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Abstract

:

H2 production can be used as a clean and renewable energy source for various applications, including fuel cells, internal combustion engines, and chemical production. Using nickel-based catalysts for steam reforming biomass tar presents challenges related to catalyst deactivation, poisoning, heterogeneous composition, high process temperatures, and gas impurities. To overcome these challenges, adopting a nickel-based catalyst with selected oxide support and MgO and CaO promoter is a promising approach for improving the efficiency and sustainability of steam reforming for hydrogen production. The majority of studies conducted to date have focused on the steam reforming of particular tar compounds, most commonly benzene, phenol, toluene, or naphthalene, over a range of support catalysts. However, the actual biomass tar composition is complex, and each component impacts how well steam reforming works. In this research, a multi-compound biomass tar model including phenol, toluene, naphthalene, and pyrene underwent a steam reforming process. Various types with 10 wt.% of nickel-based catalysts were generated by the co-impregnation technique, which included 90 wt.% different oxide supports (Al2O3, La2O3, and ZrO2) and 10 wt.% of combination alkaline oxide earth promoters (MgO and CaO). Thermogravimetric analysis, Brunauer–Emmett–Teller (BET) method, N2 physisorption, temperature-programmed reduction (H2-TPR), temperature-programmed desorption (CO2-TPD), and X-ray diffraction (XRD) of ni-based catalyst characterized physiochemical properties of the prepared catalyst. The reaction temperature used for steam reforming was 800 °C, an S/C ratio of 1, and a GHSV of 13,500 h−1. Ni/La2O3/MgO/CaO (NiLaMgCa) produced the most carbon to-gas conversion (86.27 mol%) and H2 yield (51.58 mol%) after 5 h of reaction compared to other catalysts tested in this study. Additionally, the filamentous carbon coke deposited on the spent catalyst of NiLaMgCa does not impact the catalyst activity. NiLaMgCa was the best catalyst compared to other catalysts investigated, exhibiting a stable and high catalytic performance in the steam reforming of gasified biomass tar. In conclusion, this study presents a novel approach by adding a combination of MgO and CaO promoters to a ni-based catalyst with various oxide supports, strengthening the metal-support interaction and improving the acid-base balance of the catalyst surface. The mesoporous structure and active phase (metallic Ni) were successfully developed. This can lead to an increase in the conversion of tar to H2 yield gas and a decrease in the production of undesired byproducts, such as CH4 and CO.
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1. Introduction


Limitation supply of fossil fuels promptly and accompanying environmental issues such as global warming and climate change have become global fears. Energy consumption is rapidly growing because of rapid economic development and the expansion of the global population. However, environmental issues about the depletion of fossil resources and large greenhouse gas emissions are growing [1,2], which should be addressed by producing clean and renewable energy. Contamination of the syngas with pollutants, such as tar, ash, compounds containing nitrogen and sulfur, and particularly tar, is entirely intolerable [3]. Tar is a complex mixture of chain hydrocarbons, aromatic hydrocarbons, and heterocyclic organic material. It is a complex mixture of oxygenated and condensable aromatic HCs that condenses at low temperatures, causing issues with the process [4]. For instance, filter clogging, equipment clogging downstream, and coke deposition on the catalyst downstream. In addition, tar contains amounts of polycyclic aromatic hydrocarbons, which are dangerous to human health and pollute the environment. These compounds include phenol, aldehydes, and formaldehyde [5,6,7,8]. For converting HCs into H2-rich gas, the removal of tar by steam reforming is a promising technology [9]. Steam reforming is said to have a higher H2 output [10,11]. It is the most advanced and attractive method available that offers a conversion mechanism for liquid HCs.



Natural biomass tar has a complex composition. Each of its components affects how well the steam reforming performs. Many recent analysis studies focus on steam reforming using one or two tar model compounds, often phenol, benzene, toluene, or naphthalene, in conjunction with utilizing different supporting metal catalysts [12]. A previous study has attempted to determine how the feedstock’s composition affects the catalytic performance during steam reforming. According to their findings, compared to individual feed chemicals, the mixture of toluene and naphthalene affected the catalytic activity and decreased feed conversion [13,14,15,16]. Thus, this opens a new research dimension to focus on the mixture of major tar components.



