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Abstract

:

This review provides insights into the current research on pyrolytic bio-oil obtained from different feedstock regarding upgrading techniques and applications such as energy, fuels, chemicals, and carbon materials. Raw bio-oil is not appropriate for transportation and ignition due to undesired properties; therefore, several challenges have been reported regarding its suitable market application. For liquid biofuel production, thermochemical pathways, particularly hydrogenation and deoxygenation, must be carried out, and for chemical production, liquid solvents are mostly used via physical separation. The main issues related to downstream processes with environmental and economic assessment are also covered. The analysis indicates that the major bottlenecks for commercial applications of upgraded bio-oil are the initial stage (upgrading techniques), high production costs, and pilot scale production. Finally, future directions are addressed for the improvement of bio-oil upgrading.






Keywords:


pyrolysis; bio-oil; upgrading; biofuels; chemicals












1. Introduction


Recent agreements signed at COP26 suggest a 25% reduction in carbon emissions by 2030, which requires an immediate transition from fossil fuels to renewables [1]. The COVID-19 pandemic has impacted every aspect of the Net-Zero program from different governments worldwide. With the aim of inhibiting rapid COVID-19 spreading, more than 130 billion disposable medical face masks were consumed every month; therefore, their efficient use and recycling are required not only for public safety, but also for resource consumption and environmental protection [2]. Pyrolysis has attracted researchers’ attention since it is a straightforward process that achieves better thermochemical waste management in comparison with current incineration practices.



Pyrolysis is a thermochemical process that converts varied materials into chemicals or biofuels, often at lower temperatures (300–700 °C) than incineration and under an inert atmosphere (devoid of oxygen) [3,4]. Pyrolysis depends on operating parameters such as temperature, particle size, heating rate, and residence time, split into three distinct processes: slow pyrolysis reaches high solid yields (biochar), fast pyrolysis produces liquids (bio-oil), and flash pyrolysis targets gases [5,6,7].



Bio-oil is a condensed liquid from the pyrolysis of different feedstock, a dark brown liquid commonly named pyrolytic tar, wood liquid, liquid smoke, pyrolysis oil, pyroligneous acid, wood distillate, and wood oil; however, bio-oil, biocrude oil, pyrolytic bio-oil, and pyrolysis liquid are primarily used [5]. Bio-oil is a mixture of several different oxygenated compounds such as acids, aldehydes, ketones, aromatics, phenols, alcohols, ethers, esters, and carbohydrates. Organic acids, furfurals, and levoglucosan are the main high-value compounds found in bio-oil, based on the US Department of Energy list; therefore, the concept of value-added chemicals and biofuels from bio-oil must be correctly assessed [5,8].



There are many separation and fractionation methods for both fuel upgrading and chemical production; however, the chemical application and separation of bio-oil cannot be performed directly, as most of the compounds are found in concentrations below 1%, hindering their separation [9,10,11]. Bio-oil upgrading can be carried out through conventional technologies such as esterification, hydrogenation, steam reforming, emulsification, and cracking, and novel technologies such as vacuum and molecular distillation, supercritical fluid extraction, and membrane separation [12,13].



Several works regarding pyrolysis have shown improvements in parameters (temperature, heating rate, biomass, and so on) [14,15,16,17], reactors with varied configurations [18,19], catalysts for bio-oil upgrading [20,21,22], and mostly in biochar application [23,24,25]. However, to the best of our knowledge, review papers about the methods of separation and fractionation of bio-oil for biofuel upgrading and chemical production are scarce [25,26,27,28,29,30,31,32,33,34,35,36]. Thus, it is critical to review the updated methods regarding their advantages, drawbacks, and economics to identify the most promising methods for bio-oil upgrading. Considering these issues, this review attempts to explain the state-of-the-art knowledge on methods for bio-oil upgrading. Furthermore, the environmental and economic aspects of different methods are discussed. Finally, the impact of this review and possible approaches for future research are also assessed.




2. Bio-Oil


Bio-oil is a dark brown viscous liquid composed of highly oxygenated compounds produced from the pyrolysis of biomass, which is unstable and susceptible to aging [13,29,32,37]. In addition, low concentrations of sulfur and nitrogen can be found in bio-oils [38]. Bio-oils are produced via fast depolymerization and fragmentation of hemicellulose, cellulose, and lignin through a rapid increase in temperature (heat rate of 103–105 °C/s), followed by a fast cooling under anaerobic or limited oxygen conditions, preventing the further conversion of the intermediate products. Distinct designations for bio-oil can be found in the literature, including pyrolysis oil and pyrolysis liquid. However, the term bio-oil will be used throughout this review. The elemental composition and physicochemical properties of bio-oil are significantly different from those of petroleum-derived oils, namely due to the presence of substantial amounts of oxygen in biomass [37,39,40,41]. Table 1 depicts the chemical composition and some key physicochemical properties reported for bio-oils and petroleum-derived oils [42,43,44,45,46].



The HHV found in bio-oils is half of the HHV found in heavy petroleum-derived oils due to the high concentration of oxygenated compounds and moisture in bio-oil. Additionally, high oxygen content has been reported to result in bio-oil’s immiscibility with hydrocarbon fuels [39,40]. Although bio-oils are biodegradable, less toxic, and have good lubricity properties relative to petroleum-derived oils, their high viscosity, ash content, chemical instability, and corrosiveness hamper their direct use as a fuel [32]. Regarding the chemical composition of bio-oils, they are composed of a mixture of phenolics, organic and carboxylic acids, aldehydes, ketones, esters, furans, and sugars [5]. High molecular weight oligomers can be found in bio-oil due to the occurrence of depolymerization (C–O and C–C bond cleavage) followed by dehydration and repolymerization reactions of the main biomass polymers [47]. Bio-oil yield is significantly affected by pyrolysis variables (Section 3), such as heating and residence time, temperature, particle size, type of feedstock (hardwood, softwoods, and herbaceous biomasses), and catalytic and non-catalytic pyrolysis [14,17].




3. Biomass Pyrolysis Mechanism


Pyrolysis is a process that employs thermal depolymerization of biomass at moderate temperatures in an oxygen-absent setting. Temperature, pressure, and condensable gas residence time heavily influence solid, liquid, and gas yields [48]. Biomass pyrolysis is categorized according to the residence time of the solid feedstock inside the reactor: (i) slow pyrolysis, (ii) flash pyrolysis, and (iii) fast pyrolysis [49,50]. Lignocellulosic biomass pyrolysis is a complex, multistage process with a wide range of reaction mechanisms and rates that are highly dependent on thermal processing conditions and interactions between the major components found in the feedstock, leading to secondary, parallel, and concurrent reactions.



The first step in the biomass depolymerization step involves the dissolution of its macromolecules. Cellulose is a linear polysaccharide composed of β-(1,4) glycosidic bonds of glucose molecules with a (C6H10O5)n formula. A cellulosic chain structure is formed of alternating crystalline and amorphous zones; such alternation impacts the accessibility and reactivity of its functional groups [51]. Cellulose thermal degradation starts at 200 °C, and the degradation rate increases as the temperature rises [52]. Hemicellulose is a heteropolymer formed by different monomers (xylose, arabinose, galactose, mannose, among others) that can produce alcohols, organic acids (lactic acid, formic acid), and macro fragments of sugars. Hemicellulose presents a lower temperature degradation range, between 150 and 180 °C, than cellulose, as it has significantly less crystalline than cellulose due to the various monomers present in its structure. In contrast to cellulose and hemicellulose structures, lignin is an amorphous polyphenolic complex formed by the oxidative polymerization of three monomers derived from p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol; the proportions of these monomers are dependent on the source of origin and form of extraction. Unlike the linear structure exhibited in cellulose, lignin has a highly branched three-dimensional structure, allowing the various hydroxyl and polar groups present to establish strong intra- and intermolecular hydrogen bonds.



