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Abstract

:

Catalytic upgrading of fast pyrolysis bio-oil from two different types of lignocellulosic biomass was conducted using an H-ZSM-5 catalyst at different temperatures. A fixed-bed pyrolysis reactor has been used to perform in situ catalytic pyrolysis experiments at temperatures of 673, 773, and 873 K, where the catalyst (H-ZSM-5) has been mixed with wood chips or lignin, and the pyrolysis and upgrading processes have been performed simultaneously. The fractionation method has been employed to determine the chemical composition of bio-oil samples after catalytic pyrolysis experiments by gas chromatography with mass spectroscopy (GCMS). Other characterization techniques, e.g., water content, viscosity, elemental analysis, pH, and bomb calorimetry have been used, and the obtained results have been compared with the non-catalytic pyrolysis method. The highest bio-oil yield has been reported for bio-oil obtained from softwood at 873 K for both non-catalytic and catalytic bio-oil samples. The results indicate that the main effect of H-ZSM-5 has been observed on the amount of water and oxygen for all bio-oil samples at three different temperatures, where a significant reduction has been achieved compared to non-catalytic bio-oil samples. In addition, a significant viscosity reduction has been reported compared to non-catalytic bio-oil samples, and less viscous bio-oil samples have been produced by catalytic pyrolysis. Furthermore, the obtained results show that the heating values have been increased for upgraded bio-oil samples compared to non-catalytic bio-oil samples. The GCMS analysis of the catalytic bio-oil samples (H-ZSM-5) indicates that toluene and methanol have shown very similar behavior in extracting bio-oil samples in contrast to non-catalytic experiments. However, methanol performed better for extracting chemicals at a higher temperature.
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1. Introduction


In the last few decades, environmental issues from the unreasonable consumption of fossil-based fuels have led to ever-growing concerns regarding greenhouse gas emissions. Different strategies have been proposed to gradually substitute conventional fossils, including bio-based fuels from bioresources, such as biomass. Biomass has been recognized as one of the potential sources of renewable materials for the production of energy and fuels. Lignocellulosic biomass, composed of cellulose, hemicellulose, and lignin, can be converted to different biofuels through biochemical and thermochemical pathways [1]. Pyrolysis is one of the thermochemical routes established to produce bio-oil from biomass sources. Generally, pyrolysis is a thermal decomposition process of biomass in the absence of oxygen to a range of liquid, solid, and gaseous products, namely bio-oil, biochar, and fuel gas [2]. The condensed volatiles of this process is considered as bio-oil gas [3]. The solid pyrolysis product is known as biochar and is rich in carbon content between 65 and 90% [4]. In other words, heavy hydrocarbon molecules of biomass are converted to low-weight hydrocarbons in the pyrolysis process, and almost any type of bio-based materials can be used as feedstock for the production of bio-oil through the pyrolysis process. In addition to feedstock variability, pyrolysis can be performed at atmospheric pressure. Bio-oil is a dark brown liquid with a pungent odor that contains aromatic hydrocarbons, phenol derivatives, alkanes, and minute amounts of ketone, amine, alcohol, ester, and ether [5]. Numerous studies on bio-oil production have been conducted to investigate the effects of feedstock and operating parameters on the distributions of the pyrolysis bio-oil compositions. Lignocellulosic biomass is a promising feedstock source for producing high-quality pyrolysis products, including phenolics, ketones, aromatics, and furans. Table 1 reviews the different types of raw materials for bio-oil production.



Fast pyrolysis is a well-known procedure for bio-oil production from biomass where the quick quenching at the end of the process leads to the production of liquid bio-oil, bio-char, and non-condensable gaseous products of 60–70%, 12–15%, and 13–25%, respectively [26]. Slow pyrolysis requires a lower heat transfer rate, resulting in lower bio-oil yields of 30–45 wt% than fast pyrolysis and a high char level of 34–63 wt% [27]. The composition of pyrolysis products is defined by the source, quality of the biomass, and operating parameters [28]. Bio-oil from biomass pyrolysis has undesirable properties due to the complexity of biomass composition. The presence of water, acids, and aldehydes causes poor bio-oil quality compared to petroleum-based fuels due to high acidity, water content, low heating value (LHV), high corrosiveness, and instability [29]. The presence of water in bio-oil adversely affects bio-oil storage, leading to phase separation and reducing heating values (HHV and LHV). Moreover, the production of organic acids during the thermal degradation of biomass decreases the pH value, which leads to the corrosion of facilities in possible applications. Therefore, the bio-oil quality must be enhanced by eliminating water, acid, and hazardous components [30].



Different physical and chemical upgrading methods have been reviewed and discussed in the previous publication for bio-oil upgrading [31]. Catalytic upgrading methods include hydrodeoxygenation (HDO), zeolite cracking, and steam reforming. The HDO reduces the oxygen content by converting it to deoxygenated products under a high-pressure hydrogen stream. Dehydration, hydrogenation, decarboxylation, hydrogenolysis, and hydrocracking are typical potential reactions during the HDO upgrading method. One of the drawbacks of the HDO upgrading method is the high cost of operation, including hydrogen stream, high pressure, and catalyst deactivation, which prevents the implementation of these methods on a commercial scale [32]. Steam reforming is the method of upgrading where the hydrocarbons are converted into syngas with steam reaction at a high temperature.



Catalytic upgrading has been favored due to the benefits of operating at atmospheric pressure and without any hydrogen stream [33]. Cracking, hydrocracking, decarboxylation, decarbonylation, deoxygenation, hydrodeoxygenation, and hydrogenation are the proposed general reactions in fast catalytic pyrolysis (CFP) [34]. A different article has reviewed the reaction pathway of catalytic pyrolysis of woody biomass and the effect of a catalyst on product distribution [31].



