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Abstract

:

The impact of dumping plastic waste is realized in different ecosystems of the planet. Several methods have been adopted to dispose of these wastes for energy recovery. This study, for the first time, proposed the Box–Behnken design technique to optimize the pyrolysis process parameters for fuel oil production from waste polypropylene (PP) grocery bags using a semibatch-type pyrolytic reactor. The semibatch-type pyrolytic reactor was developed and employed to produce fuel oil from waste PP grocery bags. The effect of different process parameters on fuel oil production was comprehensively analyzed using the response surface methodology (RSM) with the conjunction of the Box–Behnken design (BBD). The BBD facilitates the prediction of the response variables with respect to changes in the input variables by developing a response model. The BBD was used to optimize the process parameters, such as the reaction temperature (400–550 °C), nitrogen flow rate (5–20 mL min−1), and substrate feed rate (0.25–1.5 kg h−1), and their effect on the responses were observed. The optimum response yields of the fuel oil (89.34 %), solid residue (2.74%), and gas yield (7.92%) were obtained with an optimized temperature (481 °C), a nitrogen flow rate (13 mL min−1), and a feed rate (0.61 kg h−1). The quadratic model obtained for the fuel oil response denotes the greater R2 value (0.99). The specific gravity and calorific value of the fuel oil were found to be 0.787 and 45.42 MJ kg−1, respectively. The fuel oil had higher research octane number (RON) (100.0 min) and motor octane number (MON) (85.1 min) values. These characteristics of the fuel oil were matched with conventional petroleum fuels. Further, Fourier transform infrared spectroscopy (FT-IR) and gas chromatography–mass spectroscopy (GC-MS) were used to analyze the fuel oil, and the results revealed that the fuel oil was enriched with different hydrocarbons, namely, alkane (paraffins) and alkene (olefins), in the carbon range of C4–C20. These results, and also the fractional distillation of the fuel oil, show the presence of petroleum-range hydrocarbons in the waste PP fuel oil.
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1. Introduction


Consistent advancement in terms of agricultural reformation, urbanization, industrialization, and transportation networks results in an increased dependency on conventional fuels. Due to the higher utilization of fossil fuels, petroleum reserves are rapidly diminishing, resulting in excessive environmental degradation [1]. As a result, the current scenario encourages the use of alternative fuel resources, which can significantly reduce fuel shortages and be counted on for fuel security, future productivity, and environmental pollution [2]. On the other hand, plastics have been extensively used in various anthropogenic activities, possibly due to their light weight, durability, flexibility, corrosion resistance, and low cost. This consumption leads to a higher consumption of polymers. However, most polymers are single-use and thrown into the environment as waste. The annual consumption of single-use plastics per person in India, China, France, the United Kingdom, the United States, and Australia is around 4, 18, 36, 44, 53, and 59 kg, respectively [3]. This will increase plastic waste nearly twofold by 2030 [4]. In addition, the global plastic production rate also reached around 359 million metric tons in 2018 [5]. According to CPCB data in India, 3.3 million metric tons of various waste plastics was generated from 2018 to 2019 [6]. The land degradation of waste plastics is difficult in natural environmental conditions, so improper disposal leads to severe environmental issues [7]. Disposing of plastics in landfills can be a viable solution; however, it would waste precious land resources. Moreover, it also poses a significant risk to the natural ecosystem and its various biological species.



Unfortunately, statistics demonstrate that only 9% of plastic waste is recycled, and 12% is burnt. The remaining 79% is sent to land and marine ecosystems [7]. Therefore, it has become absolutely important to dispose of and appropriately recycle waste plastics. Between 1990 and 2014, the plastic recycling rate rose by 7%, and if the current growth trend continues, it will reach 44% by 2050. This significant milestone must be taken seriously, as it could positively impact future generations [7]. Therefore, researchers have extensively researched the use of recycled waste plastics to mitigate the alarming plastic waste generation. Generally, most waste plastics are disposed of through landfills, and a fraction of them may be used for plastic recycling, which can be used for the production of new products/components. Primarily, plastic wastes are dumped in landfills without considering the other valuable recycling process [8,9]. Depositing these wastes into landfilling reflects major environmental issues, which cause health hazards, ground and seawater contamination, and increased greenhouse gas emissions [10,11].



Meanwhile, people can recycle plastics through four processes, such as primary (re-extrusion), secondary (reprocessing/mechanical recycling), tertiary (feedstock or chemical recycling), and quaternary recycling (energy recovery) [12]. These approaches are becoming more popular, as they help us reduce our carbon footprint and reuse valuable resources. Primary recycling is known as a preconsumer plastic waste management technique (e.g., fall-out products/components, trimmings, cuttings); it is only used for this purpose due to the necessity of high-level homogeneity. The remaining recycling methods are usually employed for the management of postconsumer plastic wastes [13]. The most popular method for recycling used plastics is mechanical recycling. It can turn discarded polymers directly into products without significantly sacrificing their qualities through screening, impurity removal, crushing, and melting regeneration [14,15,16]. Furthermore, plastic wastes can be effectively utilized in many other applications, such as concrete, tiles, paver blocks, perfumes, sanitizers, graphene, carbon nanotubes, electrode materials, etc. [17].



Whereas, in chemical recycling, plastic wastes can be used as the raw material for the production of petrochemical fuels [18], in quaternary recycling, plastic waste can be recycled through the incineration process. Incineration is one of the standard methods for discarding waste material [19,20]. Obviously, burning as a waste-disposal strategy can lead to the release of hazardous elements, like dioxins and nitrogen oxides, which can then contaminate the environment [21,22,23]. However, the rate of plastic waste recycled through mechanical recycling is assumed to be around 14 to 18% [24]. The rest of the wastes are managed by being disposed of (58–62%) or energy recovery (24%) [25].



