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Abstract: This study investigated the co-pyrolysis of waste polyethylene (WPE) and
polystyrene (WPS) for oil production under different operating conditions (temperature and
carrier gas flow rate). The ratio of the real-life WPE and WPS is different in different regions.
Therefore, the interactions of operating conditions were investigated under different
WPE/WPS mixture compositions. A hybrid model of artificial neural network-genetic
algorithm (ANN-GA) was adopted to predict and optimize the co-pyrolysis oil yield due to
the complex interactions of the WPE/WPS mixture composition and operating conditions.
Consequently, the highest oil yield was 82.33wt% under 525°C, 10wt% PS, and a non-
sweeping atmosphere (OmL/min). The results indicated that high temperature, low PS mass
fraction, and low carrier gas flow rate led to a higher oil yield. The WPE/WPS co-pyrolysis
oils were composed of alkanes, alkenes, and aromatics. Meanwhile, styrene accounted for the

highest proportion of aromatics in oils. ANN-GA was also adopted to predict and optimize the
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oil components and fractions. The results revealed that low temperature, high PS mass

fraction, and low carrier gas flow rate were conducive to a light WPE/WPS co-pyrolysis oil

production. The findings could guide the industrial process of waste plastic pyrolysis in

different regions. Moreover, ANN-GA coupled with central-composite design can be used to

regulate different target products under more complex conditions due to its good robustness.

Keywords: Waste Plastic; Co-pyrolysis; Oil Production; Artificial neural network; Genetic

algorithm.

1. Introduction

The production of plastic has grown promptly from 1.5 million tons in 1950 to 368

million tons in 2019 [1]. The European plastic production was up to 57.9 million tons in 2019

[1], and almost half of the produced plastic became waste [2]. Moreover, nearly 25% of waste

plastic winds up in landfills [3]. Consequently, waste plastic accumulates rapidly due to the

low environmental degradability [4]. Plastic pollution destroys ecosystems [5] and causes

harm to living creatures [6]. Pyrolysis is considered a promising alternative to landfill

disposal of waste plastic, which can simultaneously produce liquid oil similar to commercial

fuels (gasoline and diesel) [7-10]. Polyethylene (PE) and polystyrene (PS) are the first and

third-most components in waste plastic due to their wide range of uses [11-12]. Therefore,

many studies have investigated waste polyethylene (WPE) and polystyrene (WPS) pyrolysis

for oil production. Park et al. [13] studied the pyrolysis of WPE at 653-736°C and recovered
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15-38wt% oil in a tandem two-stage reactor. Al-Salem et al. [7,14] conducted the low-density
PE pyrolysis experiments at 500-800°C. They found that the maximum wax yield was
64.5wt% at 500°C [14], and the highest oil yield was 29wt% at 600°C [7]. The WPS pyrolysis
oil has been reported to have a higher yield than the WPE pyrolysis oil. Nisar et al. [15]
recovered 44.9-86.1wt% oil from the pyrolysis of WPS at 340-420°C. Quesada et al. [11]
also obtained a high yield of 80wt% WPS thermal pyrolysis oil at 500°C in a fixed bed reactor.
It can be concluded that temperature is a critical parameter determining pyrolysis oil
production.

WPE and WPS in waste plastic have different contents in different regions [3]. Therefore,
the effect of WPE/WPS mixture composition on oil production has also been studied by
researchers. Quesada et al. [11] investigated the WPE/WPS mixture (25wt% PS) co-pyrolysis
at 500°C and obtained ~70wt% of oil yield. Siddiqui and Redhwi [16] investigated the high-
density-PE/PS (50-75wt% PS) co-pyrolysis at 440°C in a batch reactor. It was found that as
the PS mass fraction increased, the oil yield decreased from 72.8wt% (under S0wt% PS) to
25.6wt% (under 66.7wt% PS), while it increased to 56.1wt% when the PS mass fraction
continuously increased to 75wt% PS. Williams and Williams [17] obtained 67.3wt% oil from
PE/PS mixture (50wt% PS) co-pyrolysis at 700°C. While the predicted oil yield, calculated by
the PE and PS sole pyrolysis oil yields, was 81.7wt%. They concluded that an interaction
between PE and PS led to a lower-than-expected oil yield. Klaimy et al. found that the co-
pyrolysis of plastic mixtures promoted the production of lightweight components (C6 and C7)

in the oil [18]. Saad et al. [19] suggested that PE and PS could be fully decomposed before
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500°C with a heating rate of 10°C/min. However, the plastic compositions affected the

activation energies of mixed plastics. Moreover, co-pyrolysis of other types of plastics [20]

and co-pyrolysis of plastics with biomass [21] also found the complex interactive effects of

the mixture compositions.

