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Abstract: This study studied the ex-situ catalytic pyrolysis of waste polyethylene (WPE) with
activated carbon (AC). It was found that the operating parameters and AC/WPE mass ratio
had complex interactions on the WPE-AC catalytic pyrolysis oil and gas yields. A hybrid
method of artificial neural network (ANN) coupled with genetic algorithm (GA) was used to
establish the mathematical expressions of oil and gas yields under different conditions and
optimize the conditions to obtain the highest oil yield. The R? values and the average absolute
relative errors between the experimental and the ANN predicted values were 0.9992 and
0.60 %, and 0.9830 and 5.01 % in the training and the testing tests, respectively. The optimal
oil production calculated by ANN-GA was 69.16 wt% under 479 °C, the AC/WPE mass ratio
of 1, and 10 mL/min. The experimental oil yield was 69.63 wt% under the optimal
parameters, which was close to the predicted value of ANN-GA. The WPE-AC catalytic
pyrolysis oils

under different conditions were characterized by the Fourier-transform infrared spectroscopy
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(FTIR) and the gas chromatography/mass spectrometry (GC/MS). The types of oil’s
functional groups did not change with different operating parameters and AC/WPE mass
ratios. The oils were composed of alkenes, naphthenes, alkanes, and aromatic hydrocarbons

ranging from C8 to C33. The operating parameters and AC/WPE mass ratio affected the oil

fractions to a great extent.

Keywords: Waste polyethylene; Ex-situ catalytic pyrolysis, Activated carbon,; Optimization,

Oil production.
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1. Introduction
Municipal solid waste (MSW) increases by ~2.01 billion tons per year due to global

urbanization and population growth [1]. It has been reported that ~33 % of MSW is not
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adequately managed [2]. Waste plastics account for a large proportion (5.6-27.6 wt%) of
MSW [3]. Moreover, waste polyethylene (WPE) takes up the most significant proportion (38—
62 wt%) of plastic in MSW [4]. Mass production of plastics and improper handling of waste
plastics has led to a waste plastic crisis [5]. For example, landfilling would generate
microplastics that harm ecosystems and living things [6]. In terms of the incineration of waste
plastics, it causes a large amount of greenhouse gas emissions [7]. Therefore, it is necessary to
adopt appropriate methods to dispose of waste plastics, WPE in particular.

Pyrolysis, without the presence of oxygen, is a promising method to convert WPE into
value-added oil, gas, and char [8][9]. The pyrolysis oil is considered a substitute for
commercial gasoline or diesel, so it has aroused the research interest of many researchers
[5][10][11]. In the absence of catalysis, the WPE pyrolysis oil contains a large proportion of
macromolecular wax that is solid at room temperature [12][13][14]. To be a suitable
alternative to commercial fuels, researchers use catalysts to improve the quality of WPE
pyrolysis oil.

It has been reported that activated carbon (AC) could effectively reduce wax in WPE
pyrolysis oil. Duan et al. [15] reported that low-density PE could be pyrolyzed with AC (mass
ratio of 1:1) at 550 °C to obtain ~45 wt% pyrolysis oil containing only C8—C16 hydrocarbons.
Huo et al. [16] used AC to catalytically pyrolyze low-density PE (mass ratio of 2:1) at 500 °C
to obtain 56.0 wt% oil, which was 100 % jet fuel. Zhang et al. [11] also recovered 54.0 wt%
high-quality oil from low-density PE ex-situ catalytic pyrolysis with AC under the

AC/low-density PE mass ratio of 2 and 571 °C. Besides, Zhang et al. [17] also found that AC



could enhance the aromatics’ selectivity in the oil obtained from co-pyrolysis of biomass and
high-density PE.