Promoting mechanical and chemical recycling is a better solution to avoid dumping plastic waste in landfills [26]. When compared to mechanical recycling, chemical recycling via pyrolysis has the advantage of recovering energy and materials from all types of plastic wastes (mostly thermosets or thermoplastic) without selection and separation [27]; also, it is an efficient process to reduce the toxic components. In addition, the cost associated with the preprocessing of plastic wastes in mechanical recycling was negligible in pyrolysis [28]. Pyrolysis is a thermochemical process used to convert long-chain hydrocarbons into smaller monomers in the absence of oxygen [29] at 300–900 °C [30], and produces solid (char), liquid (fuel oils), and gaseous (syngas) fuels [27,31]. In the case of pyrolysis technology, the liquid fuel yields are around 45–50%, while gas and char yields are 35–40 and 10–20%, respectively [32]. These yields may vary with their composition, and pyrolytic reaction conditions use inert gas and the presence or absence of a catalyst [33]. Today, pyrolysis is highly focused on recovering energy, because the fuel oil derived from plastic waste pyrolysis is considered a viable fuel source [34].



Recent research has sought to find a more effective way to recycle plastic waste. Many plastic materials found in municipal plastic waste, such as high-density polyethylene (HDPE), low-density polyethylene (LDPE), polystyrene (PS), polyvinyl chloride (PVC), and polypropylene (PP), can be used for energy-recovery processes. By turning waste plastics into fuel oil and chemical raw materials, we can effectively tackle two of the most pressing issues we face today—white pollution and potential carbon source shortage. It is a great way to manage our resources in an ecofriendly manner. Many researchers have investigated the pyrolysis characteristics of various plastic solid wastes for safe disposal and also for energy recovery [29,35,36,37], and only a few authors have performed a specific study on PP pyrolysis. Ahmad et al. [38] studied the pyrolysis of PP at a varied temperature range from 250 to 400 °C. A total of 98.66% conversion was achieved at 300 °C. The percentage yields of liquid, solid, and gas were 69.82, 1.34, and 28.84, respectively. Fakhr et al. [39] reported a higher fuel oil yield of 82.12 wt.% achieved at 500 °C from PP wastes via the pyrolysis process. Uthpalani et al. [40] obtained yields around 79.57 ± 1.66 wt.% of fuel oil, 14.64 ± 0.36 wt.% of char, and 5.79 ± 0.84 wt.% of gas at 330 °C from PP waste using a lab-scale batch reactor. Thahir et al. [41] reported a fuel oil yield of 88 wt.%, 7 wt.% of char, and 5 wt.% of gas obtained at 580 °C from PP wastes using a fixed bed pyrolytic reactor under vacuum conditions. Martynis et al. [42] studied the pyrolysis of PP plastic waste at different reaction-temperature ranges (250–400 °C) and stated that the maximum recovery of fuel oil (88.86%) and char (5.2%) was produced at 400 and 250 °C, respectively.



From the studies mentioned above, and the literature studies, it can be deduced that the majority of earlier studies only examined the typical operating parametric impacts of pyrolytic reactors on pyrolysis performance. However, finding the ideal range of operating parameters for pyrolysis is better for generating its highest efficiency and best outcome. To counter this issue, the RSM combines mathematical and statistical techniques [43,44]. It also incorporates experimental design, mathematical statistics, and parameter optimization. This study employed the Box–Behnken design (BBD) model of the RSM. The BBD is one of the most popular designs of the RSM, since it is a very efficient and economical mathematical modeling tool for the optimization of process parameters [45] compared to other designs [46]. This technique could save time and cost, as it requires fewer experiments [47]. The main aim of using the BBD is to find out the input variables for optimizing the output response and to develop the mathematical models [48]. The BBD technique has been employed for the optimization of the catalytic upgrading of oxygenated pyrolysis vapor into C6–C8 hydrocarbons [49], groundnut shell biochar [50], biochar from date-stone pyrolysis [51], pellet production from corn stalk rinds [52], carbon nanotube production from mixed plastic waste [53], biochar yields [54], and waste motor oil pyrolysis [55].



To the best of our knowledge, there is no research related to the BBD statistical approach for the optimization of fuel oil yield from the pyrolysis of single-use waste polypropylene grocery bags. Therefore, the main objective of the study was to optimize the ideal process parameters, such as the pyrolysis reaction temperature, nitrogen flow rate, and substrate feed rate, for higher fuel oil recovery using the BBD technique. Also, a new lab-scale semibatch pyrolytic reactor was developed exclusively for fuel oil production from these plastic wastes. Furthermore, the fuel oil content was determined using Fourier transform infrared spectroscopy (FT-IR) and gas chromatography–mass spectrometry (GC-MS) analyses. In addition, the fractional distillation of fuel oil was performed, and findings are briefly discussed.




2. Results and Discussion


2.1. Process Optimization Using the RSM


In process optimization, the three best process parameters for fuel oil synthesis from PP wastes (temperature (A), nitrogen flow rate (B), and feed rate (C)) have been evaluated for three responses, such as maximum oil yield (%), solid residue yield (%), and gas yield (%), which were statistically optimized using a BBD-based 33-factor design in the RSM approach. All the experimental runs were conducted in the lab-scale pyrolytic reactor for fuel oil synthesis. The variable effects and their mutual interactions in the process can be assessed by statistical analysis [56]. The optimal conditions (best response) can be calculated by the saddle point of its X and Y coordinates [57]. The experiments include 17 runs with high (+1), center (0), and low (−1) values of each variable. The complete BBD matrix with actual and predicted values is presented in Table 1. The results suggested by the software, that the optimum response of fuel oil yield of 89.34 percent, solid residue of 2.74 percent, and gas yield of 7.92 percent, was achieved under the best pyrolysis-process conditions (481 °C, a nitrogen flow rate of 13.21 mL min−1, and a feed rate of 0.61 kg h−1 for wastes).



