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Abstract

:

In this study, the pyrolysis procedure was used to extract oil from pomegranate peels (PP) utilizing biomass-derived sulfonated tea waste as a catalyst. FTIR, SAA, SEM, and XRD were used to characterize the catalyst. Thermo-catalytic decomposition was carried out in a salt bath reactor and the bio-oil composition was determined through GC-MS. The oil obtained from virgin PP was observed to contain compounds in the range of C5–C13, whereas from the catalyzed reaction it was found to be rich in C5–C23. For the calculation of kinetic parameters, TG analysis was performed of virgin PP and with the catalyst at different heating rates. TG/DTG indicated weight loss in four steps. The first weight loss below 100 °C is due to the physically adsorbed water molecule evaporation. The second weight loss is attributed to hemicellulose decomposition and the third one to cellulose degradation. The fourth weight loss is due to lignin degradation. Kissinger model was used for measuring the activation energy (Ea) of the decomposition reaction. The activation energy of hemicellulose, cellulose, and lignin for non-catalytic reactions was observed as 199, 249, and 299 kJmol−1, while in the case of the loaded tea waste catalyst, the Ea was reduced to 122, 163, and 207 kJmol−1, respectively, confirming the effectiveness of the catalyst. From these findings, it can be concluded that sulfonated tea waste catalyst has not only lowered the pyrolysis temperature and Ea but also brought a change in oil quality by enhancing value-added compounds in the bio-oil.
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1. Introduction


In view of the depletion of non-renewable energy resources, biomass utilization has become a focus of mainstream energy use [1]. Research methods for converting biomass into bio-oil have recently received a lot of attention due to the growing interest in biofuels owing to their economic and environmental appeals. Fast pyrolysis stands out as the most promising of them [2]. Global warming and the present reliance on fossil fuels raise worries about energy security. Promoting the utilization of biomass is one approach to reduce this. Biomass is regarded as a sustainable, ecologically safe, and renewable resource of fuel. In this regard, forestry waste provides a promising possibility [3]. Pyrolysis is preferred over combustion for generating energy from forestry waste since it may recover solid and liquid ingredients that are simple to store and transport. The liquid substance known as bio-oil has an advantage over solid biomass because of its higher volumetric energy density [4]. However, its high water content, high viscosity, poor igniting properties, corrosiveness, high oxygen concentration, high solid content, and chemical instability provide several drawbacks to its use as fuel [5]. The utilization of a catalyst during pyrolysis reaction is one straightforward way to replace oxygen and increase the hydrogen-to-carbon ratio of the bio-oil. For biomass catalytic pyrolysis, many high-cost catalysts have generally been studied such as mesoporous M41S, mesoporous aluminosilicates, and microporous zeolites [6,7]. All of these catalysts result in an enhanced bio-oil that has the prospects of a profitable product as feedstock for biorefineries. On the other hand, various alternative inexpensive catalysts have also been explored for biomass pyrolysis [8]. Although simple pyrolysis sometimes produces better bio-oil yield, more refining is needed for actual use. Therefore, the catalyst used must be highly active, specific to certain products, resistant to deactivation, and inexpensive [9].



Pomegranate, one of the major fruit plants, is grown in Iran, Central Asia, India, Afghanistan, Pakistan, Asia Minor, and the Mediterranean coast. Due to the presence of diverse bioactive substances in different portions of pomegranate, it provides nutritional value. Terpenes, sterols, fatty acids, proanthocyanins, and anthocyanins are all present in the fruit [10]. However, the peel produced after eating the eatable portion is dumped and wasted. Pyrolysis of biomass has been studied widely; however, little literature is available on the degradation of pomegranate peel [11]. Therefore, the biomass material selected in this study is waste pomegranate peels derived after the consumption of the edible part from pomegranates. Pomegranate peel is produced in sufficient quantity after eating the edible parts of the fruit or pressing it for juice production. Presently, there is no appropriate mechanism for utilizing this rich supply. Due to its high hydrocarbon content, this analysis is a minor attempt to use leftover pomegranate peel as an energy source.



