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Abstract

:

Although the conversion of lignocellulosic biomass into bio-oil with high yield/quality through hydrothermal liquefaction (HTL) is promising, it still faces many challenges. In this study, a Fex-Co(1-x)/Al2O3 catalyst was prepared with the coprecipitation method and low-content ethanol was used as the cosolvent for the HTL of poplar. The results showed that the Fex-Co(1-x)/Al2O3 catalyst significantly promoted the yield and energy recovery rate (ERR) of bio-oil compared with the control (10% ethanol content). At 260 °C for 30 min, 60Fe-40Co/Al2O3 had the best catalytic effect, achieving the highest bio-oil yield (67.35%) and ERR (93.07%). As a multifunctional bimetallic catalyst, Fex-Co(1-x)/Al2O3 could not only increase the degree of hydrogenation deoxidization of the product but also promote the diversity of phenolic compounds gained from lignin. The bio-oil obtained from HTL with Fex-Co(1-x)/Al2O3 as catalyst contained lower heterocyclic nitrogen, promoting the transfer of more bio-oil components to substances with lower boiling point.
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1. Introduction


To date, most of the energy needed in human life comes from fossil fuels [1]. Due to the non-renewability of fossil fuels, more and more researchers are devoted to exploring green and renewable energy. Lignocellulosic biomass is the most promising raw material for preparing fuels/materials/chemicals due to its renewability and easy access [2,3]. Among several thermochemical conversion methods, hydrothermal liquefaction (HTL) has great application potential, with the avoidance of drying wet biomass to save energy [4]. The liquefaction temperature and pressure are normally 150–400 °C and 3–25 MPa, respectively. As a green solvent, water is used as the reaction medium in HTL for the conversion of lignocellulose to bio-oil in an environmentally friendly way [5]. The HTL process is not only accompanied by the pyrolysis of various components of biomass, but a large number of pyrolysis products also polymerize to form new compounds. The main challenge of biomass-liquefaction technology is the poor quality of bio-oil (including higher O, N content and low C value).



In recent years, replacing part of water with reactive organic solvents or using cosolvents to improve the efficiency of the HTL has become the research focus. For organic solvents such as ethanol, biomass degradation is promoted by lowering the dielectric constant of water [6]. Studies have also shown the thermal effect generated by the HTL process can be controlled and offset by adding a stable cosolvent, which acts as a free radical scavenger by supplying hydrogen [7]. A positive effect of the ethanol–water solution on biomass liquefaction has been confirmed [8]. Ethanol can not only serve as an effective hydrogen source but also promote the hydrodeoxygenation of bio-oil [9]. Bio-oil is a tan liquid containing many organic monomers [10]. Studies have illustrated that heavy bio-oil (HO) mostly comes from lignin pyrolysis and some small molecular polymers [11]. It contains many oxygenated organic compounds and some hydrocarbons. According to the type of functional groups, the organic components include phenols, esters, aldehydes, ketones, furans, pyrans, and organic acids, etc. [12,13]. Compared to fossil fuels, bio-oil has high oxygen content, low calorific value and thermal stability, high N content, etc. [14]. Therefore, it is necessary to optimize the bio-oil preparation conditions and improve the oil properties.



The addition of the catalyst in HTL can not only effectively reduce the content of heteroatoms, but also obtain more liquid-oil yields [15]. Compared with homogeneous catalysis, heterogeneous catalysis has a huge advantage on recycling ability. Duan and Chen et al. used different heterogeneous catalysts to catalyze liquefaction of microalgae and dunaliella Salina. The results show that catalytic liquefaction significantly improves oil yield compared with the noncatalytic condition. In particular, Pt/C, Ru/C, Co-MO/γ-Al2O3, and Co/CNTs have the most outstanding catalytic effects [16]. Different catalysts have different effects on HTL; it has been found that Co/Mo/Al2O3, Co/AC have better deoxidation performance and higher phenolic yield [17], whereas Fe and Al have excellent hydrodeoxygenation effects in the process of biomass liquefaction [18]. Zhao et al. studied the water–ethanol biphasic catalytic liquefaction of corn stover. It was found that Fe increased the oil yield from 28.28% to 40.91%. The liquefaction ratio and calorific value were also improved. Cheng et al. found that Fe-Co/SiO2 catalysts can effectively improve oil quality through the hydrodeoxygenation of bio-oil. Fe and Co metals can increase the acidity and strength of the catalyst, thereby significantly improving the catalytic efficiency. In the catalysis process, Fe plays a variety of roles: (i) improving the liquefaction ratio and obtaining more bio-oil precursor substances; (ii) in situ hydrogen production and promoting hydrodeoxygenation of bio-oil [19]. At present, more and more researchers are paying attention to the efficient catalytic degradation of biomass and the preparation of bio-oil. Screening of suitable catalysts is the prerequisite for high-efficiency bio-oil production [20]. As precious metal is expensive, more focus should be paid to transition metals.