The quadratic model obtained for the percentage of the oil yield response was reliable, with better predicted (0.98) and adjusted R-squared (R2 = 0.99) values, indicating a reasonable agreement between the experimental and predicted values. Generally, a higher R2 value for the equation mostly represents higher accuracy for estimating the output response [58]. Furthermore, adequate precision indicates the errors associated with the predicted response values, which may be ˃4 for the desired model. The significance of the developed model can arrive from the p- and F-values. In other words, smaller p- and larger F-values are noted for the statistically highly significant model developed based on the data. Based on the p-values (p < 0.05), it appears that the linear terms (A and C) and quadratic terms (A2, B2, and C2) have a statistically significant impact, with a 95% confidence level (Table 2). In this case, the p-values for the temperature, nitrogen flow rate, and feed rate were <0.0001, 0.0112, and <0.0001, whereas the F-values were 299.24, 11.68, and 137.01. The CV value of the oil yield is 0.94 percent, which indicates the model has excellent experimental reliability.



Furthermore, the lower CV value indicates the good reliability and accuracy of the data for the regression model as suggested by the RSM approach. In this case, the acceptable precision of the oil yield reaction was a ratio of 75.33, which indicates a suitable signal. Figure 1a–c showcases the 3D response surface plots. These optimization charts are advantageous, since they can help predict responses with a higher desirability score [59]. Additionally, they come with an empirical equation for quadratic model fitting.


  F u e l   o i l   y i e l d   ( % ) = − 1025.88 + 4.684533 × A + 1.5744 × B + 20.06773 × C − 0.00021 × A B − 0.0176 × A C + 0.011733 × B C − 0.00497 ×  A 2  − 0.06373 ×  B 2  − 9.3568 ×  C 2   











The response of the oil yield concerning the temperature, nitrogen flow rate, and feed rate, respectively, is described for the tested plastic wastes. The influence of the selected variables on the fuel oil yield was evident. The temperature is the most influential parameter, significantly influencing the polymer chain’s thermal cracking reactions. For instance, higher temperature results in the speedy cracking of chemical bonds. Thus, the results enhanced the reaction rate and lessened the reaction time in the pyrolysis. Under low temperatures, secondary cracking of the pyrolysis reactions occurred and helped release more noncondensable pyrolytic gases. If the reaction temperature increased (400 °C to 475 °C), the oil yield response increased gradually. Then, the fuel oil yield decreased to a certain point and remained stable after the temperature reached 475 °C.



In contrast, the solid yield response decreased gradually, rising from 400 °C to 550 °C. Furthermore, the gas yield response was increased from 400 °C to 550 °C. Sharuddin et al. [29] reported that a temperature up to 500 °C promotes a higher yield of liquid products, and more than 500 °C helps in higher gaseous production in pyrolysis for all types of plastics.



In plastic pyrolysis, nitrogen (N2) is one of the most common inert gases utilized in much of the research, because it is safer than other types of inert gas. In addition to the type, the flow rate of inert gas also influences the product distribution [60]. According to [61], a higher inert gas flow rate may increase the evaporation of oil products in a condenser. This leads to an effect on the fuel oil yield. In this study, the variables fixed for the nitrogen flow rate were 5, 12.5, and 20 mL min−1, and the inert gas supply had shown its influence on the product yield. For example, the nitrogen flow rate was increased (5–12.5 mL min−1), and the oil yield was increased; after that, the oil yield decreased above the 12.5 mL min−1 flow rate. The solid residue yields gradually decreased if the nitrogen flow rate increased from 5 to 20 mL min−1. The gas yield response was increased for the case of the nitrogen flow rate raised from 5 to 12.5 mL min−1, and then gradually decreased for the case from 12.5 to 20 mL min−1.



The feed rate is one of the critical process parameters considered in the semibatch pyrolysis reactor. The variables selected for the feed rate for the study were 0.25, 0.875, and 1.25 kg h−1. If the feed rate was increased from 0.25 to 0.875 kg h−1, the oil yield increased; after the flow rate of 0.875 kg h−1, the oil yield decreased gradually and remained constant. For the feed rate increased from 0.25 to 0.875 kg h−1, the solid residue yields gradually decreased. The gas yield response followed an increasing trend with an increase in the feed rate from 0.25 to 0.875 kg h−1, and then gradually decreased above the feed rate from 0.875 to 1.25 kg h−1.



In this case, the variables, like temperature, nitrogen supply, and feed rate, increased, and the oil yield response gradually increased and then decreased. As the variable range increased, the gas yield response increased, and the solid response decreased gradually.



The interactions between AB, BC, and CA were found to be insignificant. The fuel oil as the output response to the reaction temperature and the nitrogen flow rate was represented in the 3D response surface plots. In the case of temperature, heating was increased at a particular nitrogen flow rate and showed an enhanced fuel oil yield. However, when the temperature increased beyond 520 °C, it harmed the fuel oil yield, i.e., the oil yield started to decline. In contrast, the nitrogen flow rate increased at any temperature and showed almost nil improvement in the oil yield.




