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Abstract

:

Biomass gasification technology is a clean and renewable energy utilization approach. Understanding the evolution of gasification product properties is crucial to achieving carbon neutrality goals. A fixed-bed reactor is employed for the biomass gasification with CO2 in this study. Various methodologies have been conducted to characterize the syngas, tar, and biochar produced from the electric gasification (EG) and microwave gasification (MG) of oak and corn stalk samples at different temperatures. When gasifying the same biomass at the same temperature, the syngas yield of MG is generally 3–7% higher than that of EG, and the difference increases with decreasing temperature. The biochar yield of MG is 3–6% higher than that of EG. EG produces more tar at 600–800 °C. The yield of syngas increases as the gasification temperature rises from 600 to 1000 °C, but that of tar and biochar falls. The syngas mainly comprises H2, CH4, CO, and CO2. MG produces 8–15% higher CO content and 2.5–3.5% higher H2 content than EG. This is due to different heating mechanisms. The net calorific value of syngas increases with temperature, reaching a maximum of 11.61 MJ m−3 at 1000 °C for syngas from corn stalk MG. When the temperature rises from 600 to 1000 °C, more primary tars are converted into polycyclic aromatic hydrocarbons (PAHs). At 900 °C, corn stalk biochar from MG has a maximum specific total pore volume (0.62 cm3 g−1), surface area (525.87 m2 g−1), and average pore diameter (4.18 nm). The intensities of the characteristic peaks of biochar functional groups decrease gradually. The heating method has little effect on the types of functional groups.
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1. Introduction


Energy shortage and air pollution are two severe problems worldwide in recent years. Non-renewable energy resources and fossil-based fuels currently fulfill over 80% of the energy demand [1]. The overconsumption of fossil fuels is accompanied by a great degree of CO2 emission. Much evidence demonstrated that CO2 emission contributes to the greenhouse effect, which could be one of the reasons for global climate change.



Compared with conventional fossil fuels, the renewable energy resources could provide sustainable energy in the future due to their extensive reserves, low emissions, and renewability [1,2,3]. Biomass is a carbon-neutral energy source [4]. Biomass resources are abundant and have been extensively studied to offer sustainable and environmentally friendly energy and fuels for future applications [5,6,7]. Employing different heating methods and catalysts during the biomass gasification could effectively increase the syngas yield and reduce the generation of harmful tars. Microwave heating could improve the syngas yield, reduce the hazardous product formation, and minimize the emission pollutants [8,9,10,11]. Additionally, microwave gasification produces biochar with a richer microporous structure, which could be employed for atmospheric carbon capture, storage, and climate change mitigation [12]. Physical, biochemical, and thermochemical conversions comprise most biomass conversions and utilization techniques [13]. Biomass thermochemical conversion technology is extensively employed. This technology has emerged as a prominent area of focus in biomass energy research [14]. The predominant thermochemical conversion methodologies commonly employed for biomass are combustion, pyrolysis, and gasification [15,16]. Biomass gasification technology is widely regarded as a highly promising approach due to its versatility in accommodating diverse biomass feedstocks, as well as its superior efficiency and reduced environmental impact [14,17]. Gasification is the process of converting hydrocarbons in biomass into high-grade syngas using gasification agents such as air, oxygen, and carbon dioxide. Biomass gasification with CO2 has the advantage of reducing the atmospheric CO2 emissions and converting CO2 in the environment into CO. CO2 gasification technology is important for the waste gasification and converting low-quality fuels into high-quality syngas.



Biomass gasification with CO2 consists of four stages, including drying, pyrolysis, oxidation, and reduction. At 105–300 °C, the water (extrinsic and intrinsic) in the biomass gradually releases out, yielding the dry material and water vapor. When the gasification temperature reaches 300 °C, the volatile matter in the biomass begins to release. At 400 °C, the biomass releases about 70% of the volatile matter. During the pyrolysis stage, the products are CO2, CH4, H2, CO, tar, a few hydrocarbons, and semi-coke. The temperature range of pyrolysis is about 300 to 600 °C.


  Gasification : Biomass →  H 2  + C  O 2  + T a r +  C n   H m  + C h a r       Δ H > 0  



(1)







The products of the biomass pyrolysis stage occur with the agent to produce H2O, CO2, and CO. A large amount of heat is generated along with the oxidation reaction. The main reactions in the oxidation stage are as follows:


  Complete   combustion :   C +  O 2  → C  O 2        Δ H = − 394   kJ    mol  − 1     



(2)









   Partial   combustion :   C +  1 2   O 2  → C O       Δ H = − 111   kJ    mol  − 1      



(3)









   CO   oxidation :   CO +  1 2   O 2  → C  O 2        Δ H = − 283   kJ    mol  − 1      



(4)









    H 2    oxidation :    H 2  +  1 2   O 2  →  H 2  O       Δ H = − 242   kJ    mol  − 1      



(5)







At 700–900 °C, the oxidized products of the previous stage continue to undergo a reduction, producing small molecules of combustible gases such as CH4, H2, and CO, which is a heat-absorbing reaction.


  Boudouard :   C + C  O 2  → 2 C O       Δ H = + 172   kJ    mol  − 1     



(6)









   Water - gas :   C +  H 2  O → C  O 2  + 2  H 2        Δ H = + 131.5   kJ    mol  − 1      



(7)









   Water - gas   shift :   CO +  H 2  O → C  O 2  +  H 2        Δ H = − 41.2   kJ    mol  − 1      



(8)









   Methanation :   C + 2  H 2  → C  H 4        Δ H = − 75   kJ    mol  − 1      



(9)









   Methane   Reforming :     CH  4  + C  O 2  → 2 C O + 2  H 2        Δ H = + 247   kJ    mol  − 1      



(10)







The oxidation and reduction phases are both referred to as biomass gasification. The liquid-phase tar generated from the biomass gasification also undergoes further reforming and cracking to produce some small molecule components. In addition, CO2 could react with the tar produced, as shown in Equation (11), promoting its cracking to yield H2 and CO. Moreover, the tar can be directly cracked to release H2, as shown in (12).


