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Abstract: To improve energy efficiency and biomass utilization in the process of 13 

anaerobic digestion, co-gasification is considered as an effective method to post-treat 14 

anaerobic digestion residues. In this work, the effect of temperature (650 °C, 750 °C, 15 

850 °C and 950 °C) on the co-gasification of digestate and lignite was thoroughly 16 

investigated in a downdraft fixed bed gasifier. The results showed that the increase of 17 

gasification temperature increased the gas yield and the lower heating value (LHV) of 18 

product gas. Physicochemical properties of biochar were characterized by physical 19 

adsorption analyzer, Fourier transform infrared spectroscopy (FT-IR), Raman 20 

spectroscopy and thermogravimetric analyzer (TG). It was shown that the average 21 

pore diameter increased in the range of 650 °C to 950 °C, while specific surface area 22 

and pore volume first increased from 650 °C to 850 °C and then decreased at 950 °C. 23 

The Raman analysis of biochar indicated that small aromatic rings condensed to large 24 

aromatic ring and increased the content of Caromatic-Calkyl and the crosslinking density at 25 

higher temperature. The variation of biochar properties at the higher temperature 26 

caused a decrease in the gasification reactivity. With the increase of temperature, the 27 

content of carbolic oil in the tar increased, but the contents of light oil, naphthalene oil 28 

and washing oil decreased. This study comprehensively analyzed the product 29 

properties and demonstrated the feasibility of co-gasification of digestate and lignite. 30 
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Nomenclature    
Symbols    
a Slope of fitting straight line Q Quantity adsorbed [mL·g-1] 
c Calculated by difference [%] R0.9 Reactivity index [min-1] 
C Constant R2 Correlation coefficient 
CCO2 

CO2 concentration in the gas 
[vol.%] T Temperature [°C] 

M Total mass of feedstock at each 
run [kg] t0.9 

Gasification time when the 
conversion of biochar reaches to 
0.9 [min] 

G, D, S, GR, 
VL, VR 

Peak names of Raman 
spectroscopy Vgas Volume of CO, CO2, H2, CH4 and 

CnHm [Nm3] 
ID, IG, IGR, IVL, 
IVR, IS Peak area xn Molarity of all gases (n=1,2…7) 

P/P0 Relative pressure of equilibrium 
and saturation α Content of impurity in CO2 

cylinder [%] 
P0/P Relative pressure of saturation 

and equilibrium   
    
Abbreviations    
ad Air dry GC-MS Gas chromatography-mass 

spectrometer analyzer 
AD Anaerobic digestion HSAD High-solid anaerobic digestion 
apd Average pore dimeter [nm] i.e. Id est 
a.u. Arbitrary unit IUPAC International union of pure and 

applied chemistry 
BET Brunauer–Emmett–Teller LHV Lower heating value 
C=C Carbonyl N Nitrogen (monoatomic) 

Caromatic-Calkyl Carbon-carbon bond between 
aromatic and alkyl Nm3 

Refers to m3 at normal pressure 
(1.013 × 105 Pa) and temperature 
(0 °C) 

C-H Carbon-hydrogen bond NOx Nitrogen oxide 
CH2 Methylene O Oxygen (monoatomic) 
CH4 Methane P2O5 Phosphorus pentoxide 
CHx Alkyl S Sulfur (monoatomic) 
CnHm Hydrocarbon compounds SOx Sulfur-oxygen species 
Eq. Equation STP Standard temperature and pressure 
FD Fractal dimension TCD Thermal conductivity detector 
FHH Frenkel–Halsey–Hill TG Thermogravimetric Analyzer 
F.S Full scale vol.% Volume percentage [%] 
FT-IR Fourier transform infrared 

spectroscopy wt.% Weight percentage [%] 
GC Gas chromatography   
 33 

1. Introduction 34 

Because of the increasing energy consumption, depleting fossil fuel reserves, and 35 

worsening environment related to the excessive use of fossil fuels, alternative sources 36 

of renewable energies is receiving increasing attention [1]. The present concentration 37 

of carbon dioxide (CO2) in the atmosphere exceeds 400 ppm and is proposed to reach 38 

530 ppm and 650 ppm in 2050 and 2100, which will increase the global average 39 

temperature by 2.0 °C - 5.6 °C [2].  40 
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High-solid anaerobic digestion (HSAD) is an effective method to battle the 41 

global warming by recovering energy from organic biomass [3]. However, the 42 

disposal of a by-product of HSAD, digestate, is challenging from the perspective of 43 

environment safety [4]. Digestate is a mixture of undigested biomass, sludge and 44 

manure from an anaerobic digestion (AD) system. In recent years, the development of 45 

biogas industry has caught the attention of the Chinese government. By the end of 2015, 46 

there were 110,975 biogas plants and 41.93 million household biogas digesters in 47 

China. The output of digestate increased significantly and rapidly, mainly used as soil 48 

fertilizer [5]. But the digestate is rich in hazardous materials, for instance, heavy metals, 49 

fungicides, pathogens, nitrogen compounds and trace herbicides, which may have 50 

latent hazards on human being, animals and crops [6]. The landfilling of digestate 51 

may lead to environmental pollution, land occupancy and greenhouse gas emissions. 52 