2.2. Properties of the Fuel Oil


The carbon and hydrogen content in the fuel oil (85.36 and 14.60 percent) was slightly higher than the waste PP grocery bags (84.6 and 14.4 percent), which indicates a higher potential for fuel oil to be a fuel. Low-nitrogen content (0.14%) and no sulfur were found in the fuel oil, since the waste PP grocery bags had lower nitrogen and sulfur contents (<0.30%). Also, the waste PP grocery bags had higher volatile (98.73%) and lower ash contents 1.08%). This could encourage the fuel oil from plastic wastes [62]. This property favored that the products are not responsible for higher SOx and NOx emissions, both undesirable in the combustion process. The calorific value was significantly increased by converting the waste PP grocery bags (40.95 MJ kg−1) into fuel oil (45.42 MJ kg−1). Interestingly, the specific gravity of the fuel oil decreases with an increase in the operating temperature, similar to vegetable oils. Fuel oil’s specific gravity and kinematic viscosity were 0.787 and 2.27 cSt., respectively. Similar results were reported by [63,64]. The flashpoint of the fuel oil was found at 31 °C.



Furthermore, the fuel oil had a lower ash content (0.001%) due to no metal contaminations in the fuel oil. The carbon residue of the tested fuel oil was 0.3 percent. The waste PP fuel oil had higher research octane number (RON) (100.0 min) and motor octane number (MON) (85.1 min) values. The authors of [25] represented the highest RON and MON present in the PP fuel oil at 97.8 and 87.6 min, and also reported that conventional gasoline had an RON and MON in the range from 91 to 95 and 81 to 85, respectively, which are on par with the results of the present study. Generally, the RON and MON of the fuels can indicate their antiknock quality. The fuel with higher octane numbers represented better antiknock properties, and vice versa.



Moreover, a poor knocking property indicates explosive noises and results in the deteriorated performance of the engine [65]. Therefore, the antiknock quality of the fuel was crucial to avoid engine damage. The RON and MON of the fuel oil were found at 100 and 85.1 min., respectively, which indicated that fuel oil had a good antiknock quality and could be used as fuel.



2.2.1. FT-IR Analysis


The results of the FT-IR analysis of the plastic wastes and fuel oil produced at different temperatures (400, 475, and 550 °C) are presented in Table 3. For the waste PP grocery bags, alcohol and phenols were detected by O-H stretching and H-bonded vibrations at a wavenumber of 3394.1 cm−1 (Figure 2). The presence of carboxylic acids was detected at 3188.72 cm−1 for O-H stretching vibrations. C-H and CC stretching vibrations indicated the presence of alkanes and alkynes at wavenumbers of 2952.48, 2915.84, 2873.42, and 2194.60 cm−1, respectively. Also, the C-H bending vibration indicated the appearance of alkanes at 1455.90 cm−1, and alkenes were determined at wavenumbers of 972.912 and 839.85 cm−1 with =C-H bending vibrations. Similar functional groups were observed in the PP fuel oil. Also, the presence of esters and saturated aliphatic were determined by a C=O stretching vibration at a wavenumber of 1741.41 cm−1. The C-N stretching vibration indicated the presence of aliphatic amines at wavenumbers of 1221.68 and 1158.04 cm−1. Higher wavenumbers were found in the spectrum’s initial phase and middle index in the FT-IR spectra, representing the small and bulky functional groups. At the same time, low wavenumbers represented double- and single-bond functional groups (alkanes, alkenes, alkynes, etc.). These results show that plastic waste and derived fuel oil had different hydrocarbons, mostly alkanes, alkenes, and alkynes, and were coincident with the results reported by [66]. The FT-IR data obtained in this study are in better agreement with some of the literature. The FT-IR spectra of the PP fuel oil obtained at 300 °C exhibited the major peak of aliphatic C-H stretching at the wavenumbers of 2960–2840 cm−1. The olefin C=C stretching was indicated at the peak of 1520–1540 cm−1 and C-H bending vibration (CH2) was shown at 1460–1350 cm−1 [38]. Meanwhile, [64] analyzed the functional group of PP oil obtained through kaolin clay at 400–550 °C. The peaks at 2956 and 2879 cm−1 related to the C-H stretching, and the peak at 1377 cm−1 indicated the bending of alkane. Additionally, the peaks at 1456 and 970 cm−1 were attributed to the C-H stretching and C-H bending of alkene. Similarly, [67] studied the functional group of PP oil produced at 410 °C using a florisil catalyst, and they found several distinct peaks. The symmetric and asymmetric stretching (CH3) was obtained at the wavenumbers of 2954 cm−1 and 2870 cm−1. The asymmetric stretching (CH2) and symmetrical bending (CH3) were shown by the peaks at 2914 cm−1, 1460, and 1377 cm−1, respectively. Also, the peak at 970 cm−1 was attributed to the C-H bending vibration of alkenes, and the peak at 887 cm−1 corresponded to the C-H bending.




