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Abstract

:

Rice husk (RH) is one of the most important crop residues around the world, making its valorization an urgent and important topic in recent years. This work focused on the production of RH-based biochars at different pyrolysis temperatures from 400 to 900 °C and holding times from 0 to 90 min. Furthermore, the variations in the yields and pore properties of the resulting biochars were related to these process conditions. The results showed that the pore properties (i.e., BET surface area and porosity) of the resulting RH-based biochar were positively correlated with the ranges of pyrolysis temperature and holding time studied. The maximal pore properties with a BET surface area of around 280 m2/g and porosity of 0.316 can be obtained from the conditions at 900 °C for a holding time of 90 min. According to the data on the nitrogen (N2) adsorption–desorption isotherms and pore size distributions, both microporous and mesoporous structures exist in the resulting biochar. In addition, the EDS and FTIR analyses also supported the slight hydrophilicity on the surface of the RH-based biochar due to the oxygen/silica-containing functional groups. Based on the findings of this work, the RH-based biochar could be used as a material in environmental applications for water conservation, wastewater treatment and soil amendment.
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1. Introduction


The most common biomass feedstocks for the production of energy and carbon materials are plant, wood, agricultural waste or crop residues, which are mainly composed of water, lignocellulosic components (lignin, hemicellulose and cellulose), extractives and ash [1]. Notably, the energy-containing biomass is derived from the sun by converting atmospheric carbon dioxide (CO2) and water into carbohydrates (or lignocelluloses) through photosynthesis, thus mitigating greenhouse gas (GHG) emissions by displacing fossil fuel use. In this regard, the valorization of biomass for fuels and chemicals was motivated mainly by the benefits of renewable resources, global warming (environmental protection) and social economy [1]. For example, biomass has been considered as a carbon-neutral feedstock or fuel from the viewpoint of the carbon cycle principle regarding the environment. Furthermore, biomass can be converted by biochemical and thermochemical methods into useful products [2]. Pyrolysis, one of the commonly used thermochemical conversion processes, involves decomposition of biomass in the absence of air or oxygen at an elevated temperature [3]. The resulting biochar can be further used as solid fuel, carbon material, soil amendment, environmental adsorbent (biosorbent), functional catalyst or feedstock for chemicals, depending on its final applications [4,5,6,7,8,9].



In Asia, rice is the most important crop, suggesting that rice husk is an important crop residue because it accounts for around 20% of grain weight. Approximately 150 million metric tons of rice husk are produced annually based on the world production of paddy rice (i.e., 750 million metric tons) [10]. According to the agricultural statistics [11], it was thus estimated that around 0.4 million metric tons of rice husk are generated annually in Taiwan. Due to its richness in silica and lignocellulosic constituents [12], the biomass is currently used for bioenergy (or solid fuel) in rice milling plants, as a paving/bedding material in poultry farms, animal feed and as a soil amendment in different forms in agricultural lands to increase soil fertility and crop productivity [13,14,15]. Rice husk is directly reused without converting it into useful materials by thermochemical or biochemical processes. As compared to uncontrolled burning on fields, these direct reuse approaches do not valorize the energy content of the material and may generate toxic emissions without leading to valuable applications such as porous carbon materials.