Accordingly, the resource reutilization of digestate becomes an urgent problem to be 53 

solved.  54 

In the AD process, only part of the cellulose and hemicellulose has been 55 

hydrolyzed because of the rigid structure and resistance of non-biodegradable lignin, 56 

leading to a low energy conversion efficiency of approximately 33-50 % [7, 8]. In the 57 

digestate, there are still many useful ingredients such as lignin. As biowaste, the 58 

digestate would be one promising alternate source to generate sustainable energy. In 59 

China, the projects where the digestate mixes with other combustibles from waste to 60 

produce heat and power have been listed in the National Key Energy-Saving 61 

Low-Carbon Technology Promotion Catalogue (2017 Version, Low Carbon Section). 62 

Once this kind of technology is massively industrialized, the annual emission 63 

reduction of CO2 is expected to reach 1.85 million tons [9].  64 

Gasification is a thermochemical technology that could convert the feedstock 65 

into the flammable gas (i.e. synthesis gas) effectively [10-12]. Chen et al. [7] 66 

conducted the air gasification of digestate in a downdraft fixed bed gasifier, and the 67 

results showed that the optimal lower heating value of product gas was 4.78 MJ·Nm-3. 68 

Yao et al. [13] proposed the co-gasification of woody chips and digestate, and the 69 

optimal energy efficiency was 70.8 % when the mass ratio of woody chips was 80 wt.% 70 

and the moisture content of digestate was 30 wt.%. Although the gasification of 71 

digestate can reduce the volume of waste to be landfilled, kill the germs and 72 

immobilize the toxic metals in the inorganic matrix [14], it is facing several 73 
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challenges, such as low caloric value gas and low gasification efficiency, preventing 74 

the wide application of the technology.  75 

Over the past decades, the low energy efficiency and significant air pollution of 76 

coal combustion limited its application for heat and energy production [15]. 77 

Predictably, the coal will continue to be the main energy source despite the fact that 78 

the China's energy structure is changing for the next several years [16, 17]. Seeking 79 

efficient and clean utilization of coal appears to be one of the main research focuses. 80 

The co-gasification of biomass and coal has been widely investigated owing to its 81 

high energy conversion efficiency, remarkable economy benefits and operational 82 

stability. The co-gasification of biomass and coal can suppress the generation of SOx 83 

and NOx and cut the greenhouse gas emission [14, 18, 19]. Besides, the addition of 84 

coal in the mixture will make up the seasonal supply of biomass (e.g. digestate). 85 

Thengane et al. [20] used air as the gasification agent in the downdraft gasifier to deal 86 

with the garden waste pellets and coal. The LHV of gas reached to 3.05 MJ·Nm-3 at 87 

biomass ratio 75 wt.%. Wu et al. [21] added 50 wt.% coal into wheat straw, and the 88 

highest LHV of combustible gas achieved 14.21 MJ·Nm-3 in entrained flow bed with 89 

the preheating of gasification agent, which suggested that feeding the gasifier a 90 

combination of different fuels have synergy between their products and intermediates. 91 

Meanwhile, the co-gasification of different fuels will lead to maximize the 92 

performance, to reduce the carbon losses and to increase the energy content of syngas. 93 

However, the co-gasification of digestate and lignite has been rarely studied while it 94 

has the potential to bridge AD and gasification for high-efficient hybrid system 95 

development [22].  96 

The co-gasification characteristics of biomass and coal is closely related to the 97 

reactor type and the operational conditions, such as temperature, gasification agent, 98 

mass ratios, etc [23]. Among them, the gasification temperature remarkably affected 99 

the release of volatiles from raw material and the gasification behaviors between the 100 

gasification agent and biochar. Cortazar et al. [24] found that the gasification 101 

temperature played a positive role in the improvement of gas yield and the tar removal. 102 

Meanwhile, comparing with other gasifiers, the fixed bed would be more easily 103 

controlled and more suitable to the co-gasification of biomass and coal. The fixed bed 104 

can promote the intimate contact between raw material particles and provide 105 

sufficient residence time. In terms of the downdraft fixed bed, the reduction zone is 106 
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where the gasification occurs. The coal can provide more stable reaction temperature 107 

for the co-gasification in the reduction zone. Moreover, the relatively slow thermal 108 

conversion process may enhance the tar cracking [25]. Collot et al. [26] studied the 109 

effect of reactor types on the co-gasification of biomass and coal finding that the tar 110 

cracking occurred in the fixed bed. Li et al. [22] studied the effects of mixing methods 111 

and the kinetics of the co-gasification of digestate and lignite, stating that the 112 

synergistic interaction was the most remarkable when the anaerobic digestion 113 

treatment time of biomass was 40 days. However, the effect of temperature on the 114 

co-gasification behavior of digestate and lignite was seldom reported.  115 

Therefore, the main objective of this study was to study the effect of temperature 116 

(650 °C, 750 °C, 850 °C and 950 °C) on the co-gasification behavior of digestate and 117 

lignite by analyzing co-gasification products comprehensively. 118 

2. Materials and methods 119 

2.1. Materials  120 

The digestate was collected from the high solid anaerobic digestion of corn straw, 121 

sludge and cattle manure. The coal was selected from the Xiaolongtan lignite. Prior to 122 

the experiments, the samples were dried at 105 ºC until constant weight and pulverized 123 

to below 150 mesh in a grinder. The ultimate analysis and proximate analysis of lignite 124 

and digestate have been published in our previous study, as shown in Table 1 [22].  125 

Table 1 Ultimate analysis and proximate analysis of lignite and digestate [22]. 126 