2.2.2. GC-MS Analysis of Fuel Oil


GC-MS was used to quantify the individual compounds of the fuel oil derived from the PP waste plastic bags (Table 4). Around 30 compounds were found in the fuel oil. The highest area percentage was found in 1-Undecene and 7-methyl (C12H24—24.26%), followed by 1-Propene, 2-methyl- (C4H8—10.95%), Decane, 2,3,5,8-tetramethyl (C14H30—6.37%), 1-Octadecene (C18H36—5.82%), 1,6-Octadiene, 2,5 dimethyl- (E)-(C10H18—5.46%), Naphthalene (C10H8–4.24%), and 1-Hexadecanol, 3,7,11,15-tetramethyl-(C20H42O–3.28%). Many other compounds were found in fuel oil; most had lower areas (<3%), such as Pentane, 3,3-dimethyl-(C7H16), Cyclopropane (C3H6), 1-Propyn (C3H4), (E)-6-Dodecene (C12H24), 3-Undecene (C11H22), 2-Undecanethiol, 2-methyl-(C12H26), 9-Octadecene (C18H36), 7-Octadecyne, 2-methyl-(C19H36), 2-Methyl-octadecyne (C19H36), 1-Dodecanol, 2-hexyl-(C19H38O), Cyclopentane (C5H10), Cyclododecanemethanol (C12H24), Cyclotetracosane (C24H48), Oxirane, tetradecyl- (C16H32O), 2,6,10,14-Tetramethyl-7-pentadecane (C25H52), 1-Eicosene (C20H40), 1-Dodecanol, 2-octyl-(C20H42O), Dodecane (C12H26), 1-Heptacosanol (C27H56O), 11-Dodecen-1-ol, 2,4,6-trimethyl-(C15H30O), 11-Dodecen-1-ol difluoroacetate (C12H24O), 11,13-Dimethyl-12-tetradecen-1-ol acetate (C18H34O2), and 9-Hexacosene (C26H52). Results indicated that the fuel oil produced from the waste PP grocery bags was enriched with hydrocarbons in the range of C3–C27, and more than 50 percent of the hydrocarbons were produced in the carbon range of C4–C12, followed by C14–C20, which represents that the fuel oil contained major amounts of olefins and kinds of paraffin, and it was comparable with petroleum hydrocarbons. These results were matched with some of the literature. The analysis of liquid fuel synthesis from mixed plastic wastes (PP, LDPE, and PS) showed that most of the fuel compounds emerged in the range of C3–C27 [66]. Similarly, the liquid fuel produced from the thermal pyrolysis of PP waste consisted of C4–C35 carbon-range hydrocarbons [68]. The noncatalytic pyrolysis of PP yielded a liquid fuel that comprised C7–C30 hydrocarbons, and the maximum peak was obtained in C9 [69]. The liquid fuel is obtained from thermal and catalytic (zeolite) pyrolysis of PP waste, which includes petroleum hydrocarbons (C4–C20) and some high-molecular-weight hydrocarbons (C20–C30) [70].





2.3. Fractional Distillation of the Waste PP Fuel Oil


The waste plastic fuel oil comprises a mixture of various hydrocarbons with different carbon ranges. For the fuel application, it is necessary to fractionate the hydrocarbons through distillation. The distillation curve provides information about the distillation of crude oil. Hence, the distribution of the boiling point is representative of the chemical composition of the petroleum crude fraction. Therefore, the ASTM distillation (D86) test was carried out for the fractional distillation of the PP fuel oil. The percentage of volume fractions of different compositions in the PP fuel oil with respect to its boiling temperature range (67–348 °C) is presented in Figure 3. The boiling temperature of the PP fuel oil represents the presence of gasoline, kerosene, and diesel in the fuel oil. The results were coincident with the results reported by [40], which stated that the boiling point of waste PP oil varied from 63–350 °C. Whereas, [41] studied the pyrolysis of PP waste for liquid fuel production with a refinery distillation bubble-plate column and observed the presence of kerosene in tray I, and gasoline in trays II and III. The liquid fuel produced from the waste PP using kaolin and acid-treated kaolin had a boiling temperature range of 68–346 °C and 42–312 °C, respectively [71].





3. Materials and Methods


3.1. Sample Preparation and Characterization


The waste polypropylene grocery bags were collected from different locations in the Coimbatore region of Tamil Nadu, India. The separation and water-washing steps were followed for these wastes to remove the inert materials (sand, paper, and other plastics). Further, wastes were sun-dried for moisture removal. Then, they were cut into smaller square pieces (1 × 1 cm) for the experiments. The important properties, such as the moisture content (ASTM D3173) and proximate composition (ASTM D 3172-89, D 3174-89, and D 3175-89), density (ASTM D 2015-77), and calorific value (ASTM D 2015-77) were adopted to characterize the waste PP grocery bags. Elemental compositions were estimated using a Thermo Scientific (FLASH 2000) elemental analyzer (M/s; Thermo Fisher Scientific, Waltham, MA, USA) coupled with an autosampler (AS-200) and data processor (DP 200-PRC) following the procedure of ASTM D 3176.




3.2. Description of the Pyrolytic Reactor


The laboratory-scale pyrolytic reactor (one kg processing capacity) was designed and developed for fuel oil production from waste PP grocery bags, which fall under semibatch and fixed-bed types. The unit consists of a pyrolytic chamber with an external heating arrangement, feeding system, and condenser (Figure 4). The pyrolytic chamber consists of a double-walled cylindrical chamber. A 3 kW heating coil with a heating rate of 25 °C min−1 was rolled over the inner cylinder, which was used to provide and maintain the reaction temperature. A ceramic fiber wool insulation was provided to prevent heat losses. On one side of the reactor was a feeding system for feeding the plastic wastes, and on another side, a hole (2.5 cm ϕ) was provided as a pathway for expelling the condensable and noncondensable gases evolved in the process. A small opening was fitted below the feeding system for collecting the solid residue at the end of the experimental trials. A cover plate was used to close the small opening during the trials to ensure the pyrolysis conditions and avoid air entry into the reactor. The thermocouples (K type) were used to measure the temperatures at three locations in the reactor. In addition, a pipe for nitrogen gas supply at another side of the reactor created an inert atmosphere in the chamber.



A screw auger was used to feed plastic waste with a throughput of 1 kg h−1 by operating at 25 rpm for the feeder. A variable-speed motor operated the screw auger to achieve the different feeding rates of the selected plastic wastes. A condenser was provided to condense volatile gases to collect fuel oil. The condenser was made of stainless steel and filled with dry ice as a cooling medium. Two control panels were used to control the process parameters, such as the reaction temperature and feed rate. In this setup, the motor speed to regulate the reactor’s feed rate of plastic wastes varied from 0.25 to 1.5 kg h−1. The rotameter measured the flow rate of inert gas (nitrogen) to the reactor. A range from 5 to 20 mL min−1 of gas was selected and supplied to the reactor for the experiments. A multigas analyzer was used to measure the composition of pyrolytic gas. Gas board—3100 P based on nondispersive infrared sensor (NDIR) technology and a thermal conductivity detector (TCD) in the instrument were used to analyze the pyrolytic gas compositions (CO, CO2, CnHn, and CH4) and other gases (H2 and O2), respectively.