Catalytic pyrolysis can be performed via two different reactor configurations. The catalyst can be physically mixed with biomass (in situ) and added to the reactor, or the catalyst can be loaded into the outlet of the pyrolyser to upgrade the volatile product gas before the condensation process has taken place (ex situ configuration).



Different types of catalysts have been reviewed in the literature for catalytic pyrolysis of biomass. However, solid catalysts are interesting due to their ability to modify the products through decarboxylation, decarbonylation, dehydration, cracking, and isomerization. Zeolites, solid acid catalysts, have gained significant attention due to their acidity and ability to produce aromatic compounds during catalytic pyrolysis [35]. The ability of zeolites to trap the molecules via their open, crate structure makes them common catalysts in modification reactions. Hydrothermal stability, less corrosion, ease of use, and set up in continuous processes of H-ZSM-5, make it an excellent endothermic catalyst compared to other zeolite catalysts, such as HMOR, HBEA, and USY. Moreover, H-ZSM-5 exhibits a higher heat transfer and high conversion rate compared to other zeolites [35].



There has been an increasing demand for applications of upgraded bio-oil for extraction and valorization of the extracted aromatic chemicals and a range of alkanes from bio-oil as a renewable source of energy. It has been approved that pyrolysis liquid is a source of broad organic chemicals, and over 300 different types of compounds have been identified in wood-fast pyrolysis bio-oil [36]. The chemical groups, e.g., alcohols, aldehydes, esters, ketones, phenolics, sugars, acids, and aromatics, have been identified in this study by the solvent extraction approach. Figure 1 illustrates the possible applications of upgraded bio-oil fast pyrolysis. Upgraded bio-oil can be used as a source of oil (fuel) or as a power source, such as diesel in numerous applications, boilers, and turbines for electricity generation and biochemical production. Moreover, it can be used to produce carbon-based high value-added products, including graphene and carbon fibers. In addition, the obtained components in bio-oil belong to jet fuel hydrocarbon groups, in which alkanes and aromatics are the main jet-fuel-ranged hydrocarbons [37]. Furthermore, the extracted chemicals can be used to produce resins, fertilizers, adhesives, phenol-formaldehyde-type resins, etc. [3]. However, the amounts and compositions of the bio-oil components are strongly dependent on the biomass type, production approach, and operating conditions [2].



This research aims to perform extensive bio-oil characterization obtained from catalytic fast pyrolysis (CFP) of lignocellulosic biomass at three different temperatures using the H-ZSM-5 catalyst. To achieve the main target of this research, two different types of lignocellulosic biomass (Kraft lignin and wood chips) have been selected for catalytic bio-oil production and characterization. Different characterization techniques have been investigated in this study. The fractionation method was used to identify the chemical composition of bio-oil samples after catalytic pyrolysis experiments by gas chromatography with mass spectroscopy (GCMS). Other characterization techniques, e.g., water content, viscosity, pH, elemental analysis, and bomb calorimetry, have been conducted, and the obtained results have been compared to non-catalytic pyrolysis.



The present study performed a catalytic fast pyrolysis process for upgrading bio-oil at three production temperatures for two different biomasses. Next, a multi-step solvent extraction method has been used for refining the yields by removing the impurities and determining the composition of chemicals obtained by catalytic fast-pyrolysis bio-oil.



The outcome of the published literature generally focuses on bio-oil production. However, many properties of fast pyrolysis of biomass processes, such as characterizing bio-oil parameters and upgrading, require further study and investigation. The novelty of this study is to achieve intensive bio-oil characterization from a catalytic fast pyrolysis process for the separation of bio-chemicals from two different feedstock sources.




2. Materials and Methods


2.1. Materials


The commercial Kraft lignin supplied by Sigma Aldrich (Munich, Germany) (softwood lignin), and the wood chips sample from Spruce (softwood) were employed for this study. The feedstocks (Kraft lignin and wood chips) were dried in an oven for 12 h at 373 K to remove moisture before pyrolysis experiments. A commercial-grade zeolite, ZSM-5, ammonium, Alfa AesarTM (Haverhill, MA, USA), with a mole ratio (SiO2/Al2O3) of 23:1 and surface area of 425 m2/g was procured from Fisher Scientific, Loughborough, UK.




2.2. Catalyst Preparation


ZSM-5 was obtained in ammonium form and was changed to proton form via the calcination method. In this process, 100 g of ZSM-5 was added to ammonium hydroxide (NH4OH), stirred for 20 min, and filtrated. The mixture was calcined at 873 K for 6 h in airflow for conversion to its protonated form, H-ZSM-5 [38,39,40,41].




2.3. Methods


2.3.1. Catalyst Characterization


The morphologies and crystal sizes of zeolite catalyst were investigated before and after calcination treatment by X-ray diffraction (XRD) and field emission scanning electron microscope (FE-SEM) images analyses. The analyses were performed on FESEM Model Mira3 TeScan-XMU using platinum coating, and XRD analyses were performed with copper anode (Cu) and 40 kV voltage.




2.3.2. In Situ Catalytic Pyrolysis Experiment


A fixed bed, bench-scale pyrolysis reactor was designed and fabricated for catalytic and non-catalytic bio-oil production (Figure 2), whereas the feedstock (Kraft lignin and wood chips) was added separately to the pyrolyser for each experiment. The required heat for the pyrolysis process was provided by an external electrical power. Nitrogen gas was used as a carrier gas to provide inert conditions for this process. In this study, the H-ZSM-5 catalyst was physically mixed with feedstock (1:4; w:w), and then the mixture of biomass and catalyst was introduced to the reactor (pyrolyser). The experiments were carried out at 673, 773, and 873 K. Figure 2 illustrates the feedstock preparation for in situ catalytic pyrolysis. The non-catalytic and catalytic experiments were performed under the same conditions. The detailed method for the fabrication of the pyrolyser reactor and the production process of bio-oil for the non-catalytic test is described in a different article [3]. To study the effect of the upgrading method (catalytic pyrolysis), the obtained results were compared with non-catalytic (thermal) pyrolysis. The schematic of the experimental upgrading setup is shown in Figure 2. The obtained catalytic bio-oil samples were coded and characterized to identify the properties of the upgraded bio-oil samples.





