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This study investigated the interactive effects of temperature, residence time, and carrier gas flow rate on the liquid fuel production through the pyrolysis of waste polyethylene (WPE) in a bench-scale semi-batch reactor. To enhance the liquid fuel production, fifteen experiments were conducted based on a central composite design. The adaptive neural fuzzy model was adopted to establish the relationship between liquid fuel production and operating conditions. The R-squared value of the experimental and adaptive neural fuzzy model predicted that liquid fuel production was 0.9934. Four additional experimental results verified the adaptive neural fuzzy model's applicability. Subsequently, the genetic algorithm (GA) was adopted to optimize operating conditions to maximize liquid fuel production. The GA optimized operating conditions (temperature, residence time, and carrier gas flow rate) were: 488 • C, 20 min, and 20 mL/min. The liquid fuel under the optimal operating conditions was analyzed by Fourier-transform infrared spectroscopy (FTIR) and gas chromatography-mass spectrometry (GC-MS). The liquid fuel had similar main functional groups as diesel. The components of the liquid fuel were mainly 1-alkenes and n-alkanes ranging from C7 to C36. The effects of operating conditions on liquid fuel fractions and mean molecular weight were also investigated.

Introduction

Municipal solid waste (MSW) is accumulating rapidly due to the enormous resource consumption and inefficient recycling worldwide. It is estimated that within 34 years (from 2016 to 2050), MSW will increase from 2.01 billion tons to 3.40 billion tons [START_REF] Kaza | What a Waste 2.0: A Global Snapshot of Solid Waste Management to[END_REF]. Plastic waste accounts for a large part of Municipal Solid Waste (MSW) due to its wide range of uses [START_REF] Quesada | Production of an alternative fuel by pyrolysis of plastic wastes mixtures[END_REF]. Moreover, the waste polyethylene (WPE) accounts for 40% of plastics in MSW [START_REF] Onwudili | Composition of products from the pyrolysis of polyethylene and polystyrene in a closed batch reactor: Effects of temperature and residence time[END_REF]. Also, about 70% of the total produced plastics have been directly discarded in the environment [START_REF] Geyer | Production, use and fate of all plastics ever made[END_REF]. These combinations of mismanagement have aggravated environmental pollution and endangered human health [START_REF] Crippa | A circular economy for plastics -Insights from research and innovation to inform policy and funding decisions[END_REF]. Therefore, the recycling of waste plastics, especially the WPE, needs to be further promoted.

It is reported that pyrolysis is an efficient way to recycle the WPE [START_REF] Sharuddin | A review on pyrolysis of plastic wastes[END_REF][START_REF] Pan | Investigating waste plastic pyrolysis kinetic parameters by genetic algorithm coupled with thermogravimetric analysis[END_REF]. The polymer is thermally decomposed into gas, liquid fuel, and char products in an oxygen-free atmosphere. Moreover, slow pyrolysis with low heating rates can enhance liquid fuel production [START_REF] Das | The effect of slow pyrolysis on the conversion of packaging waste plastics (PE and PP) into fuel[END_REF]. The thermal lag phenomenon can also be diminished by adopting low heating rates [START_REF] Ceamanos | Kinetics of pyrolysis of high density polyethylene. Comparison of isothermal and dynamic experiments[END_REF]. The uniform temperature distributions inside the reactor and the reactants can be achieved during slow pyrolysis [START_REF] Mazloum | Modelling plastic heating and melting in a semi-batch pyrolysis reactor[END_REF][START_REF] Antelava | A review on thermal and catalytic pyrolysis of plastic solid waste (PSW)[END_REF]. This is conducive to heat and mass transfer and liquid fuel production [START_REF] Das | The effect of slow pyrolysis on the conversion of packaging waste plastics (PE and PP) into fuel[END_REF][START_REF] Kunwar | Plastics to fuel: a review[END_REF]. The distribution of products is determined by the reactor type, the presence of catalysts, and operating conditions, such as temperature, residence time, and carrier gas flow rate [START_REF] Sharuddin | A review on pyrolysis of plastic wastes[END_REF]. Many studies on the thermal pyrolysis of polyethylene (PE) have been conducted in semibatch reactors. It has been reported that high liquid fuel yields can be obtained [START_REF] Manos | Catalytic degradation of high-density polyethylene on an ultrastable-Y Zeolite. Nature of initial polymer reactions, pattern of formation of gas and liquid products, and temperature effects[END_REF][START_REF] Manos | Tertiary recycling of polyethylene to hydrocarbon fuel by catalytic cracking over aluminum pillared clays[END_REF][START_REF] Quesada | Performance of different catalysts for the in situ cracking of the oil-waxes obtained by the pyrolysis of polyethylene film waste[END_REF][START_REF] Kassargy | Experimental study of catalytic pyrolysis of polyethylene and polypropylene over USY zeolite and separation to gasoline and diesel-like fuels[END_REF][START_REF] Sm | Thermal pyrolysis of high density polyethylene (HDPE) in a novel fixed bed reactor system for the production of high value gasoline range hydrocarbons (HC)[END_REF][START_REF] Yan | Thermal cracking of virgin and waste plastics of PP and LDPE in a semibatch reactor under atmospheric pressure[END_REF].

In terms of operating conditions, the temperature is the dominant parameter during plastics' pyrolysis [START_REF] Sharuddin | A review on pyrolysis of plastic wastes[END_REF]. Onwudili et al. [START_REF] Onwudili | Composition of products from the pyrolysis of polyethylene and polystyrene in a closed batch reactor: Effects of temperature and residence time[END_REF][START_REF] Insura | Catalytic pyrolysis of low-density polyethylene over alumina-supported noble metal catalysts[END_REF] reported that the virgin low-density PE was completely pyrolyzed at temperatures above 425 • C. The liquid fuel yield reached 89.5 wt% at 425 • C. They also found that liquid oil production dropped drastically as the temperature increased beyond 425 • C. Tiikma et al. [START_REF] Tiikma | Coprocessing of heavy shale oil with polyethylene waste[END_REF] stated that the optimal temperature for the liquid oil production from the pyrolysis of the WPE was 450 • C. Quesada et al. [START_REF] Quesada | Optimization of the pyrolysis process of a plastic waste to obtain a liquid fuel using different mathematical models[END_REF][START_REF] Quesada | Characterization of fuel produced by pyrolysis of plastic film obtained of municipal solid waste[END_REF] and Rodríguez-Luna et al. [START_REF] Rodríguez-Luna | Two-step pyrolysis for waste HDPE valorization[END_REF] investigated WPE and high-density PE thermal pyrolysis processes in a temperature range of 450-550 • C, respectively. They both reported that the optimal temperature for liquid fuel production was 500 • C. Sharuddin et al. [START_REF] Sharuddin | A review on pyrolysis of plastic wastes[END_REF] also concluded that temperatures below 500 • C were suitable for plastics' pyrolysis to produce liquid fuel.