The second step is the thermal decomposition of pentoses, hexoses, and low-molecular-weight products. The major products from glucose degradation are furans (5-hydroxymethylfurfural, furfural), levoglucosan, and organic acid (acetic acid), obtained through dehydration reactions [53]. As hemicellulose structural monomeric content depends on the feedstock source, the pyrolysis behavior and products are different between biomasses; arabinose, xylose, galactose, and mannose mainly produce furanes, pyrenes, ketones, organic acids, and anhydrosugars via pyrolysis [54]. While the heating rate during lignin thermal degradation exerts no impact on product composition, pyrolysis temperature heavily affects the outcome: in lower temperatures (200 to 400 °C), products are typically derivatives from guaiacyl-type lignin (guaiacol, coniferol, coniferaldehyde, creosol, isoeugenol) and syringols due to the characteristic stability of aromatic configurations; for temperatures higher than 400 °C, hemolytic cleavage of the O–CH3 bond is observed, leading to the formation of catechols, o-creasols, phenols, and char [55].



Further increases in temperature and residence times can lead to the final step in biomass pyrolysis: repolymerization, in which highly reactive, low molecular weight intermediate compounds from the decomposition of the lignocellulosic matrix recombine into a higher molecular weight, more stable solid compound (char) [56,57]. A previous study by Chen et al. [58] identified higher biochar yields from hemicellulose and lignin due to the predominance of condensation reactions in high conversion rate settings. Inhibiting repolymerization has been an objective of several studies, as it may prevent access to the polysaccharides in the lignocellulosic biomass and decrease bio-oil yield [58,59,60,61]; the different temperatures for cellulose, hemicellulose, and lignin for the different lignocellulosic matrix compositions in each feedstock pose a significant challenge for optimum pyrolysis temperature, as bio-oil yields decrease at higher temperatures due to self-condensation reactions favoring char and tar formation.




4. Effect of Process Parameters on Bio-Oil Production


4.1. Temperature


The key role of temperature in biomass pyrolysis is to provide the necessary heat to break the wide variety of linkages present in lignocellulosic biomass. Thus, the temperature is one of the most important parameters, as it directly affects the extension of biomass decomposition, product distribution, and calorific values [3]. Several studies have been published discussing the effect of temperature on the final bio-oil yield, showing that temperatures ranging from 450 to 550 °C are required to obtain higher yields. However, final bio-oil yields are also highly affected by the feedstock and other operating conditions [62,63]. Sohaib, Muhammad, and Younas [64] investigated the effect of temperature on sugarcane bagasse fast pyrolysis. The authors reported a bio-oil yield of 60.4% at 500 °C, whereas low gas and biochar yields were obtained. Lin and Chen [65] reported similar bio-oil yields (55%) after 30 min of reaction time when sugarcane bagasse was subjected to pyrolysis at 500 °C. In addition, Tsai and Lee [66] reported an increase in bio-oil yield from 11.3% to 35.9% when the pyrolysis temperature of rice husks increased from 400 to 500 °C. Similar findings were found by Biswas and Pandey [67], who reported that the optimal pyrolysis temperature for rice husks was between 300 and 450 °C in a fixed bed reactor. The same authors mentioned that temperatures below 300 °C were not high enough to pyrolyze rice husks, while temperatures above 450 °C quickly decreased bio-oil yield.



It is worth mentioning that, under similar reaction temperatures, the type of reactor has an extensive influence on the final bio-oil yields. Alvarez et al. [68] reported excellent bio-oil yields of 70 wt. % at 450 °C when rice husks were subjected to fast pyrolysis in a continuous pyrolysis bench-scale with a conical spouted bed reactor (CSBR). The excellent bio-oil yields were attributed to the CSBR capacity of promoting higher mass and heat transfer, as well as the reduced residence time of the volatiles. Differential scanning calorimetry (DSC) studies have been used aiming to define the temperature range required to maximize the final yield of bio-oil from several types of feedstock [69,70]. For example, Gonçalves et al. [70] found that pyrolysis must be carried out at 600 °C to maximize bio-oil production because part of the lignin present in the feedstock matrix does not decompose at lower temperatures. Additionally, Puy et al. [18] reported an excellent bio-oil yield of 59% from the pyrolysis of pine woodchips in an auger reactor at a relatively low temperature of 500 °C for 2 min of residence time. It is worth noting that auger reactors are known to provide several advantages, including lower reaction temperatures, not requiring a carrier gas, and operating as a continuous process [71,72].



In addition to bio-oil yield, the overall product distribution is also influenced by temperature. Carbon and hydrogen contents are excellent metrics to evaluate the quality of the final product. As such, high-quality bio-oil should be composed of high carbon and hydrogen contents, while the oxygen content should be as low as possible [73]. Zhao et al. [74] investigated pyrolysis temperature in varying food waste and food waste solid digestate and reported that higher temperatures promote the reduction of oxygen content, while carbon and hydrogen content increased with temperature; this is an important finding, as it seems that higher temperatures lead to the cracking of hydrocarbons present in the biomass, thus decreasing the oxygen content found in the bio-oil, which is expected and highly desirable. The influence of temperature on the final product distribution has also been investigated by Alvarez et al. [68], who reported that increasing the pyrolysis temperature of rice husks led to the formation of phenols (e.g., catechols, guaiacols, and alkyl-phenols) through the decomposition of lignin above 350 °C. A decrease in the concentration of ketones (e.g., cyclopentenones and open-chain ketones) was also observed at temperatures above 600 °C due to condensation reactions of the feedstock carbohydrates. Higher pyrolysis temperatures (>600 °C) favor cracking reactions, and the formation of lighter compounds due to such temperatures favor gasification reactions. Interestingly, the content of water, ethers, and aldehydes seemed to be unaffected by temperature [68].




4.2. Heating Rate


Another critical parameter for biomass pyrolysis is the heating rate, as it impacts the types of decomposition products formed. As mentioned above (vide supra, Section 4.1), heating rates are usually higher in fast pyrolysis relative to the conventional process [63,75]. Higher heating rates can cause quick fragmentations of biomass and promote the formation of volatiles [76]. The effect of different heating rates on the final bio-oil yields has been widely published in the literature [66]. For example, varying heating rates from 100 to 500 °C/min have been studied by Tsai et al. [66], who found that 200 °C/min is the optimal heating rate to maximize the final bio-oil yield from the pyrolysis of rice husk. Additionally, Şensöz et al. [77] investigated different heating rates in the pyrolysis of olive bagasse using a fixed bed reactor. The authors reported that increasing the heating rate from 10 to 50 °C/min led to a meager 8.4% increase in bio-oil yield. Another work from the same group reported that the bio-oil yield from hornbeam shell pyrolysis was not affected by the heating rate [78]. It is worth mentioning that increasing heating rates from 10 to 50 °C/min might not be large enough to observe a significant impact on the final product yield. Higher heating rate ranges, such as from 10 to 100–300 °C/min, are therefore recommended to overcome either or both heat and mass transfer limitations. After overcoming the heat and mass transfer limitations, no further improvements in bio-oil yields may be found when increasing heating rates. For example, Bhoi et al. [79]. observed bio-oil yield improvements when employing a higher heating rate (>1000 °C/s) and a shorter residence time (<2 s). Additionally, Xiong et al. [80] reported that a fast heating rate (200 °C/s) led to a 10% increase in the final bio-oil yield from rice husk relative to the one obtained with medium (≈20 °C/s) and slow (≈0.33 °C/s) heating rates. It is worth mentioning that the final bio-oil yields are not influenced by only a single parameter, but also by the synergetic effects of other variables, such as biomass type, composition and particle size, temperature, reactor configuration, and others. In addition, heating rates can also influence the optimal temperature to maximize final bio-oil yields [19].