In order to increase the pore properties, mediate environmental pollution and also mitigate the carbon dioxide release as GHG forms by valorizing rice husk, the potential to enhance the porous structure of resulting biochar products at limited pyrolysis conditions has been widely investigated [16,17,18,19,20,21,22,23,24,25,26]. Vassileva et al. pyrolyzed rice husk at 250, 350, 480 and 700 °C at a heating rate of 4 °C/min and subsequently maintained this temperature for 4 h [16]. Jindo et al. charred rice husk for 10 h at different temperatures (400–800 °C) at a heating rate of 10 °C/min [17]. Phuong et al. investigated the effects of pyrolysis temperature (350, 450 and 550 °C) and heating rate (10 and 50 °C/min) on the yield and properties of the resulting biochar derived from rice husk [18]. Ahiduzzaman and Sadrul Islam produced rice husk biochar at 650 °C for 60 min, which was further activated to produce activated carbon [19]. Wei et al. prepared rice husk biochars at 300, 500 and 750 °C, which were used as adsorbents for comparing the adsorption performance of herbicide metolachlor with their physicochemical characteristics [20]. Zhang et al. reported the physicochemical properties of rice husk biochars prepared under different temperatures (200–800 °C) at a fixed heating rate of 10 °C/min and then kept for 60 min [21]. Dissanayake et al. conducted pyrolysis experiments on rice husk at 350, 500 and 650 °C at a heating rate of 10 °C/min [22]. In this case, the experiment at 350 °C took around 2 h to complete pyrolysis, while the experiments at 500 °C and 650 °C completed the process in around 25 min after reaching the pyrolysis temperature. Jia et al. produced rice husk biochar under 300, 400, 500, 600 and 700 °C (heating rate of 15 °C/min) for 3 h [23]. Shi et al. investigated adsorption interactions between lead ion and biochars produced at 300, 500 and 700 °C [24]. Singh et al. used rice husk biochars, prepared at 300, 450 and 600 °C, as adsorbents of nutrient nitrogen (i.e., urea), showing the huge sorption potential of the biochar due to high functionality and porosity [25]. Saeed et al. performed a pyrolysis experiment at a constant temperature of 500 °C for 60 min [26]. It is clear that the pore properties of rice husk biochar will be more developed at higher pyrolysis temperatures because of the greater formation of turbostratic crystallites [27]. Regarding the applications of rice husk biochar, it has been used as an effective adsorbent for the removal of trichloroethylene [28], a good medium for the growth of soursop (Annona muricata L.) seedlings [29] and a soil amendment for increasing nutrient retention [30,31].



In Taiwan, rice husk biochar has been extensively applied to agricultural soils for enhancing soil fertility and crop yields in recent years due to the promotion of organic farming [30]. However, these biochars showed poor pore properties [32]. For example, the values of the Brunauer–Emmett–Teller (BET) surface area were lower than 5 m2/g. In addition, few studies on the production of rice husk biochar at higher temperatures (e.g., 900 °C) for different holding times have been reported in the literature, as mentioned above. Therefore, this work focused on investigating the variations in the yields and pore properties of rice husk biochar in the pyrolysis process as a function of temperature (400, 500, 600, 700, 800 and 900 °C) and residence time (0, 30, 60 and 90 min) at a commonly used heating rate (10 °C/min). The instrumental analyses, including nitrogen adsorption–desorption isotherms, true density (gas pycnometry using helium displacement principle), scanning electron microscopy–energy-dispersive X-ray spectroscopy (SEM–EDS) and Fourier-transform infrared spectroscopy (FTIR), were performed to determine the physicochemical properties of the resulting rice husk biochar.




2. Materials and Methods


2.1. Material


Rice husk (RH), used as a precursor for producing biochar, was obtained from an agricultural research and extension station (Pingtung County, Taiwan). The as-received biomass was cut by a rotary knife-type shredder. The shredded RH was further sieved to a broad range of mesh screen sizes, ranging from mesh no. 20 (opening size of 0.841 mm) to mesh no. 40 (opening size of 0.420 mm). The sieved RH was first dried in a forced air-circulation oven and then used for the pre-pyrolysis test involving thermogravimetric analysis (TGA) and the pyrolysis experiments. In line with the previous study [33], the dried RH contained high contents of carbon (45.28 wt%), hydrogen (5.51 wt%), oxygen (~44 wt%, estimated) and silicon (3.90 wt%), indicating that this biomass has a moderate calorific value (16.4 MJ/kg) [12].




2.2. Pre-Pyrolysis Test via Thermogravimetric Analysis (TGA)


In order to obtain the proper pyrolysis temperature range of the dried RH, a thermal analyzer (TGA-51; Shimadzu Co., Japan) was used to obtain the TGA data. Around 0.2 g of the RH sample was placed on a quartz crucible and then heated externally to a maximum temperature of 1000 °C at a fixed rate of 10 °C/min under a nitrogen (N2) flow rate of 50 cm3/min. During the TGA operation, ongoing data on the sample weight and temperature were collected to determine the thermal stability and reaction mechanism by the curves of TGA and its derivative thermogravimetry (DTG). The TGA curve was normalized based on the weight of RH sample fed.