According to [START_REF] Onwudili | Composition of products from the pyrolysis of polyethylene and polystyrene in a closed batch reactor: Effects of temperature and residence time[END_REF], the residence time was related to the experiment's duration at the target temperature. It has been reported that the residence time is also a critical factor in determining the composition of pyrolysis products [START_REF] Onwudili | Composition of products from the pyrolysis of polyethylene and polystyrene in a closed batch reactor: Effects of temperature and residence time[END_REF][START_REF] Quesada | Optimization of the pyrolysis process of a plastic waste to obtain a liquid fuel using different mathematical models[END_REF]. Quesada et al. [START_REF] Quesada | Optimization of the pyrolysis process of a plastic waste to obtain a liquid fuel using different mathematical models[END_REF][START_REF] Quesada | Characterization of fuel produced by pyrolysis of plastic film obtained of municipal solid waste[END_REF] found that a long residence time could enhance the liquid fuel yield. Muhammad et al. [START_REF] Muhammad | Catalytic degradation of linear low-density polyethylene over HY-zeolite via pre-degradation method[END_REF] investigated the effect of the carrier gas flow rate on PE's pyrolysis in a 200 mL bench-scale semi-batch reactor with nitrogen as the carrier gas. They investigated the production changes of liquid fuel and char with gas flow rates in the range of 0-60 mL/min. Also, they found that the carrier gas flow rate could also determine the distribution of thermal pyrolysis products of PE. A higher carrier gas flow rate would increase the liquid fuel yield and reduce the char yield.

In short, on the one hand, many research works have been done to investigate the effects of the operating conditions (temperature, residence time, and carrier gas flow rate) on the liquid fuel yield through the pyrolysis of PE; On the other, most of them investigated such effects by varying operating conditions one-by-one. However, according to [START_REF] Quesada | Optimization of the pyrolysis process of a plastic waste to obtain a liquid fuel using different mathematical models[END_REF], the operating conditions have complex interactive effects on liquid fuel production, which requires establishing a multiparameter mathematical expression for evaluating the yield of liquid fuel. For these reasons, oneby-one relationship interaction makes the optimal operating conditions determined in such a way not particularly convincing.

The adaptive neural fuzzy model [START_REF] Karaboga | Adaptive network based fuzzy inference system (ANFIS) training approaches: A comprehensive survey[END_REF][START_REF] Jang | ANFIS: adaptive-network-based fuzzy inference system[END_REF] is a suitable mathematical method that can set up relations between attributive variables and multiple arguments. Paramasivam [START_REF] Paramasivam | Fuzzy prediction and RSM optimization of CI engine performance analysis: aegle marmelos non-edible seed cake pyrolysis oil as a diesel alternative[END_REF] adopted the adaptive neural fuzzy model to analyze the CI engine performance through engine load and fuel mixture ratio. High accuracy was obtained between the experimental, and the adaptive neural fuzzy model predicted results. Pan et al. [START_REF] Pan | Application of a neural fuzzy model combined with simulated annealing algorithm to predict optimal conditions for polyethylene waste non-isothermal pyrolysis[END_REF] established the mathematical relationship between the PE pyrolysis rate and the operating conditions (temperature and heating rate). The high R-squared value (>0.999) between the experimental and predicted values exhibited the adaptive neural fuzzy model's reliability. Dubdub et al. [START_REF] Al-Yaari | Application of artificial neural networks to predict the catalytic pyrolysis of HDPE using non-isothermal TGA data[END_REF] utilized the adaptive neural fuzzy model to conduct the thermogravimetric modeling of high-density PE catalytic pyrolysis. A good agreement between the experimental and predicted data was also obtained. Quesada et al. [START_REF] Quesada | Optimization of the pyrolysis process of a plastic waste to obtain a liquid fuel using different mathematical models[END_REF] adopted different mathematical models to establish the relationships between the yields of plastic waste pyrolysis products and operating conditions. They concluded that the adaptive neural fuzzy model predicted results were more accurate and reliable.

In this perspective, this study aims to comprehensively investigate the interactive effects of temperature, residence time, and carrier gas flow rate on the liquid fuel production through the slow pyrolysis (heating rate of 6 • C/min) [START_REF] Fakhrhoseini | Predicting pyrolysis products of PE, PP, and PET using NRTL activity coefficient model[END_REF] of the WPE in a bench-scale semi-batch reactor. The adaptive neural fuzzy model [START_REF] Karaboga | Adaptive network based fuzzy inference system (ANFIS) training approaches: A comprehensive survey[END_REF][START_REF] Jang | ANFIS: adaptive-network-based fuzzy inference system[END_REF] was adopted to determine the liquid oil production by the operating conditions (temperature, residence time, and carrier gas flow rate). The genetic algorithm (GA) is a promising method to determine the extremums of complicated functions [START_REF] Pan | Investigating waste plastic pyrolysis kinetic parameters by genetic algorithm coupled with thermogravimetric analysis[END_REF][START_REF] Ighose | Optimization of biodiesel production from Thevetia peruviana seed oil by adaptive neuro-fuzzy inference system coupled with genetic algorithm and response surface methodology[END_REF]. Due to the complex expressions established by the adaptive neural fuzzy model, GA was exploited to ascertain the maximum liquid fuel production's operating conditions. The adaptive neural fuzzy model was also used to investigate the effects of operating conditions on the gas yield through thermal pyrolysis of WPE. The pyrolysis liquid fuel under the optimal operating conditions was analyzed by Fourier-transform infrared spectroscopy (FTIR) and gas chromatography-mass spectrometry (GC-MS). Lastly, the effects of operating conditions on liquid fuel fractions and mean molecular weight were also investigated.

