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In this study, palm kernel shells (PKS) were utilized in an air gasification process to produce syngas. Also, biochar prepared from pyrolysis of the mangosteen and durian peels was used in the process to enhance the tar removal efficiency. The expected outcomes of this study could result in not only the generation of renewable energy but also the waste utilization of agricultural residues. The effect of catalysts and biochar on tar reduction to improve the syngas quality were extensively studied. A downdraft gasifier equipped with catalytic and adsorption units was utilized to produce syngas. The process was operated with 1 kg of palm shell per batch at a fixed airflow rate of 25 L/min. The NiO/CaO catalysts with a fixed CaO amount of 10 wt% and various NiO contents of 2, 4, and 8 wt% were synthesized by co-impregnation on the ceramic supporter. The results of SEM analysis showed that the NiO and CaO were deposited and well dispersed on the porous ceramic supporters. The presence of an associated active NiO peak at a wavelength of 692 cm–1 was observed in the FTIR result. The durian and mangosteen peels residues were pyrolyzed at 400–600°C for 2 h to prepare biochar to be used as tar adsorbent. The BET surface area of obtained biochar was 0.9219–0.9989 m2/g with a range of adsorption pore size of 11.193–11.912 nm. The syngas samples were collected from the gasification unit at 15, 25, 35, 45, and 60 min during a 1-h period of processing time. The syngas compositions were analyzed by gas chromatography. The GC results indicated that increasing NiO contents in the catalysts tended to result in increasing methane and carbon dioxide concentration of the syngas, possibly contributed from the tar cracking reactions. With the presence of biochar, the amount of tar captured in the filter unit was significantly increased up to nine times compared to the system without biochar.
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INTRODUCTION

Thailand is an important food-production country with abundant plantation areas to produce agricultural products. In southern Thailand, the palm-oil industry has been growing for decades. The government policy on increasing usages and production of renewable energy from high potential sources to overcome fossil energy crises has been one of the driving forces to promote planting of oil palm. In 2018, the Office of Agricultural Economics of Thailand (OAE) estimated the plantation area of oil palm agriculture to be roughly 2 million acres, yielding almost 16.8 million tons of oil palm crops to feed the refinery plants for palm oil production (Office of Agricultural Economics [OAE], 2019). Consumption for industrial uses leads to a massive amount of biomass residues left from agricultural activities and the refinery process. Typically, biomass residues from palm oil refinery process are approximately 78 to 82 percent, mainly composed of empty fruit bunch, fibers, and kernel shells. These biomass residues can be potentially used as feedstocks in thermo-chemical processes to produce biofuels or syngas (Lam et al., 2019). The syngas obtained from a biomass gasification process commonly consists of combustible components with high heat value that can be used as an alternative source of fuel for the direct heating or gas engines in power generation processes. Typically, the properties of the produced syngas depend on several affecting factors such as the type of biomass, setup and process details, and operating conditions. Besides palm kernel shell, many other types of biomass, including risk husk, coconut shells, cedarwood, and almond residues, have been demonstrated to be used as raw materials in some kinds of gasification to produce useful syngas as well (Chaiprasert and Vitidsant, 2009; Li et al., 2010; Koike et al., 2013; McCaffrey et al., 2019). However, one typical problem often found in such applications is the coagulation due to the deposition of condensed tar generated from the gasification process in the fuel line and engine. Consequently, these tar components result in less efficiency and internal damage to the engine. There are several approaches to remove tar from the produced syngas. Several studies showed that additional thermal cracking reactions of the hot syngas with the aid of steam or catalysts could significantly decrease the tar components from syngas (Bonilla et al., 2019). The process involves chemical reactions to transform tar components into high heating value gaseous components, such as oxygen/sulfur-containing hydrocarbon, aromatic compounds, and polynuclear aromatic hydrocarbons (PAHs) (Kostyniuk et al., 2019). The decomposition of tar involves complex reaction pathways associated with the presence of hydrocarbon compounds. Those reactions include partial oxidation, dry reforming, steam reforming, hydrogenation, thermal cracking, and carbon formation, which generally result in the formation of hydrogen, methane, carbon monoxide, and carbon dioxide as the end product species.