 Ultimate analysis（wt%, ad） Proximate analysis（wt%, d） 
C H N S Oc Volatile matter Ash Fixed carbon 

Lignite 52.04 4.66 1.48 1.31 25.92 54.01 12.09 33.89 
Digestate 29.64 3.61 2.38 0.54 20.31 47.75 41.48 10.77 

c: Calculated by difference. 127 

2.2 Gasification experiment set-up  128 

The experiments were conducted in a lab-scale downdraft fixed bed gasifier. Fig. 1 129 

is the main process flow chart of digestate and lignite co-gasification in CO2 [22]. The 130 

lab-scale downdraft fixed bed gasifier system contains a carrier gas system, electric 131 

heating furnaces, a downdraft reactor and gas detection system. The downdraft reactor 132 

contains a quartz tube, electric heating furnace and thermocouples. Wrapped by the 133 

electric heating furnace, the quartz tube is 600 mm high and has an internal diameter of 134 

35 mm. In the middle of the quartz tube, there is a distributor plate where the 135 
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feedstock stored in the crucible is gasified in CO2.  136 

   137 

(a)                                        (b) 138 

Fig. 1. (a) Flow chart of the gasification system, (b) real picture of the system, for the 139 

co-gasification of digestate and lignite. 140 

 141 

The digestate and the lignite were manually mixed with the mass ratio 1:1 by 142 

mortar for complete blending. For each run, 2.00±0.01 g of feedstock was loaded into 143 

the crucible in the gasifier. Before starting up, pure CO2 (99.99 %) was preloaded at a 144 

flow rate of 1000 mL·min-1 for 10 min. Then, the flow rate of pure CO2 was switched 145 

to 60 mL·min-1. The gas flowmeter produced from Beijing Sevenstar Electronics 146 

Co.,Ltd., was used to control the CO2 gas flow. The scope of the flowmeter ranges 147 

from 0 L·min-1 to 2.0 L·min-1. The repeatability accuracy of the selected flowmeter is 148 

±0.2 % F.S, namely ±4 mL error. Maximum working pressure is 1.0 MPa. Before 149 

each run, the CO2 gas flow rate was calibrated by the soap-membrane flowmeter to 150 

guarantee that the CO2 gas flowmeter properly operated. The downdraft gasifier was 151 

heated from the room temperature to the target temperature at a heating rate of 50 152 

ºC·min-1, and then, the temperature remained constant. The K-type thermocouple was 153 

selected to measure the temperature in the reactor and electric heating furnace in the 154 

range of 0 °C to 1300 °C. The maximum allowable error was ±0.4 % of the measured 155 

temperature (375 °C-1000 °C). The gas from the reactor passed through the vertical 156 

condensation tube, the ice-baths of acetone, silica gel and the filter to remove the tar, 157 

water and small particle impurities. The tar-free dry gas was collected in a gas bag 158 

and analyzed with gas chromatography to detect the proportion of each component. In 159 

this study, the gasification process proceeded for 46 min. The total reaction time in 160 
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reactor was identical and the properties of gasification products collected at the same 161 

time can be compared meaningfully. Then pure CO2 was switched to pure N2 162 

(99.99 %) at a flow rate of 1000 mL·min-1 until the temperature in the gasifier 163 

dropped to room temperature. The reaction temperatures were chosen as 650 ºC, 750 164 

ºC, 850 ºC and 950 ºC, respectively. The experiment was repeated three times for each 165 

run. 166 

2.3. Analytical methods 167 

The gas chromatography (Inficon, Micro GC 3000) was equipped with thermal 168 

conductivity detector (TCD) to analyze the product gas by external standard method. 169 

Back flushing was used as the method of injection gas. The injector temperature and 170 

transfer line temperature were 90 °C. The first chromatographic column was 5A 171 

molecular sieve and the column temperature was 80 °C, which was used to detect the 172 

H2, CO and CH4. Pure argon (99.999 %) was selected as carrier gas. The second 173 

chromatographic column was Plot Q and the column temperature was 60 °C, which 174 

was used to detect the hydrocarbons gas (CnHm, n＜4). The third chromatographic 175 

column was Plot U and the column temperature was 80 °C, which was used to detect 176 

the CO2. Pure helium (99.999 %) was used as carrier gas of the subsequent two 177 

chromatographic columns. The dry gas LHV (MJ·Nm-3) and CO2 conversion was 178 

defined as follows [27, 28]: 179 

LHV= (CO×12600+H2×10794+CH4×35868+CnHm×63546) 105⁄       (1) 180 

where CO, H2, CH4, CnHm are the concentrations of the product gas, vol.%. 181 

CO2 conversion=100×(100-α-CCO2)/(100-α)/(100+CCO2)         (2) 182 

Where α is the content of impurity in CO2 cylinder, 0.01 %, CCO2  is the CO2 183 

concentration in the gas, vol.%. 184 

The yield of product gas (Nm3·kg-1) was defined as follows [13, 22, 29]: 185 

Yield= 𝑉𝑔𝑎𝑠 M⁄                            (3) 186 

where Vgas is the volume of CO, CO2, H2, CH4 and CnHm, Nm3, M is the total mass of 187 

feedstock at each run, kg. 188 

Nitrogen adsorption experiments (temperature, 77 K) were carried out to 189 

characterize the biochar collected under different temperatures with a physical 190 

adsorption analyzer (Micromeritics, ASAP 2020HD88, America). Before the nitrogen 191 

adsorption experiments, all the biochar samples were degassed for 8 h at 200 °C under 192 
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vacuum. The surface area and average pore diameter (apd) of biochar samples were 193 

measured using BET (Brunauer–Emmett–Teller). The pore volume was calculated 194 

from the single point desorption total pore volume of pores. The organ functional 195 

groups of biochar samples were identified by Fourier transform infrared spectroscopy 196 