In addition, tea (Camellia) is one of the most consumed beverages worldwide. There is a lot of solid waste produced by the consumption of hundreds of tons of tea worldwide. Previously, tea waste has been used in various applications such as hydrogen production [12], char for the purification of bio-oil [13], and for the removal of heavy metals from water [14]. However, no work on the synthesis of acidic tea waste heterogeneous catalysts and their use in biomass conversion has been found in the literature. Therefore, in this study, our focus is on the preparation of a highly active catalyst from tea waste for the conversion of waste pomegranate peels into liquid fuel and to study the kinetics of the pyrolysis reaction. Moreover, it will also be determined how several variables, including temperature, duration, and catalyst, affect the pyrolysis of used waste pomegranate peels.




2. Material and Methods


2.1. Materials


In the current study, waste pomegranate peels were collected from a juice shop on the campus of University of Peshawar. The peels were dried in sunlight for 3 weeks. The dried sample was ground in a grinder and sieved to a mesh size of 35. For demineralization, the sample was treated with 1N HCl solution and washed many times with double-distilled water until pH 7 was obtained. Then the sample was kept in an electric oven for drying at 80 °C for 12 h and shifted to a desiccator for future study.




2.2. Synthesis and Characterization of Catalyst


Raw tea waste was taken for catalyst synthesis from a nearby tea shop on the campus of the University of Peshawar. For removal of impurities, i.e., sugar and milk, it was washed with warm double-distilled water and heated until its color was removed. Then it was kept in an oven for 30 h at 80 °C. The dried sample was then ground to a mesh size of 177 microns. After that, H3PO4 was used to chemically activate the sample. Each 20 g tea waste char was activated with 10% H3PO4 for 14 h before drying at room temperature. Then the sample was shifted to a furnace and kept there for 2 h at 400 °C with a temperature program rate of 5 °Cmin−1. The calcined sample thus obtained was carbonized at 400 °C in an inert atmosphere and washed with warm double-distilled water until PH 7. Then it was dried in an oven at 80 °C and stored for further study. For sulfonated acidic catalyst preparation, the sample was treated with 98% concentrated H2SO4 solution in an autoclave at 150 °C for 6 h. Double-deionized water was used for washing the sulfonated sample for removal of unreacted H2SO4 and for moisture removal the sample was placed in an oven overnight.



The catalyst thus obtained was analyzed by SEM (JSM-IT-100 Japan, JEOL, Akishima, Tokyo, Japan) to know about the morphology of the catalyst. EDX (JSM-IT-100 Japan) was carried out to know about the chemical nature of the catalyst. Shimadzu IR Prestige-21 (Kyoto, Japan) was used for identifying functional groups in the prepared catalyst. The catalyst surface area and porosity, both of which influence the efficiency considerably, were studied using a surface area and pore size analyzer (NOVA2200e Quantachrome, Boynton Beach, FL, USA). The catalyst was also analyzed using XRD (JDX-3532, JEOL, Akishima, Tokyo, Japan) for measuring the crystallite size of the sample.




2.3. Loading of Catalyst to Pomegranate Peels Powder


To load the catalyst onto biomass, the impregnation method was used. To load the biomass sample with 5% catalyst, first, a solution was made of 0.5 g of catalyst in 40 mL of water and mixed thoroughly. Secondly, 10 g of pomegranate peel powder was added to 60 mL of double-distilled water. In the end, the two solutions were then mixed. The resulting mixture was then stirred on a hot plate for two hours at a speed of 600 rpm and then dried overnight in an oven at 80 °C. In this way, the biomass sample was found evenly loaded with catalyst.




2.4. Pyrolysis and Characterization of Products


Pomegranate peels were pyrolyzed in the presence and absence of catalyst at various temperatures in a salt bath. The details of the setup have already been mentioned in our prior communications [15]. The salt bath is a mixture of potassium nitrate, sodium nitrate, and sodium nitrite in different ratios placed in a steel vessel surrounded by asbestos and cement for insulation purposes. The salt bath is heated by an electric heater and the temperature is controlled by a temperature controller. The reaction flask which is connected to a condenser is placed inside the bath and heated to the desired temperature. The bio-oil recovered was analyzed through GCMS (Thermo Scientific DSQ, Waltham, MA, USA), and the components were identified using the MS-NIST library.