Several research works have suggested the uses of nickel or base oxides in the gasification process to improve the quality of syngas (Mohammed et al., 2011; Wang et al., 2012). A study by Sutton et al. (2001) reported that nickel oxide (NiO) effectively enhances tar cracking and hydrocarbon removal of the syngas, particularly at temperatures higher than 780°C. Catalyst promoters, such as CeO2 (Kimura et al., 2006), manganese oxides (MnOx) (Koike et al., 2013), and metallic Pt or Co (Chaiprasert and Vitidsant, 2009), could be incorporated into the nickel-based catalysts to facilitate further involving water-gas shift reforming reactions, resulting in increasing syngas yield with higher hydrogen content. For more economical approaches, other lower-cost but less effective oxides such as CaO or MgO could be used and incorporated into the process and still give acceptable gas yield results (Kong et al., 2011; Ismail et al., 2012). Many studies have also found the influence of CaO on promoting the reaction rate of partial oxidation and the water-gas shift reaction to enhance the H2 throughput of the gasification process (Han et al., 2011; Chiang et al., 2012; Udomsirichakorn et al., 2013). As suggested from the literature reviews mentioned above, the implementation of combined NiO and CaO catalysts could synergistically improve the performance of the gasification process of the preferred choice of biomass, particularly in terms of high gas yields with low tar components. In addition, several materials, including wood chips, activated carbon, rice husk char, and corncob biochar, have demonstrated the capacity of adsorbing tar components from syngas produced by various gasification conditions to some extent due to their porous surfaces (Kong et al., 2011). The effect of functional groups of the adsorbent could also play an essential role in the adsorption mechanism of the tar species, particularly on the phenolic contents (Brandt et al., 2000; Li et al., 2010). Besides the type of adsorbent, the operating temperature of the adsorption unit, preferable below 250°C, also affects the tar reduction performance (Ravenni et al., 2019).

The purpose of this research was to study the effects of NiO/CaO-based catalysts and biochar obtained from agricultural biomass residues on the syngas’s quality improvement from the gasification process of palm kernels. Using the co-impregnation sol-gel method, NiO and CaO were doped onto the ceramic supports. The concentration of NiO was varied into three different dosages of 2, 4, and 8 wt%, whereas the CaO content was fixed at 10 wt%. To enhance the tar reduction, biochar, which was prepared from pyrolysis of durian and mangosteen peel residues, was utilized to adsorb excess liquid and gaseous tar from the produced syngas.



MATERIALS AND METHODS


Catalyst Preparation

Nickel nitrate hexahydrate (Ni[NO3]2.6H2O), AR grade purchased from Ajax Finechem, and calcium nitrate (Ca[NO3]2.4H2O), AR grade obtained from Loba Chemie, were used as the precursors to prepare the solutions with three different weight ratios of 1:5, 2:5, and 4:5. Then the ceramic-ring supporters with the high surface area were soaked in precursor solutions in the hot basin at 70°C until the gel solution was completely dried. The wet substrates were heated in the oven at 110°C for 24 h before calcining at 950°C for 6 h before being kept in the desiccator at room temperature.



Biochar Preparation

Durian and Mangosteen peels were sun-dried and chopped to be approximately 2 cm in diameter before putting into 18 L of a bucket. The bucket filled with the dried and chopped biomass was placed along with woodchips and palm fiber (used as fuel for the synthesis of biochar) into a 100 L Stainless Steel tank. The pyrolysis process of biochar was conducted at 400–600°C for 2 h.



Experimental Setup of the Gasification Process

Palm kernel shell was dried in the oven at 80°C for 24 h prior to being placed in the gasifier with the amount of 1 kg. Air was pumped at a constant rate of 25 L/min to the gasifier to maintain biomass to air equivalent ratio of 1:0.6. The process is comprised of a downdraft gasifier, catalytic reactor, tar condenser, and tar filter. The synthesized ceramic ring doped with catalyst was filled in the catalytic reactor with the ratio of PKS/catalyst of 1:0.25. Cracked tar from the catalytic reactor was then condensed in the tar condenser. Syngas was passed to the tar filter unit, packed with 1 kg of biochar (the amount ratio of palm kernels to biochar of 1:1), for the adsorption of gaseous tar. Figure 1 illustrates the gasification process diagram used in this study.
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FIGURE 1. Schematic illustration of the gasification process.




