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Abstract

This study aims to maximize the waste polypropylene (WPP) pyrolysis oil yield by regulating the operating parameters. The
interactions of operating parameters on the distributions of WPP pyrolysis products were studied comprehensively by the
neural fuzzy model. The genetic algorithm was utilized to determine the optimal operating parameters for WPP pyrolysis oil
yield. Consequently, the highest oil yield of 68.4 wt% was achieved under 456 °C, 20 min, and 50 mL/min. WPP pyrolysis
oil components were characterized by Fourier transform infrared spectroscopy (FTIR) and gas chromatography/mass spec-
trometry (GC/MS) analyses. The oil was composed of alkenes, alkanes, and naphthenes, with the carbon number ranging
from C8 to C34. Lower carrier gas flow rate, shorter residence time, and lower temperature were conducive to forming oil's
light fraction. In comparison, higher carrier gas flow rate, longer residence time, and higher temperature resulted in a high

oil's heavy fraction production.
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Introduction

Plastic is an indispensable part of modern life due to its
price advantage and superior performance [1]. Plastic pro-
duction has increased by around 239 times between 1950
(1.5 million tons) and 2018 (359 million tons). European
plastic production accounted for 18.5% of total production
in 2018, ranking third globally [2]. Waste plastic takes up a
considerable proportion of municipal solid waste (MSW).
Moreover, polypropylene (PP) accounts for nearly 24.3% of
waste plastic, the highest percentage of plastic in MSW [3].
Many plastics are directly discarded due to improper dis-
posal [4]. It is estimated that approximately 12,000 million
tons of plastic will be landfilled or abandoned in the natural
environment by 2050 [5]. Plastic leakage has caused severe
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damage to the environment [6]. Plastic debris presented in
freshwater, marine, and soil environments has caused dam-
age to these ecosystems [7], and further may pose a threat to
human health [8]. Therefore, it is necessary to attach impor-
tance to and improve plastic recycling, particularly waste
polypropylene (WPP).

Pyrolysis (thermal decomposition under an oxygen-free
atmosphere [9-11]) is a widely used method for the chemical
recycling of WPP to recover value-added products [12]. The
pyrolysis products are oil, gas, and char [13—17]. The WPP
pyrolysis oil is considered a potential substitute for com-
mercial diesel [18-21]. Therefore, many works have been
conducted to investigate the oil recovered from the pyrolysis
of polypropylene (PP).

Temperature is one of the most critical parameters affect-
ing PP pyrolysis oil yield [22]. Abbas-Abadi et al. [23] inves-
tigated PP pyrolysis at 420 °C to 510 °C. The oil yield was
enhanced from 88.6 wt% at 420 °C to 92.3 wt% at 450 °C.
In contrast, the oil yield was dramatically decreased to 76.1
wt% when the temperature ramped to 510 °C. Singh et al.
[24, 25] studied WPP's thermal degradation on a broader
temperature range, from 450 °C to 600 °C. The highest oil
yield of 86.5 wt% was achieved at 500 °C. Achilias et al.
[26] suggested that the PP and WPP pyrolysis oil yields were
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67.3 wt% and 64.7 wt% at 450 °C, respectively. A relatively
lower oil yield of 56.9 wt% was gained at 500 °C by thermal
decomposition of WPP [27].

Residence time (heating duration after reaching the
desired temperature) and carrier gas are also significant
parameters in the thermal degradation of polymers [3].
Lopez-Urionabarrenechea et al. [28] studied the impact
of residence time on the pyrolysis of waste plastic. The oil
yield significantly increased from 49.2 wt% (under O min)
to 65.2 wt% (under 30 min) at 500 °C. While the oil yield
slightly decreased by approximately 1.0 wt% when residence
time ramped to 120 min. Residence time is a non-negligible
parameter in the plastic pyrolysis process, peculiarly when
the operating temperature is lower than 450 °C [3].

