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Abstract
[bookmark: _Hlk26393259][bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK57][bookmark: OLE_LINK58][bookmark: _Hlk27474637][bookmark: _Hlk35604287][bookmark: _Hlk26393471][bookmark: _Hlk34425450][bookmark: _Hlk26393536][bookmark: _Hlk35604662][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: _Hlk35540823][bookmark: _Hlk26393568][bookmark: OLE_LINK112][bookmark: OLE_LINK32][bookmark: OLE_LINK33]In this study, a facile and eco-friendly method for synthesis of granular fuel and granular activated carbon was developed. The approach needs not to add a harmful binder due to inherent characteristics of sawdust hydrochar and has not been previously reported. Granular fuel was prepared from densification of sawdust hydrochar acquired from hydrothermal carbonization. Sawdust hydrochar was also pelletized and activated with FeCl3 and ZnCl2 to obtain granular activated carbon. The effects of the temperature used for the hydrothermal carbonization process on the characteristics of granular fuel and granular activated carbon were investigated. The results showed that at the optimal temperature of 230 C, the high heat value, energy density, and equilibrium moisture content of granular fuel were 23.53 MJ/kg, 35.87 GJ/m3, and 0.73 %. Equilibrium moisture content was improved about 7 times compared to sawdust. In addition, the hydrothermal carbonization temperature was negatively correlated with the Brunauer-Emmett-Teller surface area and the iodine adsorption value of granular activated carbon. The compression strength of granular activated carbon was excellent (up to 8.8 MPa), which was high enough to use in adsorption bed. For optimal granular fuel and granular activated carbon properties, the best temperature was found to be 230 C, and the Brunauer-Emmett-Teller surface area and the iodine adsorption value of granular activated carbon were 641 m2/g and 626 mg/g. As the environmental problems acquire increasingly attentions, the granular fuel and granular activated carbon could be promising and eco-friendly materials for future applications.
[bookmark: _Hlk39870828]Keywords: Granular fuel, Granular activated carbon, Sawdust, Hydrothermal carbonization, densification.
Symbolic abbreviations and interpretations
	[bookmark: _Hlk40135892]Symbol
	Full name
	Symbol
	Full name