It can be concluded that the WPE pyrolysis oil could be upgraded by catalytic pyrolysis in
the presence of AC. The effects of temperature and AC/WPE mass ratio on the yield and
composition of WPE pyrolysis oil have also been comprehensively investigated. Nevertheless,
according to [14][18], the flow rate of carrier gas is also a significant parameter, determining
the oil yield and composition to a great extent. However, few studies were conducted to
investigate the interactions of temperature and carrier gas flow rate on the WPE-AC catalytic
pyrolysis oil yield to the best of our knowledge. Therefore, this study investigates the effect of
AC/WPE mass ratio on the WPE catalytic pyrolysis affected by two operating parameters: the
temperature and flow rate of carrier gas. Based on the mentioned studies, the target ranges for
the temperature, the flow rate of carrier gas, and the AC/WPE mass ratio are 425-525 °C, 10-
30 mL/min, and 1-2, respectively.

Since the correlation of the operating parameters and AC/WPE mass ratio is expected to
be ill-posed, the methodology (proposed by Pan et al. [14]) of artificial neural network (ANN)
coupled with a genetic algorithm (GA) is used to establish the mathematical expression to
estimate oil yield under different conditions and then maximize the oil yield. The recovered
oils are characterized by Fourier-transform infrared spectroscopy (FTIR) and gas
chromatography/mass spectrometry (GC/MS). The main functional groups and components of

the oil are analyzed under different operating parameters and AC/WPE mass ratios.



2. Experiments and methods
2.1. Materials

WPE (~3 mm particles) was recovered from MSW and provided by Zhoushan Jinke
Renewable Resources Co., China. The AC sample was purchased from Sigma-Aldrich,
Germany (100 mesh, CAS: 7440-44-0). The AC’s BET surface area, average pore diameter,
and average particle size are 876.45 m?/g, 3.33 nm, and 19.27 um, respectively [19].

Fig. 1 shows the thermogravimetric analysis of WPE. The sample was heated from 20 °C
to 550 °C at a heating rate of 6 °C/min. 2.81 wt% of residue remained after the
thermogravimetric analysis. The WPE’s onset, end, and maximum degradation temperatures
[20] were 452.1 °C, 494.1 °C, and 474.9 °C, respectively. Moreover, the maximum mass loss

rate was 21.44 wt%/min.
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Fig. 1. Thermogravimetric analysis of WPE.

2.2. Experiments
Fig. 2 shows the experimental setup for ex-situ catalytic pyrolysis of WPE with AC.

Nitrogen is severed as the purge gas (purge for 30 min under 100 mL/min) to create the
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oxygen-free atmosphere for WPE-AC catalytic pyrolysis. The flow rate of nitrogen is
controlled by the gas flow controller with the range of 0-250 mL/min. The pyrolysis is carried
out in a 99% ALOs3 crucible (P40 mm x 60 mm, wall thickness 3 mm) placed in a 200 mL
reactor. As shown in Fig. 1, ~2 g of WPE is evenly spread on the crucible bottom. The 2", 3%,
and fourth layers are quartz wool, AC, and quartz wool. The reactor is heated to the target
temperature under 6 °C/min and stays at the target temperature for 20 min. The pyrolysis oil is
cooled by the water-chiller condenser and condensed in the glass bottles placed in a mixture

of ice and water. A 10 L gas bag is used to collect the pyrolysis gas.
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Fig. 2. Experimental setup for ex-situ catalytic pyrolysis of WPE with AC.

Table 1 shows the experimental design of ex-situ catalytic pyrolysis of WPE with AC
based on the central-composite design [11][14]. The temperature, AC/WPE mass ratio, and
flow rate of carrier gas were investigated in the ranges of 425-525 °C, 1-2, and 10-30
mL/min, respectively. Experiments of R1-R16 were carried out to obtain the training data for

ANN-GA, and V1-V6 were conducted to gain the testing data.



Table 1

Experimental design of ex-situ catalytic pyrolysis of WPE with AC.