3.3. Operating Procedure


Initially, the operating reaction temperature was set in the control system. The power was supplied to an external heating arrangement to produce the heat for the pyrolysis process. During the trials, a screw auger was operated to supply the raw materials to the reactor after the reaction temperature was reached. The specified inert gas flow rate was continuously supplied to the pyrolytic reactor. The vapor generated from the thermal degradation of plastic wastes was passed through the outlet pipe. The outlet pipe was connected to an ice-cooled condenser to collect the condensed liquid product (i.e., fuel oil) in a container, and noncondensable gasses were allowed to enter the atmosphere. Further, the fuel oil and noncondensable gas were analyzed using the multigas analyzer. The solid residue produced from the pyrolysis of plastic wastes was settled in the reactor and collected after the experimental trials. The yields of three different pyrolytic products, such as fuel oil, solid residue, and pyrolytic gas, were measured.




3.4. Process Optimization Using the Box–Behnken Design


Recently, the response surface methodology (RSM) has been more helpful in optimizing the responses of influential process variables in the chemical process [72]. Also, the RSM can be used to build empirical models based on output responses influenced by several independent process variables. This study used the Box–Behnken (BBD)-type response-surface-design-based experiments. Three-level designs of the proposed work were formulated by combining 2k factorials with incomplete block designs for fitting the response surfaces [73]. Furthermore, Design-Expert software (Version 10, 2016; Stat-Ease, Minneapolis, MN, USA) was also employed to design and randomize the runs. Three independent variables or factors, namely, the reaction temperature (A) (°C), nitrogen flow rate (B) (mL min−1), and feed rate (C) (kg h−1), were used, and the three responses (output variables) were the yields of fuel oil, solid residue, and gas. The ranges and levels of independent variables were chosen based on the preliminary experiment trials. The ranges and levels used in the experimental work are given in Table 5.



The optimal number of experimental runs for the BBD has been calculated using the following Equation (1) [74].


N = 2K (K − 1) + C0



(1)




where N is the overall count of variables, K is the number of independent variables, and C0 is representative of the number of center points that were taken as 5 [52].



In this study, seventeen runs of experiments were used for the data acquisition and modeling of the response surface. A suitable model, such as a polynomial quadratic model, was proposed to predict the output responses based on the results. The equation is furnished below (2).


   Y =  β 0   +    ∑    i = 1   n     β i   x i   +    ∑   i = 1  n     β ii   x   i 2     +    ∑   i = 0  n      ∑   j > 1  n     β ij   x i   x j    



(2)




where Y is the measured responses, β0, βi, βii, and βij are the regression coefficient (intercept, linear, quadratic, and interaction), and xi and xj are independent variables.




3.5. Mathematical Modeling


The experimental data of the pyrolysis of waste grocery bags were analyzed using the Design-Expert (Version 10, 2016; Stat-Ease) statistical software package to develop suitable mathematical models with higher R2 values. Coefficients of the models derived from multiple regression analysis and use of variance (ANOVA) combined with the Fisher F-test determined the model adequacy.




3.6. Fuel Oil Properties


The following properties were measured using standard test methods: specific gravity (IS: 1448-1972), kinematic viscosity (ASTM 445-72), flash point (ASTM D93), carbon residue (ASTM D524-IP14/65), and ash content (ASTM D 482). The octane number of the fuel oil was determined using an octane number analyzer (Zeltex, Hagerstown, MD, USA).




3.7. Fourier Transform Infrared Spectroscopy (FT-IR) Analysis


The FT-IR spectra were recorded by applying an attenuated total reflectance (ATR) crystal. An FT-IR spectrophotometer (M/s. Bio-Rad, Jasco-6800, Tokyo, Japan) was used to find the FT-IR spectra of the waste and produced fuel oil. The resolution and scan number were 4 cm−1 and 3, respectively. The FT-IR spectrum in the significant ranges of 4000 to 400 cm−1 was measured and recorded. Bruker software was used for data analysis.




3.8. Gas Chromatography–Mass Spectrophotometry (GC-MS)


The GC-MS (Agilent Technologies, model 7890B) was used to find the fuel oil composition by injecting a test sample (1 µL) in the DB 35 capillary column (30 m × 0.25 mm, film thickness: 0.25 µm) with a helium flow rate of 1 mL min−1, which was operated from 70 to 260 °C at a heating rate of 6 °C min−1.