The availability of catalysts that provide a more effective steam reforming has led to the development of numerous catalysts. Thus, obtaining a catalyst with excellent stability that is both selective for H2 and resistant to coke deposition is incredibly challenging. [17,18]. Ni-based catalysts have been widely utilized in steam reforming, although the creation of coke can deactivate their active sites [17,19]. The catalyst’s support is also a crucial component. Support influences the dispersion of active metal particles and the catalytic reaction. Yet, the crucial support material considerations for good catalyst formation are pore structure, acidity-basicity, and metal support interaction. However, some supports, such as Al3O2, encourage the formation of coke. Moreover, the high operating temperatures used in biomass gasification may cause the support to collapse or result in the formation of bigger metal clusters, which promotes sintering due to a loss in metal dispersion. Hence, catalyst supports are modified with promoters to lessen some of these effects for better tar reforming catalyst performance, or by lowering the reaction temperature [20]. In this study, Ni-based catalysts were supported with three different types of supports, including lanthanum oxide (La2O3), alumina (Al2O3), and zirconia (ZrO2). These oxides are thermally stable, can withstand the high temperatures required for steam reforming reactions, and have a high surface area, which helps to increase the number of active sites available for catalytic reactions. A previous study showed that Al2O3 and La2O3 supported catalysts to produce a low level of CH4 gas due to their excellent ability to reform produced CH4. Even though nickel-based catalysts with La2O3 support have a small BET surface area, the basicity of it was essential to promote the catalytic activity in steam reforming [21]. Studies regarding the nickel-based catalyst supported by ZrO2 illustrate that large pore size improved bio-oil bulky molecule accessibility to Ni sites, resulting in enhanced catalytic activity [22]. According to recent findings, adding alkaline earth metal oxides such as MgO and CaO as a promoter could lessen the catalyst’s acidity, improve the steam-carbon reaction, and favor H2O adsorption and OH mobility on the surface. These effects, in turn, boost the coke suppression rate and catalytic stability [16,23,24]. The presence of alkaline earth metal oxides could enhance the activation of the main hydroxyl group and C-H bond, resulting in good catalytic performance, according to reaction kinetics from a prior study [25]. Additionally, it favors H2 generation by adsorbing CO2, which causes the reaction of WGS thermodynamic equilibrium to shift in favor of H2 production [26,27]. The MgO addition to Ni/Al2O3 is responsible for the catalyst’s sintering resistance property, according to a previous study by Nogueira et al. This property allows the catalyst to produce stable steam reforming of acetic acid with 91% conversion for a 24 h reaction time at 600 °C catalyst temperature. MgAl2O4 is produced when MgO is present, which prevents the creation of coke [28]. According to a study by Baidya et al., complete conversion of toluene was achieved at 800 °C with the combination of the promoting effects of both CaO and CeO2 on the surface of Ni/CARBO HSP support, and the conversion rate only decreased by 7% after 48 h of reaction time [29]. CaO is a stronger promoter with higher basicity, which can enhance the catalytic activity and selectivity of a catalyst. However, CaO is also more prone to sintering and deactivation, and is more susceptible to poisoning by impurities in the feedstock. In contrast, MgO is typically more stable and less expensive, making it a more appealing choice for high-temperature and prolonged catalytic processes. MgO is also less likely to form compounds with impurities in the feedstock, which can improve the longevity and activity of the catalyst. In this study, combination of both MgO and CaO as promoters of modified catalyst insteam reforming of the multi-compound biomass tar model was investigated to see the performance of the catalyst H2 yield, carbon conversion percentage as well as coke formation in spent catalyst.



This work aims further to improve the catalytic activity of the ni-based catalyst. Therefore, we prepare a series of catalysts modified by various oxide support (Al2O3, ZrO2, and La2O3) and a combination of alkaline oxide earth (MgO and CaO) and deeply investigate the effect of promoters on catalytic performance under the mixture of biomass tar steam reforming process. Finally, the stability of the catalytic performance of modified catalysts with improved activity and coke formation was assessed.




2. Results and Discussion


2.1. Catalyst Characterization


All TGA was used to assess the thermal stability of the catalyst. As seen in Figure 1, multiple stages of decomposition were demonstrated by a ni-based catalyst. The subsequent pathway offers an explanation for this, including; the dehydration of intermediate-type nickel nitrate (II) hydrate (Ni (NO3)2∙xH2O), denitration of nickel nitrate (Ni (NO3)2), decomposition of nickel (Ni2O3) and finally the formation of nickel oxide (NiO). The weight loss observed was categorized into two stages: below 200 °C and above 200 °C, as listed in Table 1. The initial weight loss happened below 200 °C caused by thermal dehydration of physically absorbed water and volatile contaminants throughout the synthesis pathway. The weight loss of catalyst above 200 °C occurred from the conversion of amorphous to crystalline phase such as nickel nitrate hexahydrate to nickel oxide (NiO). Figure 1 also shows that the zero weight changes are seen at temperatures more than 750 °C, suggesting that the catalysts were fully decomposed. Catalysts must be calcined at an optimum calcination temperature of 750 °C to allow for complete nickel oxide phase formation and the catalyst’s structure and textural properties. Results also show that catalysts with promoters have a more significant weight loss than those without promoters. The addition of MgO and CaO promoters also has some drawbacks. The high-temperature operation of the catalyst can lead to increased sintering, resulting in higher weight loss in TGA analysis. This can be due to the sintering of the active Ni species and the formation of larger, less active particles. In contrast, Ni-based catalysts with La2O3, ZrO2, and Al2O3 support without promoters may have lower weight loss due to their lower sintering rate and smaller active surface area. This can result in a longer catalyst lifetime and lower catalytic activity than catalysts with MgO and CaO promoters.



