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Abstract 8 

Anaerobic digestion of piggery wastewater mediated with biochar was evaluated by 9 

COD removal rate, methane yield, process stability and microbial community analysis. 10 

The results showed that biochar could effectively improve the COD removal rate and 11 

methane yield. Compared with blank group, COD removal rate was increased by 12 

2.3%-9.4% for 300BC and by 37.5%-44.0% for 500BC. The maximum methane yield 13 

was obtained in 1g 300BC and 500BC, which was increased by 43.20% and 89.52% 14 

respectively. Meanwhile, the final H2S concentration was also obviously decreased by 15 

BC. Microbial community analysis showed that the addition of BC could increase the 16 

abundance of methanogens compared with the blank group.  500BC had a higher 17 

positive effect on anaerobic digestion of methanogenic bacteria than 18 

300BC.Meanwhile, the relative abundances of hydrotrophic methanogens in 500BC 19 

groups were significantly higher than that of acetoclastic methanogens in 300BC.   20 
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1 Introduction 22 

Climate change is a global problem faced by the world, especially for the greenhouse 23 

effect. Piggery wastewater is rich in organic matters, ammonia nitrogen (NH4
+-N), 24 

phosphorus and other contaminants, which will not only cause pollutions to the 25 

environment, but also increase the carbon emission if it is not well disposed[1, 2].  26 

The usually method for the treatment of piggery wastewater is anaerobic digestion[3, 27 

4]. Organic matter can be easily degraded accompanied with high value-added 28 

products including biogas, biogas slurry and biogas residue during anaerobic 29 

digestion. While anaerobic digestion process is a complex biochemical reaction in 30 

which a series of reactions occur simultaneously. Meanwhile, due to the complicated 31 

composition of piggery wastewater, the treatment efficiency and biogas production 32 

are usually relatively low during the anaerobic digestion of piggery wastewater. 33 

Reducing the pollution caused by piggery wastewater, increasing the treatment 34 

efficiency and cut down the carbon emission during the anaerobic digestion process is 35 

very significant. 36 

Recently, the application of carbon materials like biochar, active carbon, carbon 37 

nano-material in the anaerobic digestion to maintain the stability and increase the 38 

biogas production had been attracted much attention[5, 6, 7, 8, 9]. Biochar (BC), as an 39 

easily obtained material, had been widely used in anaerobic digestion due to the 40 

excellent property. It can increase the buffering capacity of anaerobic digestion [6, 10, 41 

11], alleviate the inhibitions caused by NH4
+-N, VFAs, H2S and heavy metal [2, 12, 42 

13, 14] and promote the interspecies electron transfer[15, 16]. Shuo Yang et al. 43 

investigated the Effect of KH2PO4-modified biochar on the immobilization of Cr, Cu, 44 

Pb, Zn during anaerobic digestion of swine manure and the results showed that the 45 



 

 

addition of biochar could improve the passivation of Cr, Cu, Pb and Zn which reduced 46 

the ecological risks of these heavy metals[12]. Mumme et al. investigated the effect of 47 

pyrochar and hydrochar on ammonia inhibition and found that pyrochar could 48 

alleviate ammonia inhibition under the initial TAN concentration of 2.1 g/kg[14]. Our 49 

previous study also showed that biochar could promote biogas production through 50 

releasing the ammonium inhibition even under 3500 mg/L NH4
+-N[2]. Meanwhile, 51 

biochar could also immobilize microorganisms and promote the abundance of 52 

microorganisms which resulted in an increase of biogas production. Wang Su et al. 53 

found that the methane yield was increased by 29% through adding biochar derived 54 

from corn stalk to the anaerobic digestion of kitchen waste[17]. Lü et al. found that 55 

boichar could enrich Methanosaeta and Methanosarcina and improve the biogas 56 

production even under high ammonia nitrogen stress[18].   57 

The above studies indicated that BC could promote the performance of AD with 58 

different mechanisms. However, the effect of biochar on anaerobic digestion could be 59 

greatly affected by the kinds of substrates, biochar characteristic and dosage. Hence, 60 

in this paper, two kinds of biochar mediated the anaerobic digestion of piggery 61 

wastewater were studied. The evolution of microbial community structure mediated 62 

by BC as well as the COD removal rate, methane yield and the degradation process 63 

has also been analyzed.  64 

2 Materials and methods 65 

2.1. Substrate and inoculums 66 

Piggery wastewater used as the substrate was characteristic of a mean value of COD 67 

