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Abstract   16 

Hydrothermal carbonization (HTC) is a promising technique to convert biomass into valuable 17 

solid fuels. In this work, cellulose and wood-derived hydrochars were synthesized under 18 

hydrothermal carbonization conditions with different temperatures (200-250 ℃) and reaction 19 

times (6 h or 12 h). The content of fixed carbon in the cellulose-derived hydrochar is higher 20 

than that of wood-derived hydrochar. Moreover, cellulose is easier to be carbonized during 21 

HTC reaction than wood. O/C and H/C ratios of all hydrochars were similar to those of lignite 22 

and decreased with increasing reaction temperature. The composition of solids recovered after 23 

12 h is similar at all temperatures, consisting primarily of sp2 carbons (furanic and aromatic 24 

groups) and alkyl groups. When a large amount of metal is introduced, except for part of the 25 
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zinc combined with the energetic group, the remaining part will condense on the surface of the 26 

sample as zinc ions. 27 
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Statement of Novelty 31 

There is limited knowledge studied the format of heavy metals in wood- and cellulose-32 

derived hydrochar during the HTC process and the release behavior of heavy metals under 33 

high temperatures. The impact of the reaction time, temperature, and heavy metal on 34 

characteristics of productions are systematically investigated. At high temperature, properties 35 

of hydrochars are similar to lignite-like fuel substances. The heavy metal element zinc is 36 

chosen to introduce into samples to simulate the heavy metal accumulation in biomass.  37 

1. Introduction 38 

In broad terms, biomass can be defined as a complex that contains all livings, dead 39 

creatures, and their waste[1]. Biomass can be used as carbonaceous material, which is the 40 

feedback of fossil fuel resources such as coal, lignite, etc. Currently, biomass contributes to 10 41 

- 14% of total energy consumption in the world [2]. Moreover, biomass-derived fuels have the 42 

potential to solve the global energy crisis and alleviate environmental pollution caused by the 43 

combustion of traditional fossil fuels [3]. Therefore, biomass has been considered one of the 44 

most promising materials to replace non-renewable energy.  45 

Several ways for biomass conversion toward valuable fuels such as pyrolysis, the 46 

biological conversion process, and HTC (hydrothermal carbonization) have been developed 47 

[4]. However, pyrolysis is not suitable for high moisture biomass waste because it needs high 48 

temperatures [5, 6]. The biological conversion processes, including fermentation and anaerobic 49 



digestion, are economical but at the expense of conversion time [5, 7]. The HTC process is 50 

carried out under mild conditions, avoiding the use of unsafe conditions such as high 51 

temperature and high pressure [8]. HTC process includes reactions such as hydrolysis, 52 

dehydration, decarboxylation, aromatization, and re-condensation [9]. And similar to 53 

pyrolysis, the HTC process, generated hydrochars characterized by high carbon, high energy, 54 

low hydrogen, and oxygen [1, 8]. The emission of gases such as nitrogen oxides and sulfur 55 

oxides in water as acids or salts can be avoided during the HTC process [10]. HTC process has 56 

a low poisonous impact on materials, uses facile instrumentation and techniques, and 57 

effectively produces high energy and economy [11, 12]. Therefore, it is a suitable process for 58 

using biomass, even with high moisture contents that come from agricultural residues, wood, 59 

and herbaceous energy crops. In this respect, HTC has become an essential option for 60 

converting biomass to energy resources[13, 14].  61 

Many experiments have reported that the hydrochars obtained by HTC can simulate the 62 

different low-rank coals [15, 16, 25, 17–24]. The temperature [26], reaction time [27], and pH 63 

[28] have different effects on the characteristics of hydrochar obtained by the HTC process. 64 

Also, the source of raw materials is an important factor that influences hydrochar properties. 65 

Numerous studies have mentioned hydrothermal carbonization of a variety of feedstocks such 66 

as bamboo [29], manure [30], sewage sludge [31], and municipal solid waste [32].  67 