  Dry   reforming :    C n   H m  ( t a r ) + n C  O 2  → 2 n C O + ( 0.5 m )  H 2        Δ H > 0   



(11)









   Cracking :    C n   H m  ( t a r ) → n C + ( 0.5 m )  H 2        Δ H > 0    



(12)







Syngas could replace some fossil fuels for power and heat generation. However, char and undesired tar are produced along with the syngas. Tar is a fluid combination of dense and viscous heavy aromatics. Tar could lead to a reduction in the calorific value of the syngas, slagging and corrosion of the heating surfaces, and catalyst deactivation [18,19,20,21,22,23,24]. In addition, numerous studies have provided evidence regarding the capacity of biochar to sequester carbon, soil fertility enhancement and stabilization, and wastewater and gas adsorption [25,26,27,28,29].



The properties of the products obtained via different heating methods vary considerably. Electric and microwave heating have been studied [30,31,32]. In contrast to electric heating methods, which rely on the conduction of heat from the surface to the core of a material through the temperature gradients, microwave heating operates by converting electromagnetic energy directly into heat at the molecular level [33]. The utilization of microwave heating demonstrates a rapid heating rate and the advantages of volumetric and uniform heat distribution. Many studies have reported that secondary cracking reactions are promoted in microwave pyrolysis [34,35]. More syngas and less tar are produced for microwave gasification than other conventional gasification under the comparable conditions [34,36,37,38]. Syngas from gasification could be applied in heat and power production and as feedstock for the synthesis of fuels. Tar could be highly toxic to the atmosphere and the environment. These characteristics contribute to reducing potentially harmful product formation and mitigating emission pollutants, thereby establishing the technique as environmentally sustainable [8,9,10,11]. Some researchers have already conducted gasification experiments using electric heating methods on biomass in fixed-bed systems [39,40,41]. Furthermore, many articles have been published regarding microwave pyrolysis on biomass, focusing on analyzing syngas and biochar properties [11,42,43,44,45,46,47,48]. There have been notable advancements in the utilization of microwave heating compared to conventional heating methods, and significant strides have been made in the field of biomass pyrolysis. There remains a lack of research about the application of microwave technology in biomass gasification. In previous studies on the MG of biomass, the components of syngas and tar were mostly characterized, but few articles were reported about the properties of biochar. Less work compares EG and MG at the same time. In this study, syngas, tar, and biochar properties are characterized in detail through the experimental study of two different biomass samples under EG and MG. Compared with EG, MG has obvious advantages in producing syngas and microporous biochar. This study provides effective data support for the practical application of biomass gasification.



In this study, electric and microwave heating gasification experiments with CO2 are conducted on corn stalk and oak in a fixed-bed reactor. Gasification of biomass with CO2 can effectively reduce the emission of CO2. The effects of the gasification method and temperature on the properties of three-phase products are investigated. Gas chromatography (GC) is employed to detect the components and calorific value of the syngas. Gas chromatography–mass spectrometry (GC-MS) is employed to characterize the components of the tar. Fourier transform infrared spectrometer (FTIR) and X-ray photoelectron spectroscopy (XPS) are applied to study the evolution of the functional groups and the content of the elements on the surface of the biochar, respectively. The analysis of the surface morphology and pore structure of the biochar is conducted via Scanning Electron Microscopy coupled with Energy Dispersive Spectrometer (SEM-EDS) and a specific surface area analyzer based on the BET method. The results indicate that the microwave gasification could produce more syngas to compensate for the energy shortages. The biochar obtained from the microwave gasification is an attractive absorbent for CO2 capture due to its microporous nature.




2. Experimental Section


2.1. Raw Material


The biomass samples employed in this study are corn stalk (herbaceous biomass from the rural areas of Xi’an, Shaanxi Province, China) and white oak (woody biomass from Europe). The biomass is crushed into powder using a crusher and sieved to 100–250 μm. The proximate and ultimate analyses of the biomass are listed in Table 1. The ash content of oak (32.65%) is much higher than that of corn stalk (8.80%). The fixed carbon content of corn stalk (17.49%) is relatively lower. The contents of volatile matter in oak and corn stalk are both higher than 50%. The carbon content of corn stalk (40.34%) is higher. The ash compositions are listed in Table 2. Corn stalk and oak mainly comprise cellulose, hemicellulose, and lignin. Cellulose is a linear polymer of cellulose diose monomer, and the monomer is composed of two β-glucopyranose units. In contrast, the precursors of lignin are three hydroxycinnamyl alcohols, which consist of benzene rings [49]. Table 3 shows the chemical content of biomass samples.