Characterization


Composition and Heating Value Analysis

Compositions of biomass (kernel shell) and synthesized biochar from durian and mangosteen peels in this study were analyzed according to ASTMD3172-3175 standard. Thermo Quest model Flash EA 1112 was used to analyze elemental compositions of both biomass and biochar. The heating value of the kernel shell was analyzed using a Bomb calorimeter model AC 500.



Morphology

Morphological properties of biomass, biochar, and catalyst were examined by Scanning Electron Microscope (SEM, Model Merlin compact, Zeiss). The specimens were mounted on aluminum stubs, sputter-coated with gold, and examined in a Merlin compact scanning electron microscope. The prepared samples were analyzed at 1,000× and 10,000× magnifications.



BET Analysis

Specific surface areas and pore diameters of the synthesized biochar were analyzed using the Brunauer–Emmett–Teller (BET) technique (Surface Area and Porosity Analyzer [BET], ASAP2460, Micromeritics, United States).



FTIR Analysis

Functional groups of chemical structures of the doped ceramic ring were analyzed by ATR-FTIR Spectrometer (Model Tensor 27, Bruker) using the ATR-FTIR technique.



Syngas Analysis

Syngas produced from the gasification process of kernel shell was collected at the sampling point of the tar filter unit at 15, 25, 35, 45, and 60 min. Gas samples were collected into Tedlar bags and then were analyzed by Gas Chromatography model 7890B.



RESULTS AND DISCUSSION


Proximate and Ultimate Analysis of PKS

The results of the proximate and ultimate analysis of the palm kernels used in this study are shown in Table 1. The volatile matter concentration was found to be approximately 71.6%, whereas the fixed carbon and moisture contents were 15.1 and 9.9%, respectively. Since the kernels contained a high amount of volatile matter, the material can be potentially combusted in the gasification process to generate energy. The CHN-O elemental analysis indicated that the combustible kernels consisted of carbon, hydrogen, and oxygen, which were suitable to be used as biomass raw material for the purposed gasification. As shown in Table 2, high heating value (HHV) and low heating value (LHV) of the shell obtained from Bomb calorimeter measurement were roughly 4,830 and 4,225 kcal/kg, respectively. In general, the results were in good agreement with past related research studies reported elsewhere in which the biomass materials were successfully utilized to produce syngas.


TABLE 1. Proximate and ultimate analysis results for the palm kernels.
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TABLE 2. Heating values of palm kernels.
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Structure and Morphology of the Catalysts

Morphology of the prepared catalysts containing NiO and CaO on ceramic supporter was analyzed from the SEM results. Figure 2 illustrates the SEM pictures of the (a) Ceramic supporter, (b) NiO (2 wt%)/CaO (10 wt%)/Ceramic ring, (c) NiO (4 wt%)/CaO (10 wt%)/Ceramic ring, and (d) NiO (8 wt%)/CaO (10 wt%)/Ceramic ring catalysts at a magnification around 1,000× magnifications. The micrographs exhibit rough surface with uniform distribution of the NiO/CaO catalyst crystals on the porous supporter. At fixed 10 wt% CaO, the size of the disperse agglomerates tended to increase with increasing co-impregnated NiO contents.


[image: image]

FIGURE 2. SEM results at 15 kV (1,000× magnifications) of (A) Ceramic supporter, (B) 2%NiO/10%CaO/Ceramic, (C) 4%NiO/10%CaO/Ceramic, and (D) 8%NiO/10%CaO/Ceramic.