2.5. Kinetic Study


A thermogravimetric analysis of pomegranate peels was done in the presence/absence of a catalyst at heating rates of 5, 10, 15, and 20 °C min−1 using a thermogravimetric analyzer (SDT Q600, UK). The data obtained were used for kinetic study through the Kissinger equation (Equation (1)) [16].


  ln    β   T m 2      = ln     A . R  E    −  E    RT  m     



(1)




where Tm (°C) is the temperature at maximum weight loss, R (JK−1mol−1) is the general gas constant, and  β  (°Cmin−1) is the heating rate. By plotting   ln    β   T m 2        against    1   T m     , the Ea (kJmol−1) and A (min−1) were calculated using the values of the slope and intercept, respectively.





3. Results and Discussion


3.1. Characterization of Catalyst


In the XRD spectrum of the sulfonated tea waste catalyst, broad and narrow peaks were observed at (100), (110), (111), and (004) with 2θ° rotation angles of 12°, 25°, 40–45°, and 68°, respectively (as shown in Figure 1). The XRD pattern showed the existence of sulfur atoms in the catalyst which is consistent with the cited literature [17]. Yu et al. [18] examined X-ray diffraction patterns of amorphous carbonaceous materials. The sulfonated sample showed broad and narrow peaks around 2θ = 15–30°. These regions were correlated with randomly aligned aromatic carbon sheets. This has also been mentioned by Konwar et al. [19]. Doroodmand et al. [20] synthesized sulfonated multi-walled carbon nanotubes. The XRD peaks observed at 2θ° = 12°, 30°, 56°, 58°, and 66° were attributed to S (001), S (110), S (111), and S (004), respectively.



The SEM image shown in Figure 2 illustrates the morphology and crystallite size of the catalyst. The figure shows a porous structure with very active sites on its surface. The results agree well with previous investigations. According to Konwar et al. [19], the phosphoric acid pretreatment of tea waste resulted in a porous carbon structure with highly active sites and improved the surface area as well.



The chemical composition of the catalyst is presented in Figure 3, showing the catalyst percentage composition as carbon 71.51, oxygen 27.0, and sulfur 0.86% by mass. The sulfur content in the EDX analysis of the catalyst showed the successful dispersion of sulfur on tea waste char. Ahsan et al. [21] carried out the sulfonation procedure and observed the existence of carbon, sulfur, and oxygen in sulfonated tea waste through elemental color mapping which agrees well with our study.



The infrared spectrum of the catalyst is shown in Figure 4. Infrared absorption of SO2 at 1190 cm−1 demonstrates the presence of a sulfonic acid group (-SO3H). The spectrum makes it obvious that the OH group exhibits a significant absorption peak between 3500 and 3000 cm−1. The band at 1590 cm−1 is due to the carboxyl sequence of COOH. Similar outcomes for sulfonated carbon catalysts derived from natural carbohydrates were reported by Lokman et al. [22], confirming that the sulfonation process led to the presence of sulfonic acid functional groups in the sample.



To know the surface characteristics of the catalyst, the Barrett–Joyner–Halenda adsorption method was used. The surface area and pore volume of the catalyst were observed as 24.52 m2g−1 and 0.021 ccg−1, respectively, while the pore radius was noted as 16.142 Å. By applying the Brunauer–Emmet–Teller method, the specific surface area of the catalyst was calculated as 179.003 m2g−1. These results are in accordance with the literature. Rashid et al. [17] showed that the sulfonated tea waste catalyst surface area is as high as 122 m2g−1 after sulfonation, compared to 50 m2g−1 without sulfonation, which is linked to the chemical activation and hence opened the char surface pores.




3.2. Characterization of Biomass Samples


To compare the morphological differences between raw and acid-washed samples, first, SEM analysis of raw pomegranate peels powder was performed and found the surface of pomegranate peels as smooth, irregular with projections, and uneven in shape, as shown in Figure 5a. Kar [11] carried out the SEM analysis of PP and observed the smooth surface of the pomegranate peels with no pores. Ahmad et al. [23] studied the morphology of pomegranate peels and observed an irregular and rough surface with no pores.