Run Temperature (°C) AC/WPE mass ratio  Carrier gas flow rate (mL/min)

R1 425 1 10
R2 425 1 30
R3 425 1.5 20
R4 425 2 10
RS 425 2 30
R6 475 1 20
R7 475 1.5 10
R8 475 1.5 20
R9 475 1.5 30
R10 475 2 20
R11 475 2 30
R12 525 1 10
R13 525 1 30
R14 525 1.5 20
R15 525 2 10
R16 525 2 30
V1 450 1 10
V2 450 1.25 25
V3 450 1.75 15
V44 479 1 10
V5 500 1.25 25
Vo6 500 1.75 15

“ Conditions optimized by ANN-GA.

2.3. Characterization methods for recovered oil

FTIR (Thermo Nicolet 6700) and GC/MS (Thermo Scientific TRACE 1300/1310 coupled
Thermo Fisher TSQ 9000) analyses were conducted to identify the recovered oils' functional
groups and specific compositions. The operating details are wholly described in the previous

study [14].



2.4. ANN-GA

Fig. 3 shows the flow schematic of ANN coupled with GA, which has been described in

detail in previous studies [14][21][22]. This study adopted ANN-GA to investigate the triplet

of parameters: pyrolysis temperatures, AC/WPE mass ratios, and flow rates of carrier gas.

ANN trained the experimental gas and oil yields under the triplet combination, and then the

mathematical expressions of gas and oil yields were expressed in terms of the triplet of

parameters. Subsequently, the oil yield was optimized by GA to obtain the highest value.

In order to verify the applicability of ANN-GA, this study used ANN-GA to optimize the

required heat and exergy efficiency during the WPE gasification process [23]. Hasanzadeh et

al. [23] investigated the interactions of temperature and steam to polyethylene waste ratio (S/P

ratio) on the WPE gasification’s required heat and exergy efficiency. They used the response

surface methodology (RSM) to establish the mathematical expressions of required heat and

exergy efficiency expressed in terms of temperature and S/P ratio. A total of 13 sets of tests

were conducted to obtain the training data. The comparison of the predicted results of RSM

and ANN-GA was described in detail in Appendix A. The ANN-GA predicted results were

more consistent with the original data and more accurate than the RSM predicted ones. It can

be concluded that ANN-GA can predict and optimize other researches’ data.
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Fig. 3. Flow schematic of ANN coupled with GA for the context of the present work.

3. Results and discussion



3.1. Accuracy of ANN

Fig. 4 shows the experimental and the ANN predicted oil and gas productions from the
WPE-AC catalytic pyrolysis in the training and testing sets. The experimental oil and gas
yields oscillated between 56.31-69.63 wt% and 21.18-42.46 wt%, respectively. It is
noteworthy that the WPE thermal pyrolysis oil yield (65.31-83.50 wt%) was higher than the
WPE-AC catalytic pyrolysis one, whereas the WPE thermal pyrolysis gas yield (11.50-18.59
wt%) was lower than the WPE-AC catalytic pyrolysis one within the same temperature range
of 425-525 °C [14]. It was because that the WPE could be decomposed into the shorter-chain
hydrocarbons in the presence of catalysts [24]. Santos et al. [25] recovered approximately 21—
59 wt% oil and 16-50 wt% gas from the high-density PE catalytic pyrolysis with H-ZSM-5 (1
wt%) in a relatively lower temperature range 430-470 °C. Zhang et al. [11] recovered 38.5—
73.0 wt% high-quality oil and 10.9-44.8 wt% gas from the low-density PE catalytic pyrolysis
with AC in the temperature range of 430-571 °C. These results were close to the values
presented in this study.

Fig. 4 also illustrates the absolute relative errors (AREs) between the experimental and the
ANN predicted oil and gas yields. It could be seen that the predicted oil yields (AREs within
3.1 %) were more accurate than the predicted gas yields (AREs within 11.8 %). It might be
because the gas production was calculated by the difference method, which caused the
accumulation of errors in gas yield [14]. Moreover, the R? values and average AREs between
the experimental and ANN predicted values were 0.9992 and 0.60 %, 0.9830 and 5.01 % in

the training and testing tests. The high R? values and low average AREs revealed the high
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accuracies of ANN-predicted oil and gas yields.
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Fig. 4. Experimental and ANN predicted oil and gas productions in training and testing sets: (a) Oil
production in the training set; (b) Oil production in the testing set; (¢) Gas production in the training set; (d)

Gas production in the testing set.