H2-TPR was then used to describe the reducibility of the calcined catalysts. The findings demonstrated that the catalysts had multiple-stage reduction between 300 and 1000 °C due to varying degrees of reducible metal oxide-support interaction. As reported by other researchers, it is interesting to notice that the reduction peak in the H2-TPR study shifts toward a higher temperature range with adding MgO and CaO promoters [30].



Figure 2 illustrates the TPR profiles for a specific temperature range. The free-state NiO particle (phase I; <300 °C) is the easiest to reduce based on reduction efficiency [31,32], followed by the bulk NiO particle that decreases in contact area (phase II; 300–450 °C) [33] and followed by the next stage (phase III; 450–600 °C) which was NiO reduction that had substantial interaction with the support [34,35]. Finally, solid solution (NiO-MgO and NiO-CaO) [36,37] and spinel type NiO (spinal made of NiLa2O4) [34,38,39] are the most difficult to reduce (phase IV; >600 °C). With the significant peak measured at 645 °C, the NiLaMgCa catalyst had the highest reduction temperature among catalysts. The reduction of non-stoichiometric spinel-type metals is responsible for these findings. It is possible that the promoter species covering the Ni surface prevents the catalyst from being reduced, causing the reduction temperature to rise at higher metal compositions [40]. As a result, the promoter’s composition accounts for the more prominent peak at this temperature range than other catalysts [41]. The NiLaMgCa catalyst demonstrated free NiO’s presence and suggested that until the maximum structural limit was reached in the low-temperature region, the gradual oxygen loss could be correlated with H2 consumption (phase II) [42]. NiOx is typically only partially reduced to metallic Ni at lower reduction temperatures, whereas metallic Ni agglomeration causes the catalyst to deactivate at higher temperatures. Thus, the reduction temperature used in this investigation for all catalysts was 750 °C.



Figure 3 illustrate the crystalline phase of the ni-based catalyst modified with support and promoters. To determine the catalytic activity during the steam reforming of gasified biomass tar; it is shown that selecting the right support material was more critical than textural aspects. As shown in Table 2, the XRD analysis determined that Ni crystalline and Ni dispersion sizes were 27.64–53.11 nm and 1.9–2.68%, respectively. The presence of NiAl2O4 on the NiAlMgCa catalyst at 2θ = 32.1° and 39.5°, as shown in XRD profiles, indicates that NiO interacted with Al2O3 to produce the spinel during calcination and that it cannot be reduced entirely at 900 °C. Additionally, the NiLaMgCa and NiZrMgCa catalysts did not exhibit any CaO characteristic peaks, indicating that CaO is either well dispersed or is present as an amorphous structure in these catalysts [23,43,44]. For NiZrMgCa catalysts, the hydroxylation of water humidity during handling and storage has formed the portlandite phase, notably Ca(OH)2. Due to the hygroscopic nature of the La2O3 support, lanthanum hydroxide (La(OH)3) was expected to emerge in NiLaMgCa [23].



To sustain the catalytic activity, the adsorption of CO2 on the catalyst surface is also crucial, and different NiO content shows various basicity strengths [45,46]. CO2-TPD analysis was conducted to quantify the basic sites of the modified catalysts shown in Figure 4. Interaction between the basic sites and CO2 is revealed by the correlation between the strength of the basic sites and the peak position [47]. As shown in Figure 4, weak and strong basic strength desorption is associated with temperatures below 250 °C and above 400 °C. It is observed that for catalyst NiAlMgCa desorbed CO2 at 488 °C and 747 °C, attributed mainly to the weak basic sites. NiAlMgCa catalyst shows that doping Al2O3 with base metal oxides (MgO and CaO) as a promoter suppresses or neutralizes the Lewis acidic centers, which helps activate the C-H bond in tar hydrocarbons compared to the NiAl catalyst that shows no based sites [45,46]. The NiZrMgCa catalyst indicated that the CO2 desorption peak was at 691 °C. NiZrMgCa shows a basicity peak at a high temperature, which suggests that the basic sites on the catalyst surface are thermally stable and persist at high temperatures compared with NiZr, which typically shows no basicity peak. NiLaMgCa catalyst showed a broad asymmetric desorption peak at 474 °C, extending to 747 °C. In comparison, the NiLa catalyst only showed a peak at 455 °C because no addition of MgO and CaO promoter contributes less basicity in the catalyst. The order of the catalyst’s total number of basic sites was NiLaMgCa > NiZrMgCa > NiAlMgCa > NiLa > NiZr > NiAl. The addition of MgO and CaO as promoters increased the basicity sited of the catalyst compared to those without a promoter, as reported in the previous study [24,34,48,49,50,51,52]. The result suggested that higher basicity likely contributes to high catalytic performance by enhancing steam coke reaction, suppressing coke formation, improving tar conversion, higher hydrogen yields, and lower carbon monoxide production in steam reforming processes. When MgO and CaO were added as promoters to a nickel-based catalyst, they can modify the nickel surface properties and catalyst surface basicity of nickel. This can result in stronger adsorption of CO2 molecules on the catalyst surface and higher activation energy required for the desorption of CO2. As a result, more energy is needed to heat the catalyst to a temperature at which CO2 desorption occurs, and this desorption temperature shifts to a higher temperature. This result demonstrates that catalysts with alkaline earth promoters exhibit superior catalytic activity for H2 production compared to catalysts that only utilize oxide supports.