In the present study, HTL on poplar sawdust with a low proportion of ethanol as cosolvent and the bimetallic Fe-Co/Al2O3 as catalyst was carried out. The catalytic effect of Fex-Co(1-x)/Al2O3 at different liquefaction temperatures (220 °C, 260 °C and 300 °C) and residence times (10 min, 30 min and 60 min) under the premise of keeping 10% ethanol as the auxiliary liquefaction agent were explored. The different proportion of Fe and Co in the catalyst was tested to clarify the catalytic HTL mechanism. The characteristics of bio-oil products were conducted with Gas chromatography- mass spectrometry (GC-MS), higher heat value (HHV), Fourier Transform infrared spectroscopy (FT-IR) and Thermo Gravimetric Analysis (TGA) analysis. The Fex-Co(1-x)/Al2O3 catalysts were characterized.




2. Experimental


2.1. Materials


The poplar sawdust (≤2 mm) was purchased from Pingde Industry and Trade Co., Ltd. of Tai’an City, Shandong Province, China. The component contents of poplar were 43.98% (cellulose), 19.87% (hemicellulose), and 29.39% (lignin). Na2CO3 (99.8% purity), Co (NO3)2·6H2O (99.00% purity), Fe (NO3)3·9H2O (99.50% purity), and Al (NO3)3·9H2O (99.00% purity) purchased from Shanghai Titan Technology Co., Ltd. which were used as received without further purification. The absolute ethanol was bought from Ma’ anshan Qihuang Chemical Co., Ltd.




2.2. Catalyst-Preparation Procedure


Fex-Co(1-x)/Al2O3 catalyst was synthesized by coprecipitation method: the A solvent was a mixture of Fe(NO3)3·9H2O, Co(NO3)2·6H2O and Al(NO3)3·9H2O (200 mL); B solvent was an appropriate amount of Na2CO3 solution (200 mL). Solvent A and B was added dropwise to 200 mL of deionized water preheated to 353 K with stirring at 600 rpm. After the precipitation was complete, the mixture was filtered and the solid fraction was collected, which was then repeatedly washed with deionized water three times. Finally, 200 mL of n-butanol was added to the washed solid and evaporated at 353 K. Subsequently, it was dried at 393 K for 12 h to obtain Fex-Co(1-x)/Al2O3 catalyst precursor, and then was put into a fixed-bed reactor (internal diameter 10 mm) and heated to 773 K at a rate of 1 K/min with hydrogen (1.2 MPa, 52 mL/min).




2.3. Experimental Procedure


The hydrothermal liquefaction of poplar was carried out in a 1.5 L reactor with the reaction equipment shown in Figure 1. The prepared catalyst and 60 g (dry weight) poplar were put into the reactor. The ethanol–water solution (10%, V/V) was added to make a solid/liquid ratio at 1:10. Nitrogen was used to remove the air from the reactor. The reactor was placed in the salt bath preheated to the set temperature; the magnetic-stirring speed in the reactor was controlled at 200 r/min with a pressure of 3–10 Mpa; after the HTL was completed, the reactor was rapidly water-cooled. The liquefied mixture was filtered into the solid and liquid phases. The liquid phase was evaporated at 60 °C to obtain light oil (LO). The solid phase was fully washed twice with dichloromethane (DCM). The DCM rinse liquid was evaporated at 35 °C to obtain heavy oil (HO). (Note: The condition of adding only 10% ethanol is regarded as blank.) The product yields were calculated with Equations (1)–(4):


   Y  LO     wt  . %    =     L ight   bio − oil    g   /   Mass   of   feed     g      × 100  



(1)






   Y  HO     wt  . %    =     H eavy   bio − oil    g   /   Mass   of   feed     g      × 100  



(2)






   Y  RS     wt  . %    =     R  esidue     g  −  catalyst     g   /   Mass   of   feed     g      × 100  



(3)






   Y  G a s     wt  . %    =   1 −   R  esidue     g  + L ight   bio − oil   ( g ) +  Heavy   bio − oil   ( g )  +  Lignin   ( g )     Mass   of   feed     g      × 100  



(4)




where: YLO, YHO, YRS, and YGas are yield of light oil, heavy oil, solid residue, and gas.