On the other hand, the carrier gas flow rate is a significant parameter during the pyrolysis

of plastic [22-23]. Muhammad et al. [23] investigated the effect of carrier gas flow rate on the

pyrolysis of linear low-density PE. They found that increasing the flow rate from OmL/min to

ImL/min could dramatically enhance the oil yield from 54.0wt% to 61.5wt%. In contrast, the

oil yield decreased to 45.0wt% under the flow rate of 60mL/min. Pan et al. [22] concluded

that the WPE pyrolysis oil yield would decrease from 82.43wt% to 65.32wt% when the flow

rate increased from 20mL/min to 100mL/min.

It can be concluded that the temperature and the carrier gas flow rate are two vital

parameters during plastic pyrolysis. The WPE/WPS mixture composition also has a non-linear

effect on the co-pyrolysis oil yield. The artificial neural network (ANN) is a promising

method to formulate the dependent variable in terms of independent variables with complex

interactions [24]. Neshat et al. [25-26] adopted ANN to predict wind speed and wind turbine

power output. The findings revealed that ANN could accurately establish the expressions of

the dependent variables. ANN can also be competent for detection works, e.g., plate’s

structural damage [27] and COVID-19 [28]. An optimization algorithm is required to

determine the extrema of complex mathematical expressions established by the ANN. Genetic

algorithm (GA), inspired by the evolution theory, is a widely used optimization algorithm [29].
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Furthermore, GA has been proven to be qualified to determine the extrema of ANN-
established expression [30].

The primary aim of this study is to investigate the interactions of operating conditions
(temperature and flow rate of carrier gas) on the WPE/WPS (with different mixture
compositions) co-pyrolysis oil yield. A hybrid model of the artificial neural network coupled
with a genetic algorithm (ANN-GA) is adopted to quantitatively describe the complex
interactions of operating conditions and WPE/WPS mixture composition on the product yields
based on the experimental results. The oil samples are analyzed by gas chromatography/mass
spectrometry (GC/MS) to determine the specific components. The ANN-GA is also adopted to
predict and optimize the oil components and fractions under different operating conditions
and WPE/WPS mixture compositions. The findings can guide the regional industrialization of

waste plastic pyrolysis.

2. Experiments and method
2.1. Pyrolysis experiments

WPE and WPS were recycled from municipal solid waste (MSW) and provided by
Zhoushan Jinke Renewable Resources Co., China. The waste plastics were first collected and
sorted, then washed and dried, and finally made into pellets of about 3mm. The total mass of
the WPE/WPS mixture used in each pyrolysis experiment was ~5g. As shown in Fig. 1, the
WPE/WPS co-pyrolysis experiments were carried out in a 200mL semi-batch reactor. The

WPE/WPS samples were mixed well and placed in the AlOs crucible. The reactor was



106

107

108

109

110

111

112

113

114

115

116

117

118

119
120

121

122

purged with nitrogen (under 100mL/min) for 30min to ensure an inert atmosphere. The

reactor was heated to the target temperature at 6°C/min and stayed at the target temperature

for 20min. Two in-tandem glass bottles collected the WPE/WPS pyrolysis oil in a mixture of

ice and water. A gas bag collected the pyrolysis gas. The char remained in the Al,Os3 crucible

and was collected after cooling the reactor to 20°C.

The temperature, PS mass fraction, and flow rate of carrier gas were studied in the ranges

of 425-525°C [19,22,31], 10-30wt% PS [3], and 0-60mL/min [23] based on the plastic

pyrolysis characteristics, regional WPE/WPS composition, and reactor size. The WPE/WPS

co-pyrolysis experiments were designed according to the central-composite design [32] and

tabulated in Table A.1. 17 sets of experiments (R1-R17) were conducted to obtain the training

set data of ANN-GA. 5 sets of experiments (R18-R22) were carried out to get the testing set

data of ANN-GA. Moreover, the WPE/WPS co-pyrolysis oil samples were characterized by

GC/MS to determine the specific composition of the oil.

N2 gas

Gas flow controller
Al203 crucible
Pressure gauge

Insulation
Ice-water mixture
Glass bottle 1
Glass bottle 2
Gas bag

° % NN R D=

Fig. 1. The WPE/WPS co-pyrolysis experimental setup.