The types of carrier gas have remarkable impacts on oil
yield [23]. PP pyrolysis oil production could be enhanced
from 84.8 wt% in the argon atmosphere to 96.7 wt% in the
hydrogen atmosphere. In comparison, the oil yield was
merely 51.3 wt% in the absence of carrier gas. It is note-
worthy that the oil yield was also up to 92.3 wt% by using
nitrogen as the carrier gas. Therefore, nitrogen is recom-
mended as the carrier gas during plastic pyrolysis due to its
moderate price and handling safety [3]. Lin et al. [29, 30]
also studied the impact of carrier gas flow rate (nitrogen) on
the thermal decomposition of PP. They concluded that the
carrier gas flow rate considerably affected the distribution of
pyrolysis products. It is noteworthy that the aforementioned
operating parameters are for the semi-batch reactor, which is
widely used in bench-scale experiments due to its simplicity
of operation and low cost.

In the above discussion, the impacts of different param-
eters on PP pyrolysis oil yield seems widely discussed.
Subsequently, the operating parameters were optimized to
obtain the maximum oil yield. However, legionary works
were studied by varying operating parameters one-by-one
[31-34]. Considering the operating parameters have com-
plicated interactive effects on pyrolysis oil yield [35], the
impacts of operating parameters on oil production were not
described in-depth in these studies. The optimal operating
parameters for oil yield determined by varying parameters
one-by-one were also not particularly persuasive. Therefore,
the present work comprehensively studies the impacts of
operating parameters (carrier gas flow rate, residence time,
and temperature) on WPP pyrolysis oil production and opti-
mizes the parameters to achieve the highest oil yield. The
neural fuzzy model coupled with a genetic algorithm has
been proposed to achieve this goal. The impacts of operat-
ing parameters on WPP pyrolysis oil components are also
investigated by FTIR and GC/MS analyses.
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Fig. 1 WPP particles recycled from MSW
Table 1 The elemental analysis Element %
of WPP
C 82.9+0.1
H 10.2+0.1
N 0.6+0.0
S 0
Other elements” 6.3+0.3

Calculated by difference

Materials and methods
Materials

WPP was recycled from municipal solid waste (MSW) and
made into ~3 mm granules (Fig. 1). It was received from
Zhoushan Jinke Renewable Resources Co., Ltd., Zhejiang,
China. Moreover, Table 1 lists the elemental analysis of
WPP.

Pyrolysis experiment

The semi-batch reactor is favored for plastic pyrolysis due
to its convenience of operation [3]. Thus, the WPP pyroly-
sis tests were carried out in a 200 mL lab-scale reactor.
The initial weight of the WPP sample was~35 g in each
test. Nitrogen (under the flow rate of 100 mL/min) purged
the reactor for 30 min to exhaust oxygen before the start of
each test. The heating rate and pressure were maintained at
6 °C/min and 0.1 MPa, respectively. The detailed operat-
ing conditions of the WPP pyrolysis experiment are listed
in Table 2. 17 sets of pyrolysis experiments (T1-T17) were
conducted to obtain the training data. Also, five sets of
pyrolysis experiments (V1-V5) were conducted to obtain
the testing data. It should be stated that WPP could be
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Table 2 Operating conditions of WPP pyrolysis experiment

Test Temperature, °C  Residence time, Carrier gas
min flow rate, mL/
min
T1 400 20 50
T2 400 20 150
T3 400 40 100
T4 400 60 50
T5 400 60 150
T6 450 20 50
T7 450 20 100
T8 450 40 50
T9 450 40 100
T10 450 40 150
T11 450 60 100
T12 450 60 150
T13 500 20 50
T14 500 20 150
T15 500 40 100
T16 500 60 50
T17 500 60 150
V1 425 30 125
V2 425 50 75
V3 475 30 125
V4 475 50 75
V54 456 20 50

#Qperating conditions optimized by neural fuzzy model coupled with
genetic algorithm

completely pyrolyzed under all conditions. Each experi-
ment was repeated twice to ensure the reproducibility of
the experiment.

Characterization of oil
FTIR was used to identify the functional groups of WPP

pyrolysis oil. GC/MS analyzed the chemical components of
WPP pyrolysis oil based on National Institute of Standards

Table 3 Characterization experiment details of WPP pyrolysis oil

and Technology (NIST) database of mass spectrum library.
The operational details of FTIR and GC/MS are tabulated
in Table 3.