2.4. Upgraded Bio-Oil Characterization


2.4.1. Fractionations of Bio-Oil


The fractionation method was employed to determine the chemical composition of bio-oil samples after the catalytic pyrolysis experiments. Bio-oil (4 mL) was extracted with toluene (115 mL) to obtain toluene-soluble and toluene-insoluble fractions. Then, the toluene-insoluble fraction was mixed with methanol (115 mL) to obtain MeOH-soluble and MeOH-insoluble fractions. The toluene- and methanol-soluble fractions were concentrated with a rotary evaporator to be injected into the GCMS.




2.4.2. GCMS Analysis of Upgraded Bio-Oil Fractionations


The bio-oils were analyzed with a GCMS-QP2010S Shimadzu gas chromatography with mass spectroscopy (GCMS). A mild-polarity phase, 14% cyanopropylphenyl polysiloxane; column (30 m × 0.25 mm ID) was used. The GC oven temperature was held at 323 K for 2 min and then programmed to 563 K at 5 K min−1. The injection dose was 1 µL, and the injector temperature was 568 K with split mode. Helium was used as a carrier gas with a 0.90 mL/min flow rate.




2.4.3. Water Content, Viscosity, pH, and Heating Values


The water content analysis of the bio-oil samples was obtained by a Karl Fischer V20 volumetric titrator (Mettler Toledo, Ohio, United States) according to ASTM E203 (2001) using dry methanol as the solvent. The average of three runs for each sample was reported. The upgraded bio-oil samples’ pH values were measured using PHM240 at 298 K. The bio-oil samples’ viscosity values were measured using Bohlin Gemini 2 at 313 K. The heating values were obtained using an oxygen bomb calorimeter (Parr 6100), according to ASTM D240 (2009).




2.4.4. Elemental Analysis (CHNO)


C, H, S, and O contents of bio-oil samples were determined using a CE-440 elemental analyzer.




2.4.5. Thermogravimetric Analysis


Thermogravimetric analysis was performed using a 209 F3 Tarsus TGA analyzer. A heating rate of 10 °C/min under a nitrogen gas atmosphere with a flow rate of 40 mL/min were used to determine the thermogravimetric degradation of samples.






3. Results and Discussion


3.1. Catalyst Characterization


The morphology of zeolite catalysts before (ZSM-5) and after treatment (H-ZSM-5) was investigated using field emission scanning electron microscope (FE-SEM) images and X-ray diffraction (XRD) analysis. The SEM images of ZSM-5 and H-ZSM-5 are shown in Figure 3. The results show that H-ZSM-5 has irregular and spherical morphology, which is very similar to its ammonium type (ZSM-5), indicating that no change in physical morphology occurred during the heat treatment. The XRD analysis results have shown that the spectra of the two samples are very similar (identical). In other words, the molecular structure and the catalyst crystallinity were not destroyed during the calcination treatment. The XRD pattern of ZSM-5 and H-ZSM-5 shows very similar diffraction patterns. These results agree with those obtained by Zheng et al. [43] and Tursunov et al. [41].




3.2. Product Yields


The bio-oil yields of the catalytic fast pyrolysis (C) of two different types of feedstocks at three different temperatures are shown in Table 2. The same table shows the non-catalytic pyrolysis (NC) results of the bio-oil samples from the same feedstocks under the same experimental conditions. The effect of H-ZSM-5 on bio-oil upgrading is presented in Table 2 and compared with non-catalytic experiments, and the product yields, liquid, char, and gas were determined experimentally and are presented. Different pyrolysis temperatures affecting the yield of the products include bio-oil, biochar, and syngas. The range of values of bio-oil yields shows no significant difference between catalytic and non-catalytic fractions. However, the general trend shows a decrease in catalytic bio-oil yields. It was notable that the formation of char affects the bio-oil yield. For instance, the highest values of the biochar were reported for lignin for both non-catalytic and catalytic bio-oils. The biochar yield for non-catalytic bio-oil from Sigma Kraft Lignin at 773 K was 58.0 wt%, which can be considered as the main reason for the lower bio-oil yields from lignin in comparison to bio-oil from wood chip samples. Similar observations were stated in the literature by Apunda and Ogenga 2016 [38].



The lowest amount of biochar yield was experienced for the bio-oil from wood samples. The trend of syngas yields was unpredictable for catalytic and non-catalytic bio-oil samples, but the general trend exhibits an overall increase in syngas yields with an increase in temperature. The highest bio-oil yield was found to be from softwood at 873 K for both catalytic and non-catalytic experiments.