2.4. Catalyst- and Product-Characterization Method


The surface area and pore properties of the catalyst were determined with Micromeritics Gemini ASPA-2460 surface area analyzer. Before running the analysis, samples were degassed at 200 °C for 6 h under Micromeritics Vac Prep 061 device. The X-ray diffraction (XRD) of the catalyst was analyzed using Cu Kα radiation on shimadzu XRD-6000 powder diffractometer (Kyoto, Japan). The scan angle was 2θ = 5–90° and the step size was 0.01 θ°/s. A JEOL JSM6300 device was used to obtain Scanning electron microscope (SEM) image. Transmission electron microscope (TEM) imaging was performed in a JEOL JEM-1200EXII TEM (200 kV) microscope equipped with an EDXS spectrometer. FT-IR spectra of bio-oil samples were recorded using Thermo Fisher (Nicolet Is10) FT-IR spectrometer. The chemical components of bio-oil were determined by GC-MS (Agilent, 7890B/5977AMS, USA); the chromatographic column used was HP-5MS (30 m × 0.25 mm); helium (99.999%) was used as the carrier gas. The split ratio and injection temperature were 30:1 and 260 °C. The GC oven temperature was: 40 °C (hold for 4 min)→heating till 150 °C with a heating rate of 10 °C/min (hold for 2 min)→ramp at 15 °C/min to 280 °C (hold for 10 min). Compounds were identified by comparison of their mass spectra with the NIST library [21]. The higher heating values (HHV) of the raw materials and bio-oil were analyzed with a universal automatic calorimeter (Hengya, HY-A9, China). The bio-oil energy-recovery ratio (ERR) was calculated based on Equation (5):


   ERR product   %  =     Y  ield product  ×  HHV product     HHV feed      × 100  



(5)









3. Results and Discussion


3.1. Catalyst- and Product-Characterization Method


Table 1 summarizes the physicochemical properties of the Fex-Co(1-x)/Al2O3 series catalysts. It can be found that the addition of Co helped increase the surface area compared to the Fe-supported catalyst. The surface area of the Co-supported catalyst was lower than that of Fe and Co, which fully showed the synergistic effect of the bimetal. The 20Fe-80Co/Al2O3 was characterized with the maximum surface area and pore volume (of 123 m2/g, and 0.44 cm3/g, respectively, with the minimum pore size of 11.6 nm. In particular, when a single metal acts, it may be more prone to agglomeration during the calcination process, resulting in a certain change in its physical and chemical properties, while the bimetal is simultaneously loaded to inhibit this agglomeration phenomenon.



The XRD patterns of the catalysts are shown in Figure 2. The crystal reflections of Fe (110), (200) and (211), and Co (002) were observed, indicating the reduction of Fe2O3 to Fe with Co2O3 reduced to Co. As the Fe content gradually decreased, the diffraction peaks attributed to Fe and Fe2O3 gradually weakened or even disappeared, indicating that the incorporation of Co gradually improved the dispersibility of the corresponding components. According to the chemical adsorption data, the surface area gradually increased with the increase in Co, fully reflecting the high dispersibility of the bimetal. After the catalytic reaction, the diffraction peak of Fe in the catalyst disappeared, which showed the complete oxidation of Fe. The diffraction peaks of Fe and Co oxides appeared.



The morphology, metal elements and particle size distribution of the reduced catalyst were further studied by SEM/EDS and TEM analysis; the results are shown in Figure 3 and Figure S1 in Supplementary Materials. The surfaces of different catalysts all present the state of particles. It could be seen that the simultaneous loading of Fe and Co reduced the aggregation between particles and the particle size was uniform. It can be found that 100Fe/Al2O3 and 100Co/Al2O3 had larger average particle sizes of 6–30 nm and 9–45 nm, respectively. In particular, 100Fe/Al2O3 showed a higher degree of agglomeration. TEM and SEM/EDS analysis showed that the bimetallic effect of Fe and Co can inhibit the agglomeration between metal particles to a certain extent, which is consistent with the BET results, and further reflects the high dispersion of active components.




3.2. Effects of Solvents at Different Temperatures


To explore the effect of ethanol ratio on the degradation of poplar, the HTL effects of different ethanol ratios (0%, 5%, 10% and 20%) were investigated at 220 °C, 260 °C, and 300 °C, respectively (the liquefaction time was all 30 min). As shown in Figure 4, at the same temperature, the oil yield at 10% ethanol was much higher than that with 5% or 0%. When the proportion of ethanol was increased to 20%, the LO yield was reduced compared with 10%. The maximum reduction of 3.19% was achieved at 300 °C. The increase in HO yield was low and the maximum increase achieved at 260 °C was 1.56%. It can promote the degradation of lignin and prevent polymerization by dissolving part of the depolymerized products, causing a slight improvement in the HO yield [6]. It has been proved that HTL with 10% ethanol has the best dehydration efficiency for alumina-based catalysts and shows significant dehydrogenation on transition-metal oxides [22]. Via the present study, 10% ethanol was also found to be the optimal auxiliary liquefaction condition.