(FT-IR, Bruker, T27, Germany) at wave lengths ranging from 400 cm-1 to 4000 cm-1. 197 

Each sample was scanned 32 times, with a resolution of 4 cm-1. Prior to analysis, per 198 

1 mg samples were mixed with per 100 mg KBr powder. The sample-powder mixture 199 

was reground by mortar and pestle homogeneously. Pellets were created using 70–80 200 

mg of powder in a pellet press at 10 MPa of pressure. Besides, the evolution of carbon 201 

structure was characterized by the Raman spectrum (Horiba Scientific, LabRAM HP 202 

Evolution, Janpan). The Raman spectra from 1800 cm-1 to 800 cm-1 were analyzed 203 

through peak fitting using Origin software (version 9.0) with nine Gaussian bands 204 

combining the work of Li et al. [30] and the actual conditions in this article. The 205 

gasification reactivity of the biochar was investigated by a thermogravimetric 206 

analyzer (Setaram Labsys Evo, Lyon, Rhône Province, France) in CO2 adopting the 207 

non-isothermal route. About 5.0 ± 0.2 mg biochar was put into the crucible. The 208 

reaction temperature was risen from room temperature to 950 ºC at 15 ºC·min-1 and 209 

kept the constant temperature for 30 min. The gasification reactivity of biochar was 210 

quantitated by the reactivity index (R0.9) as follows [31]: 211 

R0.9=0.9/t0.9                          (4) 212 

where t0.9 is the gasification time when the conversion of biochar reaches to 0.9. 213 

The fractal theory was used to characterize the unformed materials. The degree 214 

of surface irregularity can be quantified by the surface fractal dimension (FD) which 215 

ranges from 2 to 3 [32]. Based on the fractal version of the Frenkel–Halsey–Hill 216 

(FHH) equation of multilayer adsorption, the values of surface fractal dimension can 217 

be calculated through the single nitrogen adsorption isotherm [33, 34].  218 

 lnQ=a∙ln(ln(P0/P))+C                      (5) 219 

where Q is the quantity adsorbed, P0/P is the relative pressure of saturation and 220 

equilibrium, C is a constant. Suppose Y is lnQ and Y=ax+b. The parameter a is the 221 

slope of fitting straight line. The surface fractal dimension of biochar is determined by 222 

the coefficient a as follows: 223 

FD=3+a                          (6) 224 

The analysis of the tar collected in the condensation system was carried out by a 225 
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gas chromatography-mass spectrometer analyzer (GC-MS, QP 2010 Ultra, Shimadzu, 226 

Japan). Helium (99.999 %) was used as carrier gas in gas chromatography module 227 

and carrier gas flow rate was 1.2 mL·min-1. Split ratio was 49:1. The chromatographic 228 

column was 30 m RTX-5MS quartz capillary column. The inner diameter was 0.25 229 

mm and film thickness was 0.25 μm. The temperature of ion source was 200 ℃ and 230 

the scan range of mass to charge ratio was from 20 to 900 amu. Additionally, the tar 231 

was fractionated by a simulated distillation instrumentation (Agilent 7890A, America) 232 

according to the ASTM-D2887-01a standard. The column was stainless steel. The 233 

diameter of column was 0.53 mm and the length was 10 m, which was designed by 234 

Sinopec Research Institute of Petroleum Processing in China.  235 

2.4. Reactions during gasification in CO2 atmosphere 236 

The thermal conversion behavior and the possible reactions of digestate and 237 

lignite under the CO2 atmosphere in the fixed bed reactor are shown as follows. Eq. (7) 238 

shows the overall gasification reaction of digestate and lignite in the CO2 atmosphere. 239 

The Boudouard reaction is presented in Eq. (8). The solid biochar gasification 240 

reactions processes are shown in Eq. (9) and Eq. (10). The homogeneous volatile 241 

reactions which are the piece of secondary reactions changing the evolved volatiles 242 

compositions are shown in Eq. (11) and Eq. (12) is the water–gas shift reaction. The 243 

tar gasification reactions and the tar cracking are presented in Eq. (13) and Eq. (14), 244 

respectively [35, 36]. The tar contained hundreds of chemical compounds, such as 245 

aromatic compounds with single to five rings, polycyclic aromatic hydrocarbons 246 

(PAHs), and some oxygen-containing hydrocarbons. The chemical formula cannot 247 

represent the characterization of tar completely. Therefore, tar was used in the 248 

formula (7), (13) and (14) directly. 249 

Digestate+Lignite+𝑥1CO2→𝑥2H2+𝑥3CO+𝑥4CO2+𝑥5CH4+𝑥6CnHm+𝑥7H2O+Char+Tar 250 

                                 ∆H>0                             (7) 251 

where x1, x2, x3, x4, x5, x6 and x7 is the molarity of all gases. 252 

C + CO2 ↔ 2CO                    ∆H= +172 kJ∙mol-1                 (8) 253 

C + 2H2 → CH4                    ∆H= -75 kJ∙mol-1                   (9) 254 

C + H2O → CO + H2                ∆H= +131 kJ∙mol-1                 (10) 255 

CO + 3H2 ↔ CH4 + H2O             ∆H= -206 kJ∙mol-1                 (11) 256 
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CO + H2O ↔ CO2 + H2              ∆H= -41 kJ∙mol-1                  (12) 257 