The WPP pyrolysis oil is divided into three parts based
on the carbon number: light (C8—C11), middle (C12-C20),
and heavy (C21-C34) fractions, respectively.

21_18 C;(area%)
Light fraction = ;;— x 100% 1)
g Ci(area%)
20
— ., Ci(area%)
Middle fraction = 213_412# x 100% )
Y.ig Ci(area%)
34
>, Ci(area%)
Heavy fraction = 213_421—0 x 100%, 3)
Y.ig Cilarea%)

where C;(area%) represents each component's percentage.
Optimization method

The neural fuzzy model coupled with a genetic algorithm,
illustrated in Fig. 2, was utilized to identify the optimal
operating parameters for WPP pyrolysis oil production.
The neural fuzzy model was described detail in Section A.1.
It should be noted that the response surface methodology
(RSM) is also widely used for data prediction. However,
the RSM prediction accuracy is lower than the fuzzy neu-
ral model in some applications [35]. The model consisted
of three parts: input layer, hidden layers, and output layer
[37-39], respectively. The input layer had three parameters:
carrier gas flow rate, residence time, and temperature. After
the data training of the hidden layers, the output layer could
determine the arithmetic expression between oil yield and
operating parameters. Ulteriorly, a genetic algorithm was
used to identify the optimal operating parameters for the
highest WPP pyrolysis oil yield. Genetic algorithm has been
detailed introduced in the previous study [40].

Name  Model Operating conditions References
FTIR Thermo Nicolet 6700 Wavelength of 4000 cm™! to 400 cm™! with 4 cm™! resolution Xu et al. [36]
GC/MS GC: Thermo Sci- GC front inlet temperature: 280 °C National Institute of Standards and
entific TRACE Mode of front inlet: Split Technology (NIST) mass spectrum
1300/1310 Carrier gas: Helium under 1 mL/min library
MS: Thermo Fisher ~ Capillary column: 30 m X 0.25 mm, ID X 0.25 um film
TSQ 9000 GC temperature setting: Hold at 70 °C for 2 min; Ramp at 10 °C/

min to 250 °C; Hold at 250 °C for 10 min; Ramp at 20 °C /min to
300 °C; Hold at 300 °C for 27.5 min

MS transfer line temperature: 280 °C

Temperature of ion source: 230 °C

MS scan: 30 Da — 800 Da
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Fig.2 The schematic represen-
tation of neural fuzzy model
coupled with genetic algorithm
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This study focuses on WPP thermal pyrolysis's oil yield. The
WPP pyrolysis products were oil, gas, and char. It should be
noted that the char refers to coke/semi-coke in this study,
which contains heavy hydrocarbons that cannot flow out of
the reactor [41]. From the perspective of getting a compre-
hensive understanding of the WPP pyrolysis process, the gas
and char yields under different operating parameters were
also investigated. Figure 3 demonstrates the experimental
and neural fuzzy model predicted oil, gas, and char yields.
Figure 3a, b show that the WPP pyrolysis oil yield varied
from 59.8 wt% to 68.4 wt%. The results were very close to
the values obtained by other researchers [17, 27, 42]. The
pyrolysis of the virgin PP yields 88.6 wt% of oil at 420 °C
[23], a value much higher than the WPP pyrolysis oil yield
obtained in this study. This difference can be attributed to
more tertiary carbons in recycled waste plastic compared
to virgin plastic, which intensified the primary reactions
[43]. Therefore, the WPP pyrolysis oil yield is lower than
the value of virgin PP, and the WPP pyrolysis gas yield is
higher than the value of virgin PP.

The WPP pyrolysis gas yield hovered from 12.6 wt% to
23.6 wt% (Fig. 3c, d), which was similar to the results in [17,
24, 42]. The char yield oscillated in a narrower range, from
15.5 wt% to 18.1 wt% (Fig. 3e, f). A char yield of 20.0 wt%
was obtained by Achilias et al. [26], which was close to the
values in this work.