2.2. Method
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A hybrid artificial neural network model coupled with a genetic algorithm (ANN-GA)
was adopted to predict and optimize the WPE/WPS co-pyrolysis product yields, oil
components, and fractions. The simulation platform of the ANN-GA is Matlab R2016a. Fig. 2
demonstrates the flow chart of ANN-GA. The mathematical expressions of ANN-GA have
been detailed described in the previous study [30]. The arithmetic expressions between the
independent (temperature, PS mass fraction, and flow rate of carrier gas) and dependent
variables (co-pyrolysis product yields, oil components, and fractions) were established by
ANN based on the experimental results [33]. Subsequently, GA was used to optimize the
objective functions built by ANN. Consequently, the conditions (temperature, PS mass
fraction, and carrier gas flow rate) for the highest oil yield and the lightest oil production

could be determined by ANN-GA.

r\ [ Not
\ Sufficient

Input Trained | ‘ Tested l [ Predicting WPE/WPS
Temperature ANN AN N co-pyrolysis product ‘
yields, oil components
Input and fractions
PS mass Sufficient
fraction
Input / Arithmeti Optimal
" Carrier gas New Input New Input New Input E rifhmetic Results
| flow rate ‘ Temperature PS mass Carrier gas Xpressions

Established

fraction flow rate

Fig. 2. The flow chart of ANN-GA.

3. Results and discussion
3.1. Accuracy of ANN predicted co-pyrolysis product yields
Fig. 3 shows the experimental and ANN predicted WPE/WPS co-pyrolysis oil, gas, and

char yields. It can be seen that the experimental oil yield varied from 61.51wt% (Sample R4)
7
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to 82.28wt% (Sample R13), the experimental gas yield fluctuated from 10.01wt% (Sample R1)

to 18.65wt% (Sample R17), and the experimental char yield oscillated from 3.93wt% (Sample

R21) to 8.92wt% (Sample RS). It was reported that the WPE thermal pyrolysis oil and gas

yields were 65.32-83.50wt% and 11.50-18.75wt% in the temperature range of 425-525°C

[22]. The PS thermal pyrolysis oil yields were 80wt% under 450°C [34] and 71wt% under

500°C [35]. Moreover, the WPS pyrolysis gas and char yields were ~16wt% and ~4wt% under

500°C, respectively [11]. The WPE/WPS co-pyrolysis product yields obtained in the present

work were within the ranges of individual WPE and WPS pyrolysis ones. Quesada et al. [11]

studied the WPE/WPS co-pyrolysis under 500°C and 25wt% PS, obtaining ~70wt% of oil

yield, ~22wt% of gas yield, and ~8wt% of char yield, values highly close to that obtained in

the present work. Williams and Williams [17] obtained 64.0-67.3wt% oil yield and 1.2-

2.2wt% char yield from PE/PS co-pyrolysis, which were also very close to the results in the

present work.

On the other hand, Table 1 lists the root mean square error (RMSE), mean relative error

(MRE), mean absolute error (MAE), standard deviation (SD), and coefficient of

determination (R2) values between the experimental and ANN predicted co-pyrolysis product

yields in the training and testing sets. The high R2 values and low RMSE, MRE, MAE, and

SD values [36] exhibited the high accuracy of the ANN predicted WPE/WPS co-pyrolysis

product yields.
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Fig. 3. Experimental and ANN predicted co-pyrolysis product yields.

Table 1. Errors in the ANN predicted co-pyrolysis product yields.

RMSE® MRE MAE SD R2
Training set 0.76% -0.14% 2.06% 3.23% 0.9994
Testing set 0.87% -1.60% 5.07% 4.03%  0.9993

3.2. Interactions of temperature, PS mass fraction, and carrier gas flow rate on product

vields

Fig. 4 demonstrates the interactions of temperature, PS mass fraction, and carrier gas flow

rate on the distributions of oil, gas, and char productions under OmL/min, 10wt% PS, and

425°C. It is worth noting that due to the pressure difference generated during the pyrolysis of

plastics, oil and gas can flow out of the reactor spontaneously under OmL/min. Moreover, Figs.

A.1-3 illustrate the ANN predicted oil, gas, and char yields under 30mL/min and 60mL/min,

20wt% PS and 30wt% PS, and 475°C and 525°C, respectively. It could be seen that the

temperature had a more significant impact on the oil yield than the PS mass fraction under all

flow rates of carrier gas (Fig. 4a, Fig. A.la, and Fig. A.1d). Quesada et al. [11] also reported
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that the WPE/WPS co-pyrolysis oil yield only hovered in a narrow range of ~70-73wt%
within the range of 25-75wt% PS. As the temperature increased, the oil yields were
significantly enhanced by 18.35wt% (under 10wt% PS) and 16.65wt% (under 30wt% PS)
under the non-sweeping atmosphere (OmL/min, Fig. 4a). Higher temperatures could deepen
the random scissions of WPE/WPS long chains [37] and the secondary cracking of char [38-
39], thereby enhancing oil and gas yields and reducing char yield. Increasing the temperature
further would cause the secondary reactions of oil cracking [15,40], and gas recondensation
and repolymerization [17]. Therefore, when the temperature exceeded 480°C and continued to
rise, the decrease in gas yield under OmL/min (Fig. 4b) could be ascribed to the gas
recondensation and repolymerization (gas consumption) were more intense than the oil
cracking (gas generation). However, as the temperature increased from 488°C, the decrease in
oil yield under 30mL/min (Fig. A.l1a) and 60mL/min (Fig. A.1d) might be attributed to the oil
cracking (oil consumption) was more violent than the gas recondensation and
repolymerization (oil formation) [14].