Tar + CO2 → CO + H2               ∆H= +980~+3112 kJ∙mol-1          (13) 258 

Tar → CH4 + H2 + H2O + CnHm       ∆H>0                           (14) 259 

3. Results and discussion 260 

3.1. Gas composition 261 

The effect of reaction temperature on gas composition was conducted at 650 °C, 262 

750 °C, 850 °C and 950 °C with the mass ratio 1:1. As shown in Fig. 2a, the 263 

temperature played a crucial role in the CO2 gasification performance and had a 264 

significant influence on the gas composition. The main components of the gas were CO 265 

and CO2. H2, CH4 and hydrocarbon compounds (CnHm) were also observed. With the 266 

increase of gasification temperature, the CO content and the CO2 conversion increased 267 

obviously, due to the thermodynamic equilibrium enhancement of Eqs. (8) and (13). It 268 

was also related to equilibrium of the water-gas shift reaction as shown in Eq. (12).  269 

The content of CnHm was very low. Therefore, the content of CH4 was similar to 270 

the total content of CnHm. In Fig. 2, the red curve of CH4 was overlapped with cyan 271 

curve of CnHm. Meanwhile, the content of CH4 decreased slightly with the increase of 272 

temperature. The main reason for the decrease of CH4 content in the product gas is the 273 

increasing proportion of gasification gas and the decreasing proportion of pyrolysis gas. 274 

Another reason was attributed to the thermal decomposition of methane at the 275 

temperature of 700 °C [37].  276 

  CH4 → C + 2H2      ∆H= +74.8 kJ∙mol-1        (15) 277 

In Fig. 2b, the gas yield increased with the increase of gasification temperature. 278 

On the one hand, the tar as the primary gasification product was further cracked into gas 279 

at the higher temperature. Besides, the lignite was featured with the high ratios of 280 

heavy aromatic to aliphatic, highly ordered carbon fraction and high fixed carbon 281 

content [38]. The increase of temperature can activate the carbon atom and break the 282 

carbon chain in the aromatic ring rapidly, reacting with gasification agent-CO2 to 283 

produce gas. Thirdly, in the co-gasification process of digestate and lignite at CO2 284 

atmosphere, the reduction of CO2 is an endothermic reaction. The increase of 285 

temperature was beneficial to the shift of reaction equilibrium towards the products. 286 

However, the CO2 yield increased firstly and then decreased gradually, which was due 287 

to the fact that the increase of temperature promoted the reaction-Eq. (7) and more CO2 288 
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was consumed in the gasification reaction-Eq. (8). When the consumption rate of CO2 289 

was faster than the generation rate, the CO2 yield declined. The LHV of gas increased 290 

with the increase of temperature. The CO content and CO2 conversion followed the 291 

same trend. When the temperature was 950 °C, the LHV of gas was the highest, 6.52 292 

MJ·Nm-3, and nearly twice that of the 650 °C.  293 

The gasification performances can be significantly influenced by the metal 294 

contents such as Na, K, Ca, Fe, etc. The rate of catalytic gasification significantly 295 

increased in the presence of alkali and alkaline earth metals and transition metals in 296 

the char. The CO2 co-gasification performances showed its great potentials in 297 

enhancing the gasification reactivity, mitigating the problem of agglomeration and 298 

alleviating the greenhouse effect, through the utilization of ash from biomass wastes 299 

as catalyst [39, 40]. As shown in our previous study, the lignite and digestate all 300 

contained many alkali metals and alkaline earth metals [22]. It is reasonable to believe 301 

that the alkali metals and alkaline earth metals in the ash played an important role in 302 

co-gasification of lignite and digestate. 303 

   304 

Fig. 2. Effect of temperature on the characteristics of product gas. 305 

3.2. Physicochemical properties of biochar 306 

3.2.1. Textural structure of biochar 307 

The adsorption-desorption isotherms of biochar samples produced at different 308 

temperatures were illustrated in Fig. 3. According to the IUPAC classification, the 309 

adsorption isotherm of biochar samples presented the reversed S-shape between type I 310 

and type II, indicating that the pore characteristics of biochar samples were similar, 311 

continuous and complicated after the different gasification temperatures treatment. 312 

The nitrogen adsorption quantity reflects the adsorptive capacity of the biochar [32]. 313 

At extreme low pressure (P/P0＜0.05), the adsorption quantities of biochar samples at 314 
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different gasification temperatures (650 °C, 750 °C, 850 °C, and 950 °C) were 46.77 315 

mL·g-1, 61.94 mL·g-1, 65.24 mL·g-1 and 41.15 mL·g-1, which indicated a large 316 

number of micropores. Moreover, the amount of micropores increased from 650 °C to 317 