3.3. Experimental Results of Catalytic Hydrothermal Liquefaction


3.3.1. Effect of Temperature


The temperature had a positive response to HTL action [17]. The distribution of HTL products of poplar at different temperatures is shown in Figure 5a–c. The results showed that the yields of LO and HO under different catalytic conditions were greatly improved when the temperature increased from 220 °C to 260 °C. Among them, the yields of LO and HO obtained from HTL with 60Fe-40Co/Al2O3 as catalysis had the greatest increase compared with 220 °C, which were 18.08% and 17.51%, respectively. The SR ratio decreased gradually from 51.37% to 6.77%. The low temperature at 220 °C gave the lower degradation of poplar, most of which come from the depolymerization of hemicellulose. As the temperature increased, more components in poplar were degraded. When the temperature was further increased to 300 °C, the LO yields under all catalytic conditions were dramatically reduced. The maximum reduction of 12.13% was found for HTL with 60Fe-40Co/Al2O3. The results showed that as the temperature increased from 220 °C to 300 °C, the total oil yield reached the maximum at the medium temperature (260 °C), which was consistent with other research reports [23,24]. The HO yield showed a continuously increasing trend with increasing temperature, which was slightly different from other studies [25]. The main reason might be that the special catalyst used in this study can effectively inhibit coking and promote the conversion of more water-soluble components to HO.




3.3.2. Effect of Fe and Co Content


As shown in Figure 5, the effects of different Fe and Co loadings (100Fe, 80Fe-20Co, 60Fe-40Co, 40Fe-60Co, 20Fe-80Co and 100Co) on the bio-oil yield were investigated. At the same temperature, the yields of bio-oil first increased and then decreased with the decrease in Fe. The maximum LO and HO yields and the lowest residue yields were achieved from HTL with 60Fe-40Co/Al2O3. Among them, the maximum total oil yields were 21.76% (220 °C), 67.35% (260 °C), and 54.77% (300 °C). Compared with blank, the HTL with 60Fe-40Co/Al2O3 catalyst achieved the greatest increase in the LO and HO yields: they were 6.12%, 5.21% (220 °C); 19.92%, 10.29% (260 °C); and 4.96%, 5.97% (300 °C), respectively. Compared with Figure S2, ethanol as a cosolvent can effectively improve the bio-oil yield. Some researchers have found that Co/AC catalysts can greatly depolymerize lignin into monophenol monomer compounds, with higher bio-oil and lower residue yield [17]. Zheng et al. [26] and Alper et al. [27] conducted catalytic pyrolysis and HTL studies on pine sawdust (Pt-Ni/γ-Al2O3) and spruce (KF/Al2O3), respectively, and found that polymetallic catalysis could further improve biomass degradation. Compared with Fe-Co/Al2O3-catalyzed poplar HTL, this study significantly improved the poplar liquefaction rate and promoted the bio-oil yield. Iron (Fe) and its oxides increased the LO yield by inhibiting the condensation between products and accelerating the retro-aldol condensation of sugars in the lignocellulose HTL process [28]. Considering the differences in the effects of Fe and Co on poplar components, catalysts with different Fe and Co content showed different effects on the HTL of poplar. The best catalytic effect was observed with 60Fe-40Co/Al2O3 as the catalyst.




3.3.3. Effect of Residence Time


As the raw material, the effect of different times (10 min, 30 min and 60 min) on the liquefaction yield of poplar was investigated at 260 °C. As shown in Figure 5b,d,e, the yields of LO and HO showed a trend of first increasing and then decreasing with increasing liquefaction time. All the residues showed trends of continuous decrease. Among them, when the residence time was increased from 10 min to 30 min, the maximum LO yield from HTL with 80Fe-20Co/Al2O3 as catalyst increased to 7.72%. The HO yields of 60Fe-40Co/Al2O3 and 100Co/Al2O3 had the highest and lowest increase ranges, which were 14.40% and 8.47%, respectively. When the residence time increased from 30 min to 60 min, the maximum and minimum LO yield decreases were achieved at 100Fe/Al2O3 and blank, which were 7.70% and 0.82%, respectively. The resulting analysis shows that as the residence time continues to increase, more LO is converted to gaseous small molecules and HO. It has been found that a certain amount of Fe promotes full degradation of more lignocellulose components as the reaction time increases [5]. Therefore, as the reaction time increases, the Fe-supported catalyst plays a major role and the yield of solids formed is relatively lower, which may promote to convert more oil to gaseous substances.