Material and methods

Material

WPE was provided from Wanbei Plastic Recycling Development Base in Anhui Province, China. It was recycled from MSW and cut into approximately 3 mm pellets.

Experimental setup

Fig. 1 illustrates the experimental schematic diagram of the pyrolysis of WPE for liquid fuel production. The reactor is a 200 mL bench-scale semi-batch reactor. The WPE weighing approximately 5 g was used in each experiment. The reactor was purged with nitrogen at a 100 mL/min flow rate for 30 min before each experiment to ensure an inert atmosphere, and then nitrogen flow was adjusted to the target flow rate. The internal pressure of the reactor was maintained at 0.1 MPa during the whole experiment. The reactor was heated from room temperature (20 • C) to the target temperature at a heating rate of 6 • C/min [START_REF] Fakhrhoseini | Predicting pyrolysis products of PE, PP, and PET using NRTL activity coefficient model[END_REF] in each experiment. Subsequently, the reactor was maintained at the target temperature for the specified duration (the residence time).

WPE was pyrolyzed into volatilized gas (liquid fuel and gas). The volatilized gas was purged out of the reactor by the carrier gas through the outlet pipe. The outer wall of the outlet pipe is equipped with metal cooling fins. The volatilized gas can be cooled to about 50 • C through the outlet pipe. Part of volatilized gas was condensed into liquid fuel during this process. The liquid fuel flowed through the rubber tube [START_REF] Muhammad | Catalytic degradation of linear low-density polyethylene over HY-zeolite via pre-degradation method[END_REF] into the glass bottle. The rest volatilized gas was condensed into a liquid by the ice-water mixture (0 • C) [START_REF] Rodríguez-Luna | Two-step pyrolysis for waste HDPE valorization[END_REF][START_REF] Muhammad | Catalytic degradation of linear low-density polyethylene over HY-zeolite via pre-degradation method[END_REF][START_REF] Das | Valorization of packaging plastic waste by slow pyrolysis[END_REF] and collected by two in-sequence 

Results and discussion

Liquid fuel production

Accuracy of the adaptive neural fuzzy model

Fig. 3 illustrates the experimental and the adaptive neural fuzzy model predicted liquid fuel productions under different operating conditions. It is worth noting that liquid fuel's appearance resembles wax at room temperature [START_REF] Quesada | Optimization of the pyrolysis process of a plastic waste to obtain a liquid fuel using different mathematical models[END_REF][START_REF] Quesada | Characterization of fuel produced by pyrolysis of plastic film obtained of municipal solid waste[END_REF].

Fig. 3a shows that the adaptive neural fuzzy model predicted liquid fuel production results were close to the experimental ones (E1-E15). The absolute relative errors between the predicted and the experimental values were within 1.3%. Moreover, the R-squared value between the experimental and the adaptive neural fuzzy model predicted liquid fuel productions was 0.9934. Fig. 3b exhibits the adaptive neural fuzzy model's applicability through the four additional experiments (V1-V4). The absolute relative errors between the predicted and the experimental values were within 1.4%. It reveals that the adaptive neural fuzzy model predicted liquid fuel production is accurate and reliable. [3] obtained 89.5 wt% liquid fuel production at 425 • C in a batch reactor. However, Quesada et al. [START_REF] Quesada | Optimization of the pyrolysis process of a plastic waste to obtain a liquid fuel using different mathematical models[END_REF] obtained relatively lower liquid fuel production through the pyrolysis of WPE at 450 • C, which varied from 13.61 wt% to 48.38 wt%. This is because that they conducted the experiments under higher heating rates (20-50 • C/min).

Interactive effects of residence time and carrier gas flow rate on liquid fuel production

As depicted in Fig. 4a, a higher carrier gas flow rate could increase liquid fuel production under a shorter residence time at 425 • C. For instance, the liquid fuel production was increased from 65.32 wt% to 73.54 wt% when the carrier gas flow rate varied from 20 mL/min to 100 mL/min under residence time of 20 min. Muhammad et al. [START_REF] Muhammad | Catalytic degradation of linear low-density polyethylene over HY-zeolite via pre-degradation method[END_REF] investigated liquid fuel production by the thermal pyrolysis of linear lowdensity PE at 450-460 • C. The liquid fuel production increased from 45.0 wt% to 75.0 wt% when the carrier gas flow rate varied from 0 to 60 mL/min. This is consistent with the results of this study. The increase in liquid fuel production could be attributed to the higher carrier gas flow rate, which can quickly carry volatile products out of the reactor, thereby inhibiting the secondary reactions that consume liquid fuel [START_REF] Xu | Effects of operating parameters on products yield and volatiles composition during fast pyrolysis of References food waste in the presence of hydrogen[END_REF]. However, the liquid fuel production was decreased with the increasing carrier gas flow rate under a longer residence time at 425 • C. For example, the liquid fuel production was decreased from 82.43 wt% to 77.81 wt% when the carrier gas flow rate increased from 20 mL/min to 100 mL/min under residence time of 60 min. The reduction of liquid fuel production could be attributed to that the higher carrier gas flow rate inhibited polycondensation and repolymerization reactions of the pyrolysis gas for liquid fuel formation [START_REF] Heidari | Effect of process conditions on product yield and composition of fast pyrol ys is of Eucal yp tus grandis in fluidized bed reactor[END_REF]. As for the liquid fuel production at higher temperatures, as shown in Fig. 4b andc, increasing the carrier gas flow rate would inhibit the liquid fuel production under the residence time ranging from 20 min to 60 min. This is because higher temperatures can promote the liquid fuel's secondary cracking to generate the shorter-chain pyrolysis gas [START_REF] Wei | Nitrogen evolution during fast pyrolysis of sewage sludge wider inert and reductive abnospheres[END_REF].