Figure 3a, b suggests that the absolute relative errors of
oil yield were lower than 0.5% and 1.6% in the training and
testing sets, respectively. The absolute relative errors of gas
and char yields were all within 6.0% (Fig. 3c—f). Moreover,
the R-squared values and average absolute relative devia-
tions (AARD) [44, 45] were 0.9998, 1.3%, and 0.9992,
2.3% for the neural fuzzy model's training and testing sets,

respectively. It indicates that the neural fuzzy model pre-
dicted the yields of WPP pyrolysis products with a high
degree of accuracy and reliability.

Interactions of residence time and carrier gas flow
rate

Figure 4 depicts the interactions of residence time and car-
rier gas flow rate on WPP pyrolysis oil, gas, and char yields.
It should be noted that the neural fuzzy model establishes the
relationships of the pyrolysis product yields and operating
conditions. Figure 4a illustrates that the oil yield decreased
from 67.6 wt% (under 150 mL/min) to 63.0 wt% (under
50 mL/min) at 400 °C. While the gas yield increased from
12.3 wt% (under 50 mL/min) to 18.6 wt% (under 150 mL/
min) at 400 °C (Fig. 4b). Some researchers ascribed the
reduction of oil yield to insufficient condensation [46]. How-
ever, this interpretation might not precisely explain the same
phenomenon observed in other studies [47—-49], of which the
higher gas yield was obtained under the increased carrier
gas flow rate. The reduced oil yield and enhanced gas yield
might be caused by the suppression of gas repolymerization
and recondensation reactions under higher carrier gas flow
rates [48, 49]. Figure 4c demonstrates the low sensitivity of
char yield to changes in carrier gas flow rate under 20 min
and 400 °C. As the carrier gas flow rate increased, the char
yield reduced from 17.2 wt% to 16.9 wt% under 60 min
and 400 °C. The reduction of char yield under the longer
residence time could be ascribed to the facilitation of heavy
hydrocarbons' gasification in char residue [50].

Figure 4d—i suggests that increasing the carrier gas flow
rate reduced the oil and char yields and enhanced the gas
yield at 450 °C and 500 °C. The carrier gas flow rate and
residence time significantly impacted the oil and gas yields
at higher temperatures. For example, the oil and gas yields
oscillated in broader ranges of 62.5-68.2 wt%, 13.9-20.8
wt%, and 59.8—67.3 wt%, 15.9-23.6 wt% at 450 °C and
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500 °C, respectively. Figure 4d demonstrates that the oil
yield was higher at 450 °C compared to the ones at 400 °C
and 500 °C. It is also noteworthy that the carrier gas flow
rate became an inconsequential parameter on oil yield
under the longer residence time at 450 °C. The oil yield
slightly decreased by 1.2 wt% when the carrier gas flow
rate increased at 450 °C and 60 min. While the carrier gas
flow rate had a similar extent of increase in gas yield under
different residence times at 400 °C, 450 °C, and 500 °C,
respectively.

Interactions of carrier gas flow rate and temperature

Figure 5a, d demonstrates that the carrier gas flow rate and
the temperature had similar interactive effects on oil yield
under 20 min and 40 min. It could be observed that the oil
yield increased with the temperature (400-450 °C) under
lower carrier gas flow rates. Simultaneously, higher tempera-
tures were not conducive to oil production at 450-500 °C.
Higher temperatures could accelerate the WPP pyrolysis rate
and generate more volatiles per unit time [51-53], result-
ing in a shorter residence time of the volatiles in the main
reaction zone. The shortened residence time would sup-
press the oil from being decomposed into gas. Therefore,
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the increased temperature (400450 °C) enhanced the oil
yield from 64.4 wt% to 68.2 wt% under 20 min, and from
65.2 wt% to 67.3 wt% under 40 min. However, the oil yields
were reduced to 67.3 wt% under 20 min and 66.8 wt% under
20 min at 500 °C, respectively. The decrease in oil yield was
caused by the intense secondary cracking reactions for gas
formation when the temperature increased from 450 °C to
500 °C [54].