2.3. Pyrolysis Experiments


Based on the TGA/DTG data (discussed in Section 3.1), the pyrolysis temperature had to be above 400 °C because the peak temperature of DTG was found to be around 380 °C. This result was consistent with those reported by Johar et al. [34], indicating the complete devolatilization of hemicellulose and cellulose at around 400 °C. Therefore, the pyrolysis experiments were performed by the matrix combinations of temperature (400–900 °C, increased by the interval of 100 °C) and holding time (0–90 min, increased by the interval of 30 min) in the present study. Herein, a null holding time means that the heating was stopped (powered off) when the specified temperature was reached. Based on previous studies for producing biochar [35,36,37,38,39,40], a vertical fixed-bed electric furnace is suitable equipment for the production of biochar from various biomass feedstocks. For each pyrolysis experiment, around 5 g of the RH sample was pyrolyzed at a heating rate of around 10 °C/min under an inert atmosphere by passing N2 flow rate of 500 cm3/min. The biochar yield was obtained from the difference between the initial RH sample weight and the resulting biochar weight based on the weight of RH sample fed. In order to describe the RH-based biochar (i.e., BRH), the resulting biochar was denoted as BRH-pyrolysis temperature-holding time. For example, the product BRH-400-30 refers to the pyrolysis conditions at temperature of 400 °C for holding time of 30 min.




2.4. Physicochemical Properties of Resulting Biochar


In this work, an accelerated surface area and porosimetry system (ASAP 2020; Micromeritics Co., USA) was used to determine the pore properties of the BRH products, including the Brunauer–Emmett–Teller (BET) surface area, pore volume and pore size distribution. Herein, the calculation of specific surface area was performed using the BET equation, using a range of relative pressure from 0.05 to 0.30. The total pore volume was taken as the nitrogen liquid volume adsorbed at a relative pressure of ca. 0.995. Using the t-plot method, the data on micropore area and micropore volume were obtained by the Halsey equation [41]. According to the definition by the International Union of Pure and Applied Chemistry (IUPAC) [41], micropores refer to pores with an internal diameter or width of less than 2 nm. Mesopores are defined as pores with an internal diameter or width between 2 and 50 nm. Regarding the pore size distributions of the BRH products, the Barrett–Joyner–Halenda (BJH) method was employed to calculate them in the range of mesopores and small macropores from experimental N2 isotherms (desorption branch) using the Kelvin model of pore filling [41].



The porosity of a material is defined as the ratio of the total pore volume to the apparent volume of the particle or powder (excluding inter-particle voids). Therefore, this property can be estimated by subtracting the ratio of particle (apparent or skeletal) density to true density from 1 [42,43]. In this work, a gas (helium) pycnometer (AccuPyc 1340; Micromeritics Co., USA) was used to determine the true density. Although mercury (Hg) porosimetry is often used to measure particle density due to the high surface tension of Hg, this property was estimated by using the measured data on the true density and total pore volume [43].



The textural morphology on the surface of the BRH product was observed by the SEM system (S-3000N; Hitachi Co., Japan). Prior to the SEM analysis, the BRH sample was coated by a conductive gold film using an ion sputter (E1010; Hitachi Co., Japan). An accelerating potential of 15.0 kV (electron beam) in a vacuum chamber was applied to the specimen surface during the SEM analysis. In addition, EDS analysis was used to quantify the elemental compositions rapidly and simply when scanning the BRH sample during the SEM analysis.



The oxygen-containing functional groups on the surfaces of the BRH products were analyzed by FTIR (FT/IR-4600; JASCO Co., Japan). Prior to the FTIR analysis, the dried BRH sample was mixed with spectroscopic-grade potassium bromide (KBr) powder, and then ground in an agate mortar. The finely uniform mixture (around 1 wt% BRH) was pressed in a hydraulic machine to form a disc with a diameter of ca. 1.2 cm and thickness of ca. 1 mm. The FTIR spectra were obtained by scanning with a wave number range of 4000–400 cm−1 and a resolution of 4 cm−1.