2.2. Experimental System and Procedure


The gasification experiment for biomass is conducted in a fixed-bed reactor. Figure 1 shows a schematic diagram of the experimental system, which consists of four parts, including agent supply, biomass gasification, tar separation, and gas collection. CO2 is supplied to the gasification system at a flow rate of 250 mL min−1 through a pressure-reducing valve from a gas cylinder. The gasification system consists of the EG system and the MG system. The main part of the EG system is the electrically heated tube furnace (SZGL-1200, Jvjing, Shanghai, China). It consists of a quartz tube reactor with an inner diameter of 50 mm, a thermocouple, and a quartz hanging basket. The length of the heating part is 410 mm, and 1200 °C is the maximum heating temperature. The microwave heating gasification system mainly comprises a microwave gasification stove (CY-PY1100C-S, Changyi, Hunan, China). Inside is a quartz furnace tube with a length of 750 mm and a wall thickness of 3 mm. The length of the microwave heating section is 150 mm. The gas collection system consists of gas-washing bottles and a gas collection bag. The gaseous products are removed from the reactor via gas flow. The condensable constituents are initially rapidly cooled and isolated within a cold-water bath, subsequently absorbed using gas-washing bottles containing chromatographically pure isopropanol and desiccated silicone. Before the experiment, the valve of the CO2 cylinder is opened after checking the gas tightness of the device, and CO2 of 150 mL min−1 goes through the quartz tube for 30 min to remove air from tube. The gasification temperature is set to a predetermined temperature (600–1000 °C) on the temperature controller of the electric heating furnace or microwave heating furnace. When the predetermined temperature is reached, the CO2 valve is opened with 250 mL min−1. The gasification experiments are performed for 25 min. After the quartz tube is cooled to room temperature, the biochar samples are removed and weighed. An analytically pure ethanol solution is chosen to dilute the concentrated tar samples at a volume ratio of 1:100 to obtain the test samples. Anhydrous sodium sulfate is applied to remove any water that may be present in the tar sample. After standing, the concentrate is further concentrated through rotary evaporation and filtered. A 45 µm organic needle filter (with a disposable syringe) is employed to prevent contamination of the column by impurities. Then, the solution to be measured is filled into a 1.5 mL injection bottle and sent to the gas chromatography–mass spectrometry (GC-MS) instrument for the detection and analysis of the test results. The water bath is heated to about 95 °C in the rotary evaporator. The isopropanol is evaporated by the heat and condensed by the cold to achieve separation from the tar. The weight method determines the mass of liquid products collected in the gas-washing bottles. At the same time, the gas component analysis is applied to obtain the mass of the main gas products. The gasification process is carried out at temperatures ranging from 600 to 1000 °C and lasts 25 min. All the gasification experiments are repeated in triplicate to ascertain repeatability.




2.3. Products Analysis


GC (2014, Shimazu Corporation, Kyoto, Japan) and GC-MS (Trace ISQ, Thermo Fisher, Waltham, MA, USA) are employed to analyze the gaseous and liquid products derived from the biomass gasification. The temperature of the inlet is 260 °C. The initial temperature of the furnace is 50 °C, and the furnace is kept on for 5 min, then increased to 300 °C at a rate of 5 °C min−1, and kept on for 10 min. The shunt ratio is 9:1. The carrier gas is helium at a carrier gas rate of 1.0 mL min−1. The surface morphology and pore structure of biochar samples are examined via SEM-EDS (SU3500, Hitachi, Kyoto, Japan). XPS (Thermo Fisher ESCALAB Xi+, Waltham, MA, USA) and FTIR (Nicolet 6700, Thermo Fisher, Waltham, MA, USA) are employed to detect the surface groups, elemental composition, and surface functional groups of biomass samples. The instrument scans waves of 400–4000 cm−1 with a resolution of 4 cm−1 and a scan count of 32. Additionally, a specific surface area analyzer (V-Sorb2800P, Guoyi, Beijing, China) applies the BET technique to examine the specific surface area, pore volume, and average pore diameter of biochar samples. N2 adsorption at a temperature of 77 K is employed in the study.





3. Results and Discussion


3.1. Analysis of Gasification Product Components


Figure 2 illustrates the effects of gasification temperatures and two heating methods on the mass yields of syngas, tar, and biochar derived from oak and corn stalk gasification. As the gasification temperature increases from 600 to 1000 °C, the syngas yield increases while the tar and biochar yields decrease. The increase in the gasification temperature enhances the pyrolysis and oxidation reactions during the process. This leads to higher consumption of solid raw materials converted into volatile gases. Furthermore, higher temperatures promote the processes of tar cracking and reforming.



Figure 2 shows that MG produces less biochar at the same temperature as EG, but it is more efficient in producing syngas. Some studies have obtained similar results [34,36,37,38]. Since the biochar could absorb the microwave energy, which would cause a higher temperature of biochar, promoting the MG process. The self-gasification reaction between biochar and CO2 during MG could decrease the biochar yield. Additionally, microwave heating is more efficient and uniform [27,40]. The occurrence of hot spots (sparks) enhance the production of gas-phase products [51]. EG generates higher tar yields than MG at lower temperatures, while MG becomes more favorable for tar production at higher temperatures. MG is influenced by the dielectric properties of the material being heated. Biomass samples could generate gaseous tar during MG, which subsequently undergoes volatilization from the biomass. This volatilization creates a temperature gradient between the material surface and the heating zone. Consequently, a greater amount of tar condenses within the quartz tube compared to electric heating methods.




3.2. Analysis of Gaseous Products


The distribution of syngas content is depicted in Figure 3 and Figure 4. The syngas mainly comprises H2, CO, CH4, and CO2. With the increase in gasification temperature, the CO and H2 concentrations increase gradually, while the CH4 and CO2 concentrations decrease. The percentages of CO and H2 increase from 17.2% and 7.9% to 48.7% and 16.9%, respectively. Conversely, the percentages of CO2 and CH4 decrease from 55.55% and 15.37% to 28.6% and 5.8% (Figure 3b). The Boudouard reaction (6) is limited when the gasification temperature is low. CO2 dominates syngas. The higher temperature will facilitate this reaction, increasing the content of CO. Additionally, a higher temperature promotes the expansion of the pore structure of biochar, increasing CO2 reactivity with char and promoting CO production. The methane reforming reaction (10) decreases the CH4 concentration and increases the H2 concentration. In addition, CO2 could react with the tar produced, as shown in Equation (11), promoting its cracking to yield H2 and CO. Moreover, the tar can be directly fractured to release H2, as shown in (12).