Moreover, the temperature became a trivial factor on oil
yield under higher carrier gas flow rates. For instance, the
oil production varied in narrower ranges of 62.5-63.1 wt%
(under 20 min) and 62.2-63.1 wt% (under 40 min) under
150 mL/min. As demonstrated in Fig. 5g (under 60 min), the
oil yield decreased from 67.6 wt% (at 400 °C) to 59.8 wt%
(at 500 °C). The increased temperature intensified the sec-
ondary cracking reactions of oil that reduced oil yield [55].

Higher temperatures enhanced the gas yield while sup-
pressing the char yield regardless of the carrier gas flow rate
and residence time changes (Figs. 5b—i). As the temperature
increased, the gas yields increased from 12.3 wt% to 20.2
wt% (under 20 min), 15.1 wt% to 20.2 wt% (under 40 min),
and 13.0 wt% to 23.6 wt% (under 60 min). Contrarily, the
char yields decreased from 18.0 wt% to 16.5 wt%, 17.5 wt%
to 16.3 wt%, and 17.2 wt% to 16.1 wt% at 400-500 °C,
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Fig.4 Interactions of residence time and carrier gas flow rate on
WPP pyrolysis oil, gas and char yields at different temperatures: a Oil
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respectively. The decrease in char yield at higher temper-
atures could be ascribed to the gasification reactions that
consumed hydrocarbons in char residues [56]. The enhanced
gas yield might be caused by the intensified oil's secondary
cracking and the char's gasification at higher temperatures,
which were favorable to the gas yield [49].

Interactions of residence time and temperature

The oil yield increased at lower temperatures while decreas-
ing at higher temperatures as the residence time extended.
As the residence time extended, the oil production enhanced
by 3.3 wt% under 50 mL/min (Fig. 6a), 2.3 wt% under
100 mL/min (Fig. 6d), and 0.2 wt% under 150 mL/min
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yield at 450 °C; e Gas yield at 450 C; f Char yield at 450 °C; g Oil
yield at 500 C; h Gas yield at 500 °C; i Char yield at 500 C

(Fig. 6g) at 400 °C, respectively. However, the oil yield
reduced by 1.7 wt% (67.3-65.6 wt%) under 50 mL/min,
2.2 wt% (65.9-63.7 wt%) under 100 mL/min, and 3.3 wt%
(63.1-59.8 wt%) under 150 mL/min at 500 °C, respectively.
As the residence time extended from 20 to 40 min at the
lowest temperature (400 °C), the gas yields enhanced by 2.9
wt% under 50 mL/min (Fig. 6b) and 2.0 wt% under 100 mL/
min (Fig. 6e), respectively. The enhanced gas yield could be
ascribed to the secondary cracking of long-chain hydrocar-
bons (wax) into short-chain hydrocarbons (heavy fraction's
oil and gas). The wax cannot be carried out from the reactor
at lower carrier gas flow rates. Consequently, the increase
in oil production at lower temperatures might be caused by
the wax decomposition under longer residence times. As
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the residence time extended, the reduction in oil production
at higher temperatures was caused by oil's more intensive
secondary cracking reactions [57, 58].

As the residence time extended from 20 to 60 min under
150 mL/min, the gas yield enhanced from 16.7 wt% to 23.6
wt% (Fig. 6h), and the char yield decreased from 18.0 wt%
to 16.1 wt% (Fig. 6i). Prolonged residence time deepened
the oil secondary cracking and char gasification reactions,
which elevated the gas yield. As depicted in Fig. 6c, f, and
i, it could be distinctly observed that the highest char yields
were all obtained at the lowest temperature (400 °C) and
the shortest residence time (20 min). Moreover, the highest
char yield increased from 17.9 wt% under 50 mL/min to 18.0
wt% under 100 mL/min. The enhanced char yield might be
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attributed to the worse efficiency of heat transfer in the reac-
tion zone under higher carrier gas flow rates [49].