	SDP
	Sawdust pellet
	HCP
	Hydrochar pellet

	GF
	Granular fuel
	GAC
	Granular activated carbon

	HTC
	Hydrothermal carbonization
	HHV
	High heat value




1. Introduction
[bookmark: _Hlk34689868][bookmark: _Hlk34486152][bookmark: _Hlk40138418][bookmark: _Hlk40137836]Due to fossil fuel depletion, low investment in petroleum and environmental concerns, alternatives sources of carbon have been gaining an increasing amount of attention. Biomass, as a recyclable and plentiful resource (Bajwa et al., 2018), has great potential to replace carbon sources including fuels that have more negative environmental impacts. For example, rapeseed husk was used for preparation of solid fuel (Elaigwu and Greenway, 2016) and biochar was acquired by the pyrolysis of biomass (Wang et al., 2017). According to forecasts from the European Commission, about 45 % of heat and power production will be from biomass in 2020 (Bajwa et al., 2018). Sawdust waste is one of the major sources of biomass coming from forests in China. Sawdust is also widely used for the preparation of granular fuel (GF) and granular activated carbon (GAC). Liu et al. (2014) reported the characterization of fuel pellets from woody biomass has been improved by hydrothermal carbonization (HTC) process. In addition, sawdust waste is low-cost and the most extensive lignocellulosic biomass. It is meaningful and good for controlling the cost in the study of preparing materials from sawdust (Zhu et al., 2014b).
[bookmark: OLE_LINK46][bookmark: OLE_LINK50][bookmark: OLE_LINK48][bookmark: OLE_LINK47][bookmark: OLE_LINK49][bookmark: OLE_LINK51][bookmark: _Hlk35539372][bookmark: _Hlk40138832]The major markets for GF are for usage in electricity generation, industrial heat, and residential heat (Bajwa et al., 2018). At present, lots of GF is prepared directly from biomass to provide energy. Palm oil kernel shell as solid fuel for replacing diesel was studied (Heredia Salgado et al., 2019). The utilization of non-debarked maritime pine wood as solid fuel for industrial boilers indicated a high probability of slagging and fouling (Nunes et al., 2019). GF prepared from sawdust without pretreatment technology usually has low energy density and high moisture which make it a poor material for applications (Gan et al., 2019). GAC is usually used for environmental remediation including the adsorption of heavy (Yue et al., 2009), dyes (Cai et al., 2020), and volatile organic compounds (González García, 2018). GAC has many advantages over powdered activated carbon, such as less dust pollution, recyclability, and convenience of transport. Conventional method for preparation of GAC is that a mixture of powdered activated carbon with binders is compressed and carbonized. The powdered activated carbon is prepared from biomass or coal using activation technology. The method for GAC preparation from biomass requires the addition of expensive and harmful binders, some of which are found to block pores and have more negative environmental impacts, such as tar pitch and petroleum bitumen binder (Zhang et al., 2018) because of the volatile toxic organic which is harmful to the environment. Li et al. (2011) also reported that cells exposed to coal tar pitch showed a dose dependent cytotoxicity with a half lethal concentration (LC50) of 8.64 mg/L. Smith et al. (2012) studied six binders for preparing GAC and Saeidi and Lotfollahi (2015) reported inorganic and organic binders for GAC. To overcome these problems, pretreatment technology for biomass is especially important. 
[bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK42][bookmark: _Hlk33556741][bookmark: _Hlk40138906][bookmark: _Hlk34486211][bookmark: _Hlk35557268][bookmark: _Hlk34760540][bookmark: _Hlk35591194][bookmark: _Hlk34682948][bookmark: _Hlk35542186][bookmark: _Hlk35595012]Hydrothermal carbonization is a pretreatment technology that can be used to treat sawdust for producing GF and GAC. It has gained widespread interest because of its efficiency and convenience. HTC is a degradative process that uses organic materials in subcritical water at a temperature range of 150-350 C to produce hydrochar (solid product) (Jain et al., 2016). Hydrochar has better properties such as higher carbon content, lower oxygen content, and lower moisture (Kim et al., 2016) than the original biomass, like rapeseed husk (Elaigwu and Greenway, 2016). In addition, hydrochar has good coherence, allowing it to self-bind, enhancing its strength. Reza et al. (2014) found that torrefied biochar pellets had higher strength when they used hydrochar as a binder. Hoekman et al. (2015) reported the excellent strength of hydrochar because of the resins produced in the HTC process. The properties of hydrochar