4. Conclusions


The study investigated the thermal degradation of single-use waste plastic bags for liquid fuel production using pyrolysis as a treatment technology. Thermal degradation of waste PP grocery bags was performed through the laboratory-scale semibatch pyrolytic reactor for fuel oil recovery. The Box–Behnken design of the response surface methodology was used to optimize the pyrolysis process parameters, including the reaction temperature, nitrogen flow rate, and substrate feed rate. The maximum fuel oil yield of 89.34 percent was obtained at a temperature of 481 °C, a nitrogen flow rate of 13 mL min−1, and a feed rate of 0.61 kg h−1. The highest carbon content (85.36%) was found in the PP fuel oil. The specific gravity of the fuel oil was closer to petrol, and in terms of the calorific value, the value seemed to be comparable with the standard value of both gasoline and diesel. Moreover, the motor octane number (85 min) of the fuel oil is in accordance with petroleum fuels. The FT-IR analysis of the fuel oil showed that it primarily contained aliphatic hydrocarbons (alkenes and alkanes), and also indicated the presence of alcohols, esters, and aliphatic amines. The results of the GC-MS analysis revealed that the fuel oil had hydrocarbons in the carbon range of C3–C27, and the maximum peak was obtained in C12. Furthermore, more than 50 percent of the hydrocarbons emerged in the carbon range of C4–C12, followed by C14–C20. These results showed the presence of olefins and paraffin in the fuel oil, in accordance with petroleum hydrocarbons. From the study, it was observed that the fuel properties of the fuel oil produced from waste PP fuel oil were comparable with gasoline and diesel fuels. Also, the results of the fractional distillation of the fuel oil indicate the presence of gasoline, kerosene, and diesel in the fuel oil. The study’s findings are encouraging, demonstrating that the fuel oil obtained from waste PP bags may substitute conventional fuels.
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Figure 1. 3D Response surface plot for the interactive effect of all factors and their mutual interaction on the oil yield (PP): (a) effect of temperature and nitrogen flow rate; (b) effect of temperature and feed rate; (c) effect of nitrogen flow rate and feed rate. 
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Figure 2. FT-IR spectrum for PP wastes and its fuel oil. 
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Figure 3. ASTM distillation curve of the fuel oil from waste PP using pyrolysis process. 
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Figure 4. Laboratory-scale pyrolytic reactor for fuel oil production. 
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Table 1. BBD matrix and experimental results.






Table 1. BBD matrix and experimental results.





	
Run Order

	
Factor

	
Response




	
Temperature, °C

	
N2 Flow Rate, mL min−1

	
Feed Rate,

kg/h

	
Oil Yield, %

	
Solid Residue, %

	
Gas Yield, %




	
Actual

	
Predicted

	
Actual

	
Predicted

	
Actual

	
Predicted






	
1

	
400

	
12.5

	
0.250

	
64.71

	
63.99

	
4.49

	
4.66

	
30.8

	
31.36




	
2

	
475

	
12.5

	
0.875

	
89.43

	
89.43

	
2.94

	
2.94

	
7.63

	
7.63




	
3

	
400

	
5.0

	
0.875

	
62.58

	
62.765

	
5.73

	
5.63

	
31.69

	
31.60




	
4

	
550

	
12.5

	
0.250

	
57.82

	
57.29

	
1.80

	
1.84

	
40.38

	
40.88




	
5

	
475

	
5.0

	
0.250

	
85.36

	
85.895

	
3.92

	
3.85

	
10.72

	
10.26




	
6

	
550

	
20.0

	
0.875

	
52.95

	
52.77

	
1.97

	
2.07

	
45.08

	
45.17




	
7

	
475

	
12.5

	
0.875

	
89.43

	
89.43

	
2.94

	
2.94

	
7.63

	
7.63




	
8

	
475

	
12.5

	
0.875

	
89.43

	
89.43

	
2.94

	
2.94

	
7.63

	
7.63




	
9

	
550

	
5.0

	
0.875

	
54.66

	
54.66

	
2.63

	
2.66

	
42.71

	
42.68




	
10

	
400

	
20.0

	
0.875

	
61.35

	
61.355

	
4.86

	
4.83

	
33.79

	
33.82




	
11

	
475

	
5.0

	
1.500

	
80.85

	
80.14

	
4.18

	
4.32

	
14.97

	
15.56




	
12

	
550

	
12.5

	
1.500

	
49.27

	
49.99

	
2.48

	
2.31

	
48.25

	
47.70




	
13

	
475

	
12.5

	
0.875

	
89.43

	
89.43

	
2.94

	
2.94

	
7.63

	
7.63




	
14

	
475

	
20.0

	
0.250

	
83.42

	
84.14

	
3.26

	
3.12

	
13.38

	
12.79




	
15

	
475

	
20.0

	
1.500

	
79.13

	
78.60

	
3.59

	
3.66

	
17.28

	
17.74




	
16

	
400

	
12.5

	
1.500

	
59.46

	
59.99

	
5.25

	
5.21

	
35.29

	
34.79




	
17

	
475

	
12.5

	
0.875

	
89.43

	
89.43

	
2.94

	
2.94

	
7.63

	
7.63











 





Table 2. ANOVA analysis for the PP fuel oil yield response.






Table 2. ANOVA analysis for the PP fuel oil yield response.





	
Response

	
Source

	
Sum of

Squares

	
Degrees of Freedom

	
Mean

Square

	
F

Value

	
p-Value

Prob > F

	
Significance






	
Fuel oil yield (%)

	
Model

	
3734.96

	
9

	
415.00

	
890.55

	
<0.0001

	
Significant at a 5% level




	
A—Temperature

	
139.45

	
1

	
139.45

	
299.24

	
<0.0001




	
B—Nitrogen flow rate

	
5.45

	
1

	
5.45

	
11.68

	
0.0112




	
C—Feed rate

	
63.85

	
1

	
63.85

	
137.01

	
<0.0001




	
AB

	
0.06

	
1

	
0.06

	
0.12

	
0.7355




	
AC

	
2.72

	
1

	
2.72

	
5.84

	
0.0463




	
BC

	
0.01

	
1

	
0.01

	
0.03

	
0.8765




	
A2

	
3291.63

	
1

	
3291.63

	
7063.58

	
<0.0001




	
B2

	
54.11

	
1

	
54.11

	
116.13

	
<0.0001




	
C2

	
56.25

	
1

	
56.25

	
120.71

	
<0.0001




	
Residual

	
3.26

	
7

	
0.47

	

	




	
Lack of Fit

	
3.26

	
3

	
1.09

	

	




	
Pure Error

	
0.00

	
4

	
0.00

	

	




	
Cor Total

	
3738.22

	
16

	

	

	




	
Std. Dev.