The morphology of acid-washed PP is depicted in Figure 5b. The figure exhibits the surface features of the sample with small pores and an irregular shape formed due to the removal of minerals as a result of acid washing. Asadieraghi and Daud [24] treated PP with dilute HCl and studied the acid-washed sample with SEM. The SEM micrograph showed that the biomass sample has eroded the sample, partially resulting in a porous texture. Nisar et al. [15] reported that acid washing resulted in the removal of mineral contents from almond shells and this removal of mineral contents from the biomass matrix produced a porous texture. In another study, Nisar et al. [25] treated sesame stalk biomass with 2N HCl and observed a similar trend as well. Using the impregnation method, the catalyst was impregnated onto the surface of demineralized pomegranate peels and analyzed by SEM. Figure 5c shows particles of catalyst dispersed on the surface of the demineralized sample.



The EDX of raw PP powder was carried out and is presented in Figure 6a. EDX analysis presents the existence of carbon and oxygen in wt.% of 51.51 and 47.34 along with small quantities of aluminum, potassium, and chlorine, respectively. Azazyet et al. [26] performed EDX of PP and noted the presence of carbon and oxygen in wt.% of 51.58 and 46.04, respectively. Elements such as chlorine, sodium, calcium, and potassium were also observed in small quantities.



When the PP powder was demineralized with HCl, the pomegranate peel powder became free from the inherent minerals and the sample was observed to contain only carbon and oxygen with wt.% of 46.75 and 53.25%, respectively, as depicted in Figure 6b. These findings are in conformity with the reported work. Nisar et al. [15] carried out EDX of acid-washed almond shells and found out that acid washing by 2M HCl has successfully removed the mineral contents from almond shells, leaving behind carbon and oxygen. H3PO4, H2SO4, and HCl were used by Hong and Wang [27] to study the effects of acid washing on rice husks, and they found that comparatively mineral contents were minimized to the maximum extent with HCl. The impregnated sample was also analyzed by EDX shown in Figure 6c. The weight percent composition of the loaded sulfonated tea waste catalyst sample was observed as carbon 51.11%, oxygen 48.72%, and sulfur 0.17%.




3.3. Pyrolysis and Analysis of Pyrolysates


In biomass conversion, the reaction temperature has a crucial role in the product’s quality and quantity. The temperature was optimized at 350 °C for the non-catalytic reaction shown in Figure 7a. Gradual elevation in bio-oil quantity was observed with the rise in temperature and maximized at 350 °C and beyond that, a decrease occurred in bio-oil quantity with temperature elevation. While an increase in temperature probably happened, the secondary decomposition of oil resulted in the gaseous fraction increase [28]. The results of catalytic pyrolysis are shown in Figure 7b. The graph reveals that 330 °C is the optimal temperature at which bio-oil quantity is high. These results reflect the catalytic efficiency of the sulfonated tea waste catalyst. Nisar et al. [29] examined the influence of temperature on the decomposition of Karanja seed press cake and found that the optimized temperature was lower for catalytic pyrolysis than the non-catalytic pyrolysis. Similarly, in another study, Nisar et al. [30] carried out peanut shell pyrolysis and observed a higher yield of bio-oil at lower temperatures as compared to non-catalytic pyrolysis.



To know the oil composition, GC/MS of the oil from the non-catalyzed reaction was performed and the chromatogram obtained is presented in Figure 8a and the compounds identified are given in Table 1. The oil obtained from raw PP contains compounds in the range of C5–C13. Furfural with 27.55% area and 5-methyl-2-Furancarboxaldehyde with 12.05% area were the major compounds detected in the oil. Moreover, different types of phenols were also found in abundance. The analysis shows that the bio-oil obtained is a blend of nitrogenated and oxygenated organic compounds. These findings are in consonance with the reported literature [11]. Saadi et al. [31] performed GC/MS of bio-oil recovered from the pyrolysis of waste PP and observed that oxygenated organic compound formation is favored by traditional pyrolysis. The oil produced by flash pyrolysis was observed to contain several aromatic chemicals, including phenantrene, pyrene, anthracene, fluoranthene, naphthalene, and fluorine.