significantly depend on HTC conditions, including HTC temperature, HTC time, and reaction pressure. The excellent properties of hydrochar would be benefit for properties of GF and strength of GAC. It is possible to find numerous research papers about the effects of different HTC conditions on hydrochar properties. However, there are few studies on the relationship between HTC temperature and GAC properties, especially when no binder is used in the hydrochar. After the HTC process is applied to sawdust, the sawdust hydrochar needs to be densified to produce GF, and then further activated with activating agents at a high temperature to achieve the production of GAC having high surface area and pore volume. There are many activating agents like KOH (Charola et al., 2019), ZnCl2 (Prauchner et al., 2016), H3PO4 (Sun et al., 2016), and FeCl3 (Oliveira et al., 2009), which were used to prepare activated carbon. In this study, ZnCl2 and FeCl3 were selected as activating agents for preparing GAC. FeCl3 and ZnCl2 have a good hole-making capability and are resourceful in the world which contributes to industrial production. Activated mechanism of FeCl3 is that during heating, the transformation of Fe-species is governed by the following procedures. Fe3+ ions are hydrolyzed to the amorphous Fe-species and are converted to Fe2O3 and Fe3O4. Then Fe2O3 and Fe3O4 are further reduced by amorphous carbon and CO gas. Gas such as CO or CO2 which are produced in the activation process would produce pore structure. In addition, after washing GAC with HCl, porosity is appeared due to removing Fe, Fe2O3 or Fe3O4 (Zhu et al., 2016). ZnCl2 is also widely used for producing activated carbon. ZnCl2 acts as a dehydrating agent and ZnCl2 activation cause the chemical dehydration and condensation reaction by selectively stripping out the H and O from sawdust hydrochar in form of H2 and H2O that leads to high pore volume and high surface area of the GAC (Chang et al., 2014). In high temperature, a phase transition of ZnCl2 occurs to form a molten state and fill surface defects which would form the pore after washed with acid solution.
To reduce negative environmental impacts from binders and improve the properties of GF and GAC, this study evaluated the effects of various HTC temperatures on the characteristics of GF and GAC. This included evaluating the relationship between HTC temperature and the hydrophobicity of the GF, as well as the surface area, iodine adsorption, and compression strength of the GAC. The optimal HTC temperature was identified, which may be beneficial to the future applications of GF and GAC from sawdust.
2. Experimental Section
2.1. Materials
[bookmark: OLE_LINK36][bookmark: OLE_LINK35][bookmark: OLE_LINK22][bookmark: OLE_LINK21][bookmark: _Hlk34247356][bookmark: OLE_LINK156][bookmark: OLE_LINK157][bookmark: OLE_LINK158][bookmark: OLE_LINK155][bookmark: OLE_LINK7][bookmark: OLE_LINK6]The sawdust used in the HTC process was mainly collected from pinus sylvestris var in Suzhou, China. Zinc chloride (ZnCl2, 98 %) and ferric chloride (FeCl3, CP), which were used as activating agents, as well as potassium iodide (KI, AR), sodium hyposulfite (Na2S2O3, AR), and iodine (I2, AR), were purchased from Sinopharm (Shanghai) Chemical Reagent Co., Ltd., China. The other chemical reagents used were of analytical grade and obtained from commercial suppliers. In addition, the water used in this experiment was distilled water from a water purifier.
2.2. Preparation of Sawdust Hydrochar
[bookmark: _Hlk33113391][bookmark: _Hlk33113403][bookmark: _Hlk33113137][bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: _Hlk33119998][bookmark: _Hlk33113648][bookmark: _Hlk33113540]Before the HTC process, sawdust was dried at 80 C for 2 hours and pulverized by a grinder. The particle size of dried sawdust was less than 1 mm. After pulverized by a grinder, the dried sawdust was mainly sieved through a 60-mesh sieve for better decomposition in HTC process. Then, 150 g sawdust and 900 mL of distilled water were loaded into a 3 L autoclave. The autoclave was heated to the target temperature (170, 200, 230, 260, or 290 C as HTC temperature). When the target temperature was reached, the autoclave temperature was maintained for 0.5 hour at a stirring speed of 350 rpm/min. After the reaction stopped, the mixed products (hydrochar and hydrothermal solution) were separated by filtration to acquire the sawdust hydrochar. The sawdust hydrochar was then dried at 80 C for 24–48 hours and sieved through a 60-mesh sieve.
2.3. Preparation of Granular Fuel