3.2. Interactions of temperature and AC/WPE mass ratio

Fig. 5 shows the interactions of temperature and AC/WPE mass ratio on oil and gas
productions under different carrier gas flow rates. The variation ranges of oil and gas
productions under different carrier gas flow rates are tabulated in Table 2. It can be found that
under the highest AC/WPE mass ratio of 2, the oil production increased with the increasing
temperature in the range of 425-475 °C, regardless of the variation of carrier gas flow rate.

Higher temperatures aggravated the random scissions of WPE, resulting in more volatile
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products [26]. Therefore, gas production was also enhanced when the temperature increased
[27]. However, enhancing temperature above 475 °C intensified the secondary cracking of
pyrolysis oil, leading to a decrease in oil production and an increase in gas production [28]. It
is noteworthy that the effect of temperature on oil and gas yields was more complicated under
30 mL/min (Figs. 5e—f). Under the lowest AC/WPE mass ratio of 1, the oil production
decreased from 65.68 wt% at 425 °C, reached the minimum yield of 58.53 wt% at 475 °C,
and increased thenceforth. The gas recondensation might cause an increase in oil yield at
higher temperatures [29]. In this perspective, the gas yield decreased by 6.15 wt% (from
40.40 wt% to 34.25 wt%) as the temperature increased from 475 °C to 525 °C, which might

be ascribed to promoting the Diels-Alder reaction for gas aromatized by AC [30].
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Fig. 5. Interactions of temperature and AC/WPE mass ratio on oil and gas productions under different

carrier gas flow rates: (a) Oil production under 10 mL/min; (b) Gas production under 10 mL/min; (c¢) Oil

production under 20 mL/min; (d) Gas production under 20 mL/min; (e) Oil production under 30 mL/min; (f)

Gas production under 30 mL/min.

Table 2

WPE catalytic pyrolysis oil and gas productions under different carrier gas flow rates.

Temperature: 425-525 °C; AC/WPE mass ratio: 1.0-2.0

Yield Under 10 mL/min Under 20 mL/min Under 30 mL/min
Oil 58.12-69.16 wt% 57.53-66.13 wt% 56.36-65.90 wt%
Gas 20.97-42.11 wt% 21.29-42.20 wt% 22.39-42.50 wt%

3.3. Interactions of AC/WPE mass ratio and carrier gas flow rate

Fig. 6 illustrates the interactions of AC/WPE mass ratio and carrier gas flow rate on oil
and gas productions under different temperatures. Table 3 exhibits the variation ranges of oil
and gas productions under different temperatures. It can be concluded that a higher AC/WPE
mass ratio would reduce oil production and enhance gas production, regardless of the

variations of carrier gas flow rate and temperature. More catalytic sites exacerbated WPE
13



backbone cracking and oil secondary cracking, thereby led to a decrease in oil yield and an
increase in gas yield [11][31]. The AC/WPE mass ratio faintly impacted the oil production
under 10mL/min and 425 °C (Fig. 6a). The oil yield merely decreased by 1.27 wt% as the
AC/WPE mass ratio increased. It may be ascribed to that partial polyene radicals also formed
light oils via rearrangement, cyclization, and aromatization in the catalytic sites [29][32].
However, as carrier gas flow rate increased to 30 mL/min (Fig. 6b), oil secondary cracking
was more intense than gas recondensation reaction [14], resulted in a dramatic reduction (of
8.11 wt%) of oil yield as the AC/WPE mass ratio increased.