Interactive effects of temperature and carrier gas flow rate on liquid fuel production

Fig. 5a-c show the interactive effects of the temperature and the carrier gas flow rate on liquid fuel production under residence times of 20 min, 40 min, and 60 min, respectively. The liquid fuel production had the same variation tendency under a higher carrier gas flow rate regardless of the residence time changes. The liquid fuel productions were increased when the temperature increased from 425 • C to 525 • C for all residence times. The liquid fuel production was increased from 73.54 wt% to 80.65 wt% (20 min), from 75.53 wt% to 81.02 wt% (40 min), and from 77.81 wt% to 81.45 wt% (60 min) when temperature increased from 425 • C to 525 • C, respectively. The increase in the liquid fuel production could be attributed to more intense random scission reactions of WPE at higher temperatures [START_REF] Antelava | A review on thermal and catalytic pyrolysis of plastic solid waste (PSW)[END_REF]. The temperature has a more complex influence on liquid fuel production under the lowest carrier gas flow rate (20 mL/min). This is due to the interaction between the random scission reactions of WPE and the liquid fuel's secondary cracking reactions [START_REF] Xu | Effects of operating parameters on products yield and volatiles composition during fast pyrolysis of References food waste in the presence of hydrogen[END_REF]. As illustrated in Fig. 5a, the liquid fuel production was firstly increased from 65.32 wt% to 83.63 wt% when temperature increased from 425 • C to 488 • C under residence time of 20 min. The increase in temperature had a greater impact on promoting random scission reactions of WPE in this temperature range. Therefore, the liquid fuel production increased with the increasing temperature. However, liquid fuel's secondary cracking reactions hold a dominant position in the higher temperature range. The liquid fuel production was then decreased from 83.63 wt% to 82.73 wt% when temperature increased from 488 • C to 525 • C under residence time of 20 min. While the changing trend of liquid fuel production under residence time of 60 min, as shown in Fig. 5c, was a reversal from the one under residence time of 20 min. It indicated that the dominance of the random scission reactions of WPE and the secondary cracking reactions of the liquid fuel had been reversed under the longest residence time (60 min).

Interactive effects of temperature and residence time on liquid fuel production

Fig. 6a-c display the interactive effects of the temperature and the residence time on liquid fuel production under carrier gas flow rates of 20 mL/min, 60 mL/min, and 100 mL/min, respectively. The temperature has a more significant impact on liquid fuel production when the residence time is shorter under all carries gas flow rates. The residence time has less impact at higher temperatures [START_REF] Quesada | Optimization of the pyrolysis process of a plastic waste to obtain a liquid fuel using different mathematical models[END_REF]. As depicted in Fig. 6c, the liquid fuel production was increased with the increasing residence time regardless of the temperature. WPE could be fully decomposed into short-chain hydrocarbons with longer residence time through random scission reactions in the reactor [START_REF] Rodríguez-Luna | Two-step pyrolysis for waste HDPE valorization[END_REF]. Therefore, compared with the shorter residence time, the liquid fuel production was higher under longer residence time. The thermochemical conversion is an endothermic reaction, thereby increasing temperature is conducive to the thermal pyrolysis of WPE [START_REF] Morato-Godino | Pyrolysis of Cynara cardunculus L samples -effect of operating conditions and bed stage on the evolution of the conversion[END_REF]. Thus, a higher temperature could improve liquid fuel production. It is noteworthy that liquid fuel production was decreased with the temperature above 500 • C under carries gas flow rate of 20 mL/min in the lower range of the residence time. Sharuddin et al. [START_REF] Sharuddin | A review on pyrolysis of plastic wastes[END_REF] also suggested that temperatures below 500 • C are more conducive to liquid fuel production. It could be attributed to that the liquid fuel was further decomposed into low-molecular pyrolysis gas through β cleavage reactions at temperatures over 500 • C [START_REF] Cai | Pyrolysis-catal y--..is of different waste plastics over Fe/ Al203 catal ys e High-value hydrogen, liquid fuels, carbon nanotubes and possible reaction mechanisms[END_REF][START_REF] Vollmer | Beyond mechanical recycling: Giving new life to plastic waste[END_REF].

Gas production 3.2.1. Accuracy of the adaptive neural fuzzy model

Fig. 7 depicts the experimental and the adaptive neural fuzzy model predicted gas production results under different operating conditions. As illustrated in Fig. 7a, the gas productions predicted by the adaptive neural fuzzy model were all close to the experimental ones (E1-E15). The absolute relative errors between the predicted and the experimental values were within 4.6%. Besides, the R-squared value between the experimental and the adaptive neural fuzzy model predicted gas production was 0.9719. The predicted gas production was relatively less accurate than the predicted liquid fuel production. This is because the gas production was calculated from the difference between the initial WPE mass and the masses of liquid fuel and residue. Errors in gas production were accumulated, and thereby gas production became more inaccurate [START_REF] Quesada | Optimization of the pyrolysis process of a plastic waste to obtain a liquid fuel using different mathematical models[END_REF]. Fig. 7b shows the applicability of the adaptive neural fuzzy model predicted gas production. The absolute relative errors between the predicted and the experimental values were within 6.8%. Quesada et al. [START_REF] Quesada | Optimization of the pyrolysis process of a plastic waste to obtain a liquid fuel using different mathematical models[END_REF] adopted the fuzzy neural model to predict the WPE thermal pyrolysis's energy efficiency. The maximum absolute relative error was approximately 6.4%. The errors of the predicted gas production were in a reasonable range in this study. Therefore, the adaptive neural fuzzy model is qualified to predict gas production. • C, respectively. These results were similar to the ones reported by [START_REF] Das | The effect of slow pyrolysis on the conversion of packaging waste plastics (PE and PP) into fuel[END_REF][START_REF] Das | Valorization of packaging plastic waste by slow pyrolysis[END_REF]. Gas productions of 16.58-22.53 wt% and 17.80-27.52 wt% were obtained through thermal pyrolysis of virgin low-density PE and high-density PE within the temperature ranging from 350 • C to 400 • C, respectively [START_REF] Das | Valorization of packaging plastic waste by slow pyrolysis[END_REF]. Also, approximately 17 wt% of gas was obtained at a temperature of 500 • C [START_REF] Das | The effect of slow pyrolysis on the conversion of packaging waste plastics (PE and PP) into fuel[END_REF].