4.3. Pressure (Atmospheric or Vacuum)


Pyrolysis can be carried out either in vacuum (<0.1 atm) or atmospheric (1 atm) pressure. Vacuum pyrolysis has shown advantages over atmospheric pyrolysis, as it allows the removal of the primary components produced from the decomposition of biomass; avoids the occurrence of secondary reactions, such as cracking and repolymerization; and reduces residence times. Although greater bio-oil yields have been reported, large amounts of biochar and pyrolytic water can also be produced [3]. However, high moisture content decreases the flame temperature and bio-oil energy density, which may lead to ignition issues [81]. In addition, larger particle size feedstock can be used in vacuum pyrolizers, which is a great advantage relative to slow atmospheric pyrolysis due to lower biomass milling expenses [82]. Carrier et al. [81] reported that the optimal yields of bio-oil from vacuum pyrolysis of sugarcane bagasse were similar to those obtained from slow pyrolysis at 400 °C. At temperatures above 400 °C, higher bio-oil yields were produced using vacuum pyrolysis, while slow pyrolysis promoted the formation of higher quantities of biochar. Amutio et al. [83] compared the performance of flash pyrolysis of pinewood sawdust under vacuum (0.25 atm) and atmospheric pressure by using a bench-scale conical spouted bed reactor. A slight increase in bio-oil yields was found for vacuum pyrolysis in contrast to atmospheric pyrolysis, but significant changes in product characteristics (e.g., less oxygenated compounds) and composition (e.g., greater yields of heavier compounds such as phenols and levoglucosan) were reported.




4.4. Catalyst


Catalytic pyrolysis is a well-known technology for the thermal conversion of biomass into chemicals and fuels by selectively favoring decarboxylation reactions. The bio-oils with more stability and lower oxygenated compounds (e.g., acids, ketones, and carbonyl compounds) and water content are preferable for direct use or further processing of the bio-oil [56,84,85]. In general, the development of catalysts for biomass pyrolysis requires the fine-tuning of their properties, such as acidity, basicity, porosity, and metal–support interactions, as well as the controlled formation of catalyst particle size [22,37]. Another crucial aspect to consider is their thermal stability, so that new catalysts are robust enough to resist deactivation while being easy to regenerate [4]. Microporous acidic catalysts, such as zeolites, are known to catalyze the cleavage of carbon–carbon of biomass during pyrolysis for converting heavier oxygenates to lighter ones. In addition, the bio-oils obtained via the catalytic pyrolysis of biomass with zeolites have increased the number of aromatic compounds. The mechanism responsible for aromatics production from lignocellulose through catalytic pyrolysis with zeolite catalysts has been reported and is shown in Figure 1.



Anhydrosugars and furanic compounds are the main initial products formed from the degradation of both cellulose and hemicelluloses. Acid-catalyzed dehydration reactions at the acid sites of the zeolite promote the formation of anhydrosugars, followed by the production of furans, small aldehydes, and water through dehydration and bond cleavage [56]. Then, several different reactions occur between the furfural and zeolite catalyst, including oligomerization, decarboxylation, and decarbonylation, which lead to the formation of a pool of hydrocarbons [56,86]. Aromatics from lignin can undergo depolymerization and conversion of aliphatic linkers to produce olefins. Acidic zeolite catalysts have been investigated by several research groups, and ZSM-5 has been the most-studied zeolite for pyrolytic bio-oil upgrading [87]. For example, the catalytic pyrolysis performance on pine wood was investigated by Chen et al. [88], who reported that varying proton forms of zeolite catalysts (H-Beta-25, H-Y-12, H-ZSM-5, and H-MOR-20) resulted in different bio-oil yields. H-ZSM-5-23 zeolite resulted in a bio-oil yield of 20.7 wt. %, while 15.1, 9.0, and 17.6 wt. % were obtained for H-Beta-25, H-Y-12, and H-MOR-20, respectively. Additionally, ZSM-5 led to a higher production of ketones and phenols and a lower number of acids and alcohols in the bio-oil relative to other catalysts. Sun et al. [89] investigated the effect of different zeolite structures, including ZSM-5, H-Y, and USY, in the pyrolysis of corn stalks and found that ZSM-5 resulted in the highest bio-oil yields. Interestingly, they also observed that USY resulted in a higher aromatics content, while the H-Y zeolite led to an increased content of aliphatic hydrocarbons. Li et al. [90] proposed a kinetic model that combines thermal pyrolysis followed by the catalytic upgrading of products of sawdust over H-ZSM-5 in a spouted bed reactor at 400 °C. Increasing catalyst loadings (from 4 g to 26 g of catalyst) resulted in a 19% decrease in total bio-oil yield and an approximately 65% increase in the final gas yield. The significant increase in gas yields is due to the higher formation of CO and CO2 through decarbonylation and decarboxylation of the oxygenated compounds, respectively. As expected, the bio-oil obtained using catalytic pyrolysis had less contents of oxygenated compounds and was less viscous and corrosive, in contrast to the thermal pyrolysis bio-oils [3,7,32]. Additionally, mixtures of H-ZSM-5 and silica-alumina on the product distribution of bio-oils obtained from the pyrolysis of durian rind were investigated by Tan, Abdullah, and Hammed [91], who reported that H-ZSM-5 predominantly resulted in aromatic hydrocarbons, while the mixture of H-ZSM-5 and silica-alumina led to the higher formation of aliphatic hydrocarbons. The authors also declared that the H-ZSM-5/silica-alumina mixture inhibited coke formation and increased bio-oil and gas yields.