3.3. Physical Properties of Upgraded Bio-Oil


3.3.1. Elemental Analysis


Table 3 illustrates the elemental analysis and the presence of O:C, C:H ratios of the obtained catalytic and non-catalytic bio-oils, since the hydrogen content of the bio-oils was close to each other (5.4–7.4%), and C:H ratio was used to evaluate the bio-oil carbon content. Generally, samples with a low O:C ratio have low oxygen and high carbon, retaining the highest heating value. The raw bio-oil has a low amount of carbon for lignin (47.7–68.8%) and wood chips (32.5–55.8%) bio-oil samples and a high amount of oxygen for lignin (22.9–44.3%) and softwood (37.2–62.8%) bio-oil samples, indicating that this procedure led to the loss of carbon in the form of uncondensed gases as carbon monoxide (CO). This conclusion is reinforced by GCMS data that showed the withdrawal of some chemical compounds. H-ZSM-5 effectively decreased the oxygen content of both lignin and softwood pyrolysis oil. The oxygen content of H-ZSM-5-catalyzed bio-oil from lignin and wood chips decreased despite having a high amount of dissolved water. The H-ZSM-5-catalyzed lignin bio-oil at 773 K had the highest C:H ratio and the least O:C ratio, indicating that this sample possessed the highest heating value. The overall conclusion from these results shows that H-ZSM-5 was efficient in transforming the pyrolysis vapors to partially deoxygenated liquid fuel.




3.3.2. Water Content, Viscosity, pH, and Heating Values


A comparison of catalytic and non-catalytic values of water content, pH, and viscosity of obtained bio-oils is presented in Table 4. For all bio-oil samples, the water content was observed to be increased upon catalytic treatment regarding the non-catalytic bio-oil samples. The catalyzed bio-oils had varied amounts of dissolved water ranging from 11.2–14.2% for lignin and 41.8–56.7% in softwood samples at different temperatures. The raw bio-oil had the water content, i.e., 5.3–7.2% and 26.5–32.5% in lignin and softwood samples, respectively, indicating that pyrolysis encourages secondary condensation reactions that lead to increased water content after the catalytic reactions. Increases in the polarity of bio-oil could also be due to the presence of dissolved water.



The high content of water and organic acid in bio-oil is the reason for low pH values (pH 2.3–2.5). On the other hand, the pH values for the non-catalytic bio-oil of lignin were found between 5.03 and 5.6. It was found that the pH values of the upgraded oils increased compared with non-catalytic bio-oils.



A great viscosity reduction was observed for upgraded bio-oil from softwood at a pyrolysis temperature of 773 and 873 K. Figure 4 illustrates the non-catalytic and catalytic bio-oil samples’ heating values indicating that the heating values of upgraded bio-oil samples increased compared to non-catalytic results. However, bio-oil from lignin samples shows a higher increase in HHV in catalytic pyrolysis compared to bio-oil samples from wood chips. The viscosities of the catalyzed bio-oils were found to be a proper function of catalyst activity. The bio-oil with the least viscosity was obtained from pyrolysis of lignin samples regarding the obtained bio-oil from softwood, resulting from the presence of polysaccharide chains from partial degradation of cellulose.





3.4. GCMS Analysis of Different Fractions of Upgraded Bio-Oil Samples


The fractionation method was employed to determine the chemical composition of bio-oil samples. The extracted fractions of the upgraded bio-oil samples were determined by GCMS analysis. The chemical composition of the bio-oils was evaluated by grouping the compounds into lignin-derived and polysaccharide-derived components and discarding the moieties obtained from the extractives. The chemical compositions and peak identification of extracted toluene, which is an upgraded bio-oil from Kraft lignin at three different temperatures of 673, 773, and 873 K, are presented in Table 5. The corresponding chromatograms for each faction are provided in Supplementary Materials (Figure S1). Comparing the non-catalytic fractions with catalytic fractions results indicate that toluene has a similar performance in the separation of bio-oil compounds [3]. Toluene can be considered as an efficient solvent for separating a range of non-polar compounds. As shown in Table 5, different phenolic and aromatic compounds were the most dominant compounds separated by toluene fraction.



The thermal degradation of phenyl propane units in lignin led to low molecular weight monolignol-based compounds. Analysis of the toluene-extracted fraction shows that the obtained bio-oil from lignin at 673, 773, and 873 K led to the disincorporation of lignin to guaiacol, greosol, gylenol, gthylguaiacol, cerulignol, 3,4-dimethoxyphenol, eugenol, vanillin, guaiacylacetone, mandelic acid, and vanillyl alcohol with different concentrations. The relative abundance of most obtained components was surprisingly decreased by increasing the pyrolysis temperature from 673 to 873 K. For example, the relative abundance of guaiacol was decreased from 17.5 to 5.1% by increasing the temperature from 673 to 873 K, respectively.



The same trend was observed for xylenol, ethylguaiacol, cerulignol, eugenol, vanillin, guaiacylacetone, mandelic acid, and vanillyl alcohol. Regarding the increase in carbon content (Table 3—elemental analysis), it seems that high molecular weight compounds were discarded due to the low solubility of produced condensed structures from hydrodeoxygenation of lignin moieties in toluene.



According to Table 6, which represents the MeOH-soluble fractions from catalytic pyrolysis of Kraft lignin, almost the same performance and separation pattern is observed for MeOH-soluble fractions compared to non-catalytic results [3]. The corresponding chromatograms for each faction are provided in Supplementary Materials (Figure S1). Aromatic acids and phenolics were the main detected compounds by GCMS. Compared to the toluene extracted fraction, methanol extraction contained more phenolic moieties. Fumaric acid, rosolic acid, mequinol, cresol, 4-ethylcatechol, xylenol, ethylguaiacol, ethyl-m-cresol, syringol, eugenol, acetophenone, propylguaiacol, and mandelic acid were the main identified components. The results confirmed that MeOH extracted more chemicals at higher temperatures of 773 and 873 K.



Phenols are high-interest products from biomass pyrolysis due to their wide range of applications as value-added chemicals. Phenols may form through the thermal cleavage/catalytic cracking of the O-C and C-C bonds in 4-hydroxyphenyl and guaiacols moieties of the lignin polymer or a stepwise reaction including the dehydration-hydrolysis of vanillins and guaiacols to diols and then to phenols [44]. Therefore, the relatively high amount of phenols in the upgraded bio-oils indicates the ability of H-ZSM-5 to crack the heavier compounds. Cracking down the phenolics to hydrocarbons or carbon residue but not entirely to non-condensed gases has also been reported elsewhere [44].