The chromatogram obtained from the oil produced from the catalyzed reaction is shown in Figure 8b and the components identified are depicted in Table 2. The oil was found to contain compounds in the range of C5–C23. Here the amount of Furfural has increased as compared to the uncatalyzed reaction. In addition, 5-methyl-2-Furancarboxaldehyd, 2,3-dimethyl-cyclohexanol, 2-methoxy-phenol, etc., were detected in abundance. Moreover, the number of compounds in the bio-oil has increased. The results show that the catalyst has not only increased the quantity but also increased the quality of the oil and the findings are in agreement with the results of Zhang et al. [32]. This demonstrates the efficiency of the catalyst and its suitability for the efficient decomposition of PP. Moreover, the results show that the bio-oil is rich in several aromatic compounds and these observations are compatible with Silva et al. [33]. Aysu and Küçük [34] investigated eastern giant fennel stalk pyrolysis from 350 to 600 °C with and without a catalyst. Both catalyst and temperature were found to be the crucial factors affecting the product’s quantity and quality. At 500 °C, a 45.22% maximum oil yield was obtained with a 15% zinc oxide catalyst. Aho et al. [35] studied thermo-catalytic decomposition of woody biomass and noted ketones and phenols in abundance in the bio-oil as compared to the non-catalytic reaction. This shows that our results are compatible with the reported literature.




3.4. Thermogravimetric Analysis and Kinetic Study


TG analysis of PP was performed with and without sulfonated tea waste catalyst at a temperature program rate of 5 °Cmin−1 as depicted in Figure 9a. The TG/DTG of PP indicates weight loss in four steps between 25 and 600 °C. The first weight loss occurred below 100 °C owing to the evaporation of physically adsorbed water molecules. In the second step, 36% weight loss took place from 185 to 285 °C due to the hemicellulose decomposition, and in the third step cellulose degradation occurred from 285 to 315 °C. In the final step, lignin decomposition occurred from 315 to 385 °C [36]. The decomposition of hemicellulose, cellulose, and lignin in the last three steps is also called active pyrolysis. Moreover, the degradation curve shows variation in the two samples; in presence of a catalyst, the degradation curve for hemicellulose, cellulose, and lignin shifted towards a lower temperature, showing the efficiency of the catalyst in reducing the maximum degradation temperature.



Moreover, to evaluate the kinetic parameters of the pyrolysis reaction, PP with and without a catalyst was pyrolyzed at temperature program rates of 5, 10, 15, and 20 °C min−1 and kinetic parameters were determined from TG data using the Kissinger method.   ln    β   T m 2        vs.   1 /  T m    was plotted (Figure 9b,c) and the values of Ea and frequency factor were calculated from the slope and intercept of the plots (values shown in Table 3). For different stages of biomass, the Ea and A values were calculated for hemicelluloses, cellulose, and lignin and found to be 199, 249, and 299 kJmol−1 and 1.3 × 109, 7.1 × 1013, and 2.9 × 1014 min−1, respectively, for non-catalyzed reaction, whereas for catalytic reaction the Ea and A values for hemicelluloses, cellulose, and lignin pyrolysis reaction were observed to be 122, 163, and 207 kJmol−1 and 1.3 × 108, 1.4 × 109, and 1.5 × 1011 min−1, respectively. These results are in agreement with reported studies.



Garcia et al. [37] investigated the thermo-kinetic study of peanut shells by using three models, i.e., Friedman, Kissinger, and Kissinger–Akahira–Sunose to measure the Ea of the pyrolysis reaction. Using the Kissinger model, the result showed that the Ea values of the pyrolytic breakdown of hemicellulose, cellulose, and lignin were   172.0 ± 2   kJmol−1,   203.4 ± 1   kJmol−1, and   218.0 ± 15   kJmol−1, respectively. Nisar et al. [38] carried out sugarcane bagasse pyrolysis to observe the effect of copper oxide catalysts on oil quality and the values of kinetic parameters. They noted a four-stage weight loss and attributed it to water evaporation and degradation of hemicellulose, cellulose, and lignin. They compared the kinetic parameters for catalyzed and un-catalyzed reactions and found the Ea values to be lower in the case of catalyzed decomposition reactions for all the three components. Furthermore, the catalyst improved the quality of oil in addition to lowering the Ea values.