The NiO and CaO contents were evaluated from the element analysis of the EDX results. Figure 3 shows the EDX results of the prepared NiO (x%)/CaO(10%)/Ceramic catalysts with varied NiO contents of 2 wt%, 4 wt%, and 8 wt%. The EDX analysis suggested that active NiO and CaO were successfully co-impregnated. The catalysts contained Ni and Ca contents relatively close to the prepared solution concentrations. The increase in the concentration of Ni(NO3)2.6H2O in the solution generally increased the Ni content in the catalyst. The Ni compositions were found to be 2.9% for the NiO(2%)/CaO(10%), 6.9% for the NiO(4%)/CaO(10%), and 10.9% for the NiO(2%)/CaO(10%), respectively. The presence of NiO and CaO deposited on the ceramic surface, as seen from the EDX results, was the indicator of effective impregnation of the active compounds. This could be attributed to the interaction between NiO/CaO and the silicate oxide (SiO2) component of the ceramic supporter, as suggested in Wang’s study (Wang et al., 2012). In addition, the presence of active NiO on the catalyst was also confirmed in the FTIR result, where the peak at the wavelength of 692 cm–1 associated with Ni-O stretching vibration band was observed (Segawa et al., 2015), as shown in Figure 4. The specific surface area of the prepared NiO/CaO catalysts with 8%NiO obtained from BET analysis was found to be 6.192 m2/g with an average pore size of 14.48 nm.
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FIGURE 3. EDX results at 15 kV (1,000× magnifications) of (A) Ceramic supporter, (B) 2%NiO/10%CaO/Ceramic ring, (C) 4%NiO/10%CaO/Ceramic ring, and (D) 8%NiO/10%CaO/Ceramic ring.



[image: image]

FIGURE 4. FTIR analysis of Ceramic ring, 2%NiO/10%CaO/Ceramic ring, 4%NiO/10%CaO/Ceramic ring, and 8%NiO/10%CaO/Ceramic ring.




Biochar Properties

Biochar, synthesized from durian and mangosteen peel residues, was used as the physical absorbent for tar removal in this study at a fixed ratio of 50:50 by weight of durian and mangosteen. Figure 5 illustrates the SEM results of biochar at 10 kV with a magnification of 500× and 1,000× times. The SEM pictures of the sectional fracture surface of both durian and mangosteen show porous structures with various pore sizes across. The results showed that the pore size distribution of the biochar made from durian peels appeared to be more uniform than those obtained from mangosteen. Biochar from mangosteen possessed a porous structure with broader pore size distribution across the surface. The SEM results were in good with BET surface analysis.


[image: image]

FIGURE 5. SEM results at 10 kV of (A) durian-peel biochar (500× magnification), (B) durian-peel biochar (1,000× magnification), (C) mangosteen-peel biochar (500× magnification), and (D) mangosteen-peel biochar (1,000× magnification).


The EDX analysis indicated the main elemental compositions of the prepared biochar, as shown in Figure 6. The biochar obtained from durian peels consisted of 75% C, 12.5% O, 11.3% K, and 1.1% Mg, respectively. The elemental composition results were typical for biochar, which could be used as an adsorbent to physically adsorb tar compounds from syngas in the gasification process (Chaichana et al., 2014).
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FIGURE 6. EDX results at 10 kV (500× magnification) of (A) durian-peel biochar and (B) mangosteen-peel biochar.


The specific surface areas (SSF) were found to be 0.9989 m2/g for the durian-peel biochar, and 0.9219 m2/g for the mangosteen-peel biochar. In addition, the average pore diameter of the durian-peel biochar (11.193 nm) was relatively smaller than that of the mangosteen-peel biochar (11.912 nm). It was believed that the mixture of 50:50 ratio between the materials would be capable of adsorbing condensed volatile tar residues with a wide spectrum of molecular sizes. The gasification performance study will be further discussed.



