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Abstract:

 The effect of hydrothermal carbonization on the properties of cellulose present in lignocellulosic biomass was investigated for converting it into a renewable energy resource with high energy recovery efficiency. The biochar obtained from cellulose subjected to hydrothermal carbonization showed a significant increase in its carbon content and a calorific value. 13C NMR spectroscopy showed that when raw cellulose was subjected to hydrothermal carbonization above 220 °C, the resulting biochar had more aromatic and aliphatic fractions than those in raw cellulose. The resulting composition of the biochars was comparable to that of solid fuels and was between that of lignite and sub-bituminous coal. Therefore, cellulose, the main component of lignocellulosic biomass, was used to investigate the effects of varying the reaction temperature during hydrothermal carbonization. The energy recovery efficiency calculations showed that the optimum reaction temperature for the transformation of a mixture of cellulose was approximately 220 °C.
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1. Introduction

Biofuel obtained from lignocellulosic biomass, which is an abundant organic material, has an enormous potential as a feedstock for the production of renewable energy that can help in solving the current global energy issues, such as depletion of fossil fuel reserves and the need to reduce CO2 emissions that adversely affect the climate [1,2,3]. In recent years, the interest in lignocellulosic biomass has increased to make the upgraded biochar obtained from it a viable alternative to fossil fuels [3,4,5].

In order to obtain biofuels from lignocellulosic biomass, the major conversion technologies used are biological, chemical, and thermochemical conversion processes. The biological processes need a long treatment period and refinement systems [6,7]. On the contrary, the thermochemical treatment has several advantages, such as short processing times and high product yields with low risk of recovery efficiency [8,9]. Among the thermochemical methods, the hydrothermal treatment process for the conversion of biomass is being investigated mainly for producing liquid (bio-oil), solid (biochar), and/or gaseous (mainly carbon dioxide) fuels [10,11,12,13,14,15]. This process has generated widespread interest in recent years. Hydrothermal carbonization (HTC) comprises the use of a combination of a high temperature with high-pressure water (subcritical water) that made it the method with the highest potential among the various short-term methods available for using biomass as an energy source.

Several reviews of the HTC process show that biomass with a low calorific value and high water content can be upgraded to a valuable carbon-rich-solid, lignite-like fuel [10,11,12,13,14,15]. The major chemical components of lignocellulosic biomass are cellulose, hemicellulose, and lignin. The hydrothermal conversion of each component of biomass influences the products to improve the overall quality of the end product, bringing it closer to the specification of a viable fuel. The most abundant component of biomass is cellulose, with a concentration of approximately 40%–70% [15,16,17,18]. Cellulose consists of linear polymer chains with highly crystalline structures that are insoluble in water and resistant to depolymerization [4,16,17,18]. The properties of cellulose after conversion by various treatments, including HTC, greatly influence the fuel properties of biochar obtained from lignocellulose.

The goal of this research is to improve the fuel properties of the cellulose of lignocellulosic biomass by disrupting the structure of this uniform compound by HTC reactions. For this purpose, various reactions that occur during the HTC of cellulose were investigated using pure cellulose extracted from lignocellulosic biomass. The chemical and structural characteristics of the hydrothermally-carbonized products that depend on the reaction temperatures were also investigated for applying lignocellulosic biomass as a viable energy source.



2. Materials and Methods


2.1. Materials

Pure cellulose (α-Cellulose-fiber, Nacalai Tesuque Inc., Kyoto, Japan) was tested to investigate the effects of hydrothermal conversion. The properties of pure cellulose are shown in Table 1.


Table 1. Properties of cellulose. d.b.: Dry basis.



	
Sample

	
Proximate Analysis (wt. %, d.b.)

	
Ultimate Analysis (wt. %, d.b.)

	
Calorific Value (MJ/kg, d.b.)

	
Composition of Biomass [4,18]




	
Volatile Matter

	
Fixed Carbon

	
Ash

	
C

	
H

	
N

	
O






	
Raw Cellulose

	
93.4

	
6.1

	
0.5

	
43

	
6.4

	
0

	
50.1

	
16.5

	
40%–70%













2.2. Hydrothermal Carbonization Process

HTC experiments were performed using a 1 L lab-scale reactor (Hanwoul Eng. CO., LTD., Gunpo, Korea). The reactor consists of a body, a heater, and a steam condenser and is operated under a N2 atmosphere. During the experiments, 50 g of feedstock was supplied to the reactor with an equal amount of water. The operating temperatures and pressure ranged from 150 to 280 °C and 1.3 to 6.7 MPa, respectively, and the reaction time was 30 min. The reaction components were mixed vigorously in the reactor using an agitator rotating at 200 rpm.