The toluene- and MeOH-soluble compounds from GCMS analysis of wood chip’s fast pyrolysis at three different temperatures of 673, 773, and 873 K are presented in Table 7 and Table 8. The corresponding chromatograms for each faction are provided in Supplementary Materials (Figure S2). According to Table 7 and Table 8, the obtained components originated mainly from lignin and polysaccharides fractions of softwood chips. Methanol achieved a suitable extraction for this type of bio-oil. A wide range of compounds, including C3–C10, were extracted in these fractions. It was found that methanol has the same performance in extracting different chemical families in softwood fractions at different temperatures.



Generally, fast pyrolysis of softwood chips led to gases, organics, and solid char formation by homogenous thermal decomposition. The dehydration of volatile organics at elevated temperatures led to water and dehydrated products. Zeolite catalysts are commonly known for their shape-selective catalytic reactions [45]. Upon contact with active sites of the H-ZSM-5, the dehydrated products undergo different reactions, including isomerization oligomerization, decarboxylation, dehydrogenation, and decarbonylation [46,47,48], leading to the formation of non-condensed gases (CO, CO2, H2), low molecular weight oxygenates aliphatic, water, aromatic hydrocarbons, and coke [49]. The catalytic effect of H-ZSM-5 in transforming the volatile organics into hydrocarbons mainly occurs through carbocation/carbenium ion reaction intermediates [47]. The Brønsted acid sites of the H-ZSM-5 donate an acidic proton to the pyrolytic substrate, such as an oxygenated compound or a hydrocarbon, forming a carbocation intermediate. The proposed reaction pathways of lignocellulose catalytic pyrolysis with H-ZSM-5 are illustrated in Figure 5.



In this context, the polysaccharides of wood chips undergo the depolymerization and dehydration reaction leading to the formation of anhydrosugars, lower molecular weight furans, and hydrocarbons. The high Brønsted acidity of H-ZSM-5 promotes the extensive dehydration of disincorporated monosaccharides to form furfural and 5-methyl furfural (HMF) [28,31,32,47,50]. Moreover, pyrolysis of softwood chips results in the depolymerization of lignin polymer into mainly guaiacyl (4-hydroxy-3-methoxyphenyl) fractions [51]. Due to thermal and thermocatalytic reactions, degraded products are further converted to gauaicols, polyaromatic hydrocarbons (PAHs), phenols, diols, and coke. The catalyst’s efficacy can be explained by its ability to produce low molecular weight deoxygenated compounds.




3.5. Thermogravimetric Analysis


The TGA curve is used to determine the weight loss of the obtained samples during programmed thermal degradation; meanwhile, the DTG is a plot of the rate of weight loss regarding time or temperature. TGA-DTG curves of the lignin, softwood chips, and obtained bio-oils analyses were shown in Figure 6. While the degradation of wood chips and lignin samples after dehydration has occurred in only one step, the thermal degradation of the bio-oils happened in multi-steps, including dehydration, devolatilization, and decomposition of carbonaceous components stages.



Stage I of thermal degradation for wood chips and lignin pyrolysis started from room temperature to 445 and 393 K, respectively, with a slight mass loss of raw samples due to dehydration [52]. The weight loss of the bio-oils during this stage was dramatically higher than raw samples indicating the high amount of low molecular weight species in bio-oils. The surface tension tends to cause evaporation to both moisture content and the low molecular weight components. When the temperature reaches the end of stage I, the molecular forces lead to the breaking of the hydrogen bonds in the lignin and cellulose structures. When most of the moisture content in the lignin and wood chips derived bio-oils have been evaporated, the weight of the bio-oils decreases dramatically in all samples.



This indicated that the bio-oils had experienced Stage II decomposition in the temperature range from 500 to 570 K and 500 to 640 K for wood chips and lignin-based bio-oils, respectively. In this phase, bio-oil organic compound undergoes the pyrolysis process for carbon and volatile component extraction. In this stage, the transglycosylation process happens, where the cellulose chains degrade to oligosaccharides and levoglucosan [53].



In stage III, a slight weight loss of wood chips and lignin-based bio-oils occurs with the temperature range from 570 to 770 K and 640 to 780 K, respectively, due to the occurrence of the passive pyrolysis process. The passive pyrolysis process is where the carbonaceous component starts to decompose, and both carbon monoxide and carbon dioxide start to form by fast vaporization of non-volatile compounds in the solid residue of the biomass [54]. In addition, aromatization and cracking led to the formation of char and volatile moieties leading to the high mass loss at stage II at 400–700 K. The mass loss observed in the average range of the residual mass (%) from the onset to the endset temperature of stage II is represented in Table 9. The mass loss for softwood chips, lignin, and their obtained bio-oils in different pyrolysis temperatures in stage II was estimated to be 30–40%.





4. Conclusions


Catalytic and non-catalytic bio-oils obtained from two different biomasses have been characterized and compared to examine the effect of H-ZSM-5 as a catalyst in upgrading pyrolysis bio-oil samples. The maximum bio-oil yield has been reported for bio-oil obtained from softwood at 873 K for both catalytic and non-catalytic bio-oil samples. The physical properties of catalytic and non-catalytic bio-oil samples have been compared, and the results indicate that the main effect of H-ZSM-5 has been observed on the amount of water and oxygen for all four bio-oil samples at three different temperatures, where a significant reduction has been achieved compared to non-catalytic bio-oil samples. In addition, a significant viscosity reduction has been reported compared to non-catalytic bio-oil samples, and less viscous bio-oil samples have been obtained by catalytic pyrolysis. Furthermore, the obtained results show that the heating values have been increased for upgraded bio-oil samples compared to non-catalytic bio-oil samples. The results obtained by GCMS analysis of the catalytic bio-oil samples indicate that toluene and methanol have shown very similar behavior in the extraction of bio-oil samples compared to non-catalytic experiments. However, methanol performed a better extraction of chemicals at a higher temperature. The use of H-ZSM-5 decreased nitrogen and sulphur contents in the liquid bio-oil. However, large hydrocarbon chain compounds are absorbed in the catalyst pores or cracked into smaller chains.