Effects of the Catalyst on Gasification Performance

In the air down-draft gasifier, the palm kernel shells were fed in at the top and gradually consumed their way downwards through the gasifier. The biomass was first dried and then pyrolyzed due to the heat emanating from the hotter zones below. Subsequently, tar and char components were partially oxidized in the combustion and reduction zones, releasing heat and raising the temperature to roughly 500°C. The remaining carbon could react with carbon dioxide and water to yield carbon monoxide and hydrogen. Meanwhile, the produced CO, CO2, H2, and CH4 gas products could possibly react with carbon and hydrocarbon gases to some extent. The hot gas then entered the catalytic reactor containing the prepared NiO/CaO catalysts, in which the tar having large molecules and high molecular weight was essentially converted into smaller gaseous compounds. The involving chemical reactions of the catalytic gasification process can be described in Eqs. (1)–(12) (Wang et al., 2012; Bonilla et al., 2019), as shown in the following:
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Char combustion:
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Boudouard reaction:
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Primary water-gas reaction:
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Homogenous gas-phase reactions:
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Water-gas shift reaction:
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Stream reforming methane reaction:
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Secondary tar cracking reaction:
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In this study, the gas chromatography (GC) results of the syngas samples, obtained from the air gasification process with fixed biomass to air ratio (ER) of 1:0.6 at 15, 25, 35, 45, and 60 min, were used to analyze the concentrations of methane (CH4) and carbon dioxide (CO2) of the gas products to give the insight to understand the effect of the NiO/CaO catalysts on the extended reactions involving the composition shifts of the syngas passing through the catalytic unit. The analyzed composition results of the syngas were summarized in Table 3.


TABLE 3. CH4 and CO2 composition of syngas.

[image: Table 3]Figure 7 illustrates the CH4 concentration of the syngas during the 60 min of processing time. As clearly seen from the graph, the presence of the catalysts in the extended unit noticeably affected the methane composition of the product gas. Increasing NiO dosages in the catalysts generally tended to result in increasing the CH4 concentration of the syngas. As the processing time evolved, the%CH4 continuously increased to reach a maximum value to some extent of time, following by decreasing in the methane content to the end of the 1-h period. However, the observed%CH4 from the system without the catalysts showed relatively low values and insignificant change throughout the process. The system attached to the catalytic unit packed with the catalyst having 8% NiO gave the highest maximum CH4 composition value of 3.26 percent, followed by those of the ones containing 4% NiO at 2.32 percent, and 2% NiO at 1.49 percent, respectively. The results were in good agreement with Phanpruk (2016) in which NiO was demonstrated to effectively improve the CH4 yields for the gasification process of palm residues. Figure 8 shows that the presence of the NiO/CaO catalysts also affected the increased CO2 quantity in the collected gas samples in which a greater amount of NiO presented on the catalysts tended to yield higher CO2 content. With the proceeding time, the CO2 concentration gradually increased to reach a plateau with a slight decrease in CO2 content, particularly at a longer time near the end of the process. The above-mentioned results clearly indicated that the prepare NiO/CaO catalysts enhanced the cracking of tar and of hydrocarbon compounds (CmHn) in gaseous products. The NiO-based catalysts could probably facilitate the further chemical cracking reactions of the tar components with a high number of carbons presented in the hot gas that left from the gasifier. During the course of involving complex reactions, the large-molecule volatile tar (CmHn) would presumably react with the produced moisture particularly on the active surface of the catalyst, resulting in the formation of hydrocarbons with less carbon altogether with the CO2 and H2 by-products. Hence, the increase in CH4 and CO2 concentrations of the gas product were obtained. As observed in Figure 7, the CH4 concentrations decreased after reached the maximums, particularly at longer processing time (35, 45, 60 min). The CH4 could possibly further react with the presence of H2O in the undergoing steam reforming reaction to some extent, resulting in improved H2 yield. At long processing time, the gasification would presumably reach the equilibrium. The CO2 could also react with the H2 in the reversible water-gas shift reaction, resulting in a decrease in CO2 concentration (as seen in Figure 8).
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FIGURE 7. CH4 concentration of syngas obtained from the gasification process at a fixed airflow rate of 25 L/min.
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FIGURE 8. CO2 concentration of syngas obtained from the gasification process at a fixed airflow rate of 25 L/min.