3.4. Bio-Oil Analysis


3.4.1. GC-MS Analysis and Mechanism of Catalytic Liquefaction


GC-MS analysis of LO and HO components not only helps improve understanding of the transformation of the poplar liquefaction process but also effectively evaluates the comprehensive application of bio-oil components. According to the different functional groups, the compounds detected by GC-MS can be divided into phenols, oxygen-containing compounds, nitrogen-containing compounds, carboxylic acids, alcohols, ketones, and hydrocarbons. Among them, compounds with a relative peak area of less than 0.5% were classified as other groups. The main components of the bio-oil (relative total peak area greater than 0.5%) obtained under different catalytic conditions at 260 °C and 30 min are shown in Figure 6. Among them, the main components and contents under 60Fe-40Co/Al2O3 are summarized in Table S1. As shown in Figure 6a,b, compared with the blank group, the addition of Fex-Co(1-x)/Al2O3 can significantly increase the acids (mainly lactic acid), alcohols, and ketones in the LO. The maximum substance content obtained under the corresponding catalytic conditions was 29.62% acids (40Fe), 13.91% alcohols (100Co), and 23.28% ketones (60Fe). The minimum content of nitrogen-containing compounds was 0.63% (40Fe). For HO components, Fex-Co(1-x)/Al2O3 catalysis can significantly increase the content of phenols, alcohols, ketones, and hydrocarbons. The content of phenolic compounds first increases and then decreases with the decrease in Fe content in the catalyst: the maximum content is 49.96% (60% Fe); the content of nitrogen compounds is lower than the blank sample, and the minimum content is 0% (40% Fe); the minimum hydrocarbon content is 3.25% (blank sample). Compared with Fe-Co/SiO2 to upgrade bio-oil, Fe-Co/Al2O3-catalyzed poplar HTL prepares bio-oil with higher selectivity to phenolic products [29]. The in situ hydrogen derived from iron and cobalt promotes the hydrodeoxygenation reaction; the optimal catalytic hydrogenation conditions can be achieved through the increase in hydrocarbons or the decrease in oxygenated compounds. Among them, oxygen-containing compounds, alcohols, ketones, and carboxylic acids in bio-oil are mainly derived from the hydrolysis and dehydration of cellulose and hemicellulose [30]. The metal Fe can promote the in situ hydrogen production of ethanol and water, speeding up the hydrogenation and dehydrogenation of oxygenated compounds [31]. At the same time, Fe and Co can also produce hydrogen in an acidic environment, and too much hydrogen can promote the reduction of Fe2+/3+ and Co2+/3+. Previous studies have shown that phenolic compounds are derived from the degradation of lignin components, and special catalysts can effectively increase the yield of phenolic compounds and the corresponding product selectivity [32,33].



The possible reaction pathways of poplar in Fex-Co(1-x)/Al2O3-catalyzed liquefaction and the changes in bio-oil monomer content are shown in Figure 7 and Figure 8 and Table S2. Figure 7a shows the catalytic conversion pathway of the main components of poplar [34]. Compared with the blank sample, the catalysis significantly promoted the conversion of hemicellulose to lactic acid in LO. As shown in Figure 7b, the metal Fe and Co promote ring-opening hydrogenation, and the increase in lactic acid content effectively indicates that it inhibits its further degradation into small molecular products [35]. The in-situ hydrogen produced by Fe and Co in ethanol/aqueous solution promotes the deoxygenation of 2-keto-1,2-propanediol to 2-propanol. When Co is present in the catalyst, in-situ hydrogen may selectively substitute the aromatic ring of lignin cracking to obtain 2-Cyclohexen-1-one, 4-(1-methylethyl)-(10%Co catalyzed the highest yield of 2.21%). It also promotes the production of 2-methoxy-4-(2-propenyl)-Phenol, acetate and acetic acid, and butyl ester, indicating that Co has a certain inhibitory effect on the conversion of light components or gaseous substances, and it is more inclined to recombine to esters. The data also elucidates that the metal Co is beneficial to the production of phenol in HO and the highest yield is 19.20% under 100% Co catalysis. After Fex-Co(1-x)/Al2O3 catalysts, the decrease in 4-hydroxy-3,5-dimethoxy-Benzaldehyde in HO again reflects the reduction in in situ hydrogen or catalytic selective degradation. Catalysis reduced the furfural yield from 8.63% to 0%. As shown in Figure 8a, it may be Fex-Co(1-x)/Al2O3 that allows more furfural to ring-opening and dehydration to convert to levulinic acid, lactic acid, and acetic acid or hydrodeoxygenate to 3-Pentanol and 2-Cyclopenten-1-one, and other products. The in situ hydrogen produced by Fe-Co/Al2O3-catalyzed poplar HTL promotes further reaction of oil products, resulting in the selection of Phenol, 4-ethyl-2-methoxy- and Phenol, 2-methoxy-4-(2-propenyl)-, acetate sexual transformation; a reasonable transformation path is given in Figure 8b.