Figure 4a shows the syngas components from corn stalk MG. As the gasification temperature increases from 600 to 1000 °C, the volume fraction of CO increases from 27.3% to 61.8%, while that of CO2 decreases from 47.8% to 21.9%. The syngas content of EG is shown in Figure 4b. The volume fraction of CO increases from 27.9% to 50.8%, while the volume fraction of CO2 decreases from 55.1% to 23.3%. MG produces more CO than EG at the same temperature. Char particles can absorb the microwave energy, resulting in a higher temperature than the surroundings during MG [36]. Under the same heating conditions and temperature, the gaseous products of corn stalk gasification contain less CO2 than those of oak gasification. Oak is a hardwood, and the specific surface area and pore volume of oak char are lower than those of corn stalk char. The porous structure of the materials promotes the char self-gasification reaction.



The net calorific value of syngas is calculated from the relative content of syngas through Equation (5). As shown in Figure 5, the net calorific value of syngas increases with temperature. At 1000 °C, the highest net calorific values of syngas derived from oak gasification are 10.60 and 9.45 MJ m−3 (Figure 5a), while the highest net calorific values of syngas generated from corn stalk gasification are 11.61 and 10.06 MJ m−3 (Figure 5b). As the gasification temperature increases, the content of CO and H2 in the syngas components gradually increases. The net calorific value of syngas generated from MG is higher than that from EG at the same temperature.


   Q L  = 10.8 v (  H 2  ) + 12.64 v ( CO ) + 35.82 v (   CH  4  )  



(13)







Carbon conversion (ηc, %), which is defined as the percentage of carbon in biomass converted into carbon in the gaseous fuel, is employed to characterize biomass conversion in reaction activity under CO2 gasification. Where Gg is the volume of the produced gas (dry basis) per unit mass of biomass (standard condition), C% represents the mass fraction of carbon in the chemical composition of biomass, and CO, CO2, and CH4 are the molar fractions of the product gases. Ac denotes the atomic weight of carbon (12 g mol−1), and Vm represents the molar volume at standard conditions (22.4 L mol−1). Table 4 shows the carbon conversion from feedstock.


   η c  =    G g  ( CO % +   CO  2  % +   CH  4  % )   C %   ×    A c     V m     



(14)








3.3. Analysis of Liquid-Phase Products


Common compounds of tar are further identified via GC-MS. Table 5 and Table 6 present the names and relative contents of partial tar components at various temperatures. Tables S1 and S2 in the Supplementary Materials present more detailed information on tar components. Tar primarily consists of benzene ring compounds, polycyclic aromatic hydrocarbons, and certain aliphatic hydrocarbons. As the gasification temperature increases, most of the primary tar undergoes conversion. Currently, PAHs are increasing while the concentration of tar, consisting of compounds with branched chains or heteroatoms, gradually declines due to ring condensation [52]. During biomass gasification, microwave influence on solid-phase reactions causes variations in tar composition and quantity at the same gasification temperature. These reactions include the decomposition of cellulose and lignin and the Boudouard reaction taking place on the biomass surface.



The tar obtained from biomass gasification has a complex composition, as shown via GC-MS analysis. Therefore, the compounds in the tar are classified into five groups, designated as Tx, based on the number of benzene rings in each compound. T1 to T3 represent tar fractions comprising one to three benzene rings. T4 indicates that the tar fraction consists of four or more benzene rings. The remaining products, including hydrocarbons and heterocyclic compounds (excluding benzene rings), are classified as T0.



As shown in Figure 6, the increasing gasification temperature gradually decreases the amount of T1 tar but has less impact on T2 tar. Furthermore, the contents of T3 and T4 tars are increasing significantly. Additionally, the concentration of T0 tar initially increases and then decreases. The T1 content of corn stalk MG decreases from 47.7% to 18.2% as the temperature increases from 600 to 1000 °C, representing a decrease of 29.5%. Additionally, the contents of T2, T3, and T4 increase from 15.6%, 1%, and 0.9% to 26.3%, 24.3%, and 21.5%, indicating an increase of 10.7%, 23.4%, and 20.6%. The T0 tar exhibits a decline in content, ranging from a peak of 40.7% at 700 °C to a nadir of 9.6% at 1000 °C (Figure 6a). The yield of T1 tar decreases from 38.2% to 17.3% when the temperature increases from 600 to 1000 °C. Additionally, the contents of T2, T3, and T4 increase from 16.2%, 0.8%, and 0.5% to 26.3%, 19.3%, and 18.2%, respectively. The content of T0 tar shows a similar pattern, with a peak of 47.5% at 700 °C (Figure 6b). It is worth noting that the increases observed in MG are higher than those in EG. This study shows that MG produces tars with more benzene rings than EG. The tar components derived from oak gasification are identical to those from the corn stalk and are unaffected by the heating methods. Alkali and alkaline earth metals (AAEMs), such as K, Na, Ca, and Mg, extensively occur in the biomass growth process and significantly affect the biomass gasification process. AAEMs could promote the secondary reaction of tar and affect the polycondensation conversion of tar. AAEMs improve the release of specific T1 compounds and enhance the content and species of T1 compounds in tar. AAEMs could also inhibit the release of T2–T4 compounds. According to Ren et al. [53], AAEMs promote the generation of fracture decomposition of long-chain alkanes during the gasification process.