The AC/WPE mass ratio had an inconspicuous impact on oil and gas yields under 30
mL/min and 475 °C (Figs. 5c—d). Fan et al. [10] also found that the oil yield almost
unchanged when the MgO/LDPE mass ratio enhanced from 1/10 to 1/3. They attributed it to
the fact that excess catalyst would not further promote the secondary cracking reaction. On
the other hand, higher carrier gas flow rates would lead to heavier oil production [14]. It
might block the AC’s pores to decrease the catalyst activity, which led to the practically
constant oil and gas yields as the AC/WPE mass ratio increased [11]. However, increasing the
AC/WPE mass ratio led to a decrease of 5.70 wt% in oil yield and an increase of 6.47 wt% in
gas yield under 10 mL/min and 475 °C. Moreover, the oil yield decreased by approximately 8
wt%, and the gas yield enhanced by approximately 8wt% when the AC/WPE mass ratio
increased from 1 to 2 under 525 °C, regardless of carrier gas flow rate’s variation. It indicated
that higher AC/WPE mass ratios could promote the oil secondary cracking for the oil

consumption and the gas formation by providing more active sites [33].
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production under 475 °C; (d) Gas production under 475 °C; (e) Oil production under 525 °C; (f) Gas

production under 525 °C.
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Table 3

WPE catalytic pyrolysis oil and gas productions under different temperatures.

Carrier gas flow rate: 10-30 mL/min; AC/WPE mass ratio: 1.0-2.0

Yield Under 425 °C Under 475 °C Under 525 °C
Oil 57.57-65.68 wt% 58.48-69.10 wt% 56.36-66.24 wt%
Gas 20.97-30.52 wt% 30.31-40.54 wt% 32.99-42.50 wt%

3.4. Interactions of carrier gas flow rate and temperature

Fig. 7 shows the interactions of carrier gas flow rate and temperature on oil and gas
productions under different AC/WPE mass ratios. Table 4 tabulates the variation ranges of oil
and gas productions under different AC/WPE mass ratios. As shown in Figs. 7a (AC/WPE
mass ratio = 1), 6¢c (AC/WPE mass ratio = 1.5), and 6e (AC/WPE mass ratio = 2), enhancing
the flow rate of carrier gas led to an increase of 3.78 wt%, an increase of 0.11 wt%, and a
reduction of 3.06 wt% in oil yields under the lowest temperature of 425 °C, respectively.
More significant carrier gas flow rates could inhibit the oil secondary cracking, thereby
increased the oil yield [18]. On the other hand, increasing the flow rate of carrier gas would
purge the produced volatiles out of the reactor faster, thereby suppressing the formation of
light oils from the partial polyene radicals via rearrangement, cyclization, and aromatization
[11][32]. As the flow rate of carrier gas increased, the oil yield would enhance when the gas
recondensation reaction was more violent than the oil secondary cracking, while it would
reduce as the oil secondary cracking dominated. It can be seen that the secondary cracking of
oil was dominant in the middle-temperature range of 450-500 °C. Therefore, enhancing the
flow rate of carrier gas led to a decrease in oil yield and an increase in gas yield under all

16



AC/WPE mass ratios. However, the flow rate of carrier gas became an inconspicuous
parameter on both oil and gas yields when the temperature was higher than 500 °C. It might
be ascribed that higher temperature would increase the heavy fraction in oil [14] and decrease
the alkenes in gas [34]. Both the secondary cracking of oil and the recondensation of gas were
at low reactivity, and thereby the oil and gas yields did not change with the flow rate of carrier
gas under higher temperatures.

() AC/WPE mass ratio of 1 (b) AC/WPE mass ratio of 1

(d) AC/WPE mass ratio of 1.5

17
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Fig. 7. Interactions of carrier gas flow rate and temperature on oil and gas productions under different
AC/WPE mass ratios: (a) Oil production under AC/WPE mass ratio of 1; (b) Gas production under
AC/WPE mass ratio of 1; (¢) Oil production under AC/WPE mass ratio of 1.5; (d) Gas production under
AC/WPE mass ratio of 1.5; (e) Oil production under AC/WPE mass ratio of 2; (f) Gas production under

AC/WPE mass ratio of 2.

