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Abstract

:

Lignocellulosic biomass from rice husk (RH) is a renewable resource for fuel production, but it could pose ash-related challenges. This work focused on investigating the effects of pretreatment at different sodium hydroxide (NaOH) concentrations (i.e., 0.0, 0.25, 0.50, 0.75 and 1.00 M) on the calorific values and ash contents of treated RH products, and also finding the optimal torrefaction conditions. The results showed that alkaline pretreatment by sodium hydroxide (NaOH) reduced the ash content in the RH samples by over 85 wt%. Due to its relatively excellent calorific values and low ash content, the RH sample with 0.25 M NaOH pretreatment (i.e., RH-25) was chosen as a starting feedstock in the subsequent torrefaction experiments as a function of 240–360 °C for holding time of 0–90 min. In addition, the surface properties by scanning electron microscopy—energy dispersive X-ray spectroscopy (SEM-EDS) and Fourier-transform infrared spectroscopy (FTIR) were also used to observe the elemental compositions preliminarily. Based on the fuel properties of the torrefied RH products, the optimal torrefaction conditions can be found at around 280 °C for holding 30 min. As compared to the calorific value of the RH-25 (i.e., 18.74 MJ/kg) and its mass yield (i.e., 0.588), the calorific value, enhancement factor and energy yield of the optimal product were 28.97 MJ/kg, 1.55 and 0.91, respectively. Although the resulting product has a high calorific value like coal, it could have slight potential for slagging and fouling tendency and particulate matter emissions due to the relatively high contents of silicon (Si) and sodium (Na), based on the results of EDS and FTIR.
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1. Introduction


The most important features for producing energy (i.e., biofuels, heat or electricity) and carbon materials (e.g., biochar, activated carbon) from biomass residues are based on their high carbon content, low ash (or mineral) and water contents, and large availabilities [1,2]. In this regard, the heating value (or calorific value) of biomass will be a vital factor for its energy conversion and carbon-rich material production. On the contrary, the lignocellulosic biomass is generated from the photosynthesis by capturing atmospheric carbon dioxide (CO2). It implies that the valorization for the fuels and chemicals was motivated mainly by the benefits of renewable resources and global warming mitigation due to the carbon-neutral and carbon-negative features of biomass. For example, biomass can be converted into biochar under oxygen-deficiency conditions. This product is a carbon-negative material because it has a stable carbon structure without emitting greenhouse gases (i.e., CO2 and/or CH4) in a short period of time [3]. Inherently, biomass may feature high moisture absorption and low energy density [4,5,6], thus reducing its available use as an energy source. A mild pyrolysis, also called torrefaction, can be applied at lower temperatures (200–300 °C) and relatively long holding times (30–60 min) for enhancing the fuel properties of biomass [2,7,8,9,10,11,12,13,14]. The resulting torrefied solid will provide the possibility for utilization in co-firing in the coal-fired boilers because of its hydrophobic nature and higher heating density as compared to its starting feedstock [2].



Rice should be the most important staple food crop in Southeast Asia. Meanwhile, rice husk (RH) may be one of the most important crop residues during rice milling, accounting for about 20% of rice grain weight [15]. Due to its richness in lignocellulosic constituents, the biomass has been used currently as biomass fuel for cooking and heating. Compared to other feedstocks, such as coconut shell, sugarcane bagasse and peanut shell [16,17], RH usually contains high ash contents in the wide range of 10–28 wt% [18,19]; thus, it has a lower calorific value. In order to increase the fuel properties of RH for applications in energy and/or fuel production, it has been widely investigated in the torrefaction process at limited pyrolysis conditions [20,21,22,23,24,25,26,27,28,29,30]. However, the calorific values of torrefied RH products were significantly lower than those of other torrefied biomass products [7,9,10,11,12,14]. This can be attributed to the high ash content of raw RH.



In the previous study [29], local biomass RH was torrefied at 240–360 °C for holding 0–90 min to enhance its thermochemical properties, showing that torrefaction temperature at around 360 °C for holding time of 0 min would be optimal to produce the RH-torrefied product. Although the calorific values were increased from 13.96 to 19.71 MJ/kg (i.e., about 42% growth rate), the RH-torrefied biomass may be not directly reused as an auxiliary fuel in boilers due to its high silica (or ash) content. A high ash content will hinder the reuse of RH as an excellent feedstock for biofuel production by not only lowering the calorific values of RH-derived products, but also by posing a higher slagging (agglomeration) tendency and higher particulate matter emissions during combustion [4,31,32,33]. Moreover, some torrefied solids are characteristic of “lignite”.