Genetic algorithm optimized operating parameters
for oil yield

Figure 7 demonstrates the genetic algorithm optimization
process and the optimized operating conditions for WPP
pyrolysis oil yield. The optimized function was oil yield with
the arguments of carrier gas flow rate, residence time, and
temperature. As shown in Fig. 7a, the first iteration's average
and optimal oil yields were 65.7 wt% and 66.1 wt%, respec-
tively. The optimal and average values were stabilized at
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68.2 wt% after 87 and 856 iterations. It verified the superior
astringency of the genetic algorithm.

As depicted in Fig. 7b, the oil yield optimized by the
neural fuzzy model coupled with a genetic algorithm was
68.2 wt% under 456 °C, 20 min, and 50 mL/min. Experiment
VS5 in the training set was conducted under the optimized
operating parameters to validate the accuracy of the genetic
algorithm's predicted optimal value. The experimental oil
yield under the optimized operating parameters was 68.4
wt%. The absolute relative error was merely 0.3% between
the experimental and genetic algorithm optimized oil yields,
which revealed the high reliability of the genetic algorithm.
Consequently, it can conclude that the optimal operating
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parameters for WPP thermal pyrolysis oil production were
456 °C, 20 min, 50 mL/min.

FTIR analysis of oil

Figure A.3 shows the FTIR analysis of WPP pyrolysis oil
samples in the training and testing sets. It could be distinctly
observed that the locations and intensities of characteristic
peaks did not change with the operating parameters. Table
A3 tabulates the main functional groups of WPP pyrolysis
oil under the optimal operating parameters (456 °C, 20 min,
and 50 mL/min). The following functional groups have been
detected: = C — H stretching at 3075 cm™', — CH, — stretching

@ Springer



206

Journal of Material Cycles and Waste Management (2023) 25:198-210

Fig. 7 Genetic algorithm opti-

Optimal oil production

mized operating parameters for 68.5 e T ®) 64.34
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at 2955 — 2846 cm™!', - C=C - stretching at
1650 cm™', — CH, — scissoring at 1457 cm™', — CH,4
bending at 1377 c¢cm~!,— C=C —bending at 994
and 909 cm™!', - C=CH, wagging at 971 cm™',
and — CH, —rocking at 724 cm™'. The oil compounds were
mainly alkenes and alkanes, which corresponded with other
research results [59-62].

The random scission reactions in the incipient stage of
WPP decomposition were also known as the intermolecular
hydrogen transfer reactions that responsibly generated the
alkanes [25]. While the formation of the alkenes primarily
corresponded to the summation of secondary cracking (Beta
scission), disproportionation, and intramolecular hydrogen
transfer reactions, which took place in the stage of termina-
tion [60].

GC/MS analysis of oil

Figure A.4 shows the GC/MS chromatogram of WPP pyrol-
ysis oil under the optimal operating parameters (456 °C,
20 min, and 50 mL/min). The specific components in WPP
pyrolysis oil under the optimized operating parameters are
listed in Table A.4. It should be noted that there are limita-
tions in analyzing the content of oil components because
of the complex components of plastic pyrolysis oils [27,
28, 56]. Heavy components with a distillation point above
300 °C in oil samples cannot be detected by GC due to
the GC temperature setting (Table 3). The WPP pyrolysis
oil was composed of alkenes, alkanes, and naphthenes in
C8—C34. The highest proportion in the oil was 2,4-dimethyl-
1-heptene, which accounted for 11.9 area%, followed by 7.8
area% 1-pentadecene and 6.6 area% pentadecane. The high
alkenes' yield was principally attributed to the oil's second-
ary cracking during the thermal pyrolysis of WPP [25].
Figure A.5 demonstrates the GC/MS chromatograms of
WPP pyrolysis oil samples of T1-T17, respectively. The
types of identified compounds presented in WPP pyrolysis
oil samples were similar under different operating parame-
ters. The oil samples were all composed of alkenes, alkanes,
and naphthenes ranging from C8 to C34. In comparison,

@ Springer
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the proportions of each compound varied with the operating
parameters. The oil was divided into three fractions based on
the carbon number: light (C8—C11), middle (C12-C20), and
heavy (C21-C34) fractions, respectively. Figure 8 depicts
the fractions of WPP pyrolysis oil under different operating
parameters. The most significant proportion of WPP pyroly-
sis oil was the middle fraction (40.1-44.0%), followed by the
heavy (33.7-39.6%) and the light (19.9-23.9%) fractions.