GF was prepared by densification of sawdust hydrochar. The sawdust hydrochar was densified at 140 C and 115 MPa for 30 s by a bead machine (769YP-15A, Tianjin Keyi High and New Technology Co., Ltd., China) (Reza et al., 2014). GF with a diameter of 13 mm and a length of 3–6 mm was obtained. The products of GF were denoted as HCP-X, where X represents the HTC temperature.
2.4. Preparation of Granular Activated Carbon
[bookmark: _Hlk34344490][bookmark: _Hlk35585904][bookmark: _Hlk34686365][bookmark: _Hlk39868411][bookmark: _Hlk40139377][bookmark: _Hlk39868343][bookmark: _Hlk39870183][bookmark: _Hlk35587252]Sawdust hydrochar needs to be pelletized and further activated with an activating agent at high temperature to obtain GAC. The wet granulation was used in the preparation of granular hydrochar at the step of preparation of GAC. In the densifying process, the gage pressure and temperature were zero and room temperature. The diameter of GAC has an effect on pore distribution of GAC. If the diameter is so big, the inside of GAC would not be wholly activated leading to the forming of micropore. In addition, the particle diameter of GAC is closely related to its application. In the use process, sewage treatment will mostly choose larger particles, because it is easy to be loaded into handling facilities as GAC. Most of the small particles (Less than 1 mm) will be used for air purification treatment. According to commercial GAC for sewage treatment (about 1.5-8 mm) and literature (Rizhikovs et al., 2012), the diameter of 6 mm was moderate and common. These quantities for both ZnCl2 (Zhu et al., 2014a) and FeCl3 (Zhu et al., 2016) were selected according to previous research findings. The activation conditions of 700 °C (Zhu et al., 2014b) and 1.5 h were suitable for preparation of carbon materials due to better Brunauer-Emmett-Teller (BET) surface area and product yield of GAC (Luo et al., 2019). If activation temperature and time were too low, BET surface area of GAC would not be developed absolutely due to reduction in volatilization of organics. If activation temperature and time were too high, micropores may be collapsed into mesopores and even large pores which lead to lower BET surface area and the product yield of GAC is also decreased. The steps were as follows: 10 g sawdust hydrochar, 20 g of ZnCl2, and 100 mL of 0.8 M FeCl3 were mixed in a 120 mL bottle, then put into an oscillating box with a speed of 150 rpm/min at 25 C for 24 hours. After shaking, solids were collected by filtration and dried at 80 C for 12 hours. The solids were then pelletized with 10 mL distilled water on a 6 mm die to acquire granular hydrochar. The granular hydrochar was collected after being dried. In order to develop a pore structure, the granular hydrochar was loaded into the tube furnace and heated to the final temperature of 700 C at a rate of 5 C/min, then soaked for 1.5 hours. Lastly, the products were washed with 0.1 M HCl and distilled water to bring them to a neutral pH, and then dried at 80 C. The products were denoted as GAC-X, with X representing the HTC temperature.
2.5. Characterization and Analysis 
[bookmark: OLE_LINK56][bookmark: OLE_LINK54][bookmark: OLE_LINK55]The whole experimental process for producing GAC can be broken down into three main steps: HTC, pelleting, and activation. The mass of sawdust was defined as mo (g) and hydrochar obtained from HTC was defined as m1 (g). GAC obtained by activation was defined as m2 (g). The overall process yield can be divided into two types: hydrochar yield (%) and activation yield (%), which were calculated by Eq. (1), and Eq. (2):
          %        	(1)
           %        (2)
[bookmark: _Hlk40139967][bookmark: _Hlk33900660]Higher heating value (HHV) was calculated by Eq. (3) (Channiwala and Parikh, 2002).
HHV = 0.3517C + 1.1626H + 0.1047S - 0.111O MJ/kg (3)
Where C, H, S, and O are mass fraction of GF, C, H, S, and O are abbreviation of carbon, hydrogen, sulfur, and oxygen element. The mass fraction of C, H, S, and O were measured by an elemental analyzer (Vario ELIII, Germany Elemental Instrument Co., Ltd).
The energy density (GJ/m3) was calculated by multiplying the mass density (kg/m3) times the HHV of GF. The hydrophobicity of the GF mainly included the factors of moisture absorption rate, equilibrium moisture content, and length expansion. Prior to analysis, all samples were dried in an oven at 80 °C for 10 hours. The moisture absorption rate was determined according to the literature (Liu et al., 2014). For determination of the equilibrium moisture content and length expansion, the steps were as follows: The GF was put into a constant temperature (25 C) and humidity (60 %) incubator. When the water content of GF became constant, that amount was defined as the equilibrium moisture content. Meanwhile, the growth rate of GF along its length was regarded as length expansion.