For this reason, it has been observed that more compounds have been extracted by catalytic pyrolysis. H-ZSM-5 partially deoxygenated the bio-oils to aromatic hydrocarbons due to the high density of Brønsted acid sites. Compared to uncatalyzed bio-oil samples, catalysis decreased the oxygen content of the bio-oil sample by approximately 40%.
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Figure 1. Products and different applications of bio-oil. 
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Figure 2. Schematic of the experimental setup for catalytic pyrolysis process (Adapted from [42]). 
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Figure 3. SEM images of ZSM-5, before calcination: (a–c); H-ZSM-5, after calcination: (d–f); and XRD pattern of ZSM-5 and H-ZSM-5: (g,h). 
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Figure 4. Lower heating value (LHV) and higher heating value (HHV) of non-catalytic and catalytic bio-oil samples. 
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Figure 5. Proposed reaction pathways of lignocellulose catalytic pyrolysis with H-ZSM-5. 
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Figure 6. Thermogravimetric analysis of raw samples and obtained bio-oil: (a) Spruce wood chips; (b) bio-oil from wood chips at 673 K; (c) bio-oil from wood chips at 773 K; (d) bio-oil from wood chips at 873 K; (e) lignin sample; (f) bio-oil from lignin at 673 K; (g) bio-oil from lignin at 773 K; (h) bio-oil from lignin at 873 K. 
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Table 1. Review of the pyrolysis conditions of some bio-based materials.
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	No.
	Feedstock
	Temperature (°C)
	Bio-Oil Yield
	Catalyst
	Composition
	Reference





	1
	Algal biomass
	-
	-
	-
	pyrazines, furans, and pyridines
	[6]



	2
	Sisal residue
	450
	-
	-
	fats, waxes, alkaloids, proteins, phenolics, simple sugars, pectins, gums, and resins
	[7]



	3
	Peanut shells
	600
	-
	-
	ketones and anhydro sugars, aromatics
	[8]



	4
	Bamboo residues
	-
	93.83 mg/g
	H-ZSM-5
	Aromatics (2-Methoxy-4-vinylphenol)
	[9]



	5
	Olive pomace
	340
	36.9 wt%
	-
	Phenolics
	[10]



	6
	Olive stones
	600
	-
	-
	Guaiacol and 2-methoxy-4-methyl substituted phenol
	[11]



	7
	Lignocellulosic biomass
	-
	-
	H-ZSM-5
	monocyclic aromatics
	[12]



	8
	Biomass
	-
	47–52 wt%
	CeO2
	Furfural, furfur alcohol, furan
	[13]



	9
	Agricultural residues
	-
	-
	-
	benzene, toluene, xylene, ethene, propene
	[14]



	10
	Eucalyptus residues
	480
	30 wt%
	-
	Hydrocarbons
	[15]



	11
	Macadamia Nutshell
	471.21
	43.37 wt%
	-
	phenol, aromatics, and alcohol
	[16]



	12
	Poplar sawdust, cellulose, and lignin
	250–550
	-
	-
	anhydrate sugars, ketones, aldehydes, and phenolics
	[17]



	13
	Food waste
	400
	34.90 wt%
	-
	N-compounds, hydrocarbons, and carboxylic acid
	[18]



	14
	Pitch pine biomass
	500
	65.5 wt%
	-
	levoglucosan, furfural, and guaiacol
	[19]



	15
	Banana pseudo-stem
	500
	39.4 wt%
	-
	phenols
	[20]



	16
	Walnut shells (WS)
	550
	44.7 wt%
	-
	feedstock for furnaces
	[21]



	17
	lignocellulosic biomass
	700
	-
	-
	aromatics
	[22]



	18
	Aesculus chinensis Bunge Seed
	-
	-
	Fe2O3 and NiO
	1-hydroxy-2-propanone, acetic acid, and furfural
	[23]



	19
	sunflower seed hulls (SSH)
	450
	33 wt%
	
	furfural enriched bio-liquid
	[24]



	20
	Chicken litter
	500
	-
	dolomite and ZSM-5
	phenolic compounds
	[25]
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Table 2. Product yields of four different samples of catalytic (C) and non-catalytic (NC) bio-oil.
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Sample ID

	
Product Yields (%)




	
Bio-Oil

	
Biochar

	
Syngas




	
NC

	
C

	
NC

	
C

	
NC

	
C






	
Lignin-673 K

	
24.3

	
30.1

	
56.2

	
51.7

	
19.4

	
18.1




	
Lignin-773 K

	
30.2

	
31.4

	
58.0

	
53.5

	
11.7

	
15.0




	
Lignin-873 K

	
26.0

	
25.5

	
52.2

	
50.8

	
21.7

	
23.6




	
S-wood-673 K

	
57.4

	
50.9

	
23.2

	
24.3

	
19.3

	
24.7




	
S-wood-773 K

	
65.4

	
61.3

	
18.5

	
18.2

	
16.0

	
20.4




	
S-wood-873 K

	
71.1

	
69.9

	
11.4

	
13.0

	
17.3

	
17.0
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Table 3. Elemental analysis of non-catalytic (NC) and catalytic (C) bio-oil samples.
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Sample ID