Improving the flow rate of carrier gas under low temperatures would enhance the oil and
gas yields, regardless of the variation of PS mass fraction. For instance, the oil and gas yields
were enhanced by 4.76wt% and 2.90wt% under 425°C and 10wt% PS (Fig. 4d). However,
increasing the carrier gas flow rate decreased the oil yield by ~2wt% under the highest
temperature (525°C). The reduction of the oil yield might be ascribed to the shorter residence
time of volatile products in the reaction zone under higher flow rates of carrier gas, thereby

inhibiting the Diels-Alder reactions of gaseous olefin for oil formation [41]. Simultaneously,

10
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the gas yield was enhanced by 1.80wt% (13.50wt%—15.30wt%) as the flow rate of carrier gas
increased under 525°C (Fig. 4e). On the other hand, the carrier gas flow rate's increase led to a
decrease in char yield under high temperatures. As the flow rate of carrier gas increased, the
char yields reduced by 0.09wt%, 0.15wt%, and 0.17wt% under 10wt% PS (Fig. 4f), 20wt%
PS (Fig. A.2¢c), and 30wt% PS (Fig. A.2f), respectively. The decrease in char yield could be
ascribed to the inhabitation of secondary reactions of the co-pyrolysis volatiles for char
generation [42]. However, enhancing the carrier gas flow rate increased the char yield under
lower temperatures. The flow rate change would affect the heat transfer efficiency in the
reaction zone [43], which might enhance the char yield.

Enhancing the PS mass fraction in WPE/WPS led to a decrease in oil yield and an
increase in gas and char yields under the non-sweeping atmosphere (OmL/min). For instance,
the enhancement of PS mass fraction led to a reduction of 2.46wt% in oil yield (Fig. 4g), an
enhancement of 0.35wt% in gas yield (Fig. 4h), and an enhancement of 0.40wt% in char yield
(Fig. 41) under 425°C and OmL/min. Similar trends were reported by Quesada et al. [11]: a
decrease of ~3.5wt% in oil yield, an increase of ~1.5wt% in gas yield, and an increase of
~2wt% 1in char yield were observed when the PS mass fraction increased from 50wt% to
75wt% in WPE/WPS. The increase in char yield might be ascribed to the abundant aromatics

presented in the PS pyrolysis oil, which could further generate char [15].

11
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3.3. Optimization of oil yield by ANN-GA
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Fig. 5a shows the optimal and average values of the ANN-GA objective function (oil
yield). The ANN-GA predicted the highest oil yield was 82.33wt% under 525°C, 10wt% PS,
and OmL/min (Fig. 5b). Meanwhile, the experimental oil yield under the ANN-GA optimized
conditions was 82.28wt%. The relative error between the experimental and ANN-GA
predicted oil yields was merely 0.06%, revealing the ANN-GA optimized value's high
accuracy.

It is also noteworthy that the highest oil yield under 60mL/min was obtained at 485°C.
The optimal temperature of 485°C was close to the optimal WPE pyrolysis temperatures
reported by Quesada et al. [31] (500°C) and Pan et al. [22] (488°C). Carrier gas could
accelerate the purging of the pyrolysis volatiles and carry heavier volatile molecules out of the
reactor. The heavy pyrolysis oil components remained in the reactor under the non-sweeping
atmosphere (OmL/min). Higher temperatures were required for the thermal cracking of oil's
heavy components into shorter-chain hydrocarbons, which then could volatilize and
spontaneously leave the reactor [44]. Therefore, WPE/WPS co-pyrolysis oil yield optimized
temperature exceeded 500°C, generally considered the optimal temperature for the pyrolysis

of waste plastics with carrier gas [45].

(b) Highest oil yield
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Fig. 5. Optimization of oil yield by ANN-GA: (a) Representation of optimization process; (b) Highest oil

yield.

3.4. GC/MS analysis

The components of WPE/WPS co-pyrolysis oil samples (R1-R22) were analyzed by

GC/MS. Moreover, the WPE/WPS co-pyrolysis oils were divided into light (C7-C11), middle

(C12-C20), and heavy fractions (>C20) based on the carbon numbers [22]. Fig. 6a indicates

that the oils were composed of alkanes (24.55-48.25%), alkenes (29.38-52.57%), and

aromatics (9.68-42.89%) [11]. Meanwhile, styrene accounted for the highest proportion of

aromatics in oils, which varied from 26.73% to 54.87%. High styrene proportion might be

ascribed to aromatic hydrocarbons that take up the main component of WPS thermal pyrolysis

oil, of which styrene occupies 33—40% [46].