Effect of Biochar on Tar Removal Enhancement

A filter chamber packed with 1 kg of 50:50 (durian/mangosteen) biochar was connected right after the catalytic unit to trap the excess volatile tar compounds prior to the gas exit to improve the tar removal efficiency. Figure 9 shows the amount of adsorbed tar by the biochar presented in the filter unit after 60 min of the gasification process of 1 kg of kernels. To study the effect of the biochar as the effective adsorbent for tar adsorption, a baseline study was performed with the absence of the biochar in the filter chamber. The amount of adsorbed tar was calculated from the weight difference of the filter prior to and after the process. In most cases, a little amount of thin-film-like tar approximately 0.2 kg (per 1 kg of biomass) was condensed and coated onto the internal surface of the filter unit. From the chart, the system with the biochar filter exhibited improved tar removal capacity as the amount of adsorbed tar increased compared to the system without biochar. Without the presence of excess condensed liquid being observed in the filter unit, it apparently implied that the volatile tar compounds were trapped by the biochar mainly by adsorption mechanism. When comparing the results obtained from the system having different NiO contents in the catalyst being used, the amount of adsorbed tar tended to increase with the increasing NiO concentrations within the range of 2 to 9 times. The results were in good agreement with the study by Kuchonthara’s study (Kuchonthara et al., 2009), in which the NiO/Al2O3 catalysts were used to improve the catalytic reforming performance of the gasification process of rice husks that resulted in a significant tar reduction. When compared to the system with filter units filled with rice husks in Phanpruk’s study (Phanpruk, 2016), it was found that the tar removal efficiency of the biochar filter was significantly improved by almost 100 percent. Since the tar components presented in the produced syngas left from the catalytic unit contained mostly volatile compounds in the gaseous state, a little amount of tar was be able to condense onto thin-film inside the surface of the filter unit. With biochar, those compounds were adsorbed and captured, compared to those without biochar. AS discussed earlier, further tar cracking could be facilitated by the presence of the catalysts in which large hydrocarbons were converted into chemical species smaller molecules with an appropriate size range to be adsorbed by the used biochar. Therefore, the amount of the captured tar was significantly increased with the increasing %NiO. As priorly discussed, the biochar prepared from the durian and mangosteen peels residues, having a porous structure with average pore size around 11.193 to 11.912 nm, possessed relatively high specific surface area (0.9219–0.9989 m2/g) which was capable of adsorbing tar molecules. A similar observation was also reported elsewhere (Phuphuakrat et al., 2010).


[image: image]

FIGURE 9. Amount of collective tar adsorbed in the filter unit over a period of 1-h processing time.


In this study, the color of the flames at the vent flare was also observed. Once the process started and reached the steady-state, the flare was lidded up to monitor the physical combustion of the produced gas. Little fluctuations in the color shade of the lid flames throughout the process could be seen which was varying from light yellows with smoke to light blues with less smoke. The best flame appearance having a blue color with little smoke apparently occurred after the processing time had reached 25 to 35 min to the end of the process at 1 h, indicating less amount of the left-over high MW tar compounds, and perhaps more hydrogen or hydrocarbon gases with smaller molecules such as methane being presented.



CONCLUSION

The simple and economical air-gasification process, using palm kernel shells as the raw material with combined utilization of the catalyst and biochar adsorbent, was successfully demonstrated to produce low tar combustible syngas. In this study, the NiO/CaO catalysts prepared from co-impregnation of NiO and CaO on the ceramic ring supporter having various NiO contents (2, 4, 8 wt%) and a fixed CaO composition (10 wt%) exhibited the capacity to facilitate the further tar cracking reactions of the hot gas leaving the gasifier. With increasing NiO amounts, the composition of the produced syngas tended to shift toward the increase in methane and carbon dioxide concentrations. At some extent of the undergoing reactions, the volatile tar components with large molecules were probably converted into small hydrocarbon CxHy species (e.g., CH4) and other gaseous byproducts. The biochar prepared from mangosteen and durian peel residues also exhibited good performance in additional adsorbing the excess tar compounds presented in the syngas leaving the catalytic unit up to 9 times compared to the system with the absence of the biochar. The implication of the biochar utilization due to its promising adsorption performance would promote waste utilization of agricultural wastes by converting them into high-value biochar products. It is likely that biochar prepared from other biomass residues would give similar adsorption performance in terms of improved tar reduction of syngas. This study is a part of the initiative to promote local implementation of renewable energy usages from biomass residues, particularly in southern Thailand where there are plentiful of unused resources.
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