850 °C and decreased from 850 °C to 950 °C sharply. This revealed that the increase 318 

of gasification temperature was in favor of the formation of micropores to a certain 319 

extent because the higher temperature can not only promote the discharge of pyrolysis 320 

products but also enhance CO2 gasification with the reactive sites. However, when the 321 

temperature rose to 950 °C, the amount of micropores in the biochar samples was the 322 

lowest. The high temperature promoted the formation of mesopores and macropores 323 

by the aggregation of original micropores during gasification. The sintering effect that 324 

can seal off the part of the micropores was another factor which should not be ignored 325 

simultaneously [32]. Fu et al. [32] found the similar trend of biochar samples that the 326 

amount of micropores increased with the increase of temperature and then decreased. 327 

Xu [41] reported that the amount of micropores increased firstly and decreased 328 

sharply due to the breaking of the microporous structure. Li et al. [42] also found the 329 

similar results that the adsorption quantity of biochar increased from 500 °C to 800 °C. 330 

However, the quantity of adsorption decreased sharply when the temperature 331 

increased from 800 °C to 900 °C.  332 

Table 2 Textural properties of the biochar samples. 333 

T, °C Specific surface area, m²·g-1 Pore volume, cm³·g-1 Average pore diameter, nm FD 

650 196.68 0.12 2.46 2.9155 

750 256.19 0.18 2.79 2.9118 

850 277.49 0.22 3.11 2.9004 

950 176.03 0.19 4.41 2.8072 
As shown in Table 2, the specific surface area of the biochar samples increased 334 

from 650 °C to 850 °C and decreased from 850 °C to 950 °C. Ping et al. [43] found 335 

the variation of the specific surface area was mainly due to the formation and 336 

breaking of micropores. In the medium pressure adsorption zone (0.05＜P/P0＜0.8), 337 

the adsorption curves transformed from monolayer to multilayer adsorption and the 338 

adsorption quantities from 650 °C to 950 °C were 13.94 mL·g-1, 34.27 mL·g-1, 51.39 339 

mL·g-1 and 46.37 mL·g-1. The adsorption quantity increased with the increase of 340 

temperature from 650 °C to 850 °C, indicating that the amount of mesopores 341 

increased. When the temperature increased from 850 °C to 950 °C, the adsorption 342 

quantity decreased showing that the amount of mesopores decreased. In the saturated 343 

pressure zone (0.9＜P/P0＜0.995), the adsorption quantities from 650 °C to 950 °C 344 
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were 17.57 mL·g-1, 19.29 mL·g-1, 22.90 mL·g-1, and 38.02 mL·g-1. The adsorption 345 

curves became steeper with the increase of temperature, indicating the capillary 346 

condensation appeared and the amount of macropores increased sharply. As the 347 

temperature increased, CO2 reacted with the carbon skeleton, leading to the formation 348 

of macropores rapidly by the aggregation of some original mesopores. Therefore, the 349 

amount of mesopores decreased when the temperature increased from 850 °C to 350 

950 °C. In Table 2, the pore volume increased from 650 °C to 850 °C and then 351 

decreased from 850 °C to 950 °C, while the average pore size increased from 650 °C 352 

to 950 °C. The phenomenon that two measurements had different trends showed the 353 

pore length at 950 °C was shorter than that at 850 °C, indicating that the erosion of 354 

the biochar surface through gasification in CO2 was promoted. The variation trend of 355 

pore volume was consistent with the change in amount of micropores and mesopores. 356 

The formation and breaking of micropores and mesopores may be the reason that pore 357 

volume increased firstly and then decreased. 358 

 359 
Fig. 3. Adsorption-desorption isotherm curves of the biochar samples.  360 

  361 
Fig. 4. Functional relationship between the average pore diameter and fractal dimension of 362 

biochar samples. 363 



14 
 

The fractal dimension values of the co-gasification biochar samples were 364 

revealed in Table 2. The values of FD decreased with the increase of gasification 365 

temperature indicating the surface roughness of biochar would decrease under the 366 

action of the gasification agent-CO2. Curve fitting method was used to measure the 367 

functional relationship between average pore diameter and fractal dimension [32]. As 368 

shown in Fig. 4, it was clearly observed that there was an exponential relationship 369 

between the two variables as shown in the Eq. (16). The correlation coefficient R2 was 370 

0.9999, approximating to 1, which can well describe the relationship of the two 371 

variables reasonably. The results of fractal dimension were valid when average pore 372 

diameter ranged from 2.46 nm to 4.41 nm. The negative correlation was observed and 373 

was consistent with the results from Fu et al. [32] who found that the linear 374 

relationship between the average pore diameter and fractal dimension were based on 375 

the co-pyrolysis biochar samples. However, the above results were based on the 376 

co-gasification biochar samples. The gasification process made the evaluation of 377 

biochar more complicated and the exponential relationship can more accurately 378 

describe the two variables. As the average pore diameter increased, the FD decreased 379 

based on the function relationship providing further support for the conclusion that the 380 

sharp decrease of micropores and the increase of macropores at 950 °C promoted the 381 

growth of pore diameter and the reduction of pore length resulting in the decrease of 382 

surface roughness.  383 

FD=exp(-8.94×10-3×apd2+4.19×10-2×apd+1.02117)  2.46 ≤ apd ≤ 4.41  (16) 384 

3.2.2. FT-IR analysis of biochar 385 

Fig. 5 showed the FT-IR spectra of the biochar samples produced at different 386 

temperatures. It was evident that there were many functional groups such as aliphatic 387 

CH2 (1, 3000-2800 cm-1), aromatic carbonyl (2, 1800-1400 cm-1), ether bond (3, 388 