Table 4

WPE catalytic pyrolysis oil and gas productions under different AC/WPE mass ratios.

Temperature: 425-525 °C; Carrier gas flow rate: 10-30 mL/min

) Under AC/WPE mass ratio  Under AC/WPE mass ratio  Under AC/WPE mass ratio
Yield of 1 of 1.5 of 2

Oil 58.53-69.16 wt% 58.51-66.86 wt% 56.36-63.42 wt%

Gas 20.97-40.58 wt% 21.49-40.69 wt% 22.48-42.50 wt%

3.5. ANN-GA optimization

Fig. 8 shows the ANN-GA optimization process and optimal conditions for oil production
through the ex-situ catalytic pyrolysis of WPE with AC. As shown in Fig. 8a, the highest oil
production was determined at the 200" iteration. Fig. 8b illustrates that the optimal oil

18



production calculated by ANN-GA was 69.16 wt% under 479 °C, the AC/WPE mass ratio of
1, and 10 mL/min. It indicated that the moderate temperature (< 500 °C) [30][35], the low
AC/WPE mass ratio [36][37], and the low flow rate of carrier gas [38][39] were beneficial to
oil production. The experimental oil yield was 69.63 wt% under the optimal parameters. The
absolute relative error was 0.67 % between the experimental and the ANN-GA determined oil
yields, which exhibited the high accuracy of ANN-GA. Moreover, the optimal temperature for
WPE thermal pyrolysis was 488 °C [14], a value higher than the optimal temperature for

WPE-AC catalytic pyrolysis. Therefore, it can be concluded that the presence of AC could

decrease the optimal pyrolysis temperature of WPE.

Optimal oil production
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Fig. 8. Optimal conditions optimized by ANN-GA for maximum oil production: (a) Optimization process;

(b) Optimal conditions for oil production.

3.6. FTIR analysis

Fig. 9 shows the FTIR spectrum of oil samples under different conditions (oil samples of
R3, R6, R7, R8, R9, R10, and R14). It can be seen that the oil’s FTIR characteristic peaks did

not change with the temperature, the AC/WPE mass ratio, and the flow rate of carrier gas. The
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oils were composed of alkenes, naphthenes, alkanes, and aromatic hydrocarbons, which
indicated that WPE-AC catalytic pyrolysis underwent random and Beta scissions [25],

hydrogen transfers (both inter- and intra-molecular) [40], and molecular cyclization and

aromatization [41].
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Fig. 9. FTIR spectrum of oil samples under different conditions.

3.7. GC-MS analysis

Fig. 10 shows carbon number distribution and fractions of the WPE-AC catalytic and
thermal pyrolysis oils. The thermal and catalytic pyrolysis (R14) were performed under the
same operating parameters (525 °C, 20 mL/min, 20 min). It can be seen that the WPE thermal
pyrolysis oil was composed of C7—C36 hydrocarbons with a large proportion of C21-C24 and
C30 (> 6 %) [14], while the WPE-AC catalytic pyrolysis oil was composed of C8-C33
hydrocarbons with a large proportion of C9—-C12 and C15 (> 7 %). AC could accelerate the

hydrogen-ion abstraction reaction of the WPE hydrocarbon long chain to form more
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carbonium-ion free radicals, which was conducive to generating shorter chain hydrocarbons
with lower carbon numbers [42][43]. Therefore, as shown in Fig. 10b, the light (C7-C11) and
middle (C12—C20) frictions significantly increased from 4.55 % to 27.40 %, from 31.27 % to
57.24 %, and the heavy friction (> C20) reduced dramatically from 64.18 % to 15.36 % in the

presence of AC.
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Fig. 10. Carbon number distribution and fractions of the WPE catalytic and thermal pyrolysis oils: (a)

Carbon number distribution; (b) Oil fractions.