Textural characteristics of reduced catalyst were analyzed using N2 physisorption isotherms as presented in Table 1. Compared to other reduced catalysts, the NiAlMgCa catalyst had the largest. Catalyst with Al2O3 support shows a larger BET surface area than other supports material. In comparison, this catalyst, with adding of MgO and CaO, had a smaller BET surface area (68.57 m2/g) and pore volume (0.23 cm3/g) compared to the catalyst without the promoter, which was BET surface area (92.95 m2/g) and pore volume (0.27 cm3/g). Adding MgO and CaO to a nickel-based catalyst can lead to a lower BET surface area but probably have better catalytic activity. This is because the promoter can modify the structure and composition of the active sites, leading to the formation of more active nickel species, thus increasing the catalytic activity. In addition, the promoter can also increase nickel dispersion on the Al2O3 support, leading to a more uniform distribution of active sites, consequently improving the catalytic activity. Furthermore, the BET surface area of catalysts increased in the order of NiZr < NiLa < NiAl < NiZrMgCa < NiLaMgCa < NiAlMgCa. Figure 5 illustrates the reduced catalyst’s Brunauer-Joyner-Halenda (BJH) pore size. NiAlMgCa probably has greater catalytic characteristics about the specific surface area. This is because a larger surface area increases the probability of a collision between the reactants in contact with the catalyst surface; Carb structures with pores that range in size from 2 nm to 50 nm. Every catalyst analysis in this study provided evidence that the mesopore structures were successfully developed. A mesoporous structure that forms on the catalyst during the steam reforming reaction considerably impacts the reactant and heat diffusion. In addition, good resistance to coke formation and Ni sintering large surface areas of mesoporous catalysts can also make them more efficient at adsorbing and desorbing reactants and products, which can improve the selectivity of the catalytic reaction [53,54].




2.2. Catalytic Activity


Figure 6 provides the average values of total gas production, carbon conversion to gas, and H2 yield for different catalysts throughout the 5 h steam reforming duration of tar model compounds produced via biomass gasification. The following is a ranking of the catalytic performance during carbon gasification; NiLaMgCa > NiZrMgCa > NiAlMgCa. Nevertheless, the order of the H2 yield for each catalyst was NiLaMgCa > NiAlMgCa > NiZrMgCa. Despite having a small surface area (15.80 m2/g) and pore volume (0.184 cm3/g), the NiLaMgCa catalyst produced total gas production (96.67 mmol/mLtar), had the highest carbon to gas conversion (86.27%), and had the highest H2 yield (51.58%) of all the catalysts tested. It is shown that while steam reforming gasified biomass tar, selecting the suitable support and promoter material has a more significant impact on the catalytic activity than textural aspects [21,55]. Table 3 shows the previous study regarding the catalytic steam reforming of tar and its catalytic performance. Nickel-based catalysts supported with La2O3, Al2O3, and ZrO2 can effectively catalyze the steam reforming of biomass tar, producing high H2 yields and having good catalytic activity. These catalysts are also known for their thermal and chemical stability and resistance to poisoning and sintering, which improves the durability of the catalyst.



Figure 7 represents the average selectivity toward the gaseous product and the H2/CO molar ratio of the reformate made by steam-reforming gasified biomass tar over 5 h over various catalysts. The major gaseous products, as seen, were H2 (37.6–37.7 mol%) and CO (49.34–49.4 mol%) followed by CO2 (10.2–10.3 mol%) and CH4 (2.8–2.83 mol%). According to the findings, steam reforming and the WGS reaction constitute the main reactions in the process. [20,53,58]. CH4 also showed that only a small amount could be detected because it was further converted into H2 and CO during the methane steam reforming [23,59]. Additionally, all catalysts in this study showed a lower H2/CO molar ratio (0.762–0.763) than the stoichiometry value. The gas may undergo incomplete conversion, and catalysts may not be able to convert all of the biomass tar into syngas, resulting in a lower H2/CO molar ratio. Syngas with a low H2/CO ratio can be used as feedstock to produce chemicals such as ethanol [60]. To enhance the H2/CO ratio, modifications can be made to the steam reforming process, such as expanding the steam-to-biomass ratio (S/C ratio). [61,62,63]. The CO2 constituent of reformate (10.2–10.3 mol%) produced in this work is slightly low, as described in the literature, which ranges from 10% to 25% according to other researchers [51,64,65].