	
0.68

	
R-Squared

	
0.99

	

	




	
Mean

	
72.87

	
Adj R-Squared

	
0.99

	

	




	
C.V. %

	
0.94

	
Pred R-Squared

	
0.98

	

	




	
PRESS

	
52.19

	
Adeq Precision

	
75.33

	

	











 





Table 3. Results of FT-IR spectra of functional groups of waste PP and its fuel oil.
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S. No

	
Waste PP

	
Fuel Oil




	

	
Wavenumber

(cm−1)

	
Bond

	
Functional Group

	
Wave

Number,

(cm−1)

	
Bond

	
Functional Group






	
1

	
3394.10

	
O-H stretch,

H-bonded

	
Alcohols,

Phenols

	
3457.74

	
O-H stretch,

H-bonded

	
Alcohols, Phenols




	
2

	
3188.72

	
O-H stretch

	
Carboxylic acids

	
3071.08

	
=C-H stretch

	
Alkenes




	
3

	
2952.48

	
C-H stretch

	
Alkanes

	
2955.38

	
C-H stretch

	
Alkanes




	
4

	
2915.84

	
C-H stretch

	
Alkanes

	
2956.34

	
C-H stretch

	
Alkanes




	
5

	
2873.42

	
C-H stretch

	
Alkanes

	
2918.73

	
C-H stretch

	
Alkanes




	
6

	
2194.60

	
-C- stretch

	
Alkynes

	
2913.91

	
C-H stretch

	
Alkanes




	
7

	
1455.90

	
C-H bend

	
Alkanes

	
2873.42

	
C-H stretch

	
Alkanes




	
8

	
972.91

	
=C-H bend

	
Alkenes

	
2203.27

	
-C ≡ C- stretch

	
Alkynes




	
9

	
839.85

	
=C-H bend

	
Alkenes

	
1741.41

	
C=O stretch

	
Esters,

Saturated aliphatics




	
10

	
-

	
-

	
-

	
1648.84

	
-C=C- stretch

	
Alkenes




	
11

	
-

	
-

	
-

	
1456.96

	
C-H bend

	
Alkanes




	
12

	
-

	
-

	
-

	
1371.14

	
C-H bend

	
Alkanes




	
13

	
-

	
-

	
-

	
1221.68

	
C-N stretch

	
Aliphatic amines




	
14

	
-

	
-

	
-

	
1158.04

	
C-N stretch

	
Aliphatic amines




	
15

	
-

	
-

	
-

	
970.019

	
=C-H bend

	
Alkenes




	
16

	
-

	
-

	
-

	
886.131

	
=C-H bend

	
Alkenes




	
17

	
-

	
-

	
-

	
887.095

	
=C-H bend

	
Alkenes




	
18

	
-

	
-

	
-

	
738.603

	
=C-H bend

	
Alkenes




	
19

	
-

	
-

	
-

	
695.212

	
-C ≡ C-H:C-H bend

	
Alkynes











 





Table 4. GC-MS analysis of fuel oil produced from waste PP.
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	Retention Time (min.)
	Name of the Compound
	Area (%)





	3.93
	Pentane, 3,3-dimethyl-
	1.90



	5.08
	1-Propene, 2-methyl-
	10.95



	5.77
	Cyclopropane
	1.31



	6.27
	1-Propyne
	1.43



	7.22
	(E)-6-Dodecene
	1.84



	7.77
	1,6-Octadiene, 2,5 dimethyl-, (E)-
	5.46



	8.25
	1-Undecene, 7-methyl
	24.26



	8.87
	3-Undecene
	2.57



	9.34
	2-Undecanethiol, 2-methyl-
	1.30



	10.77
	9-Octadecene
	1.94



	11.43
	1-Octadecene
	5.82



	12.34
	7-Octadecyne, 2-methyl-
	2.85



	13.05
	2-Methyl-octadecyne
	1.62



	14.93
	1-Dodecanol, 2-hexyl-
	2.53



	15.69
	Decane, 2,3,5,8-tetramethyl
	6.37



	16.28
	Naphthalene
	4.24



	16.66
	Cyclopentane
	1.61



	17.40
	Cyclododecanemethanol
	1.24



	19.20
	Cyclotetracosane
	1.42



	19.94
	1-Hexadecanol, 3,7,11,15-tetramethyl-
	3.28



	20.87
	Oxirane, tetradecyl-
	2.23



	21.58
	2,6,10,14-Tetramethyl-7-pentadecane
	1.36



	23.18
	1-Eicosene
	1.27



	23.89
	1-Dodecanol, 2-octyl-
	2.37



	24.74
	Dodecane
	1.83



	25.42
	1-Heptacosanol
	1.74



	27.74
	11-Dodecen-1-ol, 2,4,6-trimethyl-
	1.56



	28.33
	11-Dodecen-1-ol difluoroacetate
	1.46



	30.39
	11,13-Dimethyl-12-tetradecen-1-ol acetate
	1.33



	30.86
	9-Hexacosene
	1.30










 





Table 5. Box–Behnken design for the optimization of the process conditions in a pyrolytic reactor for fuel oil production from waste PP.






Table 5. Box–Behnken design for the optimization of the process conditions in a pyrolytic reactor for fuel oil production from waste PP.





	
Factors

	
Range and Levels




	
−1

	
0

	
1






	
Reaction temperature (A) (°C)

	
400

	
475

	
550




	
Nitrogen flow rate (B) (mL min−1)

	
5

	
12.5

	
20




	
Feed rate (C) (kg h−1)

	
0.25

	
0.875

	
1.5
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