More prominently, Fex-Co(1-x)/Al2O3 catalysis greatly reduces the N-atom heterocyclic ring in bio-oil, achieving the lowest yield under 60% Co catalysis. The in situ hydrogen formed by the metals Fe and Co in the ethanol–water system helps to improve the denitrification effect [14]. High-efficiency catalysis to obtain high-yield bio-oil also has a certain dilution effect on the N content [36]. The acquisition of low-nitrogen bio-oil provides a favorable reference for the subsequent development and utilization of bio-oil.




3.4.2. HHV and Energy Recovery


Table 2 summarizes the HHV of bio-oil under different HTL-catalytic conditions. When the liquefaction temperature improved from 220 °C to 300 °C, the HHV of LO under each catalytic condition increased first and then decreased, and the HHV of HO continued to increase. Among them, at 260 °C, the LO obtained from blank and 60Fe-40Co/Al2O3-catalyzed HTL had the maximum HHV and energy recovery rate, which were 18.21 MJ/Kg (ERRLO = 23.45%) and 16.03 MJ/Kg (ERRLO = 41.95%), respectively. For HO, both had the maximum HHV and energy recovery ratio at 300 °C, which were 24.81 MJ/Kg (ERRHO = 36.07%) and 27.87 MJ/Kg (ERRHO = 51.64%), respectively. Increasing the temperature during the liquefaction reaction can promote the enrichment and dehydration of lignin-derived aromatics [37]. The oil-composition analysis results also showed that in-situ hydrogen aggravated the hydrodeoxygenation efficiency of the components, resulting in higher HHV for HO at the higher temperature. At 260 °C, as the reaction time increased, the HHV of LO obtained from poplar catalyzed by 60Fe-40Co/Al2O3 decreased, which might be related to the increase in catalysis time and the decrease in catalytic activity. The HHV of HO obtained continued to increase; the results were consistent with the previous study by Malins et al. [38].



In addition, the calorific value analysis of the bio-oil obtained by catalysis with different Fe and Co content was carried out. Due to the high yield of LO and HO under the catalysis of 60Fe-40Co/Al2O3, the maximum total energy-recovery ratio was 93.52%. Compared with the results of 79.5% (Fe catalyzed), 55.4% (HZSM-5) and 54.9% (Ru/C) reported in other studies [19], it was much higher in the present study.




3.4.3. FT-IR Analysis


FT-IR was used to analyze functional groups in bio-oil. The results are shown in Figure 9 and Table S3. The spectra of The LO and HO obtained under different conditions showed a similar trend, indicating the consistency of all bio-oil components. Due to the different liquefaction degrees under different catalysts, the peak intensity was different. Alcohols, carboxylic acids, and phenols were attributed to O-H absorption peaks at wavenumbers 3700–3150 cm−1. In particular, the N-H vibration of N-heterocyclic compounds also appears here. It could also be seen that there were esters, ketones, aldehydes, -CH2 and -CH3 compounds, fats, and aromatic compounds in bio-oil. Among them, the C=C skeleton vibrations of aromatic compounds at 1680–1480 cm−1 were all manifested. Both the LO and HO had strong absorption peaks. For the LO, the blank condition showed a lower absorption peak at 1375–1150 cm−1, reflecting the significant increase in carboxylic acid compounds in the oil after catalysis. It is worth noting that the absorption intensity of HO at each absorption peak after catalysis was higher than that of the blank sample.




3.4.4. TGA Analysis


The boiling-point distribution of typical bio-oil under different catalysis was obtained by TGA analysis. The results are summarized in Table 3 and Figure S3; it has been confirmed that approximately 60% of bio-oil is lost during pyrolysis at 800 °C, with another 20% of bio-oil volatilized at 300 °C, indicating that only part of bio-oil is identified by GC-MS [28,39]. According to the boiling points of different components in bio-oil, it can be classified into different application types [28]. It was found that the addition of catalyst promoted the loss of bio-oil before 800 °C. For LO, with the increase in Co content, the mass loss of bio-oil shows an upward trend before 800 °C. For HO, the most volatilized products were obtained from HTL with 40Fe-60Co/Al2O3 as the catalyst. the maximum volatilized products were found at 200–300 °C (mainly acid and ketone weight loss) and 300–400 °C (mainly phenolic weight loss) for LO and HO, respectively, which indicates that LO is mainly composed of low-boiling small molecular compounds. This was consistent with the GC-MS results. It reflects that LO is more inclined to be used in jet fuel or diesel, while HO is more conducive to the conversion to marine fuel or lubricating oil. This provides a beneficial reference for the refining and separation of bio-oil (LO/HO) from fuels or chemicals [40].