Figure 8 illustrates how the amount of carbon converted to gas and H2 generated varies over time. Over the time of the 300 min of reaction, various patterns were seen for all catalysts in the production of H2 and the conversion of carbon to gas: (i) relative consistency over NiLaMgCa and NiAlMgCa for the hydrogen yield, (ii) inconsistent trend of carbon conversion to gas for NiAlMgCa and NiZrMgCa, (iii) slightly increased trend over NiLaMgCa of carbon conversion to gas. ZrO2 support in NiZrMgCa can be highly reactive with steam injected into the reactor continuously, leading to instability under reaction conditions. It caused the trend for carbon conversion and hydrogen yield to be inconsistent over time. The catalyst of NiLaMgCa is known for its high thermal stability and low diffusion coefficient for carbon, which can help maintain the catalyst’s stability during the carbon conversion reaction and reduce carbon accumulation over time. Additionally, La2O3 can also help to improve the dispersion of the Ni particles on the support and has a lower tendency to promote the sintering of the Ni particles than Al2O3.




2.3. Characterization Spent Catalyst


Following the 5 h catalytic activity test, each coking resistance of the catalyst and the characteristics of the coke deposited on it were examined using TGA (in the air), as shown in Figure 9. The catalyst weight loss is related to the oxidation of the deposited coke during the TG analysis. Coke deposited on the catalyst surface falls into two categories: amorphous carbons, which were oxidized below 550 °C, and filamentous carbons, which were oxidized between 550–750 °C [23]. According to published research, amorphous carbon deactivates the catalyst, but filamentous carbon has little effect on deactivation but causes reactor blockage and pressure drop [18]. All utilized catalysts, except for the NiAlMgCa catalyst, showed a weight increase in the area of amorphous coke. This could be as a result of (i) the oxidation of metallic Ni particles to produce NiO species, (ii) La2O3 and CO2 react to generate La2O2CO3 in a chemical reaction, and (iii) carbonation of CaO results in the production of CaCO3. According to Figure 9, the weight obtained by synthesizing CaCO3 in the area of amorphous carbon is beneficial.



Figure 9 shows that only the region of filamentous carbon experiences weight loss from using the NiLaMgCa catalyst. Additionally, the NiLaMgCa catalyst lost the lowest weight compared to other used catalysts. The type of coke presented in NiLaMgCa is confirmed in Figure 10. The wasted NiLaMgCa catalyst may have produced the least coke as a result. This is because MgO and CaO absorb CO2 to generate active carbonate species, which help to gasify coke accumulated on the catalyst by supplying oxygen atoms [66]. Furthermore, NiLaMgCa catalyst with a more significant total number of basic sites also inhibits coke production by accelerating the steam-coke reaction and obstructing the oligomerization phase [67,68,69]. Fortunately, coke deposition-induced catalyst deactivation is typically reversible, and the coke can be easily removed by air (O2) oxidation. In most industrial operations, coke is usually burnt off with air to reactivate the used catalyst [70]. An additional element for the suppression of coke is the reaction of La2O2CO3 with carbon deposits on the adjacent Ni sites. Thus, it is more stable and active during steam reforming [67,71]. Equations (1) and (2) describe the process underlying the La2O3 support ability to inhibit coke [23,67]


La2O3(s) + CO2(g) ↔ La2O2CO3(s)



(1)






La2O2CO3(s) + C(s) ↔ La2O3(s) + 2CO(g)



(2)







Additionally, the Al2O3 support strong acidity promotes the dehydrogenation of hydrocarbon into coke over metal phases, which causes the NiAlMgCa catalyst to lose weight. As a result, amorphous coke is deposited on the NiAlMgCa catalyst, which is why the catalytic activity is diminishing [23,72]. While both amorphous and filamentous carbon were seen on the spent NiAlMgCa catalyst, only filamentous carbon was evident on the spent NiLaMgCa catalyst, correlating with the result from the TGA analysis.



The redox capability of the ZrO2 support is responsible for the weight loss associated with filamentous coke deposited on the NiZrMgCa spent catalysts [20,23,73]. The reactions described in Equations (3) and (4) are redox reactions, which imply that electrons were transferred from one species to another. In steam reformation, the water dissociates on the oxygen vacancies on the support, forming an oxygen lattice. Next, the generated oxygen lattices expanded into the Ni sites to help prevent coke formation [23,74]. Below are the reversible process (Equation (3)) and coke removal reaction (Equation (4)).