[bookmark: _Hlk33561717][bookmark: _Hlk40138978][bookmark: OLE_LINK187][bookmark: OLE_LINK186][bookmark: OLE_LINK185][bookmark: OLE_LINK184][bookmark: _Hlk34761069]The elemental (C, H, and N) compositions were analyzed with an elemental analyzer (Vario ELIII, Germany Elemental Instrument Co., Ltd). Oxygen was calculated by the difference, and details have been reported previously. The ash measure method was referred to in the literature (Shang et al., 2018). The measurement procedure of cellulose, hemicellulose, and lignin levels were described in Yan et al. (2015). 13C nuclear magnetic resonance (13C NMR) was acquired by using the instrument Bruker DSX 300 13C NMR. Thermogravimetric analysis was conducted on a DTG-60H thermal analyzer. The nitrogen adsorption–desorption isotherms were measured by BET analyzer (Quadrasorb SI, America). The specific surface area was obtained through the BET method. Pore volume and surface area percentage of GAC were acquired by the t-plot method. When the GAC was destroyed for the first time by a particle strength tester (YHKC-2A), this pressure was defined as compression strength (Saeidi and Lotfollahi, 2015). The iodine adsorption experiments on the GAC were carried out in a batch system and it was measured according to GBT 12496.8-2015. Iodine adsorption procedure was described as follows.
GAC was ground to sieve a 200 mesh sieve (71 um) and dried at 150 C. After dried, 0.5000 g pretrated GAC was putted into 250 mL conical bottle. Then, 10 mL HCl (5wt %) was added into into 250 mL conical bottle above for wetting the specimen. The bottle was heated until boiling for 30 seconds and cooled to ambient temperature. 50 mL of 0.1000 mol/L I2 solution was added into the bottle and shaken for 15 minutes. After shaken, the solution was filtered rapidly for gathering filter liquor.
10 mL filter liquor and 100 mL deionized water were mixed in 250 mL reagent bottle. The mixed solution was titrated by 0.1 mol/L Na2S2O3 solution. When the mixed solution was light yellow, the mixed solution was added into 2 mL indicator of starch solution and was continued to titrate until the solution was colorless. Finally, the volume of Na2S2O3 solution was recorded. Iodine adsorption value of GAC was calculated by Eq. (3).
          (3)
A was iodine adsorption value of GAC, mg/g. C1 and C2 were the concentration of I2 solution and Na2S2O3 solution, mol/L. V was the volume of Na2S2O3 solution used, L. m was the mass of GAC. D was the correction factor which could be found GBT 12496.8-2015.
[bookmark: OLE_LINK9][bookmark: OLE_LINK8]3. Results and Discussion
3.1. Properties of Sawdust Hydrochar
[bookmark: _Hlk40140758][bookmark: _Hlk35539412][bookmark: _Hlk35539447]Figure. 1a shows that the hydrochar yield decreased as the temperature increased, primarily due to the thermal decomposition of lignocellulose (Phanphanich and Mani, 2011). Lignocellulose includes hemicellulose, cellulose, and lignin, which decompose at temperatures of 180, 220, and 250 C, indicating that hydrochar would be more stability with increasing temperature (Kim et al., 2016). 13C NMR results (Figure. 1b and Table S2) show that aromatic C and aromatic C-O content increased from 15.13 to 46.06 % and from 2.39 to 6.84 %, which means that the degree of hydrochar aromatization increased with increasing HTC temperature. Figure. 1b also shows the increase in relative intensity of the peak at 150 ppm, which is known to relate to -O-C=C- (Falco et al., 2011). To further prove the increase of aromatization, thermogravimetric analysis of the hydrochar (HC-170, HC-230, HC-290) are tested in a nitrogen atmosphere with a nitrogen flux of 100 mL/min. The heating rate is 5 °C/min and the temperature range is from 25 to 750 °C. Figures. 1c and 1d show the thermal gravimetric (TG) and differential thermal gravimetric (DTG) profiles. It is clear that hydrochar has a higher residual mass when the HTC temperature increased. The proportion of the residue changes from 15.4 % to 50.9 %, which indicates that hydrochar produced at higher HTC temperatures is more difficult to decompose and stabile (Titirici et al., 2012).
3.2. Properties of Granular Fuel