Because of urbanization, industrialization, and growth in pollution [32], the number of 68 

heavy metals is increased in biomass. Chemical, sewage sludge is a mixture of various organic 69 

and inorganic compounds. Several other elements, including heavy metals, are present in a 70 

variable content which are converted into the gaseous compounds during gasification [33]. The 71 

problem of pollution in biomass hinders the process of biomass conversion, it is also 72 



significant to study it.   73 

This work aims to investigate the effect of residence time and temperatures on the  74 

characteristics of the hydrochars produced from cellulose and wood via the HTC process, and 75 

also study the influence of heavy metals on hydrochars. This research can provide insight into 76 

the carbonization of cellulosic biomass and real biomass.  77 

2. Materials and methods 78 

2.1. Materials 79 

Pure α -cellulose was purchased from Alfa Aesar. A-quality wood pellets were delivered by the 80 

Labee Group in Moerdijk. The pellets were chopped into pieces (<0.54 mm) using an IKA 81 

laboratory mill. Zn(NO3)2 from Alfa Aesar, Teflon-lined stainless-steel autoclave is taper seat 82 

disc, 24*12~MC205HA. The vertical oven is from Prüfer Gmbh. 83 

2.2. Experimental procedure 84 

10 g of sample, 3 wt.% and 10 wt.% Zn(NO3)2 from Alfa Aesar, were suspended into 1L 85 

Teflon-lined stainless-steel autoclave. 50 ml of deionized water was added into the reactor, and 86 

then with a N2 stream (100 mL/min) for 20 min to expel air, heated in a vertical oven at 200 or 87 

250 ◦C (at a rate of 10 °C/min)[34]. The autoclave was transferred to an ambient temperature 88 

environment after 6 h or 12 h reaction time. The solid residue was washed with deionized water 89 

and filtered several times until the pH value was neutral, and then dried at a temperature of 100 90 

◦C in an oven for 12 h overnight [34].  91 

2.3. Characterization 92 

The content of inorganic elements was measured via AAS. TGA measurement was 93 

performed to determine combustion behavior. A magnetic suspension balance with an online 94 



mass spectrometer was used to measure the weight loss under combustion conditions at the 95 

temperature ranging from room temperature to 800 ℃ in an air atmosphere (20% O2/N2) 96 

heating rate of 10 ℃/min. SEM images were acquired on a Zeiss SUPRA 50VP instrument to 97 

investigate the physical morphology of hydrochars. The functional groups’ information of the 98 

samples was investigated by FTIR (Nicolet 6700 FTIR) with a diamond ATR accessory and a 99 

resolution of 2 cm-1 from 4000 to 500. In terms of XPS analysis (Specs spectrometer), the 100 

binding energy of C 1s and O 1s were 284.82 eV and 532.75 eV, respectively. 101 

3. Results and discussion 102 

3.1. Combustion behaviors analysis 103 

The detail components in the wood and cellulose have been shown in Table 1. Weight loss 104 

and rate of weight loss measurements are illustrated in Fig. 1, and the percentages of weight 105 

loss during the HTC reaction are shown in Table 2. 106 

Table 1. Properties of different raw materials 107 

Sample Ash (%) Cellulose (%) Lignin (%) 

Wood 5.3% 38% 29% 

 108 

Table 2: Weight loss during three stages and residues of samples 109 

Samples Stage 1(%) Stage 2 (%) Stage 3 (%)  Loss (%) σ 

C-200-6 3.4  78.0  8.5  10.1 35.4 

C-250-6 3.3  39.9  41.5  15.3 18.7 

C-250-12 2.6  38.6  41.7  17.1 18.5 



W-200-6 3.9  65.3  30.1  0.7 29.2 

W-250-6 2.6  30.3  54.7  12.4 22.8 

W-250-12 2.1  34.4  60.5  3 28.0 

 C : Cellulose, W : Wood, σ: standard deviation of Stage 1, Stage 2 and Stage 3 110 

The first stage of TG-DTG (ambient to 100 ℃) is for the evaporation of moisture. Changes 111 

of TG-DTG are similar at the first stage, indicating a similar content of moisture in cellulose- 112 

and wood-derived. A plateau between 110 and 190 ℃ follows, where the heating of molecules 113 

occurs without breaking chemical bonds.  114 

The second stage is the combustion phase (200 - 400 ℃), including devolatilization and 115 

combustion of volatile matters (e.g., moisture and small organic molecules) and sample 116 

combustion [35]. Wood-derived hydrochar and cellulose-derived hydrochar obtained by HTC 117 

reaction at 200 ℃ lost most of the weight during the second stage. Wood- and cellulose-118 