4. Conclusions


Bio-oil was obtained from PP using the pyrolysis method in an indigenously made furnace in the range of 300–400 °C. Using a sulfonate-derived tea waste-heterogeneous catalyst, the quality of the oil was enhanced successfully. Kinetic parameters were evaluated from TG data using the Kissinger model. To ensure the highest accuracy in the values of Ea and the A factor, pyrolysis of PP was performed at four temperature program rates of 5, 10, 15, and 20 °C min−1 with and without a catalyst. The Ea and A values of hemicellulose, cellulose, and lignin decomposition for non-catalyzed reaction were observed as 199, 249, and 299 kJmol−1 and 1.3 × 109, 7.1 × 1013, and 2.9 × 1014 min−1, respectively, while in case of the loaded tea waste catalyst, the Ea and A values were found low as 122, 163, and 207 kJmol−1 and 1.3 × 108, 1.4 × 109, and 1.5 × 1011 min−1, respectively. From these findings, it can be concluded that tea waste-heterogeneous catalyst has not only lowered the pyrolysis temperature and activation energy of the degradation reaction but also brought a change in oil quality.
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Figure 1. XRD of sulfonated tea waste catalyst. 
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Figure 2. SEM of tea waste catalyst. 
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Figure 3. Elemental analysis of tea waste catalyst. 
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Figure 4. FTIR spectra of sulfonated tea waste catalyst. 
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Figure 5. SEM of (a) raw pomegranate peels; (b) acid-washed; (c) impregnated sample. 
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Figure 6. EDX of (a) raw pomegranate peels; (b) acid-washed; (c) impregnated sample. 
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Figure 7. Influence of temperature on pyrolysates (a) raw sample; (b) impregnated sample. 
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Figure 8. GC/MS of oil collected from the decomposition of pomegranate peels (a) without a catalyst; (b) with a catalyst. 
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Figure 9. (a) DTG of pomegranate peels at temperature program rate of 5 °Cmin−1; (b) Kissinger plots obtained from pomegranate peels pyrolysis without a catalyst; (c) with a catalyst. 
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Table 1. Components identified in bio-oil produced from non-catalytic pyrolysis of pomegranate peels.
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	S.No
	R/T (min)
	Compound
	Chem. Formula
	M.wt
	Area%





	1
	1.85
	Furfural
	C5H4O2
	96
	27.55



	2
	2.67
	2,3-dimethyl-Cyclohexanol
	C8H16O
	128
	3.12



	3
	3.28
	5-methyl-2-Furancarboxaldehyde
	C6H6O2
	110
	12.05



	4
	3.77
	N-Butyl-tert-butylamine
	C8H19N
	129
	8.79



	5
	4.34
	5-hydroxy-3,4,4-trimethyl -2-Hexanoic acid
	C9H16O3
	172
	1.56



	6
	4.99
	2-methoxy-Phenol
	C7H8O2
	124
	8.13



	7
	5.34
	Levoglucosenon
	C6H6O3
	126
	0.93



	8
	5.91
	a-d-Lyxofuranos,cyclic 2,3-(ethylebronate)
	C7H13BO5
	188
	2.53



	9
	6.42
	2-methoxy-4-methyl-Phenol
	C8H10O2
	138
	7.11



	10
	7.23
	5-(hydoxymethyl)-2-Furancarboxaldhye
	C6H6O3
	126
	1.28



	12
	7.58
	4-ethyl-2-methoxy-Phenol
	C9H12O2
	152
	4.78



	13
	8.05
	2-Methoxy, 4-vinylphenol
	C9H10O2
	150
	4.78



	14
	8.56
	2,3-dimethoxy-Phenol
	C8H10O3
	154
	3.78



	15
	9.19
	Vanillin
	C8H8O3
	152
	1.24



	16
	9.78
	4-methoxy-3-(methoxymethyl)-Phenol
	C9H13O3
	168
	5.61



	17
	10.27
	Ethanon, 1-(4-hydroxy-3-methoxyphenyl)
	C9H10O3
	166
	0.34



	18
	10.80
	2-Propenon, (4-hydroxy-3-methoxyphenyl)
	C10H12O3
	180
	2.91



	19
	11.18
	2,5-dimethoxy-4-ethylamphetamin
	C13H21NO2
	223
	1.04



	20
	12.26
	Benzaldehyde, 4-hydroxy-3,5-dimethoxy
	C9H10O4
	182
	1.38



	21
	12.69
	Phenol, 2,6-dimethoxy-4-(2-propenyl)
	C11H14O3
	194
	1.52



	22
	13.47
	Desaspidinol
	C11H14O4
	210
	1.11
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Table 2. Components identified in bio-oil produced from catalytic pyrolysis of pomegranate peels.
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	S. No
	R/T (min)
	Compound Name
	Chem. Formula
	M.wt
	% Area