Fig. 6b shows that the light, middle, and heavy oil fractions fluctuated from 18.49-

48.49%, 35.32-56.78%, and 13.64-37.05%, respectively. The WPE/WPS co-pyrolysis oils

had more light and middle fractions than WPE pyrolysis oils [22]. Moreover, the mean

molecular weight of the WPE/WPS co-pyrolysis oil oscillated from 187.73g/mol to

251.01g/mol, which was between the mean molecular weights of individual PS (176g/mol)

and PE (306g/mol) thermal pyrolysis oils [17].

The operating conditions of temperature and carrier gas flow rate had complex

interactions on the WPE/WPS co-pyrolysis oil components and fractions [47]. Moreover, the

styrene/aromatics ratio and the mean molecular weight of WPE/WPS co-pyrolysis oil did not

14



261  linearly change as the PS mass fraction increased [16]. The non-linear relationship indicated
262  that the reaction species of WPE and WPS had undetermined interactions on the distributions
263  of co-pyrolysis oil components and fractions [17]. Therefore, ANN-GA was adopted to
264  investigate the interactions of temperature, PS mass fraction, and carrier gas flow rate on the
265  oil components and fractions; and determine the optimal conditions for each component and

266  fraction.

(a) 60 (b) 3
S 40 S - B
1] 5 5 f{)
= g 2 'S
=9 = 3 s
£ < £ g
8 02 = 3
5 g 0 :
wn =i
8
ki R5 ~RIO RI14 ~ RI8 R22 R1 R5 RI0O RI4 RIS R22 =
Experiment number Experiment number
267 S Alkanes [ Alkenes [ Aromatics‘ S Light [l Middle [ Heavy{
268 Fig. 6. WPE/WPS co-pyrolysis oil components and fractions: (a) Distributions of alkanes, alkenes, and
269 aromatics in oils, and the styrene/aromatics ratio variations; (b) Distributions of light, middle, and heavy
270 fractions in oils, and the mean molecular weight variations.

271

272 3.5. WPE/WPS co-pyrolysis oil components

273 3.5.1. Interactions of temperature, PS mass fraction, and carrier gas flow rate

274 Fig. 7 demonstrates the experimental and ANN predicted oil components in the training
275 and testing sets. Besides, Table 2 tabulates the RMSE, MRE, MAE, SD, and R2 values
276  between the experimental and ANN predicted oil components. The high R2 values and low

277  RMSE, MRE, MAE, and SD values verified the accuracy of predicted results.
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Fig. 7. Experimental and ANN predicted oil components.

Table 2. Errors in the ANN predicted oil components.

RMSE® MRE MAE SD R2
Training set 1.44%  -0.16% 2.60% 3.38%  0.9798
Testing set 296% -053% 797% 3.39% 0.8762

Fig. 8 shows the interactions of temperature, PS mass fraction, and carrier gas flow rate

on the distributions of oil components under OmL/min, 10wt% PS, and 425°C. The

interactions of triple conditions under 30mL/min, 20wt% PS, and 475°C (Fig. A.5); and

60mL/min, 30wt% PS, and 525°C (Fig. A.7) are similar to the conditions under OmL/min,

10wt% PS, and 425°C. It could be observed that the temperature had a more significant

influence on the alkanes proportion under lower PS mass fractions (Fig. 8a). As the

temperature increased under 10wt% PS, the alkanes proportion reduced by 9.10% (44.31%—

35.21%, Fig. 8a), while the alkanes proportion enhanced by 8.12% (44.45%-52.57%, Fig. 8b).

Increasing temperature contributed to a decrease of 7.87% (43.73%—-35.86%) in aromatics

proportion under 30wt% PS (Fig. 8c). Aromatics were mainly generated from the thermal
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decomposition of PS in WPE/WPS. The polycyclic PS could be decomposed under a lower

temperature than PE [48], thereby a high aromatics proportion of 43.73% was obtained under

425°C, 30wt% PS, and OmL/min (Fig. 8c). Enhancing the temperature aggravates the

secondary cracking reactions of alkanes and aromatics for the generation of alkenes, leading

to a decrease in alkanes and aromatics proportions and an increase in alkenes proportion [49].

Figs. 8d—f demonstrate the interactions of carrier gas flow rate and temperature on the

proportions of alkanes, alkenes, and aromatics under 10wt% PS, respectively. It could be seen

that improving the flow rate of carrier gas would enhance the alkanes proportion and reduce

the alkenes and aromatics proportions under all temperatures. For instance, as the flow rate of

carrier gas increased under 525°C and 10wt% PS, the alkanes proportion increased by 2.25%

(35.21%-37.46%), while the alkenes and aromatics proportions decreased by 2.51%

(52.57%-50.06%) and 0.94% (13.11%—-12.17%), respectively. Higher carrier gas flow rates

could purge the co-pyrolysis volatiles out of the reaction zone faster [50], thereby suppressing

the secondary cracking of alkanes for alkenes formation and the Diels-Alder reactions of

alkenes for aromatics formation [41].