Besides the advantages of using zeolite catalysts in the pyrolysis of lignocellulosic biomass, the increased production of gases and water and the rapid catalyst deactivation due to coke formation are critical bottlenecks of the zeolite materials [92]. Therefore, catalysts with larger pore sizes relative to zeolite materials have been investigated, as they are supposed to facilitate the diffusion, reaction, and removal of larger bio-oil molecules from the catalyst matrix and decrease the likelihood of coke deposition in the pores. For example, mesoporous acidic catalysts, such as MCM-41, MSU, and SBA-15, have been reported in the literature. MCM-41 is the major representative of the mesoporous molecular sieve of the M41S family, and it is considered a promising catalyst due to its characteristics, such as large surface area, relatively large pores, and mild-to-moderate acidity [93,94]. Adam et al. [95] investigated the performance of different Al-MCM-41 catalysts (Si/Al ratio of 20 and modified via pore enlargement and loading of copper cations into the catalyst structure) on the pyrolysis of spruce wood at 500 °C. Overall, the authors reported that larger catalyst pores resulted in a decrease in acetic acid and water yields, while larger pores coupled with copper introduction into the material structure led to a higher formation of high molecular mass products. For instance, the mesoporous mordenite framework (MFI) zeolite has been reported to exhibit the best performance, relative to H-ZSM-5 and mesoporous material from H-ZSM-5, in deoxygenation and aromatization reactions. In addition to acidic microporous and mesoporous materials, solid basic catalysts, such as ZnO, CaO and CaO-sand/silica, MgO and Fe2O3, among others, have been thoroughly investigated in the literature [85,96,97,98,99]. Zhang et al. [100] investigated the effect of different metal oxides on the catalytic pyrolysis of poplar at 600 °C, reporting that CaO significantly decreased phenol and anhydrosugar contents in the bio-oils and increased the formation of cyclopentanones, hydrocarbons, and light compounds. Cao et al. [99] compared the performance of different types of catalysts, such as metal basic oxides, metal sites, acidic metals, and zeolite catalysts, on the catalytic pyrolysis of rice straw. The highest bio-oil yield of 55.2 wt. % was found using Y-zeolite, which provided higher production of phenolic monomers in comparison with the basic (MgO), acidic (CeO2), and metal salt (MgCl2) catalysts. In addition, Stefanidis et al. [101] evaluated the performance of varying basic catalysts, including TiO2, ZrO2/TiO2, and MgO, and found that the biomass pyrolysis mechanism is distinct relative to the one known for acidic zeolites. Higher yields of CO2 along with higher production of ketones in the bio-oils were found, mostly due to significant aldol-condensation and ketonization reactions. Although promising results from catalytic pyrolysis have been reported, there is still a lack of knowledge about the mechanism of the catalytic conversion of different biomasses into bio-oil. Additionally, new catalysts must be developed to avoid sacrificing the final bio-oil yield for its quality [93,102]. An overview of the effect of catalyst types mentioned in this section on the final bio-oil yields and the bio-oil composition is presented in Table 2.





5. Bio-Oil Upgrading


Considering the previous section about bio-oil, it is noticed that the undesired properties limit its application to chemicals and transportation fuels. Therefore, bio-oil upgrading is crucial to improve its quality to be used as a chemical ingredient and reach the standard of petroleum-based liquid fuels, as shown in Figure 2. In this section, different separation techniques for bio-oil upgrading, including the effect of key parameters, challenges, process fundamentals, and feasibility, are discussed in detail below (Table 3).



5.1. Chemical Processes


5.1.1. Hydrotreating


It is known that high hydrogen content improves the quality of petroleum-based fuels; the process of this hydrogen addition is named hydrogenation. Hydrotreating (HDT) is used to remove oxygen from the bio-oil through hydrodeoxygenation; it is also the most common hydrogenation process used for petroleum-based product conversion [26]. HDT of the bio-oil includes noble and sulfide metals and the most-used transition metal-based catalysts [108,109,110] under atmospheric pressure to 30 MPa and temperatures between 200 and 500 °C.



HDT is performed under different systems reactors such as batch, downflow, and semi-continuous [111] in two steps: the first step consists of the stabilization of the bio-oil under temperatures between 100 and 300 °C to convert the carbonyl and carboxyl groups to alcohols in the presence of catalysts; in the second step, the stabilized bio-oil suffers cracking and deoxygenation reactions under higher temperatures (350–400 °C) and in the existence of active catalysts [31]. Reactions are commonly performed altering parameters such as pressure (hydrogen) and temperature of the reactor, flow rate, and catalyst/bio-oil ratio. These parameters are very critical to reach highly efficient bio-oil upgrading with high calorific values and carbon and less oxygen content, as well as reducing the coke formation on the catalyst to prevent its early deactivation.



Finally, HDT is recognized for its efficiency in bio-oil upgrading compared with other upgrading and separation techniques; however, HDT also produces a huge quantity of char, coke, and tar, resulting in catalyst deactivation and reactor clogging.




5.1.2. Catalytic Cracking/ Hydrocracking


Catalytic cracking (CC) is a thermal upgrading method that consists of the removal of oxygen in the form of water and carbon dioxide through the breakdown of bio-oil into light olefins and low-carbon aromatics similar to diesel in the presence of a catalyst such as zeolite, one of the most highly effective catalysts for the CC upgrading technique, at temperatures higher than 350 °C [14,28].



CC of the bio-oil can be performed in tubular and micro fixed-bed reactors [112,113]. During CC, the removal of oxygen from the bio-oil is caused by the transfer of hydrogen molecules, reaching high contents of hydrogen in the bio-oil; thus, different reactions can occur, including hydrodeoxygenation, hydrocracking, polymerization, decarboxylation, decarbonylation, and hydrogenation [112]. Hydrocracking (a variant of CC) is the combined result of CC with HDT. During hydrocracking, bio-oil vapor reacts with additional hydrogen under high temperatures (>400 °C) in the presence of a catalyst to produce large amounts of light products such as alkanes (a molecular chain that comprises high-grade hydrocarbon fuels), reduce oxygen and water content in the bio-oil to break longer molecular chains (C–C bonds), and reach high conversion yields compared with gasoline fractions (close to 20%) [28]. However, due to the intensive process requirements such as elevated temperature and hydrogen pressure to deal with acids, these routes are less cost-competitive and energy efficient.




5.1.3. Steam Reforming


Steam reforming can be a viable strategy to upgrade the bio-oil to produce H2 gas and syngas (a mixture of CO and H2). Hydrogen created from steam reforming has attracted attention due to its characteristics as a fuel and energy carrier and high energy value content (120.7 MJ/kg). Furthermore, hydrogen-fueled combustion produces water and no harmful gases, reducing the emission of greenhouse gas [29,114].



Steam reforming is an innovative route that consists of the conversion of bio-oil into hydrogen under different operating parameters, such as temperature (400–1000 °C) [31,115], steam/carbon ratio (S/C > 3) [116,117], and catalyst (noble or non-noble metals dispersed on different supports such as ZrO2, Al2O3, HZSM-5, CeO3–Al2O3, and carbon nanotubes) [31,118], which mainly affect the conversion rate of bio-oil, yield of H2, and decrease the coke formation. Rioche et al. [119] represented the overall steam reforming mechanism of different oxygen model compounds (acetic acid, acetone, ethanol, and phenol) in the following equation:


   C n   H m   O k  +  (  2 n − k  )   H 2  O = n   C  O 2  + c o k e +  (    2 n + m   2 − k    )   H 2   











Note that the hydrogen yield is   2 + m / 2 n − k / n   moles per mole of carbon in feed. Considering the fast production of coke, the type of reactor used influences coke removal. Therefore, the steam reforming of bio-oil is performed in reactors such as separate fixed and fluidized bed reactors (more common), combined two-stage pyrolysis-reforming reactors, tubular quartz micro-reactors (Py-GCMSs), membranes, and nozzle-fed reactors [31,120].



Catalytic and non-catalytic steam reforming processes are promising upgrading routes to produce a clean fuel gas (hydrogen or syngas), and studies about catalytic steam reforming have demonstrated significant conversion rates of bio-oil to hydrogen or even yields of more than 90% [31,116,121,122]. However, one of the main concerns of catalytic steam reforming is catalyst deactivation due to the higher temperatures that the process is performed under [120]. During catalytic steam reforming, the catalytic (Ni is the most-used catalyst in steam reforming) can be sintered, affecting the catalytic activity by occupying or blocking the active sites on the catalyst surface [31,120]. The progress of novelty catalysts with diversified behaviors that are less susceptible to deactivation and which are highly efficient is needed for the favorable conversion of bio-oil in the steam reforming route.