	1
	1.85
	Furfural
	C5H4O2
	96
	30.11



	2
	2.85
	Propan-2-ol,1-(2isopropyl-5-methylcyclohexyloxy)-3-(1-piperidyl)
	C18H35O2
	297
	3.64



	3
	3.32
	2-Furancarboxaldehyde,5 methyl
	C6H6O2
	110
	5.62



	4
	3.77
	N-Butyl-tert-butylamine
	C8H19N
	129
	3.8



	5
	4.20
	1,2-Cyclopentanedione,3-methyl
	C6H8O2
	112
	2.41



	6
	5.01
	2-methoxy-Phenol
	C9H8O2
	124
	6.11



	7
	5.38
	Maltol
	C6H6O3
	126
	2.12



	8
	5.93
	2-Ethyl-4-[3-(2-oxiranyl)propyl]-1,3,2-dioxaborolane
	C9H17BO3
	184
	1.37



	9
	6.44
	Phenol,2-methoxy-4-methyl
	C8H10O2
	138
	6.63



	10
	7.07
	1-Dodecanol,3,7,11 trimethyl
	C15H32O
	228
	3.44



	11
	7.60
	Phenol, 4-ethyl-2-methoxy
	C9H12O2
	152
	4.18



	12
	8.05
	Ascaridole epoxide
	C10H16O3
	184
	4.71



	13
	8.58
	Phenol, 2,6-dimethoxy
	C8H10O3
	154
	5.5



	14
	9.19
	1H-Benzocyclohepten-7ol, 2,3,4,4a,5,6,7,8-octahydro-1,1,4a,7-tetramethyl-,cis
	C15H26O
	222
	1.21



	15
	9.78
	1,2,4-Trimethoxybenzene
	C9H12O3
	168
	4.64



	16
	10.27
	Ethanone,1-(4-hydroxy-3-methoxyphenyl)-
	C9H10O3
	166
	0.55



	17
	10.80
	2-Propanone,1-(4hydroxy-3-methoxyphenyl)-
	C10H12O3
	180
	4.16



	18
	11.18
	Neocurdione
	C15H24O2
	236
	1.77



	19
	12.16
	Methyl-(2-hydoxy-3-ethoxy-benzyl)ether
	C10H14O3
	182
	1.03



	20
	12.69
	Phenol, 2,6-dimethoxy-4-(2-propenyl)-
	C11H14O3
	194
	1.36



	21
	13.06
	1b,4a-Epoxy-2H cyclopenta [3,4]cyclopropa [8,9]cycloundec [1,2-b]oxiren-5(6H) –one
	C22H32O8
	424
	1.5



	22
	13.47
	Desaspidinol
	C11H14O4
	210
	1.91



	22
	14.28
	2-Methyl-cis-7,8-epoxynonadecane
	C20H40O
	296
	0.04



	23
	15.14
	1-Tricosanol
	C23H48O
	340
	0.47



	24
	15.95
	2-Dodecen-1-yl(-)succinic anhydride
	C16H26O3
	246
	0.72



	25
	16.48
	7-Methyl-Z-tetradecen-1-ol acetate
	C17H32O2
	268
	0.02



	26
	17.30
	tert-Hexadecanethiol
	C16H34S
	258
	0.53
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Table 3. Ea and A values calculated from the pyrolysis of PP using the Kissinger model.
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Without Catalyst

	
With Catalyst




	
Name

	
Ea (kJmol−1)

	
A (min−1)

	
Ea (kJmol−1)

	
A (min−1)






	
Hemicellulose

	
199

	
1.3 × 109

	
122

	
1.3 × 108




	
Cellulose

	
249

	
7.1 × 1013

	
163

	
1.4 × 109




	
Lignin

	
299

	
2.9 × 1014

	
207

	
1.5 × 1011

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
80—

oo

uo{©

Sua—

8 wo|
o
oo
0]