Interactive effects of residence time and carrier gas flow rate on gas production

As demonstrated in Fig. 8a, a longer residence time would increase the gas production under the lowest (20 mL/min) and the highest (100 mL/min) carrier gas flow rates at 425 • C. When the residence time was increased from 20 min to 60 min, the gas production was increased from 11.50 to 14.17 wt% and 14.14-18.75 wt% under the carrier gas flow rates of 20 mL/min and 100 mL/min, respectively. Onwudili et al. [START_REF] Onwudili | Composition of products from the pyrolysis of polyethylene and polystyrene in a closed batch reactor: Effects of temperature and residence time[END_REF] also found that gas production was increased from 8.70 wt% to 16.30 wt % at 450 • C when the residence time increased from 0 min to 30 min. This is because the random scission reactions of WPE were not intense to produce pyrolysis gas at low temperatures [START_REF] Xu | Effects of operating parameters on products yield and volatiles composition during fast pyrolysis of References food waste in the presence of hydrogen[END_REF]. Extending the residence time could make the random scission reactions of WPE proceed more thoroughly to obtain higher gas yields. As shown in Fig. 8b, the carrier gas flow rate had a stronger impact on gas production under the lowest residence time (20 min) at 475 • C. The gas production was first increased from 12.40 wt% to 15.82 wt% when the carrier gas flow rate increased from 20 mL/min to 64 mL/min. The increase in gas production could be attributed to the inhibition of polycondensation and repolymerization reactions of the pyrolysis gas at low carrier gas flow rates [START_REF] Heidari | Effect of process conditions on product yield and composition of fast pyrol ys is of Eucal yp tus grandis in fluidized bed reactor[END_REF]. While the excessive carrier gas flow rate would reduce the heat transfer efficiency inside the reactor, thereby inhibiting the gas production [START_REF] Xu | Effects of operating parameters on products yield and volatiles composition during fast pyrolysis of References food waste in the presence of hydrogen[END_REF]. Thus, gas production decreased from 15.82 wt% to 14.72 wt% when the carrier gas flow rate varied from 64 mL/min to 100 mL/min. The thermal pyrolysis of linear low-density PE at 450-460 • C has a similar phenomenon [START_REF] Muhammad | Catalytic degradation of linear low-density polyethylene over HY-zeolite via pre-degradation method[END_REF]. The gas production was first increased from 15.5 wt% to 20.0 wt% (by difference) when the carrier gas flow rate increased from 0 mL/min to 30 mL/min. Then, the gas production decreased from 20.0 wt% to 17.5 wt% when the carrier gas flow rate varied from 30 mL/min to 60 mL/min. At 525 • C, as depicted in Fig. 8c, a longer residence time would increase gas production under the lowest carrier gas flow rate (20 mL/min). The gas production was increased from 13.54 wt% to 14.49 wt% when the residence time increased from 20 min to 60 min. This is because that longer residence time enhanced the possibility of β cleavage reactions for pyrolysis gas formation [START_REF] Cai | Pyrolysis-catal y--..is of different waste plastics over Fe/ Al203 catal ys e High-value hydrogen, liquid fuels, carbon nanotubes and possible reaction mechanisms[END_REF].

Interactive effects of temperature and carrier gas flow rate on gas production

Fig. 9a-c present the interactive effects of the temperature and the carrier gas flow rate on gas production under residence times of 20 min, 40 min, and 60 min, respectively. The carrier gas flow rate had a stronger influence on gas production at the lowest temperature (425 • C) regardless of residence time changes. As illustrated in Fig. 9a, the temperature had a similar influence on gas production under the lowest (20 mL/min) and the highest (100 mL/min) carrier gas flow rates. The gas productions were both increased with the increasing temperature. The liquid fuel's secondary cracking reactions were more intense to generate pyrolysis gas at higher temperatures [START_REF] Xu | Effects of operating parameters on products yield and volatiles composition during fast pyrolysis of References food waste in the presence of hydrogen[END_REF]. However, the temperature had an opposite impact on the gas production under the medium (60 mL/min) carrier gas flow rate. The gas production was decreased from 16.17 wt% to 15.30 wt% when the temperature increased from 425 • C to 525 • C. The gas production was also decreased from 55.46 wt% to 32.63 wt% when the temperature varied from 450 • C to 550 • C in [START_REF] Quesada | Optimization of the pyrolysis process of a plastic waste to obtain a liquid fuel using different mathematical models[END_REF]. The increase in temperature promoted polycondensation and repolymerization reactions of the pyrolysis gas, resulting in a reduction in gas production. It also suggested that the polycondensation and repolymerization reactions of the pyrolysis gas played a dominant role, compared to the secondary cracking reactions of the liquid fuel, under the medium carrier gas flow rate (60 mL/min). As depicted in Fig. 9b andc, the temperature and the carrier gas flow rate had the same influences on gas production under the residence times of 40 min and 60 min. The lowest gas productions were obtained under the same operating conditions (temperature of 425 • C and carrier gas flow rate of 20 mL/min). While the highest gas productions were both obtained under 425 • C and 100 mL/min. It indicated that a higher carrier gas flow rate could suppress the polycondensation and repolymerization reactions for the pyrolysis gas consumption under the residence times of 40 min and 60 min.