derived hydrochars obtained at 200 ℃ lost more weight. Moreover, at the same HTC 119 

condition, the weight loss of cellulose-derived hydrochars is higher than that of wood-derived 120 

hydrochar. It indicates these hydrochars obtained at 200 ℃ are mainly made of volatile 121 

matters, and the content of volatile matters in cellulose-derived hydrochar is higher than that of 122 

wood-derived hydrochar. 123 

 124 



 125 

Fig. 1. TG and DTG images of different hydrochars: a) c-hydrochar 250 ℃ 12 h, b) c-hydrochar 250 ℃ 6 h, 126 

c) c-hydrochar 200 ℃ 6 h, d) w-hydrochar 250 ℃ 12 h, e) w-hydrochar 250 ℃ 6 h, f) c-hydrochar 200 ℃ 6 h. 127 

The third stage, i.e., the burn-out stage ( 450 - 550 ℃), is for the combustion of fixed 128 

carbon remaining after the preceding stages [36, 37]. Compared with the weight loss of 129 

hydrochars obtained at 250 ℃ in the third stage, the weight loss of hydrochars obtained at 200 130 

℃ is lower. That means more fixed carbon formed at 250 ℃. At the same HTC reaction 131 

condition, the wood-derived hydrochar lost more weight than that of cellulose-derived 132 

hydrochar. It indicates the content of fixed carbon in wood-derived hydrochars is higher than 133 

that in cellulose-derived hydrochars. When HTC reaction temperature is 250 ℃, the weight 134 

loss of the cellulose-derived hydrochars obtained at 6 h is similar to that of 12 h, meaning that 135 

fixed carbon does not change much with the increasing of time. While wood-derived 136 

hydrochar obtained in 12 h has significantly higher weight loss than that of 6 h. It means 137 

prolonging the reaction improves the content of fixed carbon for wood-derived hydrochar.   138 

3.2. Structural properties of the hydrochars 139 

Fig. 2 and Fig. 3 are the SEM images of cellulose-derived and wood-derived hydrochar. 140 

Because of the incomplete hydrothermal reaction, an irregular shape is shown in the SEM 141 



image of cellulose-derived (Fig. 2a) and wood-derived (Fig. 3a) hydrochar produced at 200 ℃ 142 

and 6 h reaction time. Hydrochars have a compact structure without any pores proves cellulose 143 

and wood dissolve incompletely due to the low temperature of the HTC reaction. The 144 

microspheres formed on the surface of hydrochars because sectional cellulose was solubilized 145 

and/or hydrolyzed. These nano/microspheres were also generated by the decomposition of 146 

amorphous cellulose [38]. 147 

 148 

Fig. 2. SEM images of different c-hydrochars: a) 200 ℃ 6 h, b) 250 ℃ 6 h, c-d) 250 ℃ 12 h. 149 



 150 

Fig. 3. SEM images of different w-hydrochars: a) 200 ℃ 6 h, b) 250 ℃ 6 h, c-d) 250 ℃ 12 h. 151 

As shown in Fig. 2b and Fig. 3b, with 250 ℃ reaction temperature and 6 h reaction time, 152 

the surface of hydrochar became rougher as some pores and different sizes of small carbon 153 

microspheres were formed on the surface. One possible reason is that higher temperature 154 

facilitates the degree of solubility and/or hydrolysis of cellulose.  155 

However, unlike cellulose-derived hydrochar, the microspheres formed on the surface of 156 

wood-derived hydrochar should be expected due to the conversion of hemicellulose, which is a 157 

fundamental component of wood [10]. The amount of sphere-like nano/microparticles of wood 158 

hydrochar is lower than that of cellulose-derived hydrochar under the same experimental 159 

conditions. It indicates that cellulose-derived hydrochar is much easier to be carbonized and/or 160 

hydrolyzed than wood-derived hydrochar.  161 

It is illustrated in Fig. 2 (c-d) and Fig. 3 (c-d), after 12 h treatment, the dense structure 162 

shifted to a loose structure. Fig. 2c shows that parts of hydrochar are fused and adhered 163 



between the microspheres at 250 ℃ after 12 h reaction time. The fragments and porosity of 164 

hydrochar increase due to gas emissions during devolatilization, and chemical bonds were 165 

broken. In Fig. 2d and 3d the degree of cellulose decomposition was more evident because the 166 

content of fixed carbon of cellulose-derived hydrochar is less than that of wood-derived 167 

hydrochar. Besides, the temperature can influence samples' structure by changing the 168 

properties of water, which easily permeates into the porous structure of hydrochars. 169 