2.3. Analytical Procedures

The samples for the analysis were prepared in the powder form by sieving, and the fraction with particle sizes between 177 and 250 μm (80–60 mesh) was separated after drying at 105 °C for 24 h. The elemental composition analysis of cellulose and its biochar was carried out using a PerkinElmer 2400 Series II CHN organic elemental analyzer (PerkinElmer, Waltham, MA, USA). Proximate analysis was conducted using a TGA-50 Thermogravicmetric analyzer (SHIMADZU, Tokyo, Japan). The calorific values were determined using a bomb calorimetric standard method according to JIS M-8814 [19]. The cross-polarization/magic angle spinning (CP/MAS) 13C NMR spectra were measured on a solid state spectrophotometer (JEOL-ECA-600, JEOL, Peabody, MA, USA). The 13C NMR (nuclear magnetic resonance) conditions were as follows: 1024 scans, spinning speed in excess of 8 kHz, contract time 1 ms, and pulse repetition time 5 s. Chemical shifts are in ppm and their changed structures were examined using a scanning electron microscope (SEM, S4500&S4700, Hitachi, Japan) operating under vacuum.



2.4. Thermogravimetric Analysis

The combustion characteristics of cellulose and the effect of HTC were determined by using a thermogravimetric analyzer (TGA). The thermogravimetric analysis was conducted by using a TGA-50 Thermogravicmetric analyzer. Non-isothermal combustion of all the samples was conducted in the furnace of the TGA system at atmospheric pressure. The sample weight loss and the weight loss rate were continuously recorded under the experimental conditions shown in Table 2. Each sample was tested three times, and the experiments showed a good reproducibility.


Table 2. Experimental conditions for the thermogravimetric analyzer (TGA).



	
TGA Conditions






	
Sample weight

	
10 mg




	
Heating rate

	
10 °C/min




	
Atmosphere

	
Air




	
Gas flow rate

	
150 mL/min




	
Starting temperature

	
45 °C




	
Final holding temperature

	
900 °C














3. Results and Discussion


3.1. Improvement of Cellulose Properties

HTC changed the fuel properties of cellulose. Along with the results of the ultimate and proximate analyses, Table 3 also shows the change in cellulose properties at various HTC reaction temperatures. The fixed carbon content of cellulose increased from 6.1% to 35.0% in response to HTC at 220 °C (Figure 1). This result suggests that the cellulose begins to decompose at 220°C. As the fixed carbon content increased during HTC, the calorific value of cellulose increased from 16.5 to 18.9, 23.1, 26.5 and 27.7 MJ/kg at 180, 200, 220 and 280 °C, respectively. These increased calorific values can be used to calculate the final effect of HTC over the quality of the biofuel (i.e., biochar) obtained from lignocellulosic biomass. This effect can most likely be attributed to the decomposition or pyrolysis of cellulose during HTC reactions to owing hydrolysis, chemical dehydration and decarboxylation reactions [8,9,10,16].

Figure 1. Change in cellulose properties caused by hydrothermal carbonization (F.C. is fixed carbon; V.M. is volatile matter).
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Table 3. Effects of hydrothermal carbonization on changes in cellulose properties.



	
Hydrothermal Carbonization at (°C)

	
150

	
180

	
200

	
220

	
250

	
280






	
Proximate Analysis (wt. %, d.b. 1)




	
Volatile matter

	
88.9

	
89.3

	
84.0

	
63.6

	
56.9

	
42.2




	
Fixed carbon

	
9.6

	
9.5

	
14.7

	
35.0

	
41.2

	
55.1




	
Ash

	
1.5

	
1.2

	
1.3

	
1.4

	
1.9

	
2.7




	
Ultimate Analysis (wt. %, d.b. 1)