To expand the applicability of RH-derived fuels and carbon materials, significant reduction in the ash contents using NaOH pretreatment has been revealed by other studies [34,35,36,37,38,39,40]. However, the torrefaction of NaOH-pretreated RH was limited in the literature. Therefore, this work focused on investigating the effects of pretreatment at different NaOH concentrations on the calorific values and ash contents of RH-based products. Furthermore, the pretreated RH-based biomass was mildly pyrolyzed in the torrefaction experiments as a function of 240–360 °C for holding time of 0–90 min. The resulting biochar products were analyzed to obtain their yields, calorific values and surface properties by scanning electron microscopy—energy dispersive X-ray spectroscopy (SEM-EDS) and Fourier-transform infrared spectroscopy (FTIR).




2. Materials and Methods


2.1. Materials


In this work, RH was used as a starting biomass for producing torrefied products. This sample was obtained from a local rice-processing factory (Puzi Township, Chiayi County, Taiwan). When using the as-received basis, the proximate analysis of the RH biomass was first determined in triplicate, showing 7.92 ± 0.14 wt% for moisture, 72.86 ± 0.52 wt% for volatile matter, 13.75 ± 0.04 wt% for ash and 5.47 wt% for fixed carbon. Due to the high volatile matter in the RH, this biomass had a moderate calorific value (16.04 ± 0.67 MJ/kg, dry basis), which was close to those (13.96–16.79 MJ/kg, dry basis) in the previous studies [29,41,42], but was lower than that of woody biomass [16,17].




2.2. Alkaline Pretreatment of Rice Husk


In this pretreatment, the dried RH sample was divided into six parts. Each part with about 0.6 g was poured into the Erlenmeyer flask, where 100 cm3 solutions with different NaOH concentrations (i.e., 0.00, 0.25, 0.50, 0.75 and 1.00 M) were added one by one. The flasks were heated to about 80 °C for 30 min and then cooled to about 40 °C for decanting. The remaining RH samples were washed by adding 150 cm3 deionized water and decanted in duplicate. During the washing period, the solutions were also heated to about 80 °C for 30 min. To perform the thermogravimetric analysis (TGA) and the torrefaction experiments, the pretreated RH samples (notations were given as RH-00, RH-25, RH-50, RH-75 and RH-100) were dried in a forced air-circulation oven. Prior to the torrefaction experiments, the dried RH sample with 0.25 M NaOH pretreatment (i.e., RH-25) was chosen as a starting feedstock because its calorific value (i.e., 18.74 MJ/kg) and ash content (i.e., 1.92 wt%) indicated a relatively excellent value compared to other NaOH-pretreated RH samples (seen in Figure 1 and Figure 2, respectively). As shown in Figure 2, the NaOH pretreatment reduced the ash content in the RH samples by over 85 wt%, depending on several process conditions, such as NaOH concentration. Under the proper pretreatment conditions, such as alkaline concentration and biomass RH/alkaline liquid ratio, the significant removal of silica (SiO2) from RH by NaOH pretreatment should be attributed to the formation of water-soluble sodium silicate (Na2SiO3) by the following reaction [38]:


SiO2 + 2NaOH → Na2SiO3 + H2O











The removal of soluble salts from RH can be subsequently performed by the water-washing and solid-liquid separation stages. Consequently, the calorific values of the pretreated RH samples were significantly higher than those of raw RH and RH-00, which is shown in Figure 1.




2.3. Thermogravimetric Analysis (TGA) of Pretreated RH


In the TGA tests, the pretreated RH sample (i.e., RH-25) was determined as the baseline data for the evaluations in the torrefaction conditions. About 100 mg sample were performed under a nitrogen flow of 50 cm3/min, where the TGA instrument (Model: TGA-51; Shimadzu Co., Tokyo, Japan) was set in the temperature range of room temperature (about 30 °C) to 1000 °C, at the heating rates of 5 and 10 °C/min.