Figure 9a illustrates that the temperature significantly
impacted the distribution of oil fractions in samples T1,
T6, and T13. As the temperature increased, the light frac-
tion reduced from 23.9% to 21.5%, and the heavy fraction
increased from 33.7 to 36.4%. The middle fraction increased
from 42.4% to 44.0% when the temperature ramped from
400 °C to 450 °C and then reduced to 42.1% at 500 °C.
Higher temperatures promoted the secondary cracking reac-
tions of light fraction for pyrolysis gas formation, which
simultaneously reduced the light fraction in oil [63, 64]. It
could be concluded that low temperature was beneficial to
the oil's light fraction formation.

Figure 9b depicts the influence of residence time on
the distributions of WPP pyrolysis oil fractions (T7, T9,
and T11). The extension of residence time increased
in the middle and heavy fractions and decreased light

100
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Oil fractions (%)

25
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Bl Il Vidde [l Heavy|

Fig.8 Fractions of WPP pyrolysis oil under different operating
parameters
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fraction [65]. The middle and heavy fractions increased
by 0.2% and 1.1%, while the light fraction reduced by
1.3% as the residence time extended within the studied
range. The decrease in the light fraction might be ascribed
to the greater probability of secondary cracking reactions
under longer residence time. In this perspective, shorter
residence time was conducive to producing lighter WPP
pyrolysis oil.

Figure 9c demonstrates the impact of carrier gas
flow rate on the distribution of WPP pyrolysis oil frac-
tions (T8, T9, and T10). The light fraction reduced from
23.9% to 20.5% when the carrier gas flow rate ramped
from 50 mL/min to 150 mL/min, while the heavy frac-
tion increased from 34.8% to 38.2%. The middle fraction
reduced from 41.3% to 41.0% when the carrier gas flow
rate increased from 50 mL/min to 100 mL/min and then
enhanced to 41.3% under 150 mL/min. The non-conden-
sable pyrolysis gas was quickly removed from the main
reaction region under the higher flow rate of carrier gas,
which subsequently suppressed the repolymerization and
recondensation reactions for the formation of light frac-
tion in oil [66, 67]. The increase in the heavy fraction was
caused by the inhibition of secondary cracking reactions
as the flow rate of carrier gas increased, resulting in a
reduction of light fraction in oil.

Carrier gas flow rate (mL/min)

Conclusions

This study comprehensively studied the interactions of
operating parameters (carrier gas flow rate, residence
time, and temperature) on the distribution of waste poly-
propylene (WPP) pyrolysis products. The objective was
to maximize the WPP pyrolysis oil yield by regulating
the operating parameters. The gas and char yields were
also investigated to comprehensively understand the WPP
thermal pyrolysis process. It is noteworthy that the test of
a diesel engine fueled with the WPP pyrolysis oil will be
conducted in future work.

A hybrid neural fuzzy network model coupled with
a genetic algorithm was used to optimize the operating
parameters for WPP pyrolysis oil yield. It should be noted
that this method can be applied to practical applications
with more complex operating conditions. The highest oil
yield of 68.4 wt% was achieved under 456 °C, 20 min, and
50 mL/min. The oil was composed of alkenes, alkanes, and
naphthenes in C8—C34. The highest proportion in the oil
was 2,4-dimethyl-1-heptene, which accounted for 11.9%,
followed by 7.8% 1-pentadecene and 6.6% pentadecane.

The types of main functional groups of the WPP pyrol-
ysis oil did not change with the operating parameters.
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Lower temperature, shorter residence time, and lower
carrier gas flow rate were conducive to forming oil's light
fraction. While higher temperature, longer residence time,
and higher carrier gas flow rate resulted in a high oil's
heavy fraction production.
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tary material available at https://doi.org/10.1007/s10163-022-01521-7.
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