	
C

	
43.9

	
45.6

	
51.2

	
63.5

	
69.4

	
76.5




	
H

	
6.6

	
6

	
5.7

	
4.7

	
4.6

	
4.5




	
N

	
0

	
0

	
0

	
0

	
0

	
0




	
O

	
48

	
47.2

	
41.8

	
30.4

	
24.1

	
16.3




	
Calorific value (MJ/kg, d.b. 1)

	
16.6

	
18.9

	
23

	
26.5

	
26.8

	
27.7




	
Energy Recovery




	
Product yield (%) 2

	
92.5

	
80.5

	
62.4

	
58.4

	
50.4

	
46.2




	
Energy recovery efficiency (%) 3

	
93.0

	
92.4

	
87.1

	
93.8

	
81.9

	
77.7




	
Energy densification 4

	
1.01

	
1.15

	
1.39

	
1.61

	
1.62

	
1.68






1: Dry basis; 2: [image: there is no content]; 3: [image: there is no content]; 4: [image: there is no content].






The hydrolytic reactions caused by 1 mole of water cleave ester and ether bonds of the cellulose polymer leading to smaller molecules [10,11,20,21]. This hydrolysis reaction can lead to a complete conversion of the biomass within a few reaction cycles. Furthermore, the fuel properties of the main components of biomass (i.e., cellulose, hemicellulose and lignin) upgrade through chemical dehydration and decarboxylation reactions that release H2O and CO2 [10,11,12,13,21,22,23]. In addition to a loss in weight, these reactions decrease the volatile matter content and increase the carbon content of the biochar compared with that of the raw materials. These effects can be utilized for drying and carbonizing the biomass into an alternative fuel.





3.2. Coalification of Cellulose

The HTC process can improve the properties of cellulose in a manner similar to the coalification process. The coalification bands of pure cellulose and its biochar were compared with the coalification band of various types of coal by using the van Krevelen diagram (Figure 2). Cellulose is known to have high H/C and O/C ratios, similar to other biomass materials [10,11,12,23,24,25]. The H/C and O/C ratios of cellulose decreased with the coalification status between lignite and sub-bituminous coal. This occurred when the cellulose was converted into carbonaceous products by chemical dehydration reactions during HTC (4(C6H10O5)n → 2(C12H10O5)n + 10H2O) [10,18,20,21,22]. Consequently, HTC reactions can enhance biochar from the biomass by reducing the hydrogen and oxygen contents of the reaction products, resulting in an increased a calorific value of the biochar obtained from cellulose.

Figure 2. van Krevelen diagram of cellulose and its hydrothermally-obtained biochar based on the effect of the reaction temperature.
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3.3. Changed Functional Groups of Cellulose and Related Compounds

The atomicity of the carbon structures increased with increasing the HTC temperature, as shown in the 13C nuclear magnetic resonance (13C NMR) measurements in Figure 3. The chemical shift ranges are grouped into four major regions, depending on the various functional groups: (i) a carboxyl region (160–200 ppm), (ii) an aromatic region (110–160 ppm), (iii) a carbohydrate region (59–110 ppm), and (iv) an aliphatic carbon region (0–59 ppm). The cellulose spectra peaks are assigned as follows: aliphatic carbon atom C-6, 62–65 ppm; C-2, C-3 and C-5 of cellulose, 70–77 ppm; C-4 of cellulose, 84 ppm; C-1 of cellulose, 105 ppm in carbohydrate regions; aromatic carbons, 110–127 ppm; a quaternary olefin or aromatic carbon, 127–143 ppm (oxygenated) that are non-oxygenated aromatic carbon region; olefinic and aromatic carbons (oxygenated) with O–H or O–R substituent, 140–160 ppm in the aromatic region; carboxylic acid carbon atoms, 169–195 ppm [25,26,27,28,29,30].

Figure 3. 13C NMR spectra of cellulose (a) and their hydrothermal carbonization (HTC) biochar (b–f); (a) raw cellulose, (b) 180 °C, (c) 200 °C, (d) 220 °C, (e) 250 °C and (f) 280 °C.