Interactive effects of temperature and residence time on gas production

Fig. 10a-c demonstrate the interactive effects of the temperature and the residence time on gas production under carrier gas flow rates of 20 mL/min, 60 mL/min, and 100 mL/min, respectively. As shown in Fig. 10a, the temperature could enhance gas production under the carrier gas flow rate of 20 mL/min regardless of the residence time changes. As depicted in Fig. 10b andc, the interactive effects of the temperature and the residence time became more complicated on gas production under the carrier gas flow rates of 60 mL/min and 100 mL/min. For example, as demonstrated in Fig. 10b, the gas production was decreased from 16.17 wt% to 14.71 wt% when the residence time increased from 20 min to 60 min at 425 • C and 60 mL/min. The reason for the decrease in gas production was the promotion of the pyrolysis gas polymerization reactions at a longer residence time. Concurrently, the gas production was increased from 15.30 wt% to 16.35 wt% when the residence time varied from 20 min to 60 min at 525 • C and 60 mL/min. The longer residence time enhanced the possibility of char gasification and β cleavage reactions for pyrolysis gas formation [START_REF] Xu | Effects of operating parameters on products yield and volatiles composition during fast pyrolysis of References food waste in the presence of hydrogen[END_REF]. As depicted in Fig. 10c, the residence time's influence on gas production was opposite under 100 mL/min, compared with the results under 60 mL/min. Longer residence time would enhance the gas production at 425 • C; while it would inhibit the gas production at 525 • C.

Optimization of operating conditions by GA

As discussed in Section 3.1, the operating conditions (temperature, residence time, and carrier gas flow rate) had very complex interactive effects on liquid fuel production. To obtain the maximum liquid fuel production, GA was adopted to determine the optimal operating conditions. Fig. 11a exhibits the variations of the average and the optimal values of 1000 individuals' fitness in 1000 iterations. In this study, fitness was liquid fuel production. The optimal value reached stability after 100 iterations, while the average value was stabled after 800 iterations.

Fig. 11b shows the maximum liquid fuel production under the optimal operating conditions. The GA optimized operating conditions were 488 • C, 20 min, and 20 mL/min. The optimal liquid fuel production was 83.63 wt%. Rodríguez-Luna et al. [START_REF] Rodríguez-Luna | Two-step pyrolysis for waste HDPE valorization[END_REF] reported 500 • C was the most suitable temperature for pyrolysis of high-density PE to produce liquid fuel in a semi-batch reactor. Quesada et al. [START_REF] Quesada | Optimization of the pyrolysis process of a plastic waste to obtain a liquid fuel using different mathematical models[END_REF] concluded that the optimal operating conditions for liquid fuel production were 500 • C and 120 min. The experiments were conducted in a horizontal tubular reactor. The optimized temperature was close to the one in this study. While the optimized residence time was much longer than the one in this study. This is because the experiments in [START_REF] Quesada | Optimization of the pyrolysis process of a plastic waste to obtain a liquid fuel using different mathematical models[END_REF] were conducted under higher heating rates (20-50 • C/min) and a faster carrier gas flow rate (833 mL/min). Sharuddin et al. [START_REF] Sharuddin | A review on pyrolysis of plastic wastes[END_REF] also concluded that temperatures below 500 • C were suitable for liquid fuel production.

The experiment under GA optimized operating conditions (488 • C, 20 min, and 20 mL/min) was conducted to verify the GA predicted results. The experimental liquid fuel production was 83.50 ± 0.59 wt%. The absolute relative error between the predicted and the experimental values was within 0.16%. It suggests that the GA optimized results were accurate and reliable.

FTIR analysis

Fig. 12 shows the FTIR results of liquid fuels from this study and Quesada et al. [START_REF] Quesada | Characterization of fuel produced by pyrolysis of plastic film obtained of municipal solid waste[END_REF]. The main functional groups of liquid fuels do not change under different operating conditions [START_REF] Quesada | Characterization of fuel produced by pyrolysis of plastic film obtained of municipal solid waste[END_REF]. Therefore, the liquid fuel under the optimal operating conditions (488 • C, 20 min, and 20 mL/ min) was chosen to conduct the FTIR analysis. As illustrated in Fig. 12, the following functional groups in liquid fuel of this study were determined: C-H stretch at 2916-2848 cm -1 [START_REF] Ghenai | Design of hybrid solar photovoltaics/shrouded wind turbine power systein for thermal pyrolysis of plastic waste[END_REF]; C C stretching at 1642 cm -1 and 1462 cm -1 ; C-H scissor and bend at 1377 cm -1 ; C-H out of the plane bend at 909 cm -1 ; and C-H bend at 719 cm -1 . The linear alkanes were generated by intermolecular hydrogen transfer reactions [START_REF] Mccaffrey | Tertiary recycling of pol ye thy!ene: mechanism of liquid production from pol ye thylene by thermol y--..is/reactive distillation[END_REF]. While the β cleavage coupled with the intramolecular hydrogen transfer reactions are responsible for the alkenes yields during the pyrolysis of WPE [START_REF] Rodríguez-Luna | Two-step pyrolysis for waste HDPE valorization[END_REF].

Fig. 12 also demonstrates the FTIR results of liquid fuel from Quesada et al. [START_REF] Quesada | Characterization of fuel produced by pyrolysis of plastic film obtained of municipal solid waste[END_REF] and diesel. The liquid fuel sample in [START_REF] Quesada | Characterization of fuel produced by pyrolysis of plastic film obtained of municipal solid waste[END_REF] was obtained under 500 • C, 80 min, and 833 mL/min. The liquid fuel from this study had the same characteristic peaks like the one in [START_REF] Quesada | Characterization of fuel produced by pyrolysis of plastic film obtained of municipal solid waste[END_REF]. It also suggests that the operating conditions do not change the main functional groups of WPE thermal pyrolysis liquid fuels. Besides, the liquid fuel from this study had similar characteristic peaks as diesel.