1150-1085 cm-1), phosphate (4, 1150-950 cm-1), and aromatic CHx out of plane (5, 389 

900-700 cm-1) in the biochar [41, 44]. The absorbance intensity can be used to 390 

compare the relative content difference among the functional groups of biochar 391 

produced at different gasification temperatures. The intensity of ether bond (1091 392 

cm-1) decreased with the increase of temperature indicating that the ether bond broken 393 

at the higher temperature [41]. The largest peaks at 985 cm-1, 1042 cm-1, 1120 cm-1 394 

belonged to the phosphates, which covered the wavenumber from 900 cm-1 to 1250 395 

cm-1 [44-48]. As shown in Li’s study, the digestate ash contained the component P2O5 396 
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[22]. The ash relative contents in the biochar increased with the rise of gasification 397 

temperature due to the consumption of organic matter. The reason may be that the 398 

phosphate peaks became stronger and stronger with the increasing temperature. 399 

Besides, the characteristic peaks representing the structure of aromatic C=C (1620 400 

cm-1,1585 cm-1,1480 cm-1,1410 cm-1) became prominent, suggesting that the 401 

aromatization trend was more and more obvious [49, 50]. The intensity of aliphatic 402 

side chains methylene (2923 cm-1, 2852 cm-1) decreased evidently with the increase of 403 

temperature from 650 °C to 950 °C. Methylene was the form of aliphatic side chain in 404 

the biochar, and it mainly existed in long chain. In addition, it meant that the 405 

decompose of aliphatic compounds contained in digestate and lignite were gradually 406 

completed, forming methane or other organic gas as the rise of gasification 407 

temperature [51, 52].  408 

 409 

 410 
Fig. 5. FT-IR spectra of the biochar samples (1, aliphatic CH2; 2, aromatic carbonyl; 3, ether 411 

bond; 4, phosphate; 5, aromatic CHx out of plane). 412 

3.2.3. Raman analysis of biochar 413 

The Raman spectroscopy has been widely used in investigating the structural 414 

characteristics of biochar by calculating the intensity ratio among the different bands 415 

[30, 53]. Fig. 6 showed the parameters obtained from the Raman spectra of biochar 416 

produced at different temperatures. The digestate and lignite were rich in the 417 

O-containing functional groups and aliphatic structures, which were not likely to be 418 

converted into graphite structures at around 900 °C [54, 55]. The G band and D band 419 

mainly represented the aromatic ring vibration and the aromatic ring 420 

polycondensation with 6 or more polymerized aromatic rings instead of graphite and 421 
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defect structures [53, 55]. From Fig. 6a, it was clearly observed that the total peak 422 

areas decreased with the rise of gasification temperature, because the sensitive 423 

aliphatic and oxygenated groups decomposed with the increase of temperature. In 424 

addition, the increase of aromatic structure can increase the light absorptivity [53, 54, 425 

56]. This was consistent with the FT-IR results. In Fig. 6b, the ID/IG, ID/ (IGR+ IVL+ IVR) 426 

and IS/IG band area ratios increased when the temperature increased. The increasing 427 

ID/IG represented the growth in polycondensation of aromatic ring systems. The GR, 428 

VL and VR bands deriving from the zone between the D band and the G band 429 

represented the smaller aromatic ring systems and the semicircle breathing of 430 

aromatic rings [44, 45, 57, 58]. The ID/ (IGR+ IVL+ IVR) band area ratio is defined as the 431 

relative content of the large (≥6 rings) aromatic ring systems to the small ones(3-5 432 

fused benzene rings) [57, 58]. The increasing ID/ (IGR+ IVL+ IVR) ratio indicated that 433 

the small aromatic rings condensed to large aromatic ring systems as the temperature 434 

rose. The S band mainly represented the Caromatic-Calkyl and C–H attached to the 435 

aromatic rings and was used to measure the substituents and crosslinking density [30, 436 

57]. The increasing IS/IG band area ratio indicated the content of Caromatic-Calkyl and the 437 

crosslinking density increased with the rise of temperature [30]. 438 

  439 
Fig. 6. Raman spectra of the biochar produced at different temperatures.    440 

 441 

3.2.4. Reactivity of biochar in CO2 gasification 442 

Fig. 7 showed the gasification conversion of biochar obtained at different 443 

temperatures in CO2. It was clearly observed that the conversion curves of biochar 444 

were quite similar. The char conversion started late at a high temperature of about 445 

700 °C and completed around 63 min in the steam atmosphere. When the gasification 446 

was operated at higher temperature, the char conversion started much later. Hu et al. 447 

[59] investigated biochar conversion versus gasification time and found the initial 448 
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gasification temperature was around 800 °C in the steam atmosphere. As shown in 449 

Table 3, with the increase of gasification temperature from 650 °C to 950 °C, the 450 

reaction reactivities decreased slightly from 0.0154 min-1 to 0.0148 min-1. The 451 

gasification reactivities of biochar presented the same trend that the reaction 452 

temperature affected the biochar characteristics, due to the fact that the erosion degree 453 

of biochar surface by CO2 was different at different temperatures. According to the 454 

Section 3.2.1, a larger pore diameter was gradually formed on the surface of biochar. 455 

More highly active components escaped, thus, reducing the activity of the biochar, 456 

and higher temperatures would promote the aggregation of minerals in the mixture, 457 

resulting in the diminishing of catalysis [60, 61]. Another possible reason is that the 458 

aromatization degree of char may affect the reactivities [60, 61]. According to the 459 