5.1.4. Esterification


As mentioned above, bio-oil contains a wide range of oxygenated compounds, low heating value, high viscosity, poor stability, water, and other undesired properties that limit its application into chemicals and transportation fuels. Esterification employs polar alcohol-based solvents (e.g., methanol, ethanol, and furfural) for organic acid conversion to their corresponding esters to improve bio-oil quality. Bio-oil upgraded via esterification reduces acid numbers, viscosity, and water content, whereas it increases the heating value and the stability of the bio-oil to obtain high-grade fuel [26,27,112]. Furthermore, esterification of the bio-oil improves the organic fraction and can remove char particles from bio-oil [123].



On the other hand, catalytic esterification or esterification treatment of the bio-oil reduces viscosity, acid values, and water content at a greater rate than without a catalyst. Heterogeneous catalysts are the most-used catalysts in esterification, including ionic liquid, solid acid and base, HZSM-5, and aluminum silicate catalysts. Different studies have shown that the behavior of the solid acid catalyst is prone to have high catalytic activity to convert organic acids such as acetic, propionic, and formic acid into esters [110,113].



Finally, considering that esterification is a simple unit operation (solvent addition) defined by its low cost, use of green solvents (most of them), and the aforementioned beneficial effects on the bio-oil, this route seems to be the most feasible upgrading technique for bio-oil quality improvement.





5.2. Physical Processes


Fossil fuel resources indicate uncertain availability, volatile prices, and environmental concerns; therefore, the use of biomass has stimulated the fractionation of chemicals from bio-oil. The separation routes are utilized by techniques such as atmospheric distillation, vacuum distillation, molecular distillation, supercritical fluids, and liquid–liquid extraction, among others.



5.2.1. Distillation


As mentioned above about bio-oil properties, there are more than 400 compounds produced in the bio-oil through the pyrolysis of biomass. Different distillation techniques have been researched for the recovery of these compounds, such as atmospheric, vacuum, and molecular distillation [5,32].



Atmospheric distillation is used to obtain fine chemicals from pyrolytic bio-oil and can be performed at temperatures between 80 and 250 °C with no waste generation [29]. In atmospheric distillation, with the increase in temperature to 250 °C, the reaction between the components produces water, alcohols, aldehydes, and acids that are more favorable than phenols due to their instability at high heating rates [32]. However, at higher temperatures, polymerization of reactive oxygen-containing organics (ketones, aromatics, aldehydes, etc.) can take place in atmospheric distillation [43]. Thus, pyrolyzed bio-oil cannot be completely vaporized, leaving around 40-50% of the raw pyrolytic bio-oil. Therefore, a considerable portion of the bio-oil remains as a residue.



The distillate contains water and a mixture of volatile organic compounds that requires further separation; a possible route to separate it into different fractions is by using lower temperatures. Vacuum distillation is commonly used when lowering the distillation temperature.



Although vacuum distillation is a more challenging, expensive, energy-intensive operation than atmospheric distillation, this process is operated at low temperatures (normally for liquids that have boiling points over 150 °C), avoiding the polymerization of pyrolytic bio-oil and the degradation and aging of thermally sensitive compounds [5,29]. Furthermore, in contrast to atmospheric distillation, no water is generated, and the distillate (organic fraction) contains low-oxygenated compounds [32].



Several studies show relevant results employing vacuum distillation. Lu, Yang, and Zhu [124] compared the atmospheric and vacuum distillation of pyrolytic bio-oil from rice husk under different temperatures from 50 to 250 °C. Vacuum distillation showed a significant reduction from 27.5 to 32 wt. % of the raw pyrolytic bio-oil [124]. The study performed by Zhang et al. [125] showed outstanding efficient separation of light molecules such as hydroxy acetone and formic and acetic acid [125].



Molecular distillation, also termed short path distillation, is a variation of vacuum distillation [32] in which, differently from vacuum distillation, closed boiling and thermally unstable components present on the bio-oil are fractioned under a high vacuum (pressures of 10−6 times or less atmospheric pressure) [5].



Molecular distillation is an excellent fractionate technique due to its low distillation temperature, heating rates, and high fractionation efficiency. Several studies have shown that high yields of organic molecules in bio-oil were recovered via molecular distillation into light (acids and ketones), middle (sugars and phenolics), and heavy (heavy phenols) fractions [29,43]; water can also be separated at a temperature as low as 50 °C. Multiple molecular distillations can produce a fourth fraction, mainly composed of chemicals including aldehydes, phenols, and sugars [30].




5.2.2. Supercritical Fluid Extraction


A novel route to upgrade pyrolytic bio-oil is the use of supercritical fluids. Any pure compound can be considered a supercritical fluid when its critical point is ultra-passed (temperature and pressure). Different organic solvent-based can be used for supercritical fluid extraction; however, CO2 is used due to its behavior similar to non-polar hydrocarbon solvents (hexane, methanol, acetone, petroleum ether, among others). Therefore, CO2 can be applied as an excellent solvent because of its unique advantages: it is chemically inert, non-flammable, non-toxic and environmentally friendly, liquefiable at low temperatures and pressures, has no solvent residue, is readily available, and inexpensive [5,32].



Solubility is a crucial physical property to be considered in supercritical CO2 (scCO2) extraction. Studies have shown that scCO2 has good solubility in some chemicals such as aliphatic hydrocarbons up to at least C20, aldehydes, ketones, esters, small aromatic hydrocarbons, halocarbons, and low-weight alcohols [5,9,10].



Feng and Meier [11] employed scCO2 to separate bio-oil produced from softwood under different conditions (temperature, pressure, carriers, time). The authors showed that the yields reached were 6–13 wt. % at 200 bar and 13–14 wt. % at 300 bar; additionally, the contents of the scCO2 extracts were mainly aldehydes, furanones, coniferyl alcohol, coniferyl aldehyde, and vanillin. Wang et al. [126] used scCO2 to fractionate real and simulated bio-oil, and results showed that aldehyde, ketone, and phenol functional groups increased in the scCO2 extracts. The maximum extraction yield of bio-oil using scCO2 reached 88.6 wt. %, and the extracts had almost 100% volatility.



Therefore, scCO2 extraction proved to be a promising and potential route to extract chemicals from bio-oil; however, scCO2 extraction parameters and the distribution coefficient of single compounds need to be optimized to improve the selectivity of the extraction. Furthermore, there is a high operating cost due to the high pressures required in scCO2 extraction (usually >150 bar), showing significant drawbacks when compared with other separation techniques such as distillation, membrane separation, and liquid–liquid extraction [5].




5.2.3. Liquid–Liquid Extraction


Liquid–liquid extraction (LLE) has been studied to fractionate pyrolytic bio-oil into different chemical groups using organic or novel solvents such as water, pentane, hexane, toluene, ether, dichloromethane (DCM), ethyl acetate, methanol, ethanol, acetone, and ionic liquids [5,29,32]. LLE can be performed according to its polarity and solubility for specific chemical compounds and operated under normal conditions, making it a promising technique to perform extractions. However, solvents are based on equilibrium and must satisfy some criteria: high selectivity, good solubility, low boiling point for subsequent recovery, and non-toxic if possible [5].



Water solvent extraction is normally the first step in LLE [127]. Several works have proved that the addition of 25–35% of water into the raw bio-oil produces two phases: a water-soluble phase which includes chemicals delivered from cellulose and hemicellulose such as sugars and light C1−C4 organic compounds [32], and a water-insoluble phase which contains heavy tar-like, lignin rich, compounds.



Organic solvent extraction also originates soluble and non-soluble phases; organic compounds are usually soluble in non-polar solvents (DCM, hexane, toluene, and methanol). Therefore, the polarity of the fractions is a parameter that needs to be addressed in LLE. Furthermore, the solvent’s boiling point also performs a key role in LLE to recover the solvent afterward using different methods (e.g., rotary evaporation).