[image: Energies 08 12412 g003 1024]







After HTC treatment above 220 °C, the signals at 120–150 ppm were assigned to the oxygen-substituted (–OCH3 and –OH) aromatic carbons in biochar, and the signal at 173 ppm was assigned to the acetyl or carbonyl group. In conjunction with C-1, C-2, C-4, and C-5 of cellulose shifting toward the higher field, this explains the decomposition of cellulose above 220 °C during HTC. The carbohydrate region including atoms C-1, C-2, C-3, C-4, and C-5 of cellulose, shifted toward the higher field during the decarboxylation reaction (R–COOH → R–H + CO2). Moreover, the cellulose structure was destroyed by the humification reaction at higher reaction temperatures during HTC. The aromatic (C–C/C=C) and aliphatic (CH2, CH3) carbon regions of biochar obtained from cellulose increased owing to HTC reactions. These results explain the degradation of the carbohydrates of cellulose in lignocellulosic biomass by HTC above 220 °C.

The 13C NMR of biochar obtained from cellulose in lignocellulosic biomass was compared with the shape of the spectra of products containing higher amounts of aromatic and aliphatic carbon regions. The results showed that the peak structures of highly aromatic coals resemble [24,27,28,29,30], despite the fact that the aromatic and aliphatic carbon peaks of the products obtained from hydrothermal process are not high enough to compare with those of the high- and medium-rank coals.



3.4. Energy Recovery Efficiency

As the reaction temperature increases, the calorific value of biochars also increase but the biochar yield decreases because of a decrease in the volatile matter content due to chemical dehydration and decarboxylation reactions (i.e., removal of CO2) [10,11,12]. Therefore, in hydrothermal reactions, an optimum temperature should be maintained to maximize the energy recovery efficiency (ERE) [8,23,31,32]. The ERE is an important parameter for evaluating the effect of HTC on biochar for solid fuel production (Figure 4). The highest ERE of each material indicates the optimum reaction temperature for HTC treatment. Cellulose decomposition began at 220 °C, and the optimum reaction temperature for maximizing the ERE was 220 °C (ERE = 93.8%). This result suggests that the optimum temperature of hydrothermal treatment to produce more energy-rich solid fuel is approximately 200–220 °C. Since cellulose is the most abundant compound in lignocellulosic biomass [3,5,18,20], the calorific value of cellulose was improved and the product yield was increased by HTC [16,18,31,32].

Figure 4. Energy recovery efficiency of cellulose and its biochar after HTC treatment.
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3.5. Combustion Behavior of Biochar

Figure 5 and Figure 6 show the TG (thermogravimetry) and DTG (derivative thermogravimetry) profile of cellulose and its hydrothermally obtained biochar. In the case of the products obtained below 220 °C, the ignition temperature increased from 245 to 270 °C, but the maximum burning temperature decreased from 380 to 290 °C. The increase in the fixed carbon content, increase in the surface area, and change in the pore structure of the biochar influence the ignition and maximum burning temperatures. As shown in Figure 6, HTC can lead to many micro–fissures in the biochar structures. Thus, the hydrothermally-obtained products became more easily combustible, with a reduced burn-out temperature.

Figure 5. (a) TG and (b) DTG profiles of cellulose and its biochar at 220 °C.
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Figure 6. Scanning electron microscope (SEM) photography of cellulose and its biochar; (a) Raw cellulose; (b) HTC at 220 °C.
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4. Conclusions

Biochar, technically manufactured by conducting the HTC of lignocellulosic biomass, has been proved to have high efficiency and it is also suitable as feedstock for bioenergy production. Cellulose, the predominant component of lignocellulosic biomass, is transformed to improve the characteristics of biochar obtained from biomass. The properties of biochar were greatly improved by HTC and were similar to those of coal-like fuel substances. The HTC process also increased the calorific values, fixed carbon value, and carbon contents. Moreover, HTC causes fissures in the structure of the solid residue, significantly altering its physical properties. Thus, the product is more easily combustible with a reduced burn-out temperature. These changes in the cellulose properties were very similar to those of the products obtained by coalification. Using 13C NMR spectroscopy, we investigated how the initial structure of raw cellulose was changed owing to a progressive increase in the aromatic and aliphatic composition of the biochars. As a result, the biochars became similar to the solid fuel, with the characteristics corresponding to those of fuels between lignite and sub-bituminous coal. The optimum reaction temperature for a cellulose mixture was found to be approximately 220 °C, as deduced from the ERE results. Thus, the results of this study indicate that HTC can be used as an effective means to generate highly energy-efficient renewable fuel resources.
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