[bookmark: _Hlk35539486][bookmark: _Hlk40138286]Figure. 2a shows the change of moisture content results from different exposure times, at 25 C and 60 % humidity, indicating that moisture content increased rapidly with an exposure time of 0-120 min, then increased slowly from 120 to 500 min, and was nearly constant after 500 min. The moisture content of sawdust pellet (SDP) is the highest, as compared with other HCPs. Similarly, Table 1 shows that SDP had the lowest hydrophobicity and the variations are similar to those shown in Figure. 2a. The hydrophobicity of HCPs initially increased and then decreased slightly, as the HTC temperature rose. The hydrophobicity of HCP-230 is optimal. Its equilibrium moisture content of HCP-230 is 0.73 % and is improved dramatically, by about 7 times compared to that of SDP. There are two factors that affect moisture adsorption: (1) pore volume or surface area, and (2) the presence of specific sorption sites, such as hydrogen bonds (Kambo and Dutta, 2014). It is shown that hydrophobicity increased dramatically at temperatures up to 230 C and decreased above 230 C in Table 1. The increases of hydrophobicity can be attributed to the absence of specific sorption sites in GF (Figure. 2b). Figure. 2b illustrates that a dehydration process led to the decrease in hydrogen bonds as the HTC temperatures increased (Nizamuddin et al., 2017). Above 230 C, the main reason is that surface area increased rapidly (Figure. S1a). 
[bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK25]The results of elemental analysis are shown in Table 2. With increased HTC temperatures, the carbon content of GFs increased from 50.08 to 72.24 %, while the oxygen and hydrogen content decreased from 42.67 to 21.36 % and from 6.54 to 5.42 %. The changes in content of C, O, and H result in a decrease of the atomic ratios of H/C and O/C. In the HTC process, elements are transformed because of deoxygenation, dehydration, and decarboxylation reactions of lignocellulose (Elaigwu and Greenway, 2016). These reactions result in a decrease in mass of hydrochar because some oxygenated or hydrogen compounds are transformed into liquid (Kambo and Dutta, 2014). According to the formula for calculating HHV, carbon, oxygen, and hydrogen content have a large influence on HHV and energy density of GFs. Table 1 shows that HHV increased as the HTC temperature increased, as did the carbon content (Table 2). The energy density and mass density were increased at temperatures up to 230 C. This will improve transport performance and decrease transport cost (Sahoo et al., 2019). To evaluate the combustion characteristics of GFs, TG and TGA are performed in air with an air flux of 150 mL/min, a heating rate of 20 °C/min, and a temperature range from room temperature to 850 °C. The results are presented in Figures. S1b and S1c. According to the results, the combustion characteristics are summarized in Table S3. Initial combustion temperature and final combustion temperature are obtained from the literature (Zhao et al., 2013). Table S3 shows that final combustion temperature increased and temperature at the maximum weight-loss rate for HCP-230 decreased compared to SDP, which means that combustion of HCP-230 was more moderate (Liu et al., 2014). 
According to these results, 230 C is best for achieving the desired characteristics of GF. HHV, energy density, and equilibrium moisture content of HCP-230 are 27.34 MJ/kg, 35.87 GJ/m3 and 0.73 %, which are much better than the values reported in the literatures (Table S4). There are also very good improvements in the properties of sawdust after HTC pretreatment, implying a promising alternative for biomass application. 
3.3. Properties of Granular Activated Carbon
[bookmark: _Hlk33224684]Figure. 3a shows that as the HTC temperature increased, the activation yields gradually increased, while iodine adsorption values decreased. Sawdust hydrochar produced at higher HTC temperatures was more stable (this conclusion was obtained from Figure. 1), which led to lower amounts of organic materials for degradation in pyrolysis. Some organic materials were volatilized, and this process produced carbon dioxide, methane, hydrogen and bio-oil (Rizhikovs et al., 2012), which brought about more pore volume in pyrolysis. Table 3 and Figure. S2 show the pore structure distribution of GAC produced at various HTC temperatures. BET surface area decreased from 961 to 588 m2/g with increasing HTC temperatures from 170 to 290 C, which was similar with the decreases of iodine adsorption values from 961 to 633 mg/g. In Table 3, according to the BET surface area and the microporous ratio, the pore characteristics of GAC from sawdust were comparative and even superior, which was facilitating for the applications of materials. The relativity was 0.97 between the iodine adsorption value and the BET surface area of GAC (Figure. 3b). It may be inferred that the adsorption mechanism of iodine is due to high surface area belonging to pore filling (physical adsorption) (Nieto Delgado et al., 2019). In addition, the average pore size increased from 1.67 to 3.34 nm. Surface area and percentage of micropores decreased from 919 to 517 m2/g and from 95.63 to 87.93 %, which will not favor iodine adsorption (the iodine molecule is about 0.335 nm in size). Isotherms of N2 adsorption-desorption and pore size distribution of GAC are presented in Figure. S2. Profiles of GAC-170, GAC-200 and GAC-230 prove to be mainly microporous, while the others are microporous and mesoporous. N2 adsorption-desorption values decreased sharply from 170 C to 200 C, and GAC micropores are mostly smaller than 1.2 nm.