MO2 ↔ MO2−x(s) + O2 (g)



(3)






C(s) + Ox(g) → Ox−1(g) + CO(g)



(4)







Additionally, Equation (3) describes the reduction of metal oxide (MO2) to reduced metal oxide (MO2−x) with the release of oxygen gas (O2). The transfer of electrons from MO2 to MO2−x during this reaction further demonstrates the ZrO2 support has the ability to sustain redox reactions. In Equation (4), Ox is lattice oxygen on the support surface; C(s) is deposited carbon on the catalyst, and Ox−1 is the reduced site of support. This reaction helps prevent the carbon from depositing on the catalyst surface as coke, which would otherwise reduce its effectiveness. NiLaMgCa is the best catalyst for steam reforming of gasified biomass tar among those tested in this study, according to the findings of characterization, activity testing, and coke formation studies.





3. Materials and Methods


3.1. Catalyst Preparation


Based on the composition shown in Table 4, the co-impregnation process was used to create the 10 wt% Ni-based catalysts. The Ni precursor utilized was nickel nitrate hexahydrate (Ni (NO3)26H2O) (99%, SigmaAldrich, St. Louis, MO, USA). The catalysts were prepared using g-Al2O3 (99.9%, Merck, Rahway, NJ, USA), La2O3 (99.9%, SigmaAldrich), and ZrO2 (99%, SigmaAldrich) as promoters, along with a variety of oxide supports. First, deionized water was combined with the active metal, the oxide support, and the alkaline earth promoter (MgO and CaO). The mixture was constantly agitated at 90 °C until it became a viscous paste. The paste was then completely dried at 110 °C for 12 h After drying, the dried catalyst was calcined at 750 °C for 3 h in the muffle furnace. The catalyst was then sieved into particles of a size between 34–35 mesh after being pelletized, powdered, and sieved.




3.2. Catalyst Characterization


Using a thermogravimetric analyzer, the previously calcined and spent catalysts underwent thermogravimetric analysis (TGA) (Shimadzu TG-50, Kyoto, Japan). Continual airflow was used to heat each catalyst in-situ at a rate of 10 °C/min. It was found that the weight of the catalyst decreased during the temperature range of 30–900 °C. Utilizing a chemisorption analyzer (Micromeriticshemisorb 2720, USA) fitted with a thermal conductivity detector (TCD), temperature-programmed reduction (TPR) analysis was carried out. To get the TPR profile, the calcined catalyst was heated between 250 and 950 °C at a linearly programmed rate of 20 °C/min while flowing at a rate of 20 mL/min of 10 vol% H2/Ar. Helium (He) flow was supplied to the calcined catalyst at 300 °C for 30 min before the reduction process to rid the catalyst surface of impurities and moisture.



The textural properties of the reduced catalyst were investigated using the Beckman Coulter SA3100 surface area analyzer and N2 as the adsorptive gas. To clean up impurities from the catalyst surface, the reduced catalyst was degassed at 300 °C with helium (He) flow for 1 h before each analysis. The N2 adsorption was carried out by liquid N2 temperature at 77 K throughout a relative pressure between 0–1.



Micromeritics Chemisorb 2720 equipment was used for the analysis of temperature-programmed desorption of carbon dioxide (CO2-TPD). The reduced catalyst was purged for 30 min at 300 °C in a He flows to eliminate the impurities that had been adsorbed. The excess CO2 was first eliminated by being purged with He for an additional 30 min after the reduced catalyst had been saturated with 20 mL/min of pure CO2 at 50 °C. Then, using a linear heating rate of 20 °C/min and a He flow of 20 mL/min, CO2 desorption was performed from saturation temperature to 900 °C.



The crystalline structure of the reduced catalyst was investigated by X-ray diffraction utilizing a high-resolution X-ray diffractometer (Shimadzu XRD 600, Japan) with a Cu target Ka radiation at 30 kV and 30 mA. The X-ray diffractogram was generated at a scanning speed of 1° and an angle of 2θ ranging from 10 to 80 °C.




3.3. Catalytic Activity Test


The steam-reforming tar model compounds generated during biomass gasification investigated the catalytic performance. The gasified biomass tar model contained 50 wt.% toluene, 30 wt.% naphthalene, 15 wt.% phenol, and 5 wt.% pyrenes. According to the previous study, the components were chosen because they represent the main compounds in gasified biomass [7,75,76,77]. A fixed bed stainless steel tubular reactor was used for experiments conducted at standard atmospheric pressure (25 cm length, 1.25 cm inner diameter). The experimental setup for catalytic steam reforming is schematically shown in Figure 11.