2.4. Torrefaction Experiments


As described above, this work focused on enhancing the fuel properties of torrefied RH products by alkaline pretreatment and further pyrolysis in a wide range of temperatures and holding times. The torrefaction experiments were performed at 200–360 °C (40 °C interval) for holding 0–90 min (30 min interval) in an electric furnace, which had a heating rate of about 7 °C/min [29,43]. Herein, the torrefaction conditions at 200 °C for holding time of 0 min meant that the torrefied RH product was removed from the furnace promptly when approaching the temperature (200 °C). For each torrefaction condition, the experiments were performed in duplicate by using about 0.3 g of the dried RH sample (i.e., RH-25), which was placed on a ceramic crucible. To provide a close oxygen-deficiency environment, this crucible was equipped with a fitting cover. In addition, the torrefied RH products were abbreviated by the notation. For instance, T-RH-360-30 refers to the product torrefied at 360 °C for holding 30 min. Furthermore, the mass yield of the torrefied RH product (MYT-RH) was calculated by the ratio of its mass (WT-RH) to the mass of the RH sample (WRH). According to the definitions [20,44,45,46], the enhancement factor (EFT-RH) and energy yield (EYT-RH) were calculated by the following equations:


EFT-SP = CVT-RH/CVRH










EYT-SP = MYT-RH × EFT-RH








where CVT-RH and CVRH were the calorific values of the torrefied product (T-RH) and the feedstock RH (i.e., 18.74 MJ/kg), respectively.




2.5. Determination of Fuel and Related Properties of Torrefied RH Products


Herein, the fuel properties of the torrefied RH products referred to their calorific values, which were determined by an adiabatic calorimeter (Model: CALORIMETER ASSY 6200; Parr Co., Moline, IL, USA). In order to characterize the textural changes and elemental compositions on the surface of the pretreated RH and its torrefied product samples, a scanning electron microscopy (Model: S-3000N; Hitachi Co., Tokyo, Japan) with an energy dispersive X-ray spectroscopy (Model: 7021-H; HORIBA Co., Osaka, Japan) was used by applying at 15.0 kV acceleration potential. Prior to the EDS analysis, some representative samples were coated by a gold film using an ion sputter (Model: E1010; Hitachi Co., Tokyo, Japan). In addition, the optimal torrefied RH product was placed on the FTIR instrument (Model: FT/IR-4600; JASCO Co., Tokyo, Japan) to determine the functional groups on the surfaces. The scanned discs were prepared by the previous procedures [47,48]. The reflectance spectra were acquired in the range of 4000–400 cm−1, with a spectral resolution of 4 cm−1.





3. Results and Discussion


3.1. Thermochemical Characteristics of Rice Husk


In order to investigate the thermal decomposition behavior of the pretreated RH sample (RH-25), the thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) curves were obtained at the heating rates (i.e., 5 and 10 °C/min) under the nitrogen flow (50 cm3/min), as shown in Figure 3. It can be seen that these curves revealed similar thermal variations in the temperature range of 30–500 °C. Taking the TGA/DTG curves at 5 °C/min as an example, the first weight decline occurred in the temperature range from 50 to 200 °C, which should be attributed to the losses of moisture and light volatile components. Thereafter, the significant weight loss was observed at the temperature range of 200 to 400 °C, which can be divided into the decomposition of lignocellulose constituents (i.e., cellulose, hemicellulose and lignin). Finally, the thermal loss of lignin and mineral ash was continuously progressed at above 400 °C. From the TGA/DTG curves (Figure 3), the torrefaction experiments of the treated RH (i.e., RH-25) were designed to perform in the temperature range of 240–360 °C for holding time from 0 to 90 min to produce the optimal torrefied products in this work.




3.2. Fuel Properties of Torrefied RH Products


As mentioned in Section 2.4 , 16 torrefaction experiments were performed as a function of torrefaction temperature (i.e., 240–360 °C by 40 °C interval) and residence time (i.e., 0–90 min by 30 min interval). Table 1 lists the data on the mass yields of torrefied RH products. The mass yield indicated a decreasing trend due to more serious torrefaction reactions at higher temperatures and longer holding times. In addition, the significant variations in the mass yields of the torrefied products can be seen at 280–320 °C for holding 0 min and 280 °C for increasing time from 0 min to 30 min. The torrefaction temperature at 280–320 °C will be the most intense reaction region, which was consistent with the TGA/DTG curves (seen in Figure 3). Herein, the mass yields of torrefied RH products at 280 °C for different holding times were 86.05% (0 min), 50.79% (30 min), 50.75% (60 min) and 47.83% (90 min). In addition, the mass yields of torrefied RH products at a holding time of 0 min for increasing temperature were 98.13% (240 °C), 86.05% (280 °C), 55.14% (320 °C) and 47.87% (360 °C). It is well known that hemicellulose (an amorphous polysaccharide) is very liable to decompose at lower temperatures, as compared to cellulose (a crystalline polysaccharide) and lignin (a highly branched and amorphous polysaccharide) [2]. Therefore, the torrefaction for the de-ashed RH sample will show the maximal thermal decomposition at approximately 280–320 °C for the hemicellulose and cellulose. It should be noted that the mass yields of torrefied RH products were obtained at lower torrefaction temperatures and/or shorter holding times, but their larger calorific values may not be shown at higher temperatures and/or longer holding times.