[bookmark: _Hlk35724736]In the HTC process, lignocellulose from sawdust experienced hydrolysis, dehydration, decarboxylation, condensation polymerization, and aromatization. Hemicellulose is generally hydrolyzed to produce pentose sugars and continue to hydrolyze to small molecules such as furans. The cellulose is hydrolyzed into hexoses. Carbon-carbon bonds are then broken down to form short-chain compounds, such as organic acids. Lignin is hydrolyzed into phenols and other substances (Liu et al., 2013). Among these compounds, some could have remained in the GAC as binders, such as sugars (Johns et al., 1998), resins (Hoekman et al., 2015), which could increase the strength of the GAC. Figure. 3c shows that the compressive strength increased with increasing temperature up to 230 C, with a sudden drop as the temperature increased above 230 °C. It is possible that the organic matter which act as a binder was further degraded at temperatures above 230 °C. In addition, the residual iron oxide was existed in inside of the GAC which may act as a skeleton to increase the strength. At 230 C, the maximum compression strength was 8.8 MPa, which is good for insuring that GAC does not collapse during application and is better than the others shown in Table S5. 
[bookmark: _Hlk34425281][bookmark: _Hlk35539545][bookmark: _Hlk34682856]From these results, it can be concluded that the preparation of GAC without a binder, using the HTC process, is feasible and environmentally friendly. At 230 C, its BET surface area, iodine adsorption value, and compression strength are 641 m2/g, 626 mg/g, and 8.8 MPa, which meets the requirements for industrial application. In addition, ZnCl2 is widely used as activated agent in industry. Although there was a ZnCl2 contamination in the preparation process of GAC, the contamination was treated by the technology of precipitation and zinc was recovered.
[bookmark: OLE_LINK29][bookmark: OLE_LINK28][bookmark: OLE_LINK27][bookmark: OLE_LINK26]4. Conclusions
[bookmark: OLE_LINK113][bookmark: _Hlk26393938]In this study, it has been shown that HTC temperature has a strong effect on the characteristics of granular fuel and granular activated carbon and that the optimum HTC temperature is 230 oC. The higher heating value, energy density, and equilibrium moisture content of HCP-230 are 23.53 MJ/kg, 35.87 GJ/m3, and 0.73 %. Especially, equilibrium moisture content was improved about 7 times compared to sawdust, which is a dramatic improvement over sawdust treated by the HTC process. In addition, the BET surface area, iodine adsorption value, and compression strength of GAC-230 are 641 m2/g, 626 mg/g, and 8.8 MPa, which indicates that preparation of a high performance granular activated carbon without a binder, using the HTC process, is facile and eco-friendly.
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Fig. 1. (a) Hydrochar yield acquired at different HTC temperatures. (b) 13C NMR results for HC-170, HC-230 and HC-290, (c) TG, and (d) DTG spectra of HC-170, HC-230 and HC-290, which are hydrochar produced at 170, 230, and 290 C.
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[bookmark: _Hlk26389622]Fig. 2. (a) Moisture content compared to exposure time at 25 C and 60 % humidity. (b) Van Krevelen Diagram of SDP, HCP-170, HCP-200, HCP-230, HCP-260, and HCP-290. SDP was granular fuel produced without the HTC process. HCP-170, HCP-200, HCP-230, HCP-260, and HCP-290 were granular fuels produced at 170, 200, 230, 260, and 290 C.
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[bookmark: _Hlk26389707][bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK63][bookmark: OLE_LINK64][bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK67][bookmark: OLE_LINK68]Fig. 3. (a) Activated yield and iodine adsorption value diagram, (b) Correlation curves between BET surface area and iodine adsorption value, and (c) Compression strength. GAC-170, GAC-200, GAC-230, GAC-260, and GAC-290 which were produced at 170, 200, 230, 260, and 290 C in HTC process, and then were activated at 700 C for 90 min.
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Table 1 
Characteristics of granular fuel prepared from sawdust by HTC process.
	Sample a
	Equilibrium moisture content (%)
	Moisture uptake rate (min-1*10-3)
	Length expansion
(%)
	HHV
(MJ/kg)
	Energy density (GJ/m3)
	Mass density (kg/m3)