3. Results and Discussion


3.1. Thermogravimetric Analysis (TGA) of Rice Husk (RH)


As mentioned above, a pre-pyrolysis test of the RH sample was carried out by a thermal analyzer under an inert atmosphere at a fixed heating rate of 10 °C/min. The test conditions were very similar to the pyrolysis experiments for producing RH biochar. Figure 1 presents the TGA/TGA curves for the RH sample, showing that the significant degradation temperature was less than 400 °C. As shown, there were two apparent peaks and one shoulder as the pyrolysis temperature increased from room temperature to 400 °C. In the first peak, mass loss should occur in the form of water vapor (moisture) between 60 and 200 °C. For a lignocellulosic biomass, hemicellulose and a smaller amount of cellulose may be the most labile polymeric components as compared to lignin [1]. This implies that the TGA shoulder appeared at a temperature of around 300 °C, which is lower than that of lignin. During the stage of pyrolysis, the complex reactions (e.g., cracking, condensation) involve depolymerization and scission, thus causing a continual mass loss in the form of vapors such as moisture, CO2 and volatile organics [44]. The final peak around 400 °C can be attributed to the thermal degradation of most cellulose and a smaller amount of lignin. In order to produce porous biochar from RH, the pyrolysis experiments thus started from 400 °C, where more lignin was pyrolyzed to form the products of char and tar. At higher temperatures (400–1000 °C), the mass loss can be attributed to the thermal degradation of most lignin and inorganic minerals (e.g., carbonates, chlorides, oxides) [26].




3.2. Yields and Pore Properties of Resulting Biochar


3.2.1. Yields of Resulting Biochar


The biochar yield was calculated by the ratio of biochar mass to RH mass loaded into each pyrolysis experiment (around 5 g). As the pyrolysis temperature increased, more condensable products were formed as water and organic components, but there remained less carbonized solids as biochar due to the complex degradation reactions in progress. Figure 2 illustrates the variation in the yield of the resulting RH-based biochar as a function of temperature (400–900 °C) for a holding time of 30 min, indicating a decreasing trend. Although not shown here, the yields of the resulting RH-based biochar prepared at 900 °C for four holding times (0, 30, 60 and 90 min) also indicated this trend.




3.2.2. Pore Properties of Resulting Biochar


The potential applications of biochar for water retention, sorption of contaminants and as a habitat for microorganisms are strongly dependent on its pore properties, which include specific surface area, density, porosity and morphology [45]. In the present study, all pore properties of the biochar samples were based on N2 gas adsorption–desorption at −196 °C and helium gas displacement. Table 1 lists the pore properties of the resulting biochar (BRH series), which included the BET surface area (SBET), total pore volume (Vt), true density (ρs), particle density (ρp) and porosity (εp). Although particle density can be determined by a mercury (Hg) pycnometer due to the high surface tension of Hg and its inability to enter any pore of the porous sample [41], it was calculated by the values of total pore volume and true density in the present study [42].


ρp = ρs/(Vt × ρs + 1)



(1)







Furthermore, the porosity (εp) can be obtained by subtracting the ratio of particle density to true density from 1 [43]:


εp = 1 − (ρp/ρs)



(2)







As listed in Table 1, there were obvious variations in the pore properties of the biochar as a function of pyrolysis temperature (400–900 °C) and holding time (0–90 min). Similar to numerous studies [45,46], there was a positive correlation between the BET surface area (or porosity) and pyrolysis temperature. When the pyrolysis temperature increased from 400 to 900 °C, there was greater formation of pyrogenic amorphous biochar [27], thus causing a greater pore space or more pores with the pyrolysis temperature as charring intensity increased. Noticeably, the pore properties of the biochar continuously increased as the pyrolysis temperature increased up to 900 °C (for a fixed holding time of 30 min), or as the holding time was extended up to 90 min (at a fixed pyrolysis temperature of 900 °C). This implies that the structural breakdown of the resulting biochar produced at higher temperatures, probably due to sintering or fusion [45], was not observed in this work [47]. In the present study, the process parameter of pyrolysis temperature had a more significant effect on the pore properties of biochar as compared with the holding time (or reaction residence time). This is because the extent of physical changes (e.g., mass loss) for the biochar was highly dependent on the temperature during pyrolysis processing (seen in Figure 1). From the viewpoint of efficient energy use, the pyrolysis conditions at 500 °C for 30 min may be suitable for the production of RH-based biochar with a high BET surface area of 211 m2/g when compared with the resulting biochar (BET surface area of 279 m2/g) prepared at 900 °C for 90 min.