3.3 Chemical characterization  170 

The elemental analysis of samples is shown in Table 3. Cellulose- and wood-derived 171 

hydrochars have a higher weight percentage of carbon and lower weight percentage of 172 

hydrogen and oxygen than their original substrates.  173 

Table 3: The elemental analysis and the atomic ratio of raw biomass and hydrochars. 174 

 Elemental analysis atomic ratio  HCVb 

  Kcal/kg   

 

Samples C (wt %) H (wt %) Oa (wt %) H/C O/C     

Cellulose 39.3 6.61 54.09 1.98 1.03 3170  

C-200-6 41.60 6.03 52.37 1.74 0.94 3340  

C-250-6 62.48 4.79 32.73 0.92 0.39 5072  

C-250-12 63.30 4.50 32.20 0.85 0.38 5131  

Wood 46.4 6.05 47.55 3.86 3.86 3752  

W-200-6 57.80 5.92 36.28 1.23 0.47 4718  

W-250-6 70.80 5.01 24.19 0.85 0.26 5789  

W-250-12 71.90 4.93 23.17 0.83 0.24 5879  



a：The amount of oxygen was calculated according to O (wt %) = 100-C (wt %) -H (wt %), b: calculated from 175 

Dulong formula 176 

Higher HTC reaction temperature and longer reaction time can further increase the weight 177 

percentage of carbon and reduce hydrogen and oxygen weight. Normally, the H/C and O/C 178 

ratios were considered indicators for the degree of carbonization of hydrochars. The H/C 179 

atomic ratios are 1.74 (200 °C 6 h), 0.92 (250 °C 6 h), 0.85 (250 °C 12 h) for cellulose-derived 180 

hydrochar, and 1.23 (200 °C 6 h), 0.85 (250 °C 6 h) and 0.23 (250 °C 12 h) for wood-derived 181 

hydrochar. The O/C atomic ratios are 0.94 (200 °C 6 h), 0.39 (250 °C 6 h) and 0.38 (250 °C 12 182 

h) for cellulose-derived hydrochar, and 0.47 (200 °C 6 h), 0.26 (250 °C 6 h), 0.24 (250 °C 12 183 

h) for wood-derived hydrochar. The higher temperature and longer reaction can decrease the 184 

H/C and O/C ratios. The reduction of H/C means more condensed aromatic structures were 185 

produced due to aromatization as fundamental components of hydrochar. Aromatization also 186 

improves the stability of hydrochar in wood-derived hydrochar. The Decarboxylation process 187 

causes the reduction of the O/C by removing water from the raw materials without changing 188 

any chemical composition and producing CO2, and CO [36, 39].  189 

A Van Krevelen diagram is shown in Fig. 4. As a kind of low-rank coal, the atomic ratios 190 

of lignite are 0.8-1.3 (H/C) and 0.2-0.38 (O/C) [37], and the atomic ratio of synthetic 191 

hydrochars under 250 °C 6 h or 12 h is almost identical to that of lignite.  192 



 193 

Fig. 4. Van Krevelen diagram of cellulose- and wood-derived hydrochar from hydrothermal treatment. 194 

The results of the FTIR measurements were shown in Fig. 5. The band at 3000-3700 cm-1 195 

is assigned to the O-H stretching vibrations of hydroxyl or carboxyl groups [40]. Due to the 196 

dehydration reaction, the peak of O-H becomes weak with increasing HTC temperature. 197 

Furthermore, it was reported that O-containing functional groups could absorb heavy metal 198 

ions. 199 

 200 

Fig. 5. FTIR spectra of hydrochars: a) HTC of celluose, b) HTC of wood. 201 

The band at 2800-3000 cm-1 is assigned to the stretching vibrations of aliphatic C-H, 202 



indicating an aliphatic structure [41]. The unobvious curves ranging from 2800 to 3000 cm-1 203 

are attributed to the asymmetric stretching vibration of -CH3 (2955 cm-1) and -CH2- (2922 cm-204 