	
C

	
H

	
S

	
O

	
C/H

	
O/C




	
NC

	
C

	
NC

	
C

	
NC

	
NC

	
C

	
NC

	
C

	
NC

	
C






	
Lignin-673 K

	
47.7

	
35.6

	
6.9

	
5.4

	
1.1

	
44.3

	
29.5

	
6.9

	
6.6

	
0.9

	
0.8




	
Lignin-773 K

	
68.5

	
63.8

	
6.6

	
6.9

	
2.0

	
22.9

	
14.6

	
10.3

	
9.2

	
0.3

	
0.2




	
Lignin-873 K

	
60.8

	
64.4

	
7.1

	
7.0

	
1.5

	
30.5

	
28.6

	
8.5

	
9.2

	
0.5

	
0.4




	
S-wood-673 K

	
32.5

	
50.0

	
6.6

	
7.4

	
0.6

	
60.4

	
42.6

	
5.0

	
6.8

	
1.9

	
0.9




	
S-wood-773 K

	
30.3

	
47.2

	
6.5

	
7.1

	
0.4

	
62.8

	
45.7

	
4.7

	
6.6

	
2.1

	
1.0




	
S-wood-873 K

	
55.8

	
46.3

	
6.3

	
7.3

	
0.7

	
37.2

	
36.4

	
8.9

	
6.3

	
0.7

	
0.8
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Table 4. Water content, pH, and viscosity of the non-catalytic (NC) and catalytic (C) bio-oil samples.






Table 4. Water content, pH, and viscosity of the non-catalytic (NC) and catalytic (C) bio-oil samples.





	
Sample ID

	
Water Content (%)

	
pH

	
Viscosity (cP)




	
NC

	
C

	
NC

	
C

	
NC

	
C






	
Lignin-673 K

	
5.3

	
11.2

	
5.0

	
5.6

	
20.4

	
33.6




	
Lignin-773 K

	
4.8

	
10.4

	
5.3

	
5.7

	
28.4

	
36.2




	
Lignin-873 K

	
7.2

	
14.2

	
5.6

	
6.2

	
74.9

	
58.9




	
S-wood-673 K

	
32.5

	
56.7

	
2.3

	
2.6

	
80.5

	
37.1




	
S-wood-773 K

	
26.5

	
48.6

	
2.4

	
2.7

	
86.6

	
28.3




	
S-wood-873 K

	
31.2

	
41.8

	
2.5

	
3.0

	
95.4

	
21.9
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Table 5. GCMS chromatogram resulting from H-ZSM-5 upgraded bio-oil from lignin toluene-soluble corresponding components.
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No.

	
Retention Time

	
Relative Intensity

	
Compound

	
Chemical Structure




	
673 K

	
773 K

	
873 K






	
1

	
14.3

	
17.5

	
8.6

	
5.1

	
Guaiacol

	
[image: Energies 16 02715 i001]




	
2

	
16.4

	
1.4

	
11.4

	
6.4

	
p-Creosol

	
[image: Energies 16 02715 i002]




	
3

	
17.6

	
20.3

	
4.8

	
1.7

	
o-Xylenol

	
[image: Energies 16 02715 i003]




	
4

	
19.5

	
14.7

	
7.7

	
2.2

	
p-Ethylguaiacol

	
[image: Energies 16 02715 i004]




	
5

	
21.7

	
4.1

	
1.8

	
-

	
Cerulignol

	
[image: Energies 16 02715 i005]




	
6

	
22.3

	
1.8

	
2.8

	
-

	
3,4-Dimethoxyphenol
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7

	
24.2

	
4.9

	
3.4

	
1.9

	
Eugenol
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8

	
26.6

	
2.1

	
1.6

	
-

	
Vanillin

	
[image: Energies 16 02715 i008]




	
9

	
27.7

	
2.9

	
2.2

	
-

	
Guaiacylacetone
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10

	
30.5

	
2.6

	
2.0

	
1.0

	
Mandelic acid
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11

	
43.2

	
2.2

	
1.5

	
-

	
Vanillyl alcohol
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Table 6. GCMS chromatogram resulting from H-ZSM-5 upgraded bio-oil from Kraft lignin MeOH-soluble corresponding components.
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No.

	
Retention Time

	
Relative Intensity

	
Compound

	
Chemical Structure




	
673 K

	
773 K

	
873 K






	
1

	
3.6

	
21.5

	
-

	
-

	
Fumaric acid

	
[image: Energies 16 02715 i012]




	
2

	
14.0

	
2.4

	
5.1

	
6.9

	
Rosolic acid

	
[image: Energies 16 02715 i013]




	
3

	
14.3

	
-

	
7.6

	
6.2

	
Mequinol

	
[image: Energies 16 02715 i014]




	
4

	
16.3

	
-

	
-

	
4.4

	
m-Cresol

	
[image: Energies 16 02715 i015]




	
5

	
17.2

	
9.1

	
10.5

	
8.7

	
4-Ethylcatechol

	
[image: Energies 16 02715 i016]




	
6

	
17.6

	
-

	
5.1

	
6.2

	
o-Xylenol

	
[image: Energies 16 02715 i017]




	
7

	
19.5

	
5.2

	
6.5

	
4.7

	
p-Ethylguaiacol

	
[image: Energies 16 02715 i018]




	
8

	
19.9

	
-

	
2.0

	
1.9

	
Ethyl-m-cresol

	
[image: Energies 16 02715 i019]




	
9

	
22.4

	
-

	
6.9

	
3.7

	
Syringol

	
[image: Energies 16 02715 i020]




	
10

	
24.3

	
1.9

	
3.1

	
4.9

	
Eugenol

	
[image: Energies 16 02715 i021]




	
11

	
26.7

	
-

	
1.8

	
1.1

	
Acetophenone

	
[image: Energies 16 02715 i022]




	
12

	
27.7

	
-

	
1.5

	
1.4

	
p-Propylguaiacol

	
[image: Energies 16 02715 i023]




	
13

	
30.5

	
-

	
2.9

	
1.8

	
Mandelic acid

	
[image: Energies 16 02715 i024]
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Table 7. GCMS chromatogram resulting from H-ZSM-5 upgraded bio-oil from Spruce (softwood) toluene-soluble corresponding components.