On the other hand, as the PS mass fraction increased, the alkanes and alkenes proportions

reduced by ~16-18% (Fig. 8g) and ~12.6-14% (Fig. 8h), while the aromatics proportion

significantly enhanced by ~29-32% (Fig. 8i) under 425°C. The principal components of PS

pyrolysis oil were aromatics [51], thereby enhancing the PS mass fraction led to an increase in

aromatics proportion and a decrease in alkanes and alkenes proportions.
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Fig. 8. Interactive effects of temperature, PS mass fraction, and carrier gas flow rate on the distributions of

WPE/WPS co-pyrolysis oil components: (a) Alkanes proportion under OmL/min; (b) Alkenes proportion

under OmL/min; (c) Aromatics proportion under OmL/min; (d) Alkanes proportion under 10wt% PS; (e)

Alkenes proportion under 10wt% PS; (f) Aromatics proportion under 10wt% PS; (g) Alkanes proportion

under 425°C; (h) Alkenes proportion under 425°C; (i) Aromatics proportion under 425°C.
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Styrene was the dominant component in the WPE/WPS co-pyrolysis oil’s aromatics

proportion, which could be ascribed to the primary product of styrene in the PS pyrolysis oil

[16,46]. Fig. 9 depicts the interactions of temperature, PS mass fraction, and carrier gas flow

rate on the styrene/aromatics ratio under OmL/min, 30wt% PS, and 425°C. Moreover, Fig. A.6

and Fig. A.8 demonstrate the interactions of triple conditions under 30mL/min, 20wt% PS,

and 475°C; and 60mL/min, 10wt% PS, and 525°C, respectively. The enhancement of PS mass

fraction contributed to the increases of ~26%, ~26%, and ~19% in styrene/aromatics ratio

under OmL/min (Fig. 9a), 30mL/min (Fig. A.6a), and 60mL/min (Fig. A.8a), respectively. The

temperature had a more significant impact on the styrene/aromatics ratio under 20wt% (Fig.

A.6b) and 30wt% (Fig. 9b) PS mass fractions compared to the one under 10wt% PS mass

fraction (Fig. A.8b). Besides, the increase in temperature under 20wt% and 30wt% PS mass

fractions resulted in a reduction of styrene/aromatics ratio, which might be ascribed to the

secondary cracking of styrene under higher temperatures [52]. On the other hand, improving

the flow rate of carrier gas led to a decrease in styrene/aromatics ratio under 425°C (Fig. 9c¢),

regardless of the variation of PS mass fraction. Higher carrier gas flow rates would shorten

the volatiles residence time in the reaction zone, thereby resulting in the incomplete pyrolysis

of PS for styrene formation.
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Fig. 9. Interactive effects of temperature, PS mass fraction, and carrier gas flow rate on the

styrene/aromatics ratio: (a) Under OmL/min; (b) Under 30wt% PS; (c) Under 425°C.

3.5.2. ANN-GA optimization

Fig. 10a shows that the highest alkanes proportion was 48.09% under 425°C, 10wt% PS,
and 60mL/min, which indicated that low temperature and high carrier gas flow rate could
suppress the secondary cracking of alkanes in oil [53-56]. On the other hand, the highest
alkenes proportion was 52.57% under 525°C, 10wt% PS, and the non-sweeping atmosphere
(OmL/min). High temperature and low carrier gas flow rate resulted in the over-cracking of
the oil, which might be conducive to the formation of alkene.

The highest aromatics proportion of 43.73% was obtained under 425°C, 30wt% PS, and
OmL/min. Increasing temperature can affect the aromatics proportion in three aspects: 1)
promoting the alkanes' dehydro-aromatization [57] for aromatics formation, ii) facilitating the
alkenes' Diels-Alder reactions [41] for aromatics formation, and iii) exacerbating the over-
cracking for aromatics consumption [49]. The highest aromatics proportion achieved under

low temperature indicated that the inhibition of aromatics over-cracking dominated the
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aromatics formation. High PS mass fraction in the WPE/WPS mixture could enhance the

component in the PS pyrolysis oil.
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proportion of the aromatics; thereby, the highest aromatics proportion was gained under
30wt% PS. Meanwhile, the highest styrene/aromatics ratio was 55.22% under the same

conditions (425°C, 30wt% PS, and OmL/min). This was because styrene was the dominant
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Fig. 10. ANN-GA optimized proportions of the oil components and styrene/aromatics ratio: (a) Highest

alkanes proportion; (b) Highest alkenes proportion; (¢) Highest aromatics proportion; (d) Highest

styrene/aromatics ratio.