1), symmetric vibration of -CH3 (2871 cm-1) and -CH2- (2850 cm-1), and stretching vibration of 205 

-CH (2900 cm-1) [42]. The C-H vibration at around 2920 and 2850 cm-1 is related to 206 

asymmetric and symmetric methylene stretching groups present in all the wood components 207 

[43]. The band at 1700 cm-1 refers to C=O vibrations [39], while C=O belongs to the carboxyl 208 

group or carbonyl group, owing to the dehydration of hydroxyl [10]. The peak at 1620 cm-1 is 209 

assigned to C=C vibrations of aromatic structures [44]. The peaks at 1120-1050 cm-1 refer to 210 

the C−O bond.   211 

The results show the peaks of C-O, C=O, and C-H in both cellulose-and wood-derived 212 

hydrochars decreased when reaction temperature increased. That is because more bonds ( C-O, 213 

C=O, and C-H) breaks during hydrothermal treatment [10]. Gases such as CH4, C2H6, and 214 

C2H4 are released when these bonds break and lead to the reduction of H/C and O/C ratio of 215 

hydrochar.  216 

 XPS analyzed the hydrocarbon and oxygen-containing functional groups of hydrochars, 217 

and the results are shown in Fig. 6. For cellulose-derived and wood-derived hydrochar, two 218 

main peaks of C (C1s) at around 285 eV and O (O1s) at about 530 eV are usually observed in 219 

the XPS spectroscope [45]. The peaks at 284.6 eV were attributed to CHX and C-C/C=C, 220 

which belong to aliphatic/aromatic carbon groups. The peaks at 285.7 eV and 287.3 eV were 221 

contributed by hydroxyl groups (-COR) and carbonyl groups (C=O), respectively. The small 222 

peak observed at 289.2 eV can correspond to carboxylic groups, and esters (-COOR). It was 223 

also shown in the XPS results that the oxygen-containing functional groups such as hydroxyl 224 

groups, carbonyl groups, and esters existed on the surface of hydrochar.  225 



 226 

Fig. 6. XPS spectrum of hydrochars: a-b) c-hydrochar, c-d) w-hydrochar at 250 ℃ for 6 h. 227 

 228 

 229 

Fig. 7 FTIR spectra of hydrochars with heavy metals: a) HTC of cellulose with 3% and 10% zinc, b) HTC of wood 230 

with 3% and 10% zinc 231 

Fig. 7 is the results of the FTIR measurements indicate that the types and positions of 232 



functional groups of hydrochars after adding heavy metals are almost the same as those of 233 

hydrochars without heavy metals. Also, the SEM images of cellulose-derived and wood-derived 234 

hydrochar with heavy metals has been taken and it does not show the difference from the one 235 

without heavy metal. 236 

The previous study found that the structure of benzoic acid which is adsorbed on (0001)-Zn 237 

decompose to benzene under 300 K [46] Therefore, it is supposed that the connection of Zn and 238 

carboxyl groups would promote decarboxylation reaction during the hydrothermal process. 239 

Moreover, Vohs et al. [46] reported that aromatic alcohols, benzyl alcohol, and phenol can form 240 

highly stable alkoxide species on the (0001)-Zn surface below 875 K. However, under high 241 

temperature, these organic functional groups are burned and zinc ions evaporate. 242 

4. Conclusion 243 

Cellulose and wood can be used to produce the carbon-rich and valuable hydrochars via 244 

hydrothermal carbonization. The results show that with the increment of temperature, the 245 

crystalline region is broken down stepwise, and the cellulose and wood are gradually 246 

converted into micro/nano carbon spheres. The hydrochars obtained at 200 ℃ are mainly 247 

composed of volatile matter. More prolonged reaction improves fixed carbon of wood-derived 248 

hydrochars form, but it has little impact on cellulose-derived hydrochars. Wood-derived 249 

hydrochar has more fixed carbon and condensed aromatic structures than cellulose-derived 250 

hydrochar. At 250 ℃, their properties are similar to lignite-like fuel substances. Small 251 

amounts of heavy metals don’t influence on the chemical and physical characteristics of 252 

hydrochar. More importantly, large amounts of zinc are introduced, zinc can be bonded to the 253 

surface of hydrochar by active groups which sheds light on the utilization of hyperaccumulator 254 

biomass from the remediation of heavy metal contaminated land. 255 
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