3.4. Characterization of Biochar


3.4.1. SEM-EDS Analysis


Figure 7 and Figure 8 show the microstructures and morphologies of the biochar obtained via SEM. Figure 7a–c show the SEM images of oak chars derived from MG under different temperatures, which are 600, 800, and 1000 °C. The EDS analysis is shown in Table 7. The biochar exhibits a fibrous structure at 600 °C. The higher concentrations of C, O, Ca, and Mg elements suggest that calcium and magnesium carbonates are the primary compounds found in this area (Figure 7a). At 800 °C, the fibrous biochar disintegrates, creating a small amount of granular biochar. A decline in the concentration of element C is observed, while an increase occurs in the content of element Si (Figure 7b). This indicates that the biochar consists mainly of silicate with a small amount of carbonate. At 1000 °C, the fibrous nature of biochar disappears. Instead, a noticeable increase in the granular biochar structure is observed. With the increasing temperature during MG, the amount of carbon decreases from 31.67% to 3.42%, indicating a higher involvement of carbon in the gasification reaction. Figure 7d–f show the SEM images of oak chars derived from EG gasification. At 600 °C, the biochar shows the emergence of rod-shaped formations, but no discernible pores are present. At 800 °C, the biochar shows a lack of visible fibrous formations, but an increase in microscopic fibrous structures is observed, along with the emergence of distinct pore structures. At 1000 °C, the oak char shows a significant increase in pore quantity, resulting in a marked degradation of its fibrous structure. Under the same temperature, MG yields more small particles with an extensive pore structure. Therefore, it can be anticipated that the biochar from MG will have a more complex pore structure and a lower carbon content.



This study investigates the alterations in the microscopic morphology of corn stalk chars under various gasification temperatures and heating methods, employing identical assays. Figure 8a–c show the SEM images of corn stalk chars derived from MG under different temperatures, which are 600, 800, and 1000 °C. The EDS analysis is shown in Table 8. At 600 °C, corn stalk chars have larger particles and a more fibrous structure. At 800 °C, the char surface shows fewer large lumpy particles and tubular structures but an increase in microporous structures. The formation of micropores increases as the gasification temperature rises due to the Boudouard reactions. The pore structure of the corn stalk char decreases significantly at 1000 °C. This indicates that the char could melt and deform, while the pores would shrink and even close at a higher temperature. Figure 8d–f show the SEM images of corn stalk chars derived from EG. The corn stalk char retains its tube bundle shape at 600 °C. Microporous structures are more prevalent in biochar at 800 °C. The pore structure of biochar is significantly disrupted at 1000 °C.



At the same temperature, biochar obtained from MG has a higher concentration of mesopores and macropores, leading to a more diverse pore structure. As the temperature rises, the C element content decreases, while the Si element content experiences a constant increase. The content of the O element remains relatively stable. Biochar produced from MG has more pores due to the uniform release of the volatile matter across the whole particle [54]. CO2 has a bigger surface area in contact with the biochar. Consequently, more Boudouard reactions occur, leading to carbon consumption on the biochar surface. Therefore, the surface of EG char contains a higher carbon content than the surface of MG char.




3.4.2. BET Analysis


As the gasification temperature increases, the physical characteristics of the biochar surface undergo corresponding alterations. Table 9 displays the data for the specific surface area, pore volume, and average pore diameter of oak char and corn stalk char obtained from the two gasification methods. The specific surface area, pore volume, and average pore diameter of oak char exhibit initial growth followed by a decline during MG from 600 to 1000 °C. The highest specific surface area and total pore volume are both observed at 800 °C, with the values of 485.02 m2 g−1 and 0.48 cm3 g−1, respectively. The average pore diameter reaches its maximum at 900 °C, measuring 4.38 nm. Biomass primarily comprises lignin, cellulose, and hemicellulose [55]. Organic compounds with carboxyl, hydroxyl, and carbonyl groups could react with the gasification agent differently at high temperatures. Cellulose and hemicellulose have higher O/C ratios than lignin, so they are gasified faster than lignin, producing more CO and less H2 [56]. These reactions may involve the breaking of C=O bonds and C-H bonds and the release of water vapor. Thus, the char generates a portion of structurally undeveloped pores, changing the average pore size [55,57,58]. Additionally, during biomass gasification, the carbon on the outer and inner surfaces within the pores interacts with CO2, forming more pores. When the gasification temperature surpasses a specific limit, the pre-existing micropores break down, resulting in a substantial increase in the pore size or even the rupture of the pore wall. As a result, the number of micropores decreases while the number of mesopores and macropores increase. Hence, when the oak chars are heated above 800 °C, a decrease occurs in both specific surface area and pore volume, and an increase appears in pore diameter. The surface area and pore volume of char from oak EG follow a pattern of initial increase and subsequent decrease, with lower values than before. The highest specific surface area and total pore volume of the corn stalk char from MG are achieved at 800 °C, measuring 525.87 m2 g−1 and 0.62 cm3 g−1, respectively. The maximum average pore diameter of 4.18 nm is obtained at 900 °C. The highest specific surface area, total pore volume, and average pore diameter from corn stalk EG are achieved at 900 °C, measuring 502.52 m2 g−1, 0.51 cm3 g−1, and 3.53 cm3 g−1, respectively.



Microwave heating makes the internal temperature of biomass higher than the external one, which is more conducive to the formation of a rich microporous structure of biomass. Generally, the biochar from MG exhibits a greater specific surface area and total pore volume than biomass char derived from EG. The results obtained are consistent with the previous articles [59,60].