	SDP
	5.07
	4.36
	8.13
	24.31
	25.82
	1062

	HCP-170
	2.79
	2.23
	3.30
	25.12
	32.19
	1281

	HCP-200
	1.58
	1.65
	2.18
	25.60
	33.29
	1300

	HCP-230
	0.73
	1.32
	0.67
	27.34
	35.87
	1312

	HCP-260
	1.64
	2.27
	1.28
	30.75
	32.78
	1066

	HCP-290
	1.73
	2.15
	0.96
	31.68
	34.36
	1084



aSDP prepared without the HTC process. HCP-170, HCP-200, HCP-230, HCP-260, and HCP-290 are granular fuels produced at 170, 200, 230, 260, and 290 C.
Table 2
Elemental analysis of granular fuel produced at different HTC temperatures.
	Sample a
	Ash (%) b
	C % c
	H % c
	N % c
	O % d
	H/C
	O/C

	SDP
	0.31
	48.09
	6.45
	0.29
	44.84
	1.61
	0.70

	HCP-170
	0.39
	50.08
	6.54
	0.29
	42.67
	1.57
	0.64

	HCP-200
	0.22
	52.97
	6.07
	0.48
	40.25
	1.38
	0.57

	HCP-230
	0.10
	58.87
	5.76
	0.32
	34.92
	1.17
	0.44

	HCP-260
	0.24
	70.03
	5.29
	0.47
	23.95
	0.91
	0.26

	HCP-290
	0.43
	72.24
	5.42
	0.53
	21.36
	0.90
	0.22


a SDP prepared without the HTC process. HCP-170, HCP-200, HCP-230, HCP-260, and HCP-290 were granular fuel produced at 170, 200, 230, 260, and 290 C. b Ash content on water-free basis. c Elemental composition and atomic ratios on a water-free basis. H/C: atomic ratio of hydrogen to carbon, O/C: atomic ratio of oxygen to carbon. d O elemental content acquired by difference.

Table 3 
Pore structure analysis of GAC produced at different HTC temperatures.
	Sample a
	SBET b
（m2/g）
	Smic c
（m2/g）
	Smic/SBT
(%)
	Vt b
(cm3/g)
	Pore size
(d. nm)
	References

	GAC-170
	961
	919
	95.63
	0.4011
	1.670
	This study

	GAC-200
	669
	641
	95.81
	0.2984
	1.780
	This study

	GAC-230
	641
	593
	92.51
	0.2950
	1.840
	This study

	GAC-260
	636
	584
	91.82
	0.4172
	2.630
	This study

	GAC-290
	588
	517
	87.93
	0.4905
	3.340
	This study

	CZ0.25
	736
	--
	--
	0.3600
	--
	(Arami Niya et al., 2010)

	YMH3PO4
	510
	309
	60.59
	0.3210
	--
	(Fiuza Jr et al., 2015)

	AC1
	901
	--
	--
	0.4900
	--
	(Mazarji et al., 2017)

	PAC900
	502
	--
	--
	0.1280
	1.501
	(Wazir et al., 2020)

	SAC
	724
	458
	63.26
	0.7475
	--
	(Dong et al., 2020)


a GAC-170, GAC-200, GAC-230, GAC-260, and GAC-290 were produced at 170, 200, 230, 260, and 290 C in HTC process, and then activated at 700 C for 90 min. b SBET and Vt obtained by the Brunauer-Emmett-Teller method. cSmic obtained by the t-plot method.
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