GC-MS analysis

The GC-MS analysis was conducted to determine the specific components of the liquid fuel. Fig. 13 demonstrates the liquid fuel chromatogram under the optimal operating conditions (488 • C, 20 min, and 20 mL/min). The identified compounds present in the liquid fuel under the optimal operating conditions are tabulated in Table 2. The components of the liquid fuel were mainly 1-alkenes and n-alkanes ranging from C7 to C36. The liquid fuel's mean molecular weight was 291 g/mol. respectively. The liquid fuels E1-15 had the same component types as the liquid fuel under the optimal operating conditions (mostly 1-alkenes and n-alkanes ranging from C7 to C36). However, the specific component proportions of the liquid fuels were different. This indicated that the operating conditions had effects on the composition of the liquid fuel produced by the thermal pyrolysis of waste polyethylene. The liquid fuel was classified into light (C 7 -C 11 ), middle (C 12 -C 20 ) and heavy (C 21 -C 36 ) fractions [START_REF] Das | The effect of slow pyrolysis on the conversion of packaging waste plastics (PE and PP) into fuel[END_REF]. Fig. 14 shows the liquid fuel fractions and mean molecular weight under different operating conditions. The light, middle and heavy fractions varied from 3.61 to 6.79%, 28.65-42.54% and 50.72-66.83%, respectively. Moreover, the liquid fuel's mean molecular weight was varied from 291.00 g/mol to 325.23 g/mol. Fig. 15 demonstrates the effects of operating conditions on liquid fuel fractions and mean molecular weight. Samples of E3, E8 and E13 were taken into consideration to analyze the effect of temperature on the liquid fuel composition. As shown in Fig. 15a, the light and middle fractions were decreased from 6.74 to 4.25% and 42.54-32.22% when the temperature was increased from 425 • C to 525 • C, respectively. In comparison, the heavy fraction was increased from 50.72% to 63.53% when the temperature was increased from 425 • C to 525 • C. Besides, the liquid fuel's mean molecular weight was also increased from 291.78 g/ mol to 313.96 g/mol. This indicates that high temperature is conducive to the formation of the heavy fraction in the liquid fuel. It can be ascribed to that higher temperature would enhance the possibility of secondary reactions of liquid fuel's light and middle fractions for pyrolysis gas formation [START_REF] Das | The effect of slow pyrolysis on the conversion of packaging waste plastics (PE and PP) into fuel[END_REF].

Fig. 15b illustrates the effect of residence time on liquid fuel fractions and mean molecular weight (E6, E8 and E10). The middle fraction was decreased from 38.18% to 32.02%, whereas the heavy fraction was increased from 56.80% to 63.73% when residence time was increased from 20 min to 60 min. The light fraction was firstly increased from 5.02% to 6.73% when residence time was increased from 20 min to 40 min. The light fraction was then decreased from 6.73% to 4.25% when residence time varied from 40 min to 60 min. The longer residence time enhanced the possibility of β cleavage reactions of liquid fuel's light and middle fractions [START_REF] Das | The effect of slow pyrolysis on the conversion of packaging waste plastics (PE and PP) into fuel[END_REF][START_REF] Xu | Effects of operating parameters on products yield and volatiles composition during fast pyrolysis of References food waste in the presence of hydrogen[END_REF]. Therefore, the liquid fuel's mean molecular weight was increased from 301.54 g/mol to 319.73 g/mol when residence time was increased from 20 min to 60 min. Fig. 15c shows the effect of carrier gas flow rate on liquid fuel fractions and mean molecular weight (E7, E8 and E9). The light, middle and heavy fractions varied from 3.61 to 6.73%, 29.57-33.42% and 59.86-66.82%, respectively. Moreover, the liquid fuel's mean molecular weight was increased from 309.02 g/mol to 325.23 g/mol when the carrier gas flow rate increased from 20 mL/min to 100 mL/min. The increase in liquid fuel's mean molecular weight could be attributed to the higher carrier gas flow rate, which can quickly carry volatile products out of the reactor, thereby inhibiting β cleavage reactions of liquid fuel's heavy fraction [START_REF] Xu | Effects of operating parameters on products yield and volatiles composition during fast pyrolysis of References food waste in the presence of hydrogen[END_REF] and polycondensation and repolymerization reactions of the pyrolysis gas [START_REF] Heidari | Effect of process conditions on product yield and composition of fast pyrol ys is of Eucal yp tus grandis in fluidized bed reactor[END_REF] for the light and middle fractions' liquid fuel formation.

Conclusion

This study aims to obtain the optimal operating conditions for liquid fuel production through thermal pyrolysis of waste polyethylene in a bench-scale semi-batch reactor. Three operating conditions were considered, i.e., the temperature, the residence time, and the carrier gas flow rate. The adaptive neural fuzzy model comprehensively described the interactive effects of operating conditions on liquid fuel production. The R-squared value between the experimental and the adaptive neural fuzzy model predicted liquid fuel production was 0.9934. It revealed that the adaptive neural fuzzy model predicted liquid fuel production was accurate and reliable.

Subsequently, the genetic algorithm (GA) was adopted to optimize the operating conditions to maximize liquid fuel production. The GA optimized liquid fuel production was 83.63 wt% under the operating conditions of 488 • C (temperature), 20 min (residence time) and 20 mL/ min (carrier gas flow rate). The experimental liquid fuel production was 83.50 wt% under these operating conditions, a value very close to the 
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 1 Fig. 1. The experimental schematic diagram of the pyrolysis of WPE for liquid fuel production.

  Fig. 4a-c demonstrate the interactive effects of the residence time and the carrier gas flow rate on liquid fuel production at temperatures of 425 • C, 475 • C, and 525 • C, respectively. The liquid fuel production varied from 65.32 wt% to 82.43 wt% at 425 • C; from 79.05 wt% to 83.00 wt% at 475 • C; and from 80.65 wt% to 82.73 wt% at 525 • C, respectively. Das and Tiwari [32] obtained around 81.4 wt% liquid fuel through thermal pyrolysis of virgin PE under the operating conditions of 400 • C, 8 h and 200 mL/min in a 1000 mL semi-batch reactor. They also obtained around 82.7 wt% liquid fuel under the operating conditions of 500 • C, 30 min, and 100 mL/min in the same reactor [8]. Onwudili et al.
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 3 Fig. 3. The experimental and the adaptive neural fuzzy model predicted liquid fuel productions: (a) Training; (b) Testing.
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 45 Fig. 4. Interactive effects of residence time and carrier gas flow rate on liquid fuel production at different temperatures: (a) 425 • C; (b) 475 • C; (c) 525 • C.
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 67 Fig. 6. Interactive effects of temperature and residence time on liquid fuel production under different carrier gas flow rates: (a) 20 mL/min; (b) 60 mL/min; (c) 100 mL/min.