Table 7. GCMS chromatogram resulting from H-ZSM-5 upgraded bio-oil from Spruce (softwood) toluene-soluble corresponding components.





	
No.

	
Retention Time

	
Relative Intensity

	
Compound

	
Chemical Structure




	
673 K

	
773 K

	
873 K






	
1

	
5.9

	
4.3

	
-

	
-

	
m-Xylol

	
[image: Energies 16 02715 i025]




	
2

	
6.9

	
4.8

	
1.7

	
5.2

	
Hydroxymethylfurfural

	
[image: Energies 16 02715 i026]




	
3

	
8.3

	
1.9

	
-

	
1.9

	
Pyruvic acid

	
[image: Energies 16 02715 i027]




	
4

	
13.2

	
1.8

	
2.5

	

	
Octene

	
[image: Energies 16 02715 i028]




	
5

	
14.2

	
5.4

	
8.4

	
6.8

	
p-Guaiacol

	
[image: Energies 16 02715 i029]




	
6

	
16.4

	
4.2

	
1.4

	
5.6

	
m-Cresol

	
[image: Energies 16 02715 i030]




	
7

	
17.0

	
-

	
3.0

	
1.5

	
Cyclopentane

	
[image: Energies 16 02715 i031]




	
8

	
17.1

	
11.3

	
13.5

	
-

	
p-Cresol

	
[image: Energies 16 02715 i032]




	
9

	
19.4

	
4.8

	
7.7

	
-

	
p-Ethylguaiacol

	
[image: Energies 16 02715 i033]




	
10

	
24.2

	
3.0

	
4.8

	
1.3

	
Eugenol

	
[image: Energies 16 02715 i034]




	
11

	
26.6

	
-

	
1.6

	
-

	
Vanillin

	
[image: Energies 16 02715 i035]




	
12

	
27.7

	
-

	
2.3

	
-

	
Guaiacylacetone

	
[image: Energies 16 02715 i036]




	
13

	
30.1

	
-

	
2.3

	
-

	
Levoglucosan

	
[image: Energies 16 02715 i037]
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Table 8. GCMS chromatogram resulting from H-ZSM-5 upgraded bio-oil from Spruce wood chips MeOH-soluble corresponding components.






Table 8. GCMS chromatogram resulting from H-ZSM-5 upgraded bio-oil from Spruce wood chips MeOH-soluble corresponding components.





	
No.

	
Retention Time

	
Relative Intensity

	
Compound

	
Chemical Structure




	
673 K

	
773 K

	
873 K






	
1

	
3.4

	
-

	
-

	
2.7

	
Acetic acid

	
[image: Energies 16 02715 i038]




	
2

	
6.6

	
-

	
1.3

	
-

	
Glutaric acid

	
[image: Energies 16 02715 i039]




	
3

	
13.3

	
4.1

	
3.5

	
2.0

	
Cyclopentanone

	
[image: Energies 16 02715 i040]




	
4

	
14.0

	
2.0

	
2.1

	
4.3

	
Phenol

	
[image: Energies 16 02715 i041]




	
5

	
14.3

	
4.6

	
3.7

	
2.1

	
5-Ethylfurfural

	
[image: Energies 16 02715 i042]




	
6

	
15.7

	
1.2

	
-

	
-

	
4-Ethylcyclohexanone

	
[image: Energies 16 02715 i043]




	
7

	
16.4

	
1.4

	
-

	
2.4

	
m-Cresol

	
[image: Energies 16 02715 i044]




	
8

	
17.2

	
12.9

	
12.0

	
4.9

	
4-Ethylcatechol

	
[image: Energies 16 02715 i045]




	
9

	
19.4

	
3.5

	
2.5

	
2.2

	
p-Ethylguaiacol

	
[image: Energies 16 02715 i046]




	
10

	
20.3

	
1.5

	
1.7

	
-

	
Pentenoic acid

	
[image: Energies 16 02715 i047]




	
11

	
22.0

	
1.3

	
1.4

	
-

	
Furfural

	
[image: Energies 16 02715 i048]




	
12

	
27.7

	
1.7

	
1.8

	
-

	
Guaiacylacetone

	
[image: Energies 16 02715 i049]




	
13

	
29.6

	
1.5

	
2.3

	
-

	
Levulinic acid

	
[image: Energies 16 02715 i050]




	
14

	
30.4

	
2.1

	
6.2

	
2.6

	
Levoglucosan

	
[image: Energies 16 02715 i051]
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Table 9. Thermogravimetric data of raw materials and corresponding bio-oils in stage II of thermal degradation.






Table 9. Thermogravimetric data of raw materials and corresponding bio-oils in stage II of thermal degradation.





	Sample ID
	Onset Temperature (K)
	Endset Temperature (K)
	Max Degradation Temperature (K)
	Residual Mass (%)





	Lignin
	445
	863
	668
	40



	Lignin-673 K
	563
	704
	616
	30



	Lignin-773 K
	461
	562
	491
	37



	Lignin-873 K
	401
	528
	453
	24



	Softwood chips
	393
	864
	643
	33



	S-wood-673 K
	562
	678
	597
	40



	S-wood-773 K
	426
	652
	459
	33



	S-wood-873 K
	401
	606
	447
	32
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