and  C24 above) with combined percent-
age of 79.4% and 95.7 falling in HGO and fuel oil range, 
respectively. The results are encouraging and show sig-
nificant improvement in oil quality by fractionation which 
can help in improving the economy of plastic pyrolysis 
processes. The cost analysis of the pyrolysis process is 
shown in later section.

Physicochemical Study

Multiple physicochemical tests were conducted to character-
ize the pyrolysis oil from the viewpoint of fuel applications. 
The results of pyrolysis oil derived from different types of 
thermoplastics using sFCC were compared to standard values 
of gasoline, kerosene, and diesel. The physical parameters, 

Fig. 13  Visibility test by 
distillation fuel bar chart for a 
PP, LDPE, and PS centrifuged 
pyrolysis oil before fractiona-
tion, b LDPE pyrolysis oil and 
its fractions, c: PP pyrolysis oil 
and its fractions, d PS pyrolysis 
oil and its fractions
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i.e., density, specific gravity, API gravity, viscosity, kinematic 
viscosity, pour point, and calorific values, were determined for 
the pyrolysis oil and fractions of PP and are shown in Table 5. 
Only the properties of PP fractions are mentioned in Table 5. 
This decision was based on the observation that fractions pro-
duced under identical condition from various thermoplastic 
oil were different in terms of quantity (as mentioned earlier), 
however, exhibiting nearly identical physicochemical proper-
ties due to qualitative similarities. Density of the pyrolysis 
oil of different plastics was in the range of 0.78–0.94 g/ml 
and that of fractions 1 to 3  was in the range of 0.73–0.79 g/
ml which are comparable with gasoline (0.78–0.82 g/ml) and 
diesel (0.83–0.85 g/ml). Viscosity of the different fractions 
was in the range of 0.75–2.27cp which can be compared with 
gasoline (0.78–0.82) and diesel (2.0–4.5 cp). Calorific value 
of fractions 1 and 2 was 45.30 MJ/kg and 44.98 MJ/kg, respec-
tively, which can be compared with gasoline (45.8 MJ/kg) and 
diesel (45.5 MJ/kg). It was observed that most of the physical 
property values of fractions have comparable values to that 
of gasoline and diesel. Only the calorific value of residue was 
determined as other properties could not be determined due to 
its highly viscous nature at test temperature. The key observa-
tions from Table 5 are as follows: (a) the values of pyrolysis 
oil for various parameters mainly match with the heavy gas 
oil; (b) an improvement in physical properties can be achieved 
through fractionation; c) depending on the product require-
ment, fractionation at suitable temperature can be carried out; 
and (d) the residue of such process can be further used as feed 
for vacuum distillation or as a fuel for burning applications.

Mass and Energy Balance Calculation 
for Pyrolysis Process

The mass and energy balances were conducted over the 
pyrolysis process on the basis of 100 gm each of LDPE, PP, 
and PS feed in the presence of sFCC catalyst. The energy 

required for process was supplied externally using electrical 
heaters. The reactor consumed 0.5 kWh energy for each 100 
gm plastic for LDPE and PP at 500 °C and 0.45 kWh for PS 
at 450 °C, pyrolysis per batch. The detailed mass and energy 
balance are illustrated in Table 6. The mass and energy anal-
ysis suggested that the plastic pyrolysis process can produce 
surplus energy (~ 50%) which was an added advantage to the 
primary goal of utilizing plastic waste. The results presented 
in this work are encouraging in terms effective utilization 
of plastic waste with positive impact on environment and 
process economics.

Conclusion

In this work, pyrolysis experiments were performed at 
450 °C, 500 °C, and 550 °C with 10 °C/min heating rate. 
Pyrolysis oil yield from LDPE, PP, and PS obtained in 
higher amount by sFCC catalyst that was 55.0%, 80.0%, 
and 98.0% whereas oil yield from  BaCO3 catalyst was 
35.0%, 70.0%, and 95.0%, respectively. GC–MS analysis 
of sFCC-derived oil identified that major distribution of 
products in gasoline range  (C6–C12), i.e., 48.2%, 62.7%, 
and 32.7% for LDPE, PP, and PS, respectively. Similarly, 
the product distribution for  BaCO3 catalyst-derived oil was 
majorly in diesel range  (C12–C18), i.e., 50.8%, 55.4%, and 
35.3% for LDPE, PP, and PS, respectively. The GC–MS 
analysis of the pyrolysis oil produced by thermal pyroly-
sis process showed that product distribution was almost 
uniform from gasoline  (C6–C12) range hydrocarbon to 
fuel oil  (C24 above). Fractional distillation of the thermal 
pyrolysis oil showed that PP oil has maximum (55.9 wt%) 
lighter fraction  (C6–C18) compared to LDPE (37.3 wt%) 
and PS (20.0 wt%). The carbon distribution of fraction 1 
and fraction 2 for all plastics reported here was mostly 
in gasoline and diesel range, with combined percentage 
of 82.27% and 81.36%, respectively, for PP pyrolysis oil, 