3.4.3. FTIR Analysis


The chemical functional groups of oak char are obtained via FTIR analysis, as shown in Figure 9. The oak char exhibits distinct peaks at various wavenumbers, indicating specific vibrational intervals. These include 2980–2800 cm−1, corresponding to the stretching vibrations of C-H bonds in functional groups such as -CH3 and -CH2-. Additionally, stretching vibrations of carbonyl groups are observed at 1750–1500 cm−1 [61]. The vibrational intervals of 1500–1200 cm−1 indicate the presence of C-O-C and C-H in-plane vibrations. Furthermore, the stretching vibrations of -OH groups are detected at 1200–1000 cm−1. Finally, the vibrations related to the bending of the C-H bonds out of the plane are detected within the range of 1000–650 cm−1. The FTIR curves of the same biomass are consistent across different heating methods, indicating that the heating methods do not impact the surface functional groups of biomass charcoal. As the gasification temperature increases, the strengths of the characteristic peaks of the functional groups on the surface of the two samples gradually diminish. This observation indicates that the high temperature led to the breakdown of functional groups on the surface of the biomass chars.



As shown in Figure 10, the characteristic peaks in corn stalks have distinct locations from those in oak char. Specifically, the absorption characteristic peaks are identified at 1600–1800 cm−1, corresponding to the C=C vibrational intervals of aromatic or thick aromatic rings. Also, 1200–1000 cm−1 peaks represent the telescopic vibrational intervals of -OH groups. Furthermore, two peaks are detected at 1000–450 cm−1, specifically at 797 and 469 cm−1, corresponding to the C-H vibrational intervals of different aliphatic groups in corn stalk char. The absorption peaks of each functional group of biomass char from MG exhibit a lower intensity than that from EG. The gap between the two heating methods gradually decreases as the temperature increases. The evidence suggests that MG is more beneficial than EG at lower temperatures.






4. Conclusions


In this study, a gasification experiment is conducted on corn stalks and oak in a fixed-bed system to characterize the gasification products of biomass. The effects of heating method and gasification temperature on the properties of the gasification products are mainly investigated. The main conclusions are as follows:



	
As the gasification temperature increases, the yield of biochar and tar decreases significantly, while the syngas yield experiences a substantial increase. MG produces more syngas and less biochar than EG. Compared to EG, MG of biomass is a better method to be applied to produce the combustible gases to replace the fossil fuels;



	
The syngas mainly comprises H2, CH4, CO, and CO2. When the gasification temperature increases from 600 to 1000 °C, the contents of CO and H2 increase, while the contents of CH4 and CO2 decrease. EG produces more CO and less CO2 at the same temperature as MG. Higher gasification temperatures facilitate an increase in the calorific value of the syngas. At 1000 °C, the highest net calorific values of syngas generated from corn stalk and oak MG are 11.61 and 10.60 MJ m−3;



	
The tar mainly comprises the benzene ring compounds, the polycyclic aromatic hydrocarbons, and certain aliphatic hydrocarbons. When the gasification temperature increases, more primary tars are converted into PAHs. The yield of T0 tar initially increases and then decreases, while T4 tar continuously increases. MG produces tars with more benzene rings than EG. Employing only CO2 as the gasification agent produces more tar in this study. For subsequent biomass gasification studies, a certain percentage of O2 could be added to the gasification agent to crack some tar;



	
MG produces biochar with a richer microporous structure than EG. The biochar from MG has a higher specific surface area, pore volume, and average pore diameter than EG. The specific surface area of biochar from corn stalk MG reaches a maximum value of 525.87 m2 g−1 at 900 °C. The intensity of the characteristic peaks of functional groups on the surface of biochar decreases with increasing gasification temperature. Biochar in a microporous structure obtained via EG would be a promising absorbent during industry.
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Nomenclature/Abbreviations








	Nomenclature
	



	    η c    
	carbon conversion/%



	    G g    
	volume of the produced gas per unit mass of biomass/L g−1



	    A c    
	atomic weight of carbon/g mol−1



	    V m    
	molar volume at standard conditions/L mol−1



	Abbreviations
	



	   EG   
	electric gasification



	   MG   
	microwave gasification



	   GC   
	gas chromatography



	   GCMS   
	gas chromatography–mass spectrometry



	   FTIR   
	Fourier transform infrared spectrometer



	   XPS   
	X-ray photoelectron spectroscopy



	   SEM   
	scanning electron microscopy



	   EDS   
	energy dispersive spectrometer



	   PAHs   
	polycyclic aromatic hydrocarbons



	   AAEMs   
	alkali and alkaline earth metals
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Figure 1. Schematic diagram of electric and microwave heating gasification system. 
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Figure 2. Yield of gasified products from oak (a) and corn stalk (b) via MG and EG. 
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Figure 3. Main gas components obtained from corn stalk MG (a) and EG (b) at different temperatures. 






Figure 3. Main gas components obtained from corn stalk MG (a) and EG (b) at different temperatures.



[image: Applsci 13 11490 g003]







[image: Applsci 13 11490 g004] 





Figure 4. Main gas components obtained from oak MG (a) and EG (b) at different temperatures. 
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Figure 5. Net calorific values of oak (a) and corn stalk (b) gas derived from MG and EG. 
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Figure 6. Tar component distribution from corn stalk (a) and oak (b) gasification. 
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Figure 7. SEM images of oak chars derived from MG and EG under different temperatures: (a) 600 °C MG, (b) 800 °C MG, (c) 1000 °C MG, (d) 600 °C EG, (e) 800 °C EG, and (f) 1000 °C EG. 
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Figure 8. SEM images of corn stalk chars derived from MG and EG under different temperatures: (a) 600 °C MG, (b) 800 °C MG, (c) 1000 °C MG, (d) 600 °C EG, (e) 800 °C EG, and (f) 1000 °C EG. 
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Figure 9. FTIR characterization of oak chars derived from MG (a) and EG (b). 
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Figure 10. FTIR characterization of corn stalk chars derived from MG (a) and EG (b). 






Figure 10. FTIR characterization of corn stalk chars derived from MG (a) and EG (b).