Section 3.2.3, more and more small aromatic rings condensed to large aromatic ring 460 

systems as the temperature rose, the thermal stability of which was higher. The broken 461 

of large aromatic ring structure by gasification agent CO2 needed much more energy. 462 

Therefore, the reactivities of biochar decreased when produced at higher temperature. 463 

Xu’s [60, 61] study stated the same trend and concluded that there were many defects 464 

in the microcrystalline structure of char produced at low temperature, which was the 465 

active sites of gasification reaction. As the temperature increased, the number of 466 

active sites decreased and the reactivities of biochar declined. 467 

 468 
Fig. 7. Gasification conversion curves of biochar obtained from the CO2 co-gasification. 469 

 470 

Table 3 Gasification reactivity index of biochar. 471 
Temperature, °C Gasification reactivity, min-1 

650 0.0154 

750 0.0152 

850 0.0150 

950 0.0148 
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3.3. Tar compositions 472 

3.3.1. GC-MS 473 

The components of tar analyzed by chromatography can be classified into the 474 

following groups: (a) alkane; (b) alkene; (c) aromatics; (d) others, with N, O and S 475 

[60]. Fig. 8 showed the effect of temperature on the tar compositions. It was 476 

noteworthy that the main composition of tar was aromatics and the contents of alkane 477 

and alkene were quite small. The content of alkane increased from 650 °C to 750 °C 478 

and decreased gradually with the rise of temperature because high temperature 479 

enhanced the hydrolysis reaction and production of alkane. In addition, the content of 480 

alkene increased because partial volatiles converted into alkene through 481 

polymerization at higher temperature. The overall trend of aromatics concentration 482 

increased with the increase of temperature. The properties of aromatics were inert and 483 

the reduction of other compounds resulted in the increase of aromatics content 484 

relatively. 485 

 486 
Fig. 8. Effect of temperature on the tar compositions. 487 

 488 

Tar was the most undesirable by-product during gasification process. Tar 489 

generally appeared as a dark brown organic liquid mixture with high viscosity and 490 

low fluidity, which was poorly soluble in water. The physical properties of tar were 491 

determined by the amount of aromatics and heterocyclic compounds. The aromatics 492 

had the characteristics of high molecular weight and was easy to condense in the 493 

gasification reactor with fly ash particles, fouling and plugging pipelines of the 494 

gasification reactor. In addition, various N-heterocyclic and aromatics in the tar were 495 

toxic contaminants. If the contaminants were absorbed by the soil, surface water and 496 

groundwater, there will be a potential threat and a great challenge to the environment 497 

and human health [62]. 498 

  499 
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3.3.2. Simulated distillation 500 

  501 
Fig. 9. Distillation fractions of tar produced from the co-gasification of digestate and lignite. 502 

 503 

The simulated distillation can be used to analyze the fractional compositions of 504 

tar. Fig. 9 showed the distillation fractions of tar obtained from the co-gasification of 505 

digestate and lignite. In Fig. 9a, three big fractions in the tar grouped at the 506 

temperatures of 170 °C-190 °C, 200 °C-210 °C, 220 °C-250 °C. The contents of the 507 

fractions below 190 °C increased with the increase of gasification temperature, while 508 

contents of the fractions between 190 °C and 250 °C decreased evidently. It indicated 509 

that the increase of gasification temperature improved the cracking of tar, resulting in 510 

the higher yield of gas, as shown in the Section 3.1. Fig. 9b compared the contents of 511 

each distillation fraction given by the simulated distillation for the tar samples at 512 

different gasification temperatures [63]. With the increase of temperature, the content 513 

of carbolic oil increased obviously, but those of light oil, naphthalene oil and washing 514 

oil decomposed and decreased gradually. It showed that the increase of temperature 515 

promoted the secondary reaction of tar in fixed bed reactor. According to Xu’ study, 516 

the similar results of the pyrolysis tar of coal showed that the heavy tar decreased and 517 

other oil contents increase slightly [60]. 518 

4. Conclusions 519 

This study investigated the influence of temperature on co-gasification behavior 520 

of digestate and lignite in a downdraft fixed bed gasifier. The gasification temperature 521 

from 650 °C to 950 °C were tested by analyzing the characteristics of the product gas, 522 

biochar and the tar. The major conclusions of this research were summarized as 523 

below: 524 

(1) The gasification temperature was beneficial for the increasing the gas yield 525 
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and its LHV and improving the CO2 conversion.  526 

(2) The effects of gasification temperature on the properties of the biochar were 527 

complicated. The increase of temperatures from 650 °C to 850 °C played a positive 528 

role in the formation of micropores. While, the sharp decrease of micropores and the 529 

formation of macropores occurred at 950 °C. Increasing the gasification temperature 530 

caused the decrease of aliphatic side chains and a growth in size and number of 531 

aromatic ring systems. Besides, as the temperature rose, the gasification reactivity 532 

became weaker gradually because of the more and more large aromatic ring systems 533 

and the less active components. 534 

(3) With the increase of gasification temperature, the content of carbolic oil 535 

obviously increased, while the light oil, naphthalene oil and washing oil decomposed 536 

and their contents decreased gradually. The increasing temperature promoted the 537 

secondary reaction of tar in fixed-bed reactor. 538 
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