3.7.1. Effect of temperature on carbon number distribution and oil fractions

Fig. 11 shows the effect of temperature on the carbon number distribution and the
fractions of WPE-AC catalytic pyrolysis oil. As depicted in Fig. 11a, the carbon number
distribution trends were similar under different temperatures. Hydrocarbons with the carbon
numbers of C8—-C18 were all greater than 4 %, which together accounted for ~75 % of the
WPE-AC catalytic pyrolysis oils. Moreover, the hydrocarbons with carbon numbers above
C30 only took up ~1 % in oils under all operating temperatures.

As shown in Fig. 11b, the light-fraction increased from 28.70 % to 35.96 % as the
21



temperature enhanced from 425 °C to 475 °C, whereas it decreased to 27.40 % as the
temperature continuously increased to 525 °C. The middle-fraction firstly decreased from
55.09 % to 46.70 % when the temperature increased from 425 °C to 475 °C, while it increased
to 57.24 % under 525 °C. The heavy-fraction oscillated in a narrow range of 15.36-17.34 %,
which was not significantly affected by the temperature [44]. Therefore, it could conclude that
improving the temperature from 425 °C was beneficial to convert the WPE-AC catalytic
pyrolysis oil’s middle-fraction to light-fraction at first, thereby leading to an increase in the
light-fraction and a decrease in the middle-fraction [35][41][45]. However, continuously
increasing the temperature to 525 °C resulted in the over-cracking of light-fraction, which
contributed to the reduction of light-fraction and the enhancement of middle-fraction in the

WPE-AC catalytic pyrolysis oil [35][46].
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Fig. 11. Effect of temperature on the carbon number distribution and the fractions of WPE catalytic

pyrolysis oil: (a) Carbon number distribution; (b) Oil fractions.

3.7.2. Effect of AC/WPE mass ratio on carbon number distribution and oil fractions

Fig. 12 demonstrates the effect of AC/WPE mass ratio on the carbon number distribution
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and the fractions of WPE-AC catalytic pyrolysis oil. As illustrated in Fig. 12a, the oil under
the AC/WPE mass ratio of 1.5 had more hydrocarbons with the carbon numbers of C8—C11
than the oils under the AC/WPE mass ratios of 1 and 2. The oil under the AC/WPE mass ratio
of 2 had the most abundant hydrocarbons with the carbon numbers of C12—C15. On the other
hand, the highest content of hydrocarbons above C15 was obtained under the lowest AC/WPE
mass ratio of 1.

Consequently, as depicted in Fig. 12b, the light-fraction enhanced from 23.46 % to 35.96 %
as the AC/WPE mass ratio increased from 1 to 1.5, while decreased to 29.18 % as the
AC/WPE mass ratio sequentially enhanced to 2. The middle-fraction initially reduced from
55.48 % to 46.70 % when the AC/WPE mass ratio improved from 1 to 1.5, whereas it
increased to 53.56 % under the AC/WPE mass ratio of 2. Moreover, the heavy-fraction
gradually decreased from 21.06 % to 17.26 % as the AC/WPE mass ratio enhanced. The
reductions of middle-fraction and heavy-fraction and the enhancement of light-fraction might
be attributed to the sufficient acid sites for the secondary cracking of middle-fraction and
heavy-fraction in oil when the AC/WPE mass ratio enhanced from 1 to 1.5 [15]. However, the
excessive acid sites might conduce to the over-cracking of oil’s light-fraction, which

correspondingly led to an increase in gas production [15][45].
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. 12. Effect of AC/WPE mass ratio on the carbon number distribution and the fractions of WPE catalytic

pyrolysis oil: (a) Carbon number distribution; (b) Oil fractions.