3.6. WPE/WPS co-pyrolysis oil fractions
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3.6.1. Interactions of temperature, PS mass fraction, and carrier gas flow rate

Fig. 11 shows the experimental and ANN predicted oil fractions in the training and testing
sets. Moreover, Table 3 lists the RMSE, MRE, MAE, SD, and R2 values between the
experimental and ANN predicted oil fractions. The high R2 values and low RMSE, MRE,

MAE, and SD values exhibited high accuracy of the predicted results.
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180 196 212 228 244 260

60 T T T T T T T T —— 260
| | & Mean molecular weight: Trainin & | =
& < Mean molecular weight: Testing O © g
S50 o {244 £
I Q% N
= r Qg OO ] Q
s 05 O =
> 40 4 O H4 228 =
2 o B :
g 30 b ] O Light: Training set | 212 B
2] O Light: Testing set :'g
‘Zl r O Middle: Training |1 g

Z 20+ O Middle: Testing |{ 196
< I % Heavy: Training | | %
v Heavy: Testing <

10 k= : ' 1 —— 180

10 20 30 40 50 60
Experimental value (%)

Fig. 11. Experimental and ANN predicted oil fractions.

Table 3. Errors in the ANN predicted oil fractions.

RMSE® MRE MAE SD R2
Training set 1.38%  -0.09% 2.00% 291%  0.9995
Testing set 338% -1.77% 6.88% 3.22%  0.9970

Fig. 12 depicts the interactions of temperature, PS mass fraction, and carrier gas flow rate
on the distributions of oil fractions under OmIL/min, 10wt% PS, and 425°C. The interactions of
triple conditions under 30mL/min, 20wt% PS, and 475°C (Fig. A.11); and 60mL/min, 30wt%
PS, and 525°C (Fig. A.13) are similar to the conditions under OmL/min, 10wt% PS, and 425°C.

Figs. 12a—c demonstrate that the temperature significantly impacted the oil fractions under
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higher PS mass fractions. As the temperature increased under 10wt% PS, the light fraction

decreased by 1.24%, and the middle and heavy fractions increased by 0.31% and 1.30%,

respectively. However, the light fraction significantly reduced by 9.03%, and the middle and

heavy fractions enhanced by 4.32% and 5.35% when the temperature increased under 30wt%

PS. Higher temperatures could aggravate the secondary cracking of light fraction in oil,

thereby reducing the light fraction and enhancing the middle and heavy fractions [58].

It is noteworthy that the light and middle fractions would decrease, and the heavy fraction

would increase as the flow rate of carrier gas increased, regardless of the variations of

temperature and PS mass fraction (Figs. 12d—f). For instance, the carrier gas flow rate's

increase reduced the light (by 5.02%) and middle (by 9.10%) fractions, and enhanced the

heavy fraction (by 14.05%) under 425°C and 10wt% PS, respectively. It might be ascribed to

the suppression of gas recondensation and repolymerization for generating the light and

middle fractions in oil under higher carrier gas flow rates.

On the other hand, enhancing the PS mass fraction could considerably increase the light

fraction and decrease the middle and heavy fractions in oil. For example, as the PS mass

fraction enhanced under 425°C and non-sweeping atmosphere (OmL/min), the light fraction

increased by 24.99% (23.51%-48.50%), whereas the middle and heavy fractions decreased by

15.62% (53.48%—-37.86%) and 9.23% (22.99%—13.76%), respectively. It might be ascribed to

the high proportion of styrene in the PS pyrolysis oil [11], which belonged to the light fraction.

Consequently, a higher PS mass fraction could contribute to an increase in the light fraction.
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Fig. 12. Interactive effects of temperature, PS mass fraction, and carrier gas flow rate on the distributions of

oil fractions: (a) Light fraction under OmL/min; (b) Middle fraction under OmL/min; (c) Heavy fraction

under OmL/min; (d) Light fraction under 10wt% PS; (e) Middle fraction under 10wt% PS; (f) Heavy

fraction under 10wt% PS; (g) Light fraction under 425°C; (h) Middle fraction under 425°C; (i) Heavy