[image: Applsci 13 11490 g010]







 





Table 1. Proximate and ultimate analyses of biomass samples (wt.%, ad).
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Samples

	
Proximate Analysis

	
Ultimate Analysis




	
w (FC)

	
w (V)

	
w (A)

	
w (M)

	
w (C)

	
w (H)

	
w (O)

	
w (N)

	
w (S)






	
Oak

	
9.43

	
56.54

	
32.65

	
1.38

	
29.60

	
3.01

	
32.84

	
0.48

	
0.04




	
Corn stalk

	
17.49

	
64.19

	
8.80

	
9.52

	
40.34

	
4.63

	
35.36

	
1.17

	
0.18











 





Table 2. Ash composition analyses of oak and corn stalk (wt.%).
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Compounds of Inorganics

	
Analysis Standard

	
Oak

	
Corn Stalk






	
Ash analysis

	
Fe2O3

	
GB/T 30725-2014 [50]

	
3.87

	
3.67




	
Al2O3

	
6.17

	
7.69




	
CaO

	
20.58

	
18.43




	
MgO

	
0.01

	
4.07




	
SiO2

	
36.14

	
46.14




	
TiO2

	
0.37

	
0.50




	
SO3

	
1.45

	
1.65




	
K2O

	
0.05

	
5.09




	
Na2O

	
0.05

	
2.35




	
P2O5

	
0.95

	
1.49




	
MnO2

	
0.02

	
0.49











 





Table 3. Cellulose, hemicellulose, and lignin content of biomass samples.
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	Samples
	Cellulose
	Hemicellulose
	Lignin





	Corn stalk
	36.5%
	34.9%
	18.8%



	Oak
	44.9%
	21.5%
	29.3%










 





Table 4. Carbon conversion from feedstock (ηc, %).
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Name

	
Carbon Conversion (ηc, %)




	
600 °C

	
700 °C

	
800 °C

	
900 °C

	
1000 °C






	
CS MG

	
63.62

	
69.85

	
73.26

	
80.37

	
72.76




	
CS EG

	
57.13

	
61.35

	
68.56

	
72.65

	
79.78




	
O MG

	
72.68

	
75.27

	
77.69

	
78.13

	
83.18




	
O EG

	
63.26

	
66.92

	
69.97

	
78.56

	
80.53











 





Table 5. GC-MS results of oak tar derived from MG and EG.
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Compound Name

	
Relative Content (%) at Different Gasification Heating Temperatures (°C)




	
600 °C

	
700 °C

	
800 °C

	
900 °C

	
1000 °C




	
MG

	
EG

	
MG

	
EG

	
MG

	
EG

	
MG

	
EG

	
MG

	
EG






	
Ethylbenzene

	
2.24

	
3.03

	
2.53

	
2.55

	
-

	
1.21

	
-

	
1.33

	
1.72

	
-




	
1-Cyclohexene, 1-ethynyl-

	
3.46

	
8.43

	
3.74

	
3.24

	
2.46

	
1.34

	
-

	
2.64

	
1.5

	
1.20




	
Styrene

	
3.87

	
10.59

	
5.15

	
7.10

	
4.75

	
9.25

	
-

	
9.34

	
3.22

	
8.16




	
Benzene

	
-

	
2.09

	
-

	
1.02

	
1.46

	
3.24

	
2.46

	
1.11

	
-

	
2.85




	
3-Methylphenylacetylene

	
5.84

	
1.72

	
8.35

	
2.15

	
7.67

	
0.92

	
2.01

	
0.31

	
5.86

	
-




	
Biphenylene

	
2.35

	
6.31

	
-

	
4.25

	
1.28

	
2.89

	
2.08

	
-

	
2.14

	
1.62




	
Hematoporphyrin

	
2.02

	
1.02

	
-

	
3.24

	
1.52

	
1.11

	
-

	
4.07

	
-

	
1.28




	
Rhodopin

	
-

	
5.19

	
-

	
1.38

	
1.67

	
3.76

	
1.92

	
5.44

	
-

	
3.20




	
2-Pentanone

	
3.06

	
4.14

	
-

	
2.56

	
4.97

	
-

	
7.15

	
1.48

	
-

	
1.50











 





Table 6. GC-MS results of corn stalk tar derived from MG and EG.
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Compound Name

	
Relative Content (%) at Different Gasification Heating Temperatures (°C)