For each test, approximately 0.8 g of catalyst was diluted with silicon carbide (1:2.5 wt ratio) to prevent hot spot formation within the catalyst bed throughout 5 h of reaction [78,79]. The catalyst bed was placed inside the reactor’s stainless-steel mesh. The fresh catalyst was reduced at the temperature of 800 °C for 60 min using a stream of 10 vol% H2/N2 flowing through the reactor at a 50 mL/min rate. After that, the steam from the reactor was used to steam-reform the chosen gasified biomass tar model compound. Subsequently, a syringe pump was used to directly pump the gasified biomass tar model into the reactor at a rate of about 0.02 mL/min (KD Scientific Series 100, USA). A high-pressure liquid pump supplied 1.66 mL/h of water into the preheater (Lab Alliance Series II).



The feed stream steam-to-carbon (S/C) molar ratio was 1. This is because the stoichiometric value of the S/C molar ratio, which corresponds to the steam reforming of gasified biomass tar, is 0.97. In order to vaporize the water before it enters the reactor, the temperature of the preheater was elevated to 250 °C, to stabilize the temperature inside the reactor. To move the vaporized steam into the reactor, 50 mL/min of N2 carrier gas was also continually injected into the preheater.



After passing through a condenser containing a mixture of ice and ethanol, the released reaction products were cooled. Using gas chromatography (GC) (Agilent 6890N) and a Carboxen 1010 PLOT capillary GC column (Fused silica 30 m length × 0.53 mm internal diameter, average thickness 30 µm), the gas product was analyzed online. During catalytic steam reforming, numerous parallel reactions are known to take [58,80]. The efficiency of these reactions dictates the selectivity of the overall product. In this experiment, the product selectivity (SX) was evaluated by calculating the composition of each gaseous product (H2, CO, CO2, CH4) on a dry and N2-free basis, as indicated in Equation (5). In this study, carbon conversion to gas (Equation (6)) and H2 yield (Equation (7)) were also considered while evaluating the catalytic activity.


   S X     mol %     =     mole   of   X   in   the   product   gas     total   ole   of   gaseous   product       × 100   



(5)






   Carbon   conversion   to   gas     %  =    mole   of   carbon   in   product   gas     mole   of   carbon   in   tar   fed       × 100   



(6)






   H 2     yield     %  =      mole   of   H   2     in   product   gas       mole   of   H   2       in   tar   fed + mole   of   H   2     in   stream     × 100   



(7)









4. Conclusions


Steam reforming of gasified biomass tar is used to convert tar produced from biomass gasification into valuable chemicals and fuels. To improve this process efficiency, the catalyst must have certain properties, such as a strong metal-support interaction, high basicity, and a mesoporous structure. Adding alkaline earth metal promoters, such as MgO and CaO, to the catalyst can improve these properties by strengthening the interaction between the metal and support and increasing the catalyst’s basicity. This results in forming a mesoporous structure with an active metallic Ni phase, which is essential for catalytic activity. Among the various catalysts tested, NiLaMgCa was the most effective, exhibiting high catalytic performance and stability in the steam reforming of gasified biomass tar. Furthermore, the buildup of filamentous carbon coke on the spent catalyst did not negatively impact its activity, making NiLaMgCa a suitable catalyst for long-term use in the steam reforming process. NiLaMgCa produced the most carbon-to-gas conversion (86.27 mol%) and H2 yield (51.58 mol%) after 5 h of reaction compared to other catalysts. Overall, the addition of alkaline earth metal promoters to the catalyst enhances its properties and makes it more effective in the steam reforming of gasified biomass tar.
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Figure 1. (a) TGA graph of fresh Ni-based catalyst with MgO and CaO promoter; (b) TGA graph of fresh Ni-based catalyst without MgO and CaO promoter. 
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Figure 2. H2-TPR profiles of the calcined catalyst. 
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Figure 3. Crystalline phase of XRD profile reduced catalyst; Ni (■); MgO (●); CaO (♥); Ca(OH)2 (♣); Al2O3 (◆); NiAl2O4 (×); La2O3 (○); La (OH)3 (□); NiLa2O4 (◘); ZrO2 (▲). 
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Figure 4. CO2–TPD profiles of reduced catalyst. 
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Figure 5. BJH pore size of the reduced catalyst. 
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Figure 6. Carbon conversion to gas, H2 yield, and total gas production from biomass module tar steam reforming over Ni-based catalyst (reaction condition: temperature = 800 °C; S/C ratio = 1; GHSV = 13,500 h−1). 
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Figure 7. Selectivity of the gaseous products and the H2/CO molar ratio from the biomass module tar steam reforming over Ni-based catalyst (reaction condition: temperature = 800 °C; S/C ratio = 1; GHSV = 13,500 h−1). 
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Figure 8. (a) Carbon conversion to gas for 5 h experiment; (b) hydrogen yield production for 5 h experiment (reaction condition: temperature = 800 °C; S/C ratio = 1; GHSV = 13,500 h−1). 
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Figure 9. TGA analysis of spent catalyst after 5 h tar steam reforming. 
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Figure 10. Field emission scanning electron microscopy (FE-SEM) of NiLaMgCa spent catalyst. 
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Figure 11. Schematic diagram of steam reforming experimental setup: (1) syringe pump—(a) tar model (b) water; (2) 10% H2/N2 cylinder; (3) N2 cylinder; (4) mass flow controller; (5) turbo vaporizer; (6) K-type thermocouple; (7) stainless steel tubular reactor; (8) catalyst/SiC; (9) furnace; (10) condenser; (11) temperature controller; (12) GC-TCD. 
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Table 1. Weight loss (%) of fresh catalyst by TGA.