3.5. Catalyst Reusability


The cyclic test of the catalyst is very necessary for its application in the catalytic liquefaction of poplar. As a result, we regenerated three types of waste catalysts: 100Fe/Al2O3, 60Fe-40Co/Al2O3, and 100Co/Al2O3, and catalyzed HTL four times each. The results, shown in Figure 10, are that the catalytic effect of each catalyst continued to deteriorate over the course of four catalytic cycles. In comparison to 60Fe-40Co/Al2O3 catalysis, 100Fe/Al2O3 and 100Co/Al2O3 both went through four cycles to achieve the greatest relative reduction in total bio-oil, which was 21.89% and 21.88%, respectively. At the same time, 60Fe-40Co/Al2O3 maintained a high conversion rate of 91.45% after four cycles. By comparison, it was discovered that the catalytic activity of 100Fe/Al2O3 and 100Co/Al2O3 decreased sharply, fully reflecting the synergistic effect of bimetal, and can effectively inhibit the leaching of active catalyst components and reduce carbon deposition.





4. Conclusions


In this work, the aim was to explore the hydrothermal liquefaction of poplar under Fex-Co(1-x)/Al2O3 bimetal catalysis. The effects of different Fe and Co content, reaction temperature and residence time on the yields and composition of HO/LO, and the ER for the HTL process were investigated. The results showed that the maximum bio-oil yield and the highest ERR were 67.35% and 93.07% obtained with 60Fe-40Co/Al2O3 as the catalyst at 260 °C for 30 min. Compared with the blank sample, the bio-oil obtained from the bimetal catalysis yielded more phenols, lower oxygen compounds/nitrogen heterocyclic compounds, and promoted the formation of hydrocarbons. According to the proposed possible catalytic liquefaction pathways, Fex-Co(1-x)/Al2O3 catalysis promoted the production of phenolic compounds derived from lignin; compared with the blank, the increase in the content of small-molecule acids and ketones under catalytic conditions effectively reflected that the intermediates converted to gaseous molecules can be catalyzed and stay in the oil phase. Through the TGA analysis of bio-oil, it was confirmed that the Fe-Co/Al2O3 catalyst effectively promotes the conversion of low-boiling bio-oil, providing more possibilities for the efficient utilization of bio-oil. Under the catalysis of 60Fe-40Co/Al2O3, the high liquefaction rate of 91.45% is still maintained after four catalytic cycles, which highlights the synergistic stability of the Fe-Co bimetallic catalyst and inhibits coking. Via this study, the multifunctional bimetallic-catalyzed HTL on biomass was found to be a promising method in improving the bio-oil yield and quality.
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Figure 1. Schematic of autoclave setup used for HTL. 
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Figure 2. The XRD pattern of the (a) fresh catalyst and (b) used catalyst. 
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Figure 3. TEM image and particle distribution of reduced 100Fe/Al2O3 (a,d), 60Fe-40Co/Al2O3 (b,e) and 100Co/Al2O3 (c,f). 
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Figure 4. Effects of ethanol ratio on the liquefaction-product distribution and biomass conversion at different temperatures for 30 min (a–c) represent liquefaction conditions at 220 °C, 260 °C, and 300 °C, respectively). 
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Figure 5. HTL-product distribution under different conditions. (a–c) are 220 °C, 260 °C, and 300 °C, respectively, for 30 min; (d,e) are 10 min and 60 min, respectively, and both are 260 °C. (1, 2, 3, 4, 5, 6, 7 represent blank, 100Fe/Al2O3, 80Fe-20Co/Al2O3, 60Fe-40Co/Al2O3, 40Fe-60Co/Al2O3, 20Fe-80Co/Al2O3 and 100Co/Al2O3 catalytic conditions, respectively.). 
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Figure 6. The main compound-content distribution of bio-oil under different catalytic conditions (260 °C, 30 min). (a): LO, (b): HO. 
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Figure 7. Reasonable reaction pathways in catalytic hydrothermal liquefaction of poplar. (a), catalytic degradation pathway of poplar components; (b), the main formation pathway of lactic acid. 
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Figure 8. Reasonable reaction pathways in catalytic hydrothermal liquefaction of poplar. (a), furfural catalytic degradation (ring-opening, dehydration); (b), Phenol, 4-ethyl-2-methoxy- and Phenol, 2-methoxy-4-(2-propenyl)- selective transformation under in situ hydrogen. 
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Figure 9. FT-IR spectrum of bio-oil obtained with/without catalyst. ((a), LO; (b), HO.). 
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Figure 10. Effect of catalytic cycle on product yield distributions (a–c) are 100Fe/Al2O3, 60Fe-40Co/Al2O3, and 100Co/Al2O3, respectively. 
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Table 1. Textural properties of catalysts with different Fe and Co content.
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	Catalyst
	S-Micro

(m2/g)
	Pore Volume (cm3/g)
	V-Micro

(cm3/g)
	Pore Size (nm)