The BET surface area of the resulting biochar was also linked to its N2 adsorption–desorption isotherms, which can be further transformed into its pore size distribution based on the BJH method [41]. Figure 3 depicts the N2 adsorption–desorption isotherms and pore size distributions of the resulting biochar prepared at various pyrolysis temperatures for a holding time of 30 min. Furthermore, Figure 4 shows the similar characteristics of the resulting biochars prepared at 900 °C for different holding times. As shown in Figure 3 and Figure 4, the corresponding N2 adsorption–desorption isotherms and pore size distributions of the resulting biochars were consistent with those in Table 1. Furthermore, the biochar pyrolyzed at higher temperatures showed more pronounced pore development, including micropores and mesopores. Therefore, these biochars possess the so-called Type I and Type-IV shapes (isotherms) [41]. This mesoporous feature will be beneficial in providing water retention, adsorption capacity and microbial growth space.



In order to observe the porous texture of the resulting biochar, SEM analyses at 15 kV were performed on its gold-coated surface with different magnifications (i.e., 200 and 1000). As shown in the SEM images (Figure 5), the representative biochar (i.e., BRH-900-30) has fine pores on the surface. These pores will be more formed from gas vesicles at higher pyrolysis temperatures, resulting in better pore properties such as specific surface area and porosity (Table 1). In addition, the resulting biochar also exhibits a rigid, irregular and rough surface due to its rigid silica composition and the rigorous carbonization at a higher temperature (i.e., 900 °C) for a longer holding time (i.e., 30 min). In this regard, the RH-based biochar may be a good medium for possible applications in water retention and wastewater treatment in the soil environment due to its highly porous structure.





3.3. Chemical Characterization of Resulting Biochar


As described in Section 2.4, the EDS system, which is commonly used alongside SEM, was used to enable semi-quantitative elemental analysis on the surface of the resulting biochar. Figure 6 shows an EDS spectrum from the resulting biochar (BRH-900-30), observing the presence of carbon (C), oxygen (O) and silicon (Si). As a preliminary quantification, the corresponding contributions to the elemental composition are 18.15, 4.66 and 40.19 wt%, respectively. The presence of C and O in the RH-based biochar should arise from its lignocellulosic precursor (i.e., RH). The most significant peak is assigned to the presence of Si due to the high content of silica (SiO2) in the RH. The rich presence of silica in the RH-based biochar can be further identified by X-ray diffraction (XRD) [48] or X-ray photoelectron spectroscopy (XPS) analysis [49].



In general, the chemical characteristics of biochar mainly comprise aromatic C and inorganic minerals, which are dependent on the starting feedstock and pyrolysis conditions applied. The presence of functional groups on the surface of biochar plays a vital role in the soil and water environments. For example, the addition of biochar to soil has been proven to enhance the sorption capacities for heavy metal ions by the electrostatic attraction [45], which can be attributed to the high contents of oxygen-containing functional groups on the surface due to the negatively charged surface. The FTIR spectrum of the resulting biochar (BRH-900-30) shown in Figure 7 has the following features [23,50,51]. The peak at 3460 cm−1 can be assigned to the presence of adsorbed water and hydrogen-bonded biochar O-H groups. The band between 1500 and 1700 cm−1 could be attributed to C=O stretching or C=C groups in aromatic rings. The sharp peak around 1385 cm−1 could be assigned to the symmetric deformation band of –CH3 groups. The peak at around 1115 cm−1 could be the stretching vibration of C-O and the vibration of silica bonds. Si-O framework bands at around 1115 cm−1 and below 800 cm−1 were evident [17]. These FTIR results were in accordance with those in the EDS analysis (Figure 6), enhancing the slight hydrophilicity on the surface of the RH-based biochar. These functional groups will impact the soil pH and interaction with ionic contaminants in soil, causing higher cation exchange capacity (CEC) and adsorption capacities for cations (e.g., metal ions).