Fig. 14  Carbon number distri-
bution percentage of different 
fractions of PP oil
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whereas fractions 3 and fraction 4 consist mostly of HGO 
and fuel oil range hydrocarbons, with combined percent-
age of 79.48% and 95.79%, respectively, for PP pyroly-
sis oil. The physiochemical properties of fraction 1 and 
fraction 2 were very similar to conventional gasoline and 
diesel fuel with visibility grade “5.” Based on the physical 
and chemical analysis, fractions 1 and 2 can be considered 
as an alternative fuel to conventional gasoline and diesel. 
The mass and energy balance calculation suggested that 
PP plastic pyrolysis produces surplus energy by 53.24%. 
Based on the results obtained in this work, the pyrolysis 
process can be a good alternative for utilization of waste 
plastic with positive impact on environment and process 
economics. This work presents a comprehensive data on 
plastic to fuel conversion for LDPE, PP, and PS which can 
be helpful in utilizing waste plastic effectively.
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Table 6  Mass and energy balance calculation for LDPE, PP, and PS plastic pyrolysis using sFCC catalyst

# Maqsood et al.[41]

Category Material

Feed and utilities LDPE (500 °C) PP (500 °C) PS (450 °C)

Mass (kg) 0.1 0.1 0.1
Heat input
Power required for heating (kWh) 0.5 0.5 0.45
Energy required for pyrolysis (MJ) (A) 0.5*3.6 = 1.8

(1 kWh = 3.6 MJ)
1.8 1.6

Heat output
Liquid product 0.1*0.555 = 0.0555 kg

(oil yield = 55.5%)
0.1*0.80 = 0.08 kg
(oil yield = 80%)

0.1*0.98 = 0.098 kg
(oil yield = 98%)

Energy produced by liquid 0.0555*38.21 = 2.12 MJ
(HHVLDPE oil = 38.21 MJ/kg)

0.080*40.25 = 3.22 MJ
(HHVPP oil = 40.25 MJ/kg)

0.098*32.06 = 3.14 MJ
(HHVPS oil = 32.06 MJ/kg)

Gas product 0.1*0.184 = 0.0184 kg
(Gas yield = 18.4%)

0.1*0.08 = 0.008 kg
(Gas yield = 8%)

0.1*0.01 = 0.001 kg
(Gas yield = 1.0%)

Energy produced by gas 0.0184*45 = 0.828 MJ
(HHVgas = 45 MJ/kg)#

0.008*45 = 0.32 MJ
(HHVgas = 45 MJ/kg)#

0.001*45 = 0.045 MJ
(HHVgas = 45 MJ/kg)#

Wax product 0.1*0.225 = 0.0225 kg
(Wax yield = 22.50%)

0.1*0.1 = 0.01 kg
(Wax yield = 10%)

0.1*0.005 = 0.0005 kg
(Wax yield = 0.5%)

Energy produced by wax product 0.0225*30 = 0.675 MJ
(HHVwax = 30 MJ/kg)

0.01*28 = 0.280 MJ
(HHVwax = 28 MJ/kg)

0.0005*25 = 0.0125 MJ
(HHVwax = 30 MJ/kg)

Char product 0.1*0.035 = 0.0035 kg
(Char yield = 3.50%)

0.1*0.02 = 0.002 kg
(Char yield = 2%)

0.1*0.005 = 0.0005 kg
(Char yield = 0.5%)

Energy produced by Char 0.0035*18 = 0.063 MJ
(HHVchar = 18 MJ/kg)

0.002*15 = 0.03 MJ
(HHVchar = 15 MJ/kg)

0.0005*15 = 0.0075 MJ
(HHVchar = 15 MJ/kg)

Total energy produced (MJ) (B) 3.69 3.85 3.20
Net energy produced (MJ) (C) = (B − A) 1.89 2.05 1.60
% of excess energy produced by pyrolysis 

(C/B) × 100
51.21 53.24 50.15

https://doi.org/10.1007/s11814-024-00041-4
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