In order to find the optimal fuel properties of torrefied RH products, Table 1 also listed their calorific values, enhancement factors and energy yields as a function of torrefaction temperature (240–360 °C) and holding time (0–90 min). Based on the data in Table 1, Figure 4 further shows the variations in the calorific values. The calorific values of torrefied products showed an increasing trend as the holding time increased from 0 to 90 min at 240 °C. However, the calorific values of torrefied products produced at 280, 320 and 360 °C indicated an increase as the holding time increased from 0 to 30 min, but subsequently decreased from 30 to 90 min. In addition, the data in Table 1 indicates the same trends for the enhancement factors of torrefied RH products (i.e., EFT-SP) based on the calorific value (i.e., 28.74 MJ/kg) of the feedstock RH-25. It can be seen that the maximal enhancement factor (i.e., 1.55) referred to the product T-RH-280-30, which was obtained at 280 °C for holding 30 min. This result could be due to the thermal decomposition of the hemicellulose constituent at about 280–320 °C because it has an amorphous structure with weak strength [2]. Also observed in the first peaks of DTG curves at 5 and 10 °C/min (Figure 3), the torrefaction temperature at about 280–320 °C could be applied for the devolatilization of the hemicellulose constituent, thus producing more gases and less tar than other lignocelluloses, such as cellulose. On the contrary, energy yield played a vital role in the biofuel production because it gives the fraction of the original energy in the biomass retained after torrefaction. As listed in Table 1, the energy yields indicated a decreasing trend as the torrefaction temperature increased from 240 °C to 360 °C at the same holding time. Similarly, the energy yields also indicated a decreasing trend as the holding time increased from 0 min to 90 min at the same torrefaction temperature. In this work, the optimal torrefied RH product (i.e., T-RH-280-30) with the maximal enhancement factor (i.e., 1.55) has a high energy yield (i.e., 0.91), which was higher than those of the optimal torrefied products from water caltrop husk (WCH) [43] and untreated rice husk (RH) [29]. For example, the energy yield of the optimal WCH-torrefied product with calorific value of 25.27 MJ/kg produced at the torrefaction temperature of 320 °C for holding 60 min was only 0.657 [43]. Regarding the optimal RH-torrefied product with calorific value of 19.71 MJ/kg [29], it showed a maximal enhancement factor of 1.41 at 360 °C and 0 min, but its energy yield had a relatively low value (i.e., 0.795).



To provide the surface structure of the torrefied RH products, SEM was used to observe the morphological changes. It revealed the smooth surface of unpretreated-RH-torrefied products in the previous study [29]. After alkaline pretreatment, the surface of pretreated RH and RH-torrefied products became rougher, as shown in Figure 5. This could be attributed to the partial removal of the outer non-lignocellulosic layer composed of components such as hemicellulose, lignin and wax, and other impurities (e.g., silica) contained in the RH-torrefied products [49]. In addition, based on the preliminary EDS analysis (Figure 5), the elemental compositions were observed on the surface of the feedstock (RH-25) and the optimal product (T-SP-280-30). It showed that the major elements included carbon (C), oxygen (O), silicon (Si) and sodium (Na). In addition, the carbon and ash contents in the T-SP-280-30 were higher than those in the RH-25, suggesting potential slagging/fouling in boilers or gasifiers when co-firing torrefied RH product with pulverized coal could be considered [33]. In order to evaluate the slagging and fouling tendency of solid fuels, some indices have been developed and reviewed in the literature [31,32,33,50,51]. It was concluded that silica is the predominating index for evaluating the lagging and fouling tendency of biomass fuels due to the melt formation of “sticky” silicates. The critical silica content in the fuel ash was in the range of 20 wt% to 25 wt% [50], showing low slagging and fouling tendency for less than 20 wt%. Accordingly, the RH-based fuels should pose a low slagging and fouling tendency in the industrial boilers during the combustion and/or co-firing.