fraction under 425°C.
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Fig. 13 depicts the interactions of temperature, PS mass fraction, and carrier gas flow rate
on the oil's mean molecular weight under OmL/min, 10wt% PS, and 425°C. Moreover, Fig.
A.12 and Fig. A.14 demonstrate the interactions of triple conditions under 30mL/min, 20wt%
PS, and 475°C; and 60mL/min, 30wt% PS, and 525°C, respectively. Fig. 13a shows that the
oil's mean molecular weight increased with the increasing temperature under all PS mass
fractions. Moreover, the temperature significantly impacted the oil's mean molecular weight
under higher PS mass fractions. For instance, as the temperature increased under OmL/min,
the oil's mean molecular weight was enhanced by 2.77g/mol and 16.98g/mol under 10wt% PS
and 30wt% PS, respectively. The enhancement might be due to the more intense over-
cracking reaction of the oil's light fraction [59], producing a heavier oil with a higher mean
molecular weight. A higher carrier gas flow rate increased the oil's mean molecular weight
under all temperatures (Fig. 13b). The increase was because the light and middle fractions
decreased, whereas the heavy fraction increased with the increasing flow rate of carrier gas
(Figs. 12d-f). Besides, the increase in PS mass fraction contributed to a significant decrease
of ~40g/mol in the oil's mean molecular weight under 425°C (Fig. 13c).

@ 0 mL/min () 10wt% PS © 425°C

60 60

(g/mol) _ j

£ 50

1872 E 187.2
195.2 o ‘ 2302 E 4 I195.2
2032 2332 g 2032
2362 § 211.2
I 239.2 I 2192
2422 2272

211.2
I 219.2
2272
2352 245.2 2352
I 2432 I 248.2 I 2432
251.2 251.2 251.2

(g/mol)

(g/mol) =

o3
(=}

N
8]

8]
(=4

PS mass fraction (wt%)
= %
Carrier gas flow rate (mL
[~}
S

Carrier gas flow ra

s

10 T T T T i 0
425 445 465 485 505 525 425 445 465 485 505 525 10 14 18 22 26 30

Temperature (°C) Temperature (°C) PS mass fraction (wt%)

0

Fig. 13. Interactive effects of temperature, PS mass fraction, and carrier gas flow rate on the oil's mean
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molecular weight: (a) Under OmL/min; (b) Under 10wt% PS; (c) Under 425°C.

3.6.2. ANN-GA optimization

As discussed in Section 3.6.1, the temperature, PS mass fraction, and carrier gas flow rate

had complex interactions on the distributions of WPE/WPS co-pyrolysis oil fractions and the

oil’s mean molecular weight. Therefore, the ANN-GA was adopted to determine the highest

oil fractions and the lightest co-pyrolysis oil with the lowest mean molecular weight.

Fig. 14a shows that the highest light fraction was 48.50% under 425°C, 30wt% PS, and

OmL/min. Low temperature and non-sweeping atmosphere could suppress the secondary

cracking of light fraction and promote gas recondensation for light fraction formation. The

highest middle fraction of 53.79% was obtained under 525°C, 10wt% PS, and OmL/min (Fig.

14b). Higher temperatures might be conducive to the secondary cracking of heavy fraction for

middle fraction generation. On the other hand, the highest heavy fraction was 37.04% under

425°C, 10wt% PS, and 60mL/min (Fig. 14c).

The lightest WPE/WPS co-pyrolysis oil with the lowest mean molecular weight of

187.85g/mol was obtained under 425°C, 30wt% PS, and OmL/min (Fig. 14d). It could be

concluded that low temperature, high PS mass fraction, and non-sweeping atmosphere were

conducive to the light WPE/WPS co-pyrolysis oil production.
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451

452 4. Conclusions

453 This study investigated the co-pyrolysis of WPE/WPS for oil production under different

454  temperatures and carrier gas flow rates. The ratio of the real-life WPE and WPS is different in

455  different regions. Therefore, the effect of WPE/WPS mixture composition on oil production

456  was also studied. It was found that the WPE/WPS mixture composition and operating

457  conditions had complex interactions on the co-pyrolysis oil yield. Therefore, a hybrid model

458  of ANN-GA was adopted to optimize the conditions for oil production based on the central-
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composite design. It is noteworthy that the optimized conditions in this study have limitations

because the experiments were performed in a bench-scale reactor. Nevertheless, the findings

could provide qualitative guidance for the regional industrialization of waste plastic pyrolysis.

ANN-GA can also be used to regulate different target products under more complicated

conditions due to its good robustness. This study’s principal conclusions are outlined as

follows.

® The highest oil yield was 82.33wt% under 525°C, 10wt% PS, and OmL/min. The findings

revealed that high temperature, low PS mass fraction, and low carrier gas flow rate were

conducive to a higher oil yield.

® The highest alkanes, alkenes, and aromatics proportions were 48.09%, 52.57%, and

43.73%, respectively. Additionally, the highest styrene/aromatics ratio was 55.22% under

the same conditions as the highest aromatics proportion (425°C, 30wt% PS, and OmL/min).

® The lightest WPE/WPS co-pyrolysis oil with the lowest mean molecular weight of

187.85g/mol was obtained under 425°C, 30wt% PS, and OmL/min. It could be concluded

that low temperature, high PS mass fraction, and low carrier gas flow rate were conducive

to the light WPE/WPS co-pyrolysis oil production.
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