Cascade LLE has been performed by several researchers to obtain different fractions of bio-oil using different organic solvents [128,129,130]. Water was added first to fractionate the bio-oil. The water-insoluble fraction consisted of phenolics, aromatics, and pyrolytic lignin compounds; it was washed with DCM and NaOH (pH = 14) to obtain a neutral fraction (inert hydrocarbons). HCl was mixed with the DCM-insoluble fraction to obtain heavy molecular weight pyrolytic lignin and solids. Alternatively, the water-soluble fraction mainly consisted of acids, sugars, ketones, aldehydes, and polar carbohydrates; this fraction was solubilized in chloroform. The chloroform-soluble fraction (organic phase) contained phenols, furans, alcohols, and ketones. The chloroform-insoluble fraction (aqueous phase) was rich in acids, sugars, alcohols, and some polar compounds. Therefore, the chloroform-insoluble fraction was solubilized in ethyl acetate to obtain acids, ketones, and some alcohols. The ethyl acetate-insoluble fraction obtained rich anhydrosugars and was mainly composed of levoglucosan [5,29,32,131].




5.2.4. Emulsification


Another route to upgrade the pyrolytic bio-oil for production as an ignition fuel in boilers and transportation is emulsification. Bio-oil can be emulsified with either petroleum-based fuels (diesel) or biodiesel and with the help of polymeric or non-polymeric surfactants such as Atlox 4914, Tween 80, Span 80, and Emarol 85. Surfactants consist of a nonpolar lipophilic ‘tail’ and a polar hydrophilic ‘head’ [30,31,132,133]; co-surfactants such as methanol, ethanol, butanol, and octanol can also be used to improve the emulsion stability [133].



A high-quality upgraded bio-oil (longer stability duration) via stable emulsion can be obtained by altering temperature, diesel-biodiesel/bio-oil, and emulsifier/surfactant ratios; mixing time; and stirring intensity, whereas unstable emulsions conduct to a poor-quality upgraded bio-oil [31].



Novel technologies have been proven effective in producing stable emulsion fuels, such as microemulsification, ultrasonic emulsification, ultrasonic mechanical-based emulsification, and pressurized emulsification [30,134]. For instance, a microemulsion is very similar to an emulsion; however, it is thermodynamically more stable and, therefore, holds less risk of phase separation at a broad temperature range.



Therefore, bio-oil upgraded via emulsification is a classic and cost-effective route providing a transient approach to dealing in diesel engines and reducing the emissions of some pollutants. Emulsions of bio-oil have potential ignition characteristics; nonetheless, there are some fuel property issues that remain unclear, e.g., the heating value, octane number, stability, and acidity (corrosivity) of the fuel system. The design, production, and testing of injectors, fuel pumps made from stainless steel, pretreatment of bio-oil, and optimization of the use of base oil would be some strategies to improve this process [26,112].






6. Environmental and Economic Aspects of Bio-Oil


Upgradation improves the properties of bio-oil, making it a potential and preferred alternative to conventional petroleum-derived liquid fuels [13]. There are different approaches to bio-oil upgrading, but each method possesses techno-economic obstacles hindering the industrial deployment of its production [12,135]. Yet, even if a perfect liquid substitute for conventional petroleum is developed, the production and utilization of bio-oil should offer fewer negative environmental consequences than conventional petroleum fuels [136]. Life-cycle assessment (LCA) has been foremostly adopted by past researchers as a tool to check the environmental impacts of bio-oil production via the pyrolysis process [136]. The majority of LCA studies for the pyrolysis process were performed by considering 1 MJ of bio-oil produced as a functional unit, cradle-to-grave as the boundary limit, and with prime emphasis on global warming potential in the impact category [136,137,138,139]. Some of the prior research studies on LCA are presented in Table 4 (dry feed rate reflects less than 10 wt. % of moisture content).



For bio-oil upgradation, majorly conducted via hydro-upgrading (hydrotreatment followed by hydrocracking), the source of hydrogen plays a pivotal role in contributing to detrimental environmental impacts [136,137,138,139,140,141,142]. Usually, either natural gas or aqueous bio-oil fraction is used to produce hydrogen, and utilizing an aqueous fraction of bio-oil for steam reforming to produce hydrogen could reduce environmental impacts, but at the cost of decrement in the upgraded bio-oil yield [138]. The bio-oil upgradation sub-section, on average, contributed about 22 to 25% of positive global warming potential [141,142]. For bio-oil application in engines, the use of the cradle-to-gate boundary limit led to negative net global warming potential, whereas the cradle-to-grave approach resulted in a positive value, as emissions from the combustion of bio-oil are also considered. The literature lacks studies on the life-cycle assessment of co-pyrolysis of biomass with hydrogen-rich feedstocks such as plastics and tires, one of the promising approaches to produce upgraded bio-oil.



The shortage of crude oil in several countries and the inevitable upheaval due to its increasing and fluctuating market price create attraction toward cost-competitive alternatives [144]. For bio-oil production through pyrolysis, techno-economic analysis (TEA) has been performed to evaluate its potential to be commercialized [135]. Aspen Plus is the most widely used software for process modeling and simulation to assess insights on factors influencing the economic viability of the pyrolysis process, and a few of them are presented in Table 5 (dry feed rate reflects less than 10 wt. % of moisture content) [145,146,147,148,149].



Uncertainty analysis, majorly conducted via the Monte-Carlo method, reflected that the less costly option provides lower energy efficiency than the expensive one, and sensitivity analysis reflected capital cost, biomass cost, bio-oil yield, operating cost (including catalysts), and hydrogen cost used for upgradation as sensitive parameters [146,148,149]. However, the bio-oil upgradation subsection contributes remarkably to the value of the minimum fuel selling price (MFSP) that lies within the range of USD/GGE 6 to USD/GGE 8 [145,146,147,148,149]. Extensive research on the production of low-cost and stable catalysts to produce upgraded bio-oil is being conducted, which would play a significant role in reducing liquid fuel production costs [148]. There is a need to explore the techno-economic analysis of the co-pyrolysis of biomass with hydrogen-rich feedstocks that could potentially replace the demand for external hydrogen derived via the steam reforming of natural gas or the bio-oil itself for bio-oil upgradation [21]. Thus, advances in bio-oil upgradation technologies would consequently result in dwindling economic hurdles in bio-oil commercialization.




7. Applications of Upgraded Bio-Oil


One of the most known applications of upgraded bio-oil is as a biofuel, and it can either be used in boilers directly or blended with conventional fuels before injecting it into the boiler/I.C. engines for heat or power generation [29]. Bio-oil use as biofuel produces relatively less NOx, SOx, and CO2 emissions than conventional fossil fuel burning [142,144,145]. However, co-feeding 10–30 vol.% of bio-oil in engines is preferable. Therefore, advancements in the design and materials of the conventional engine (incur costs) are needed that impede its large-scale application in the long-term perspective [6].