  Fig. 8a-c illustrate the interactive effects of the residence time and the carrier gas flow rate on gas production at temperatures of 425 • C, 475 • C, and 525 • C, respectively. The gas production varied from 11.50 wt% to 18.75 wt% at 425 • C; from 12.40 wt% to 16.93 wt% at 475 • C; and from 13.54 wt% to 16.35 wt% at 525 • C, respectively. Onwudili et al. [3] obtained 10 wt% and 25 wt% gas productions through thermal pyrolysis of low-density PE in a batch reactor at temperatures of 425 • C and 450
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 89 Fig. 8. Interactive effects of residence time and carrier gas flow rate on gas production at different temperatures: (a) 425 • C; (b) 475 • C; (c) 525 • C.
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 10 Fig. 10. Interactive effects of temperature and residence time on gas production under different carrier gas flow rates: (a) 20 mL/min; (b) 60 mL/min; (c) 100 mL/min.
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 11 Fig. 11. Illustrations of optimized operating conditions by GA: (a) Optimization process; (b) Liquid fuel production under optimal operating conditions.
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 12 Fig.12. FTIR analysis of liquid fuels from this study and Quesada et al.[START_REF] Quesada | Characterization of fuel produced by pyrolysis of plastic film obtained of municipal solid waste[END_REF], and diesel[START_REF] Quesada | Characterization of fuel produced by pyrolysis of plastic film obtained of municipal solid waste[END_REF].
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 1 [START_REF] Quesada | Performance of different catalysts for the in situ cracking of the oil-waxes obtained by the pyrolysis of polyethylene film waste[END_REF] illustrate the chromatograms of the liquid fuels E1-15,

Fig. 13 .

 13 Fig. 13. GC-MS analysis of the liquid fuel under the optimal operating conditions (488 • C, 20 min, and 20 mL/min).
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 1415 Fig. 14. Liquid fuel fractions and mean molecular weight under different operating conditions.

Table 2

 2 Identified compounds present in the liquid fuel under the optimal operating conditions (488 • C, 20 min, and 20 mL/min).

	Peak	Time	Compound	Relative area	Molecular
		(min)		(%)	weight
	1	2.32	cyclopentane (C7)	0.71	98
	2	2.38	n-heptane (C7)	0.63	100
	3	2.76	1-octene (C8)	1.67	112
	4	2.98	n-octane (C8)	0.20	114
	5	3.31	1-nonene (C9)	1.41	126
	6	3.40	n-nonane (C9)	0.74	128
	7	4.66	1-decene (C10)	1.33	140
	8	4.79	n-decane (C10)	0.78	142
	9	6.19	1-undecene (C11)	1.51	154
	10	6.31	n-undecane (C11)	1.01	156
	11	7.70	1-dodecene (C12)	1.53	168
	12	7.82	n-dodecane (C12)	1.21	170
	13	9.15	1-tridecene (C13)	1.75	182
	14	9.26	n-tridecane (C13)	2.12	184
	15	10.50	1-tetradecene (C14)	2.09	196
	16	10.60	n-tetradecane (C14)	1.47	198
	17	11.78	1-pentadecene (C15)	2.18	210
	18	11.87	n-pentadecane (C15)	1.66	212
	19	12.99	1-hexadecene (C16)	2.45	224
	20	13.07	n-hexadecane (C16)	2.01	226
	21	14.13	1-heptadecene (C17)	2.62	238
	22	14.20	n-heptadecane (C17)	2.08	240
	23	15.21	1-octadecene (C18)	2.87	252
	24	15.28	n-octadecane (C18)	2.39	254
	25	16.24	1-nonadecene (C19)	2.74	266
	26	16.30	n-nonadecane (C19)	2.35	268
	27	17.21	1-eicosene (C20)	2.54	280
	28	17.27	n-eicosane (C20)	2.50	282
	29	18.15	1-heneicosene (C21)	2.66	294
	30	18.20	n-heneicosane (C21)	2.64	296
	31	19.04	1-docosene (C22)	2.62	308
	32	19.09	n-docosane (C22)	2.89	310
	33	19.90	1-tricosene (C23)	2.24	322
	34	19.94	n-tricosane (C23)	2.63	324
	35	20.79	1-tretacosene (C24)	2.10	336
	36	20.83	n-tretacosane (C24)	2.75	338
	37	21.83	1-pentacosene (C25)	1.93	350
	38	21.88	n-pentacosane (C25)	2.76	352
	39	23.11	1-hexacosene (C26)	1.66	364
	40	23.17	n-hexacosane (C26)	2.71	366
	41	24.71	1-heptacosene (C27)	1.22	378
	42	24.79	n-heptacosane (C27)	2.59	380
	43	26.75	1-octacosene (C28)	1.31	392
	44	26.84	n-octacosane (C28)	2.60	394
	45	29.36	1-nonacosene (29)	0.88	406
	46	29.47	n-nonacosane (29)	2.37	408
	47	31.56	1-triacontene (C30)	0.82	420
	48	31.60	n-triacontane (C30)	2.27	422
	49	33.60	n-hentriacontane (C31)	2.18	436
	50	34.64	n-dotriacontane (C32)	1.80	450
	51	35.81	n-tritriacontane (C33)	1.54	464
	52	37.16	n-tetratriacontane	1.00	478
			(C34)		
	53	38.76	n-pentatriacontane	0.72	492
			(C35)		
	54	40.67	n-hexatriacontane	0.58	
			(C36)		
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GA predicted one. It indicated that the adaptive neural fuzzy model coupled with GA was qualified to optimize the operating conditions for liquid fuel production through thermal pyrolysis of waste polyethylene.

FTIR and GC-MS analyses were conducted to determine the liquid fuels' main functional groups and the chemical components. It was found that the operating conditions did not change the liquid fuels' main functional groups. The waste polyethylene thermal pyrolysis liquid fuels had similar characteristic peaks as commercial diesel. The liquid fuels had the same component types under different operating conditions (mostly 1-alkenes and n-alkanes ranging from C7 to C36). However, the specific component proportions of the liquid fuels varied with the operating conditions. It could be concluded that high temperature, long residence time and high carrier gas flow rate were conducive to formation of the liquid fuel's heavy fraction. While low temperature, short residence time and low carrier gas flow rate were beneficial to form light and middle fractions in liquid fuel.
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