	
600 °C

	
700 °C

	
800 °C

	
900 °C

	
1000 °C




	
MG

	
EG

	
MG

	
EG

	
MG

	
EG

	
MG

	
EG

	
MG

	
EG






	
Phenylephrine

	
-

	
-

	
0.85

	
1.25

	
-

	
1.82

	
3.73

	
3.73

	
-

	
-




	
Biphenyl

	
1.73

	
-

	
1.36

	
-

	
1.68

	
1.58

	
2.52

	
2.01

	
-

	
2.58




	
Biphenylene

	
-

	
-

	
1.68

	
-

	
8.11

	
2.11

	
4.34

	
4.34

	
5.23

	
5.23




	
Hematoporphyrin

	
0.52

	
3.03

	
-

	
3.03

	
0.25

	
2.55

	
-

	
1.21

	
2.33

	
1.33




	
Tricarbonyl

	
4.62

	
1.25

	
2.58

	
1.25

	
4.52

	
-

	
-

	
2.58

	
0.48

	
1.52




	
3′H-Cycloprop (1,2)-5-coolest-1-en-3-one

	
1.44

	
1.44

	
8.43

	
8.43

	
3.24

	
3.24

	
1.34

	
1.34

	
2.64

	
2.64




	
Hexadecanamide

	
2.02

	
2.02

	
2.25

	
2.25

	
2.15

	
2.15

	
3.7

	
3.7

	
1.79

	
1.79




	
2-Pentanone

	
5.19

	
5.19

	
-

	
-

	
1.92

	
1.92

	
1.86

	
1.86

	
1.98

	
1.98




	
Toluene

	
4.21

	
4.21

	
2.09

	
2.09

	
1.02

	
1.02

	
3.24

	
3.24

	
1.11

	
1.32




	
Furfural

	
-

	
-

	
3.43

	
3.43

	
3.66

	
3.66

	
4.95

	
4.95

	
4.42

	
4.42




	
1,2,4,5-Tetrazine

	
3.17

	
3.17

	
1.72

	
1.72

	
2.10

	
2.15

	
0.9

	
1.20

	
0.32

	
2.38




	
Methoxystyrene

	
1.01

	
-

	
-

	
1.85

	
0.54

	
0.54

	
2.40

	
-

	
-

	
1.66











 





Table 7. SEM-EDS analysis of oak chars derived from MG and EG.






Table 7. SEM-EDS analysis of oak chars derived from MG and EG.





	
EDS

	
Content (wt.%)




	
w (C)

	
w (O)

	
w (Mg)

	
w (Ca)

	
w (K)

	
w (Al)

	
w (Si)






	
Spot 1

	
31.67

	
22.05

	
15.04

	
29.35

	
-

	
-

	
1.89




	
Spot 2

	
7.58

	
22.04

	
17.63

	
22.19

	
-

	
-

	
24.62




	
Spot 3

	
3.42

	
30.98

	
16.44

	
36.63

	
-

	
1.00

	
11.53




	
Spot 4

	
58.45

	
23.64.

	
4.36

	
9.42

	
0.49

	
0.39

	
3.25




	
Spot 5

	
15.07

	
47.74

	
2.89

	
0.93

	
5.87

	
10.26

	
17.25




	
Spot 6

	
4.93

	
35.60

	
5.40

	
48.90

	
-

	
0.91

	
4.27











 





Table 8. SEM-EDS analysis of corn stalk chars derived from MG and EG.






Table 8. SEM-EDS analysis of corn stalk chars derived from MG and EG.





	
EDS

	
Content (wt.%)




	
w (C)

	
w (O)

	
w (Mg)

	
w (Ca)

	
w (K)

	
w (Si)

	
w (P)






	
Spot 1

	
28.04

	
23.60

	
4.18

	
-

	
14.03

	
20.60

	
9.55




	
Spot 2

	
8.02

	
39.10

	
-

	
-

	
1.36

	
51.52

	
-




	
Spot 3

	
4.12

	
34.68

	
-

	
-

	
-

	
61.21

	
-




	
Spot 4

	
39.79

	
33.54

	
0.39

	
0.31

	
1.68

	
23.73

	
0.06




	
Spot 5

	
23.39

	
40.74

	
-

	
-

	
1.07

	
34.80

	
-




	
Spot 6

	
4.65

	
50.27

	
-

	
-

	
0.3

	
44.78

	
-











 





Table 9. Specific surface area, total pore volume, and average pore size of oak and corn stalk chars derived from EG and MG.






Table 9. Specific surface area, total pore volume, and average pore size of oak and corn stalk chars derived from EG and MG.





	
Name

	
BET (m2 g−1)

	
Total Pure Volume (cm3 g−1)

	
Average Pore Diameter (nm)




	
Samples

	
Oak Chars

	
Corn Stalk Chars

	
Oak Chars

	
Corn Stalk Chars

	
Oak Chars

	
Corn Stalk Chars






	
MG (°C)

	

	

	

	

	

	




	
600

	
289.54 ± 9.22

	
452.25 ± 10.25

	
0.32 ± 0.06

	
0.32 ± 0.04

	
3.52 ± 0.19

	
3.92 ± 0.21




	
700

	
355.52 ± 7.21

	
481.25 ± 6.82

	
0.45 ± 0.03

	
0.42 ± 0.03

	
3.82 ± 0.28

	
4.03 ± 0.15




	
800

	
485.02 ± 7.35

	
512.32 ± 11.21

	
0.48 ± 0.04

	
0.52 ± 0.03

	
4.35 ± 0.30

	
4.18 ± 0.32




	
900

	
426.52 ± 5.29

	
525.87 ± 8.22

	
0.46 ± 0.02

	
0.62 ± 0.02

	
4.38 ± 0.42

	
4.23 ± 0.22




	
1000

	
385.25 ± 9.47

	
489.58 ± 7.56

	
0.42 ± 0.05

	
0.45 ± 0.04

	
4.25 ± 0.25

	
4.20 ± 0.45




	
EG (°C)

	

	

	

	

	

	




	
600

	
264.54 ± 11.25

	
312.25 ± 8.54

	
0.21 ± 0.03

	
0.18 ± 0.02

	
3.12 ± 0.41

	
3.65 ± 0.35




	
700

	
306.52 ± 6.74

	
408.26 ± 7.20

	
0.34 ± 0.04

	
0.26 ± 0.05

	
3.43 ± 0.36

	
2.59 ± 0.33




	
800

	
368.96 ± 8.96

	
481.31 ± 12.35

	
0.39 ± 0.04

	
0.38 ± 0.03

	
4.16 ± 0.33

	
3.21 ± 0.41




	
900

	
326.62 ± 10.11

	
502.52 ± 9.57

	
0.37 ± 0.06

	
0.51 ± 0.04

	
4.22 ± 0.27

	
3.53 ± 0.25




	
1000

	
225.25 ± 6.52

	
423.45 ± 10.52

	
0.25 ± 0.05

	
0.35 ± 0.05

	
4.24 ± 0.25

	
3.22 ± 0.37
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