Besides the notorious application of upgraded bio-oil as biofuel, it has the potential to be used diversely as a renewable feedstock to produce chemicals, hydrogen, carbonaceous products, binders, bioplastics, and polyurethane foam, which face several obstacles while raw bio-oil is used [143,147,148,149,150]. Hydrogen production via steam reforming of bio-oil still involves several technological (such as the absence of robust, low-cost catalyst) and economical (20 to 40 USD /GJ) challenges that inhibit its commercialization [151]. Bio-oil could also be used as a precursor for chemical production via distillation (atmospheric/vacuum/molecular) or solvent extraction; however, reactive oxygenated compounds present in it (that polymerize to form coke) and the high cost of solvents creates techno-economic barriers [29]. Polyurethane foam could also be produced using bio-oil, but the high-water content in bio-oil is responsible for the decrement in the mechanical strength of polyurethane produced from it, which limits its fraction in the feed with conventional petroleum to produce polyurethane [29,149]. Additionally, bio-oil could be used to produce bio-binders to replace petroleum-derived binders, but the high fraction of oxygen, phenolics, and low carbon content in the bio-binder create difficulties (enhanced aging) in its application, and if mixing it with conventional binders, there is need to explore the optimum ratio of blending [29,152]. Some of the studies on the possible applications of bio-oil are discussed in Error! Reference source not found. Thus, technological barriers in the path of potential applications of bio-oil that are in the early stage could be resolved with advancements in the production and upgradation techniques that still require extensive research to make them technically and economically practicable (Table 6).




8. Future Directions


In summary, bio-oil is not considered a drop-in fuel yet. The reason is mainly related to the cost-competitiveness of bio-oil under any coupling upgrading technique. Thus, it is clear that there is an essential need for dedicated policies to decrease the operating and capital costs to further the commercialization and development of bio-oil. Some directions and recommendations are described as follows:




	
Enhancing the properties and yield of pyrolytic bio-oil by handling biomasses and different operating conditions.



	
Exploring novel catalyst synthesis mainly in the field of bi-functional, multifunctional, and biochar-based catalysts to be used as upgrading catalysts of the bio-oil in an integrated system process.



	
Understanding the behavior and kinetics of the mechanism reaction, including hydrotreating, catalytic cracking, steam reforming, and esterification.



	
Improving economically and environmentally suitable technologies for valuable chemical extraction from bio-oil.



	
Exploring spectral and chemical characterization of bio-oil, upgrading, and fractionation products using novel advances to understand several complexities of each upgrading technique.









9. Conclusions


This review presented a detailed analysis on the available upgrading techniques to produce valuable chemicals and biofuels. In particular, novel upgrading techniques lead to the production of bio-oil as biofuel, and the fractionation techniques lead to the production of valuable chemicals. Based on the technical, environmental, and economic aspects, the review shows that hydrotreating looks like the most promising upgrading technique for biofuel application, whereas LLE is a more cost-effective route to obtain chemicals. Most of the current upgrading techniques have the potential to produce bio-oil as a preferred alternative to conventional petroleum-derived chemical and liquid fuels.
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Figure 1. Proposed mechanism for the formation of aromatics from lignocellulosic feedstock through catalytic pyrolysis [56]. 
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Figure 2. Bio-oil upgrading/fractionation techniques. 
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Table 1. Typical composition and physicochemical properties reported for bio-oils and heavy petroleum-derived oils.
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	Properties/Elemental Composition (wt. %)
	Bio-Oil
	Heavy Petroleum-Derived Oil





	HHV (MJ/kg) 1
	16–19
	40



	Viscosity (at 50 °C) (cP)
	40–100
	180



	C
	54–58
	85



	N
	0–0.2
	0.3



	O
	35–40
	1.0



	H
	5.5–7.0
	11



	Ash
	0–0.2
	0.1



	Water
	15–30
	0.1







1 HHV—Higher heating value.
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Table 2. Overview of the influence of catalyst type on bio-oil yields and compositions obtained at different catalytic pyrolysis conditions.
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	Feedstock
	Catalyst
	Operating Conditions
	Reactor Type
	Bio-Oil Yields

(wt. %)
	Bio-Oil Composition
	Ref.





	Pinewood
	Commercial spray-dried 40% ZSM-5
	500–650 °C,

catalyst to biomass ratio of 6, 5 slpm N2 fluidization flow rate, 550 g of bed mass, and 150 min of reaction time.
	Bubbling fluidized-bed
	-
	Aromatic yield increased up to 15.5 carbon% with reducing gas velocities.
	[84]



	Rice husk
	ZSM-5, Al-MCM-41, Al-MSU-F, and Brunei rice husk ash (BRHA)
	Feedstock particle size: 355–849 µm;

Primary reactor: 450 °C and heating rate of 25 °C/min;

Secondary reactor: 490–540 °C
	Fixed-bed pyrolysis rig
	ZSM-5: 38.3 wt. %

Al-MCM-41: 40.0 wt. %

Al-MSU-F: 39.6 wt. %

BRHA: 38.3 wt. %
	ZSM-5 resulted in higher production of aromatic hydrocarbons and light phenols, whilst Al-MCM-41 reduced the acetic acid production.
	[103]



	Empty fruit bunch
	K2CO3, Ca(OH)2, and MgO
	600 °C, 10 wt. % Ca(OH)2, and sweeping gas flow rate of 200 mL/min
	Fixed-bed reactor
	Ca(OH)2 provided the highest bio-oil yield (42.6%)
	Higher content in phenolic compounds and lower acidic compounds was obtained in catalytic pyrolysis in comparison with a non-catalytic approach.
	[104]



	Eremurus spectabilis
	Na2B4O7·10H2O, CaB3O4(OH)3·H2O, and NaCaB5O6(OH)6·5(H2O)
	350–550 °C; Heating rates of 10, 30, 50 °C/min
	Fixed-bed tubular reactor
	38.1% including aqueous phase was achieved with NaCaB5O6(OH)6·5(H2O)
	Bio-oils were reported to have high contents of monoaromatics, polyaromatics aliphatics, and oxygenated and nitrogenated organic products.
	[105]



	Miscanthus × giganteus
	Al2O3
	550 °C, heating rate of 10 °C and 50 °C/min, varying catalyst loading from 10 to 100%, and N2 flow rate from 50 to 200 cm3/min
	Fixed-bed reactor
	51 wt. % was obtained when 60 wt. % catalyst and N2 flow rate of 50 °C/min were used.
	Bio-oils were highly composed of oxygenated compounds. Higher aromatic content was found in the bio-oils produced via catalytic pyrolysis relative to nitrogen atmosphere-based pyrolysis.
	[106]



	Cellulose
	K2CO3 and ZnCl2
	450 °C, 5 g of feedstock, 10 wt. % catalyst, heating rate of 5 °C/min, argon flow of 40 dm3/h, and 1 h of reaction time.
	Vertical Pyrex reactor
	In the presence of catalysts: 36.4–41.4 wt. %

In catalyst absence: 44.0 wt. %.
	Lower oxygen content was found in bio-oils produced by K2CO3 and ZnCl2. K2CO3 led to an increased content of aliphatic hydrocarbons along with decreased yield of monocyclic aromatic hydrocarbons, phenols, and products with carboxyl groups.
	[107]







The number corresponds to SiO2/Al2O3 ratio.
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Table 3. Operation conditions, reactions, and technical feasibility of the current upgrading techniques of bio-oil.
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Techniques

	
Operating Conditions

	
Reaction

	
Technique Feasibility




	
Advantages

	
Challenges






	
Chemical processes to biofuel production




	
Hydrotreating

	
Atmospheric pressure to 30 MPa and temperatures between 200 and 500 °C

	
Removal of oxygen in the bio-oil

	
Cost-competitive and route already marketed

	
Avoid the production of char, coke, and tar




	
Catalytic cracking

	
Intensive process: High temperature >350 °C and pressures (100–2000 Psi), Catalyst: zeolite

	
Dehydration, cracking of hydrocarbons, and production of larger molecules via C–C bonding and hydrogen