4. Conclusions


In this work, a series of biochars were prepared from RH at various pyrolysis conditions, which were designed by the matrix of temperature (400–900 °C) and holding times (i.e., 0–90 min) based on the results of a pre-pyrolysis test by TGA. The pore properties (i.e., BET surface area and porosity) of the resulting RH-based biochar were clearly positively linked to the studied ranges of pyrolysis temperature and holding time. The maximal pore properties with the BET surface area of around 280 m2/g could be obtained from the conditions at 900 °C for a holding time of 90 min. The porosity of the optimal biochar was as high as 0.316. In addition, the resulting biochar showed characteristic of microporous and mesoporous structures based on the N2 adsorption–desorption isotherms and pore size distributions. The results of the EDS and FTIR analyses also supported the slight hydrophilicity on the surface of the RH-based biochar due to the richness in oxygen/silica-containing functional groups. Based on the physicochemical properties determined, the RH-based biochar could be an excellent material for possible applications in water conservation, wastewater treatment and soil amendment.
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Figure 1. Thermogravimetric analysis (TGA) curve (blue color) and derivative thermogravimetry (DTG) curve (red dash line) of rice husk (RH) at a heating rate of 10 °C/min. 
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Figure 2. Variation in the yield of resulting RH-based biochar as a function of temperature. 
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Figure 3. N2 adsorption–desorption isotherms (upper) and pore size distributions (lower) of resulting biochar prepared at various temperatures for a fixed holding time of 30 min. 
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Figure 4. N2 adsorption–desorption isotherms (upper) and pore size distributions (lower) of resulting biochar prepared at 900 °C for various holding times. 
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Figure 5. SEM images (×200, left; ×1000, right) of the resulting biochar (BRH-900-30). 
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Figure 6. EDS spectrum of the resulting biochar (BRH-900-30). 
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Figure 7. FTIR spectrum of the resulting biochar (BRH-900-30). 
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Table 1. Pore properties of resulting RH-based biochar.
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	Biochar a
	BET Surface Area b (m2/g)
	Total Pore Volume c (cm3/g)
	True Density d (g/cm3)
	Particle Density e (g/cm3)
	Porosity f (--)





	BRH-400-30
	35.4
	0.049
	1.662
	1.537
	0.075



	BRH-500-30
	210.9
	0.161
	1.643
	1.299
	0.209



	BRH-600-30
	225.6
	0.145
	1.717
	1.375
	0.199



	BRH-700-30
	219.5
	0.157
	1.852
	1.435
	0.225



	BRH-800-30
	244.3
	0.154
	1.987
	1.521
	0.234



	BRH-900-30
	258.6
	0.196
	2.071
	1.473
	0.289



	BRH-900-0
	242.8
	0.175
	2.075
	1.522
	0.266



	BRH-900-30
	258.6
	0.196
	2.071
	1.473
	0.289



	BRH-900-60
	274.6
	0.222
	2.074
	1.420
	0.315



	BRH-900-90
	278.9
	0.223
	2.076
	1.419
	0.316







a Sample notation indicated the resulting biochar (BRH-temperature-time) produced at the temperature of 400–900 °C for a holding time of 0–90 min using 5 g dried rice husk (RH).b BET surface area (SBET) was based on relative pressure range of 0.05–0.30.c Total pore volume (Vt) was obtained at relative pressure of around 0.99.d True density (ρs) was measured by the helium displacement method. e Particle density (ρp) was calculated from the total pore volume (Vt) and true density (ρs).f Particle porosity (εp) was calculated from the particle density (ρp) and true density (ρs).
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