204

obo






media/file4.png





media/file18.png
Bio-oil yield (%)

Bio-oil yield (%)

310 320 330 340 350 360 370 380
Temperature (°C)

310 320 330 340 350 360 370 380
Temperature (°C)





media/file21.jpg
g

In/Tm)

b

005

E
002 i

00

0010

Celluose
Hemicellulose’

e vater

0 w00

1 e e

170
1000TaK -1

175

00

0






media/file3.jpg





media/file14.jpg
160
140
#1204 |
S0
804
60
404

20+

000

©

200

keV

400

600






media/file19.jpg
@






media/file7.jpg
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Wavelength cm™))





media/file23.png
=

D

ln( B/ sz)

-0.030

Cellulose

—+— Lignin (a)

-0.025 S :
Hemicellulose |
| — % (Without catalyst)
-0.020 - I — % (with catalyst)
|
-0.015 S | I
| |
-0.010 - ]
| |
||
-0.005 S I |
|
0.000 - . | I
|1 | i
| ' | ' ' | ' | ' | ' |
0 100 200 300 400 500 600
Temperature (°C)
-3.6 B Hemiceilulose
1 ® Celluslose .
B A Lignin
-3.8
-4.0
i A N
-4.2
-4.4
-4.6 |
4.8 A O n
-5.0 | | | |
1.55 1.60 1.65 1.70 1.75 1.80 1.85

1000/Tm K "1






media/file15.png
counts

180
16 0 (ﬂ)
1404 <

120

100 |

80—

6 00

counts

1804
wor  (b)
140

120
10 0

80—






media/file6.png
20.0—






nav.xhtml


  energies-16-01908


  
    		
      energies-16-01908
    


  




  





media/file11.png
SED 20.0kVWD10mmP.C.60 HV  x1,000 10|.IE 4
0000 A

NCEG UOP

'SED 20.0kV WD10mmP.C.60 HV_ x550
NCEG UOP ' il






media/file16.png
)
—

o

16 0

14 O—

120 |

10 0—

8 0

6 O0—






media/file2.png
Intensity (a.u.)

180
160—-
140—-
120—-
lOO—-

(100)

(110)

10

20

30

40

50

60

Diffrection angle (26°)

70

80

90





media/file20.png
Relative

178

m

4% arm

J Ul e

L F3 14

Time (min)

(a)

Relative Abundance

2 N

d 3 BB Y E BRSNS D

[ I~ I T |
L N L

o kA & O OO

1.5

& =

A58 ara

1113 1268 1347

J..J,_u_.hal,-.[.,_@?? 1514 ;gm 1_{:!: 17490

Pl
e
T Y

2

T-I-E (lIn)

13

13

1 L] T L
20






media/file10.jpg
[FSED 20.04¢ WD10mmP.C.60 HV /'x600
NCEGUGP \





media/file5.jpg





media/file24.png
ID(B/ sz)

3.4
3.6
3.8
4.0
42
44
4.6

-4.8

(c)

B Hemicellulose

® Cellulose
Lignin

-5.0

B
1.65 1.70 1.75 1.80
1000/T,; K

1.85





media/file1.jpg
10y

arn
atn

100)
4 (©004)

-20 T T T T T T T T

0 10 20 30 40 50 60 70 80
Diffrection angle (26°)





media/file12.png





media/file9.jpg
SED 200KV WD10mmP.C.80 KV x1,000 104
NeEG U0

Ve
A

YSED 20 05V WDTOmmP.C/60 MY %850, —
NCEG UOP 0000






media/file0.png





media/file22.jpg
In(B/T?m)

A . (L) -
u Hemicellulose
4 ® ® Celose L]
Lignin
A . .
A . .
1.60 1.65 1.70 175 1.80 1.85

1000/Tw K1





media/file8.png
75

70 -
A Y
STa
< 65 2320
3
-
S
£ 60 -
S %
— 1190 1590

55 - § 3613

3312
50 -
—T1T 1 T T * T T T "+ T T+ T
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Wavelength (cm 1)






media/file17.jpg
L

il

Tempersture(-C)

003 30 M0 0 %0 0 3

Temperare (°C)