	
Light products similar to diesel and high conversion yields compared to gasoline fractions

	
Avoid reactor clogging and requires intensive process




	
Hydrocracking

	
Hydrogen under high temperatures (>400 °C)




	
Steam reforming

	
High temperatures (400–1000 °C), steam/carbon ratio (S/C > 3), and noble or non-noble metal catalysts

	
Catalytic steam reforming + water–gas shift

	
High yield of hydrogen or syngas (>90%)

	
Complicated process, requires steady and fully resistant reactors




	
Esterification

	
Employs polar alcohol-based solvents and catalysts

	
Esterification

	
Low cost, high grade biofuel, and removal of char particles

	
High energy for production is the most important challenge of these processes




	
Physical processes to chemical productions




	
Distillation

	
(Atmospheric)

80–250 °C

	
No reaction

	
Production of alcohols, aldehydes, and acids

	
Avoid the polymerization reactions




	
(Vacuum)

Low temperatures

	
Avoid polymerization reaction and degradation of thermally sensitive compounds

	
More expensive, energy intensive, and hard operation




	
(Molecular)

High vacuum (<10−6 atmospheric pressure)

	
Low distillation temperature and heating rates and high efficiency of fractionation




	
Supercritical fluids

	
Mild conditions

(T > 32 °C P > 100 bar)

	
Clean solvents and bio-oil with low viscosity and oxygen content

	
Energy intensive and hard operation system




	
Liquid–liquid

extraction

	
(Water extraction)

Normal conditions (T and P)

	
Simple technique, increases the heating value and stability of bio-oil, and decreases the viscosity

	
Increases water/solvent content and decreases pH




	
Emulsification

	
Warn conditions, surfactant, and co-surfactants

	
Emulsified with petroleum-based fuels

	
Classic and cost-effective route

	
High energy for production is the most important challenge of these processes
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Table 4. LCA of hydro-upgraded bio-oil production via fast pyrolysis.
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Biomass

	
Feed Rate

(Dry MT/Day)

	
Boundary Limit

	
Functional Unit (FU)

	
GWP (kgCO2eq /FU)

	
Ref.




	
Upgradation

	
Total Net GWP






	
Corn stover

	
25

	
Cradle-to-grave

	
1 MJ (of energy output)

	
0.026

	
0.0444

	
[136]




	
Corn stover

	
2000

	
Cradle-to-grave

	
1 km (dist. traveled by vehicle)

	
0.066 (gasoline)

	
0.037 (gasoline)

	
[137]




	
0.059

(diesel)

	
0.015

(diesel)




	
Poplar

	
105

	
Cradle-to-gate

(ends at bio-oil upgradation unit)

	
1 MJ (of bio-oil produced)

	
0.039

	
−0.036

	
[139]




	
Poplar

	
500

	
Cradle-to-gate

(ends at bio-oil transportation)

	
1 MJ (of bio-oil produced)

	
0.032

	
−0.050

	
[140]




	
MSW

	
1620

	
Cradle-to-grave

	
1 kg (of MSW)

	
0.286

	
1.250

	
[141]




	
Forest residues

	
2000

	
Cradle-to-gate (ends at bio-oil upgradation unit)

	
1 kg (of chemical produced)

	
2.116

	
−0.530

	
[142]




	
Corn stover

	
2

	
Cradle-to-gate (ends at bio-oil transportation)

	
1 MJ (of bio-oil produced)

	
0.003

	
0.025

	
[143]
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Table 5. TEA studies on fast pyrolysis to produce hydro-upgraded bio-oil.






Table 5. TEA studies on fast pyrolysis to produce hydro-upgraded bio-oil.





	
Biomass

	
Feed Rate (Dry MT/Day)

	
Reactor

	
Plant Life

(Years)

	
Upgradation Cost (Million USD)/MFSP (USD/GGE 1)

	
Total Capital Cost (Million USD)

	
Annual Operating Cost (Million USD)

	
Ref.






	
Mixed wood

	
2000

	
Fluidized bed

	
20

	
P1 2

	
35/nr 3

	
130

	
111.5

	
[149]




	
P2 4

	
58/nr

	
155

	
88.3




	
Corn stover

	
P3 5

	
69/nr

	
190

	
92.2




	
Pine wood

	
61

	
Bubbling fluidized bed

	
20

	
10.95/6.25

	
18.8

	
7.01

	
[145]




	
Hog fuel

	
2000

	
Dual fluidized bed

	
30

	
121/6.44

	
427

	
154

	
[146]




	
Eucalyptus residues

	
2549

	
Continuous rotary kiln reactor

	
25

	
116.4/6.64

	
507.0

	
126.18

	
[147]




	
Pine wood

	
61

	
Bubbling fluidized bed reactor

	
20

	
R1 6

	
3.93/7.48

	
13.37

	
5.48

	
[148]




	
R2 7

	
4.97/7.20

	
14.46

	
5.15








1 GGE: Gasoline gallon equivalent. 2 Two-stage hydrotreating/FCC (merchant H2 was used for upgradation). 3 nr: not reported. 4 Two-stage hydrotreating/FCC (H2 produced from steam reforming was used for upgradation). 5 Use of single-stage hydrotreating followed by hydrocracking for bio-oil upgradation. 6 Pathway of catalyst regeneration: partial combustion followed by complete combustion (two-stage). 7 Pathway of catalyst regeneration: complete combustion (single-stage) fitted with catalyst cooling.
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Table 6. Studies of possible applications of bio-oil.
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	Biomass
	Use
	Main Findings
	Ref.





	Pine woodchips
	Fuel Engine (application of 90/8/2 vol% of gasoline/ethanol/bio-oil)
	Specific fuel consumption and electrical efficiency remained unaffected; less PAH, SO2, and CO emissions, but slightly more CO2 emissions.
	[142]



	Mallee biomass
	Bio-based carbon material production (via polymerization of bio-oil and biochar)
	5-hydroxymethylfurfural and furfural are the best polymerizing agents for enhancing carbon material yield; biochar inclusion enhances hardness.
	[150]



	Coffee bean residues
	In diesel engine (Span 80 and Tween 80 were used as emulsions; 5% and 10% (v/v) bio-oil were blended)
	Emulsification property and water content of bio-oil slightly enhanced combustion characteristics; increased bio-oil fraction reduced heating value and NOx emissions, but increased delay in the ignition and dense smoke formation.
	[144]



	Wheat straw
	Polyurethane foam production
	Tensile strength: 80.0 kPa; resilience: 37%; potential to use as car cushions.
	[149]



	Cedar chips
	Bio-binder production (to blend with asphalt binder)
	Blending of bio-binder enhanced rutting resistance at high temperature; mixing of bio-binder up to 25% did not change complex shear modulus.
	[152]



	Mahua seeds
	In diesel engine; 10% to 60% (v/v) of bio-oil were blended with pure diesel.
	Brake thermal efficiency (from 30.9 to 27.1%) and NOx emissions were decreased, with an increase in the bio-oil fraction in the blend; application of up to 30% bio-oil in the blend was found preferable.
	[145]



	Mallee wood
	Chemicals (methyl levulinate and levulinic acid) production
	Sugar derivatives and aromatics fractions of bio-oil were effectively separated via extraction with water followed by chloroform.
	[147]



	Neem de-oiled cake (co-feed: polystyrene)
	In diesel engine; 5%, 10%,15% and 20% (v/v) of bio-oil were blended with pure diesel.
	Brake thermal efficiency declined for all blends; blending bio-oil up to 10% reflected the minimal impact on engine performance and emissions.
	[146]
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