3.7.3. Effect of carrier gas flow rate on carbon number distribution and oil fractions

Fig. 13 illustrates the effect of carrier gas flow rate on the carbon number distribution and

the fractions of WPE-AC catalytic pyrolysis oil. As shown in Fig. 13a, the hydrocarbons with

carbon numbers of C8—C12 in the oil under 20 mL/min were richer than those in the oils

under 10 mL/min and 30 mL/min. The oil under the lowest flow rate of carrier gas (10

mL/min) had the most abundant hydrocarbons with the carbon numbers of C14-C24

compared to the oils under 20 mL/min and 30 mL/min. In comparison, the highest content of

hydrocarbons above C24 was obtained under the highest flow rate of carrier gas (30 mL/min),

which together accounted for around 7 % in the WPE-AC catalytic pyrolysis oil.

Accordingly, as illustrated in Fig. 13b, the light-fraction increased from 19.46 % to 35.96 %

as the flow rate of carrier gas enhanced from 10 mL/min to 20 mL/min, whereas reduced to

26.61 % as the flow rate of carrier gas subsequently enhanced to 30 mL/min. The

middle-fraction firstly decreased from 59.40 % to 46.70 % as the flow rate of carrier gas
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improved from 10 mL/min to 20 mL/min, while enhanced to 53.19 % under 30 mL/min. The
heavy-fraction fluctuated between 17.34 % and 21.13 %, which was not significantly
influenced by the flow rate of carrier gas. The enhancement of light-fraction and the
reductions of middle-fraction and heavy-fraction might be ascribed to the suppression of the
light-fraction’s over-cracking as the flow rate of carrier gas enhanced from 10 mL/min to 20
mL/min [47]. However, the excessive flow rate of carrier gas shortened the residence time of
volatile gas and suppressed the gas recondensation and the secondary cracking of

middle-fraction and heavy-fraction, which further decreased the oil’s light-fraction formation

[47](48][49].
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Fig. 13. Effect of carrier gas flow rate on the carbon number distribution and the fractions of WPE catalytic

pyrolysis oil: (a) Carbon number distribution; (b) Oil fractions.

4. Conclusions
This study investigated the ex-situ catalytic pyrolysis of waste polyethylene (WPE) with
activated carbon (AC). The pyrolysis experiments were carried out in a bench-scale

semi-batch reactor. The operating parameters of temperature and carrier gas flow rate, and
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AC/WPE mass ratio were investigated in the ranges of 425-525 °C, 1-2, and 10-30 mL/min,
respectively. It was found that the operating parameters and AC/WPE mass ratio had complex
interactions on the WPE-AC catalytic pyrolysis oil and gas yields. Therefore, a hybrid method
of artificial neural network (ANN) coupled with genetic algorithm (GA) was used to establish
the mathematical expressions of oil and gas yields under different conditions and optimize the
conditions to obtain the highest oil yield. It should be noted that the correlations obtained in
this study have application limitations delimited by the experimental apparatus and process
conditions. Nonetheless, ANN-GA has been proved to have good robustness, which can
provide guidance for industrial process optimization. The main findings and conclusions are
outlined as follows.

e The oil production optimized by ANN-GA was 69.63 wt% under 479 °C, the AC/WPE
mass ratio of 1, and 10 mL/min.

e The oils were composed of alkenes, naphthenes, alkanes, and aromatic hydrocarbons in the
range of C8-C33.

e Improving the temperature from 425 °C was firstly beneficial to convert the middle-fraction
into the light-fraction in the WPE-AC catalytic pyrolysis oil, while continuously increasing
the temperature to 525 °C resulted in a decrease in the light-fraction and an increase in the
middle-fraction.

e Increasing the AC/WPE mass ratio led to an increase in the light-fraction and a decrease in
the middle-fraction when the AC/WPE mass ratio was low (1-1.5); However, the excessive

AC/WPE mass ratio (1.5-2) decreased the light-fraction and increased the middle-fraction

26



in the pyrolysis oil.
e A lower carrier gas flow rate led to a higher proportion of light-fraction and lower middle-

and heavy-fraction proportions.
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