Table 1. Weight loss (%) of fresh catalyst by TGA.





	
Catalyst

	
Weight Loss (%)

	
Overall Weight Loss (%)




	
Below 200 °C

	
Above 200 °C






	
NiLa

	
2.02

	
23.11

	
25.13




	
NiZr

	
8.71

	
16.16

	
24.87




	
NiAl

	
6.93

	
14.17

	
21.10




	
NiLaMgCa

	
11.19

	
29.39

	
40.57




	
NiZrMgCa

	
10.55

	
18.70

	
29.25




	
NiAlMgCa

	
12.06

	
19.88

	
31.94
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Table 2. Summary of characterization finding in this study.
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	Catalyst
	BET Surface Area

(m2/g) 1
	Pore Volume

(cm3/g) 2
	Average Pore Size

(nm) 3
	Ni crystallite Size

(nm) 4
	Ni Dispersion

(%) 5





	NiLaMgCa
	15.80
	0.184
	46.57
	37.64
	2.68



	NiAlMgCa
	68.57
	0.23
	13.42
	39.46
	2.56



	NiZrMgCa
	5.48
	0.035
	25.51
	53.11
	1.90



	NiLa
	28.85
	0.16
	22.18
	-
	-



	NiAl
	92.95
	0.27
	11.62
	-
	-



	NiZr
	9.79
	0.082
	33.65
	-
	-







1 Determined by ρ/ρo of 0.05–0.30 using BET equation by assuming the N2 molecule cross-sectional area of 0.162 nm2. 2 Determined at the highest ρ/ρo of 0.99. 3 Pore size = (4000 × pore volume)/BET surface area [23]. 4 Calculated from Ni (111) at 2θ = 44.5° by the Scherrer equation, crystallite size = 0.89λ/βcosθ. 5 Dispersion = 101/crystallite size, assuming that Ni particles exhibit a spherical geometry.
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Table 3. Previous studies of Ni-based catalyst tar steam reforming of biomass and the catalytic performance.
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	Catalyst
	Condition
	Catalytic Performance
	Ref.





	Ni/dolomite, Ni/dolomite/Al2O3, Ni/dolomite/La2O3, Ni/dolomite/CeO2, Ni/dolomite/ZrO2
	Toluene/pyrene/naphthalene/phenol

Temperature = 700 °C; S/C molar ratio = 1
	Carbon conversion = 58.84–77.6%

H2 yield = 55.44–66.20%
	[23]



	Ni/ CHA-t, Ni/Al2O3, Ni/SiO2
	Toluene

Temperature = 650–800 °C; S/C = 2
	H2 yield = 48–52%
	[56]



	Ni/Al2O3
	Phenol, toluene, indene, furfural, methylnaphthalene

Temperature = 750 °C; S/C = 2
	Carbon conversion = 63–75%

H2 yield = 8–12%
	[48]



	Ni/ZrO2, Ni/Co/ZrO2
	Phenol

Temperature = 600 °C; S/C = 1.7
	H2 yield = 25–50%
	[57]
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Table 4. The weight percentage of each catalyst composition.
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	Catalyst
	Symbol
	Ni (wt.%)
	MgO (wt.%)
	CaO (wt.%)
	Al2O3 (wt.%)
	La2O3 (wt.%)
	ZrO2 (wt.%)





	Ni/MgO/CaO/Al2O3
	NiAlMgCa
	10
	5
	5
	80
	-
	-



	Ni/MgO/CaO/La2O3
	NiLaMgCa
	10
	5
	5
	-
	80
	-



	Ni/MgO/CaO/ZrO2
	NiZrMgCa
	10
	5
	5
	-
	-
	80



	Ni/La2O3
	NiLa
	10
	-
	-
	-
	90
	-



	Ni/Al2O3
	NiAl
	10
	-
	-
	90
	-
	-



	Ni/ZrO2
	NiZr
	10
	-
	-
	-
	-
	90
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