Furthermore, Figure 6 showed the FTIR spectrum of the optimal product (T-SP-280-30). The significant peaks at 3429, 2927, 1604, 1385 and 1107 cm−1 may be assigned to the oxygen-containing functional groups O-H, -CH3, C=O, C-H and Si-O, respectively [52]. These FTIR spectral features were in accordance with those in the EDS analysis (Figure 5), which are associated with the organic/mineral elements they contain.





4. Conclusions


RH may be one of the most important crop residues in many Asian countries. This mass features its richness in silica (SiO2), causing a relatively low calorific value. To enhance the fuel properties of RH-derived fuels, this work focused on investigating the effects of pretreatment at different NaOH concentrations on the ash contents and calorific values of RH-based products. It was determined that NaOH pretreatment reduced the ash content in the RH samples by over 85 wt%. Furthermore, the RH-based biomass by the optimal pretreatment (i.e., 0.25 M NaOH) was mildly pyrolyzed in the torrefaction experiments as a function of 240–360 °C for holding time of 0–90 min, based on the preliminary test by thermogravimetric analysis (TGA). As compared to the calorific value of the feedstock RH (i.e., 18.74 MJ/kg), the experimental findings showed that the optimal torrefaction conditions can be found at around 280°C for holding 30 min, where the resulting product had a calorific value, enhancement factor and energy yield of 28.97 MJ/kg, 1.55 and 0.91, respectively. It should be noted that relatively high contents of silicon (Si) and sodium (Na) were still present in the results from the analyses of EDS and FTIR. In this regard, the optimal torrefied RH product had a high calorific value like coal, but it may have slight potential for slagging and fouling tendency and particulate matter emissions when using it as a solid fuel.
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Figure 1. Variations on the calorific values of pretreated RH samples. 
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Figure 2. Variations on the ash contents of pretreated RH samples. 
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Figure 3. Thermogravimetric analysis/derivative thermogravimetry (TGA/DTG) curves of pretreated RH sample (i.e., RH-25) at the heating rates of 5 °C/min and 10 °C/min. 
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Figure 4. Variations on calorific values of torrefied RH products produced at 280–360 °C for holding 0–90 min. 
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Figure 5. SEM/EDS analyses of (a) the pretreated RH (RH-25) and (b) the optimal torrefied product (T-RH-280-30). 
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Figure 6. FTIR spectrum of the optimal torrefied RH product (T-RH-280-30). 
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Table 1. Mass yields and calorific values of torrefied products (T-RH) produced from pretreated rice husk (RH-25) at different torrefaction temperatures (240–360 °C) and holding times (0–90 min).
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	RH-Torrefied Product a
	Mass Yield

(MYT-RH, -)
	Calorific Value a

(MJ/kg)
	Enhancement Factor b

(EFT-SP, -)
	Energy Yield c

(EYT-SP, -)





	T-RH-240-0 d
	0.981
	19.98
	1.07
	1.05



	T-RH-240-30
	0.812
	21.72
	1.16
	0.95



	T-RH-240-60
	0.727
	22.68
	1.21
	0.88



	T-RH-240-90
	0.695
	22.97
	1.23
	0.85



	T-RH-280-0
	0.861
	20.52
	1.09
	0.94



	T-RH-280-30
	0.588
	28.97
	1.55
	0.91



	T-RH-280-60
	0.508
	25.96
	1.38
	0.70



	T-RH-280-90
	0.478
	25.94
	1.38
	0.66



	T-RH-320-0
	0.551
	26.46
	1.41
	0.78



	T-RH-320-30
	0.449
	26.93
	1.44
	0.65



	T-RH-320-60
	0.411
	26.02
	1.39
	0.57



	T-RH-320-90
	0.371
	25.27
	1.35
	0.50



	T-RH-360-0
	0.479
	27.13
	1.45
	0.69



	T-RH-360-30
	0.382
	27.47
	1.47
	0.56



	T-RH-360-60
	0.324
	25.91
	1.38
	0.45



	T-RH-360-90
	0.285
	25.15
	1.34
	0.38







a Dry basis. b The data on enhancement factors were obtained by ratio of calorific value for torrefied RH products to calorific value for pretreated RH (i.e., 18.74 MJ/kg). c The data on energy yield were obtained by multiplication of the mass yield and the ratio of calorific values for torrefied RH products to the calorific value for pretreated RH (i.e., 18.74 MJ/kg). d Torrefied RH product (T-SP-240-0) produced at torrefaction temperature of 240 °C for residence time of 0 min.
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