	100Fe/Al2O3
	59
	0.21
	0.03
	17.2



	80Fe-20Co/Al2O3
	76
	0.30
	0.04
	15.3



	60Fe-40Co/Al2O3
	85
	0.30
	0.05
	14.7



	40Fe-60Co/Al2O3
	118
	0.40
	0.06
	12.4



	20Fe-80Co/Al2O3
	123
	0.44
	0.06
	11.6



	100Co/Al2O3
	99
	0.31
	0.05
	13.8
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Table 2. Bio-oil calorific value and energy recovery under different catalytic conditions.
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T/°C

	
Time/min

	
Catalyst

	
HHVLO (MJ/Kg)

	
ERRLO (%)

	
HHVHO (MJ/Kg)

	
ERRHO (%)

	
ERRTotal bio-oil (%)






	
220

	
30

	
/

	
16.59

	
15.90

	
22.92

	
8.35

	
24.25




	
60Fe-40Co/Al2O3

	
15.47

	
21.78

	
25.64

	
18.30

	
40.08




	
260

	
10

	
/

	
17.33

	
19.04

	
25.21

	
10.62

	
29.66




	
60Fe-40Co/Al2O3

	
16.77

	
38.88

	
27.79

	
24.78

	
63.66




	
30

	
/

	
18.21

	
23.45

	
23.15

	
27.66

	
51.11




	
100Fe/Al2O3

	
17.19

	
33.13

	
28.71

	
40.01

	
73.14




	
80Fe-20Co/Al2O3

	
16.52

	
39.35

	
27.96

	
39.21

	
78.56




	
60Fe-40Co/Al2O3

	
16.03

	
41.95

	
27.37

	
51.57

	
93.52




	
40Fe-60Co/Al2O3

	
15.83

	
38.41

	
27.12

	
41.88

	
80.29




	
20Fe-80Co/Al2O3

	
14.87

	
34.67

	
26.97

	
36.74

	
71.41




	
100Co/Al2O3

	
14.79

	
31.00

	
26.38

	
32.40

	
63.40




	
60

	
/

	
17.02

	
20.98

	
24.37

	
30.06

	
51.04




	
60Fe-40Co/Al2O3

	
15.12

	
34.60

	
27.91

	
50.77

	
85.37




	
300

	
30

	
/

	
15.71

	
19.84

	
24.81

	
36.07

	
55.91




	
60Fe-40Co/Al2O3

	
14.85

	
26.79

	
27.87

	
51.64

	
78.23
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Table 3. Boiling-point distribution of bio-oil products obtained with/without catalysts (260 °C, 30 min).
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Sample

	
Distillate Range (°C)

	
Weight Loss Rate (%)




	
Blank

	
100Fe/Al2O3

	
80Fe-20Co/Al2O3

	
60Fe-40Co/Al2O3

	
40Fe-60Co/Al2O3

	
20Fe-80Co/Al2O3

	
100Co/Al2O3






	
LO

	
25–110

	
0.87

	
2.23

	
1.63

	
1.31

	
1.26

	
2.93

	
4.58




	
110–200

	
10.75

	
14.62

	
8.59

	
9.42

	
7.97

	
17.02

	
21.21




	
200–300

	
31.42

	
28.18

	
28.81

	
34.71

	
29.08

	
28.36

	
24.13




	
300–400

	
10.64

	
12.9

	
13.36

	
12.46

	
15.24

	
14.96

	
14.17




	
400–550

	
8.02

	
7.81

	
6.92

	
7.35

	
9.52

	
7.89

	
7.30




	
550–700

	
3.63

	
1.49

	
5.69

	
3.21

	
3.70

	
2.91

	
2.91




	
700–800

	
3.42

	
1.64

	
2.45

	
2.70

	
1.30

	
1.54

	
1.39




	
>800

	
31.25

	
31.13

	
32.55

	
29.06

	
31.93

	
24.39

	
24.31




	
HO

	
25–110

	
4.01

	
1.44

	
4.53

	
1.81

	
1.73

	
2.33

	
6.44




	
110–200

	
7.18

	
6.79

	
8.97

	
8.96

	
7.92

	
3.80

	
8.11




	
200–300

	
11.87

	
12.10

	
13.47

	
13.70

	
14.10

	
14.70

	
14.56




	
300–400

	
29.42

	
32.76

	
31.39

	
33.51

	
36.98

	
37.71

	
27.86




	
400–550

	
10.93

	
14.13

	
10.6

	
13.85

	
15.31

	
16.44

	
8.61




	
550–700

	
2.48

	
2.87

	
2.56

	
3.28

	
2.95

	
3.16

	
2.46




	
700–800

	
1.03

	
1.01

	
1.15

	
1.26

	
1.02

	
1.12

	
1.04




	
>800

	
33.08

	
28.91

	
27.33

	
23.63

	
19.99

	
20.74

	
30.82
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