(11.01 g/L), NH4
+-N (320.24 mg/L), and pH (7.1). The inoculated sludge was 68 

obtained from a sewage treatment plant with a mean value of water content (89.23%), 69 

TS (8.28%), VS (6.70%) and C/N (3.0/1). The wastewater and inoculated sludge were 70 
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mixed at a volume ratio of 7:3. 71 

2.2 Experimental procedures 72 

Two kinds of biochar were prepared by the pyrolysis of rice straw in the lab: (1) 73 

300BC pyrolyzed in 300℃ with a BET surface, pore volume and pore diameter of 74 

44.090 m2/g, 0.05929 cm3/g and 5.37927nm respectively;(2) 500BC pyrolyzed in 500℃ 75 

with a BET surface, pore volume and pore diameter of 93.3794 m2/g, 0.053814 cm3/g 76 

and 1.1526 nm respectively. Five groups with three parallels were operated under the 77 

same conditions, including four test groups with different dosages of BC (1g, 2g, 3g 78 

and 4g) and one control group with no supplementation of BC (Control). The 79 

experiments of anaerobic digestion were carried out in a working volume of 0.8 L 80 

conical flask with a constant temperature of 35± 1 °C for 15 days. The bioreactor was 81 

artificially shaken two times every day to make the sludge and biochar efficiently 82 

mixed. 83 

2.3 Analytical methods 84 

Chemical oxygen demand (COD) was determined through potassium dichromate 85 

method. Ammonia nitrogen (NH4
+-N) was measured according to Nessler method by 86 

a spectrophotometer (UNIC 7200).TS and VS were tested by gravimetric 87 

method.  The volatile fatty acids (TVFA) were determined by colorimetric 88 

method.  pH was measured using a portable pH meter (PHBJ-260).  Biogas 89 

production was collected by a gas bag and the gas composition was determined by a 90 

gas chromatograph (GC Trace 1300), equipped with thermal conductivity detector 91 

(TCD) and 5A molecular sieve column.  Hydrogen sulfide (H2S) was obtained by an 92 

online gas detector (MIC-500-H2S) with a range of 0-5000 PPM. The detail of 93 

microbial community analysis could be seen in our previous work[19].  94 

2.4 Kinetic analyze 95 



 

 

Modified Gompertz model (Eq. (1)) was used to evaluate the impact of BC on the 96 

methane production process:  97 

methane max

max

=M exp exp[ ( ) 1]maxR e
M t

M


 
 − − + 

 

                (1)                                        98 

Where 
methaneM  was the cumulative methane yield (mLCH4); maxM  was the 99 

maximum methane yield of the substrate (mLCH4); t was the time (d); 
maxR  was the 100 

the maximum methane production rate (mL CH4), and   was the lag time (d). 101 

3 Results and discussion 102 

3.1 Effect of BC on COD removal rate and methane production 103 

The COD removal rate related to the BC amount was shown in Fig.1. After 15 days 104 

fermentation, the COD removal rates of 300BC group were 62.42%, 58.18%, 64.24% 105 

and 66.05%, respectively for 1g, 2g, 3g and 4g. Compared with the blank group 106 

(56.85%), it was increased by 2.3%-9.4% for 300BC group. While the COD removal 107 

rates of 500BC group were improved obviously which were 80.93%, 78.19%, 80.02% 108 

and 81.85%, respectively for 1g, 2g, 3g and 4g. It was increased by37.5%-44.0%. 109 

There was not obviously difference of COD removal rate in the same BC group. BC 110 

not only can promote the inter-specific electron transfer, but also can enrich the 111 

functional microorganisms and promote nutrient metabolism among microorganisms 112 

due to the porous structure, which resulted in an increase of COD removal rate. 113 

Cooney et al. investigated the effect of biochar on the anaerobic digestion of greasy 114 

waste-water and found that biochar promoted the colonisation of acidogens, acetogens 115 

and methanogens which resulted in a 69% COD removal rate[20]. Similar results 116 

were obtained by Sharma. They found that biochar could accelerate the biofilm 117 

formation for the micro-organisms which increased the COD removal rate[21]. 118 

The methane production related to the BC addition was shown in Fig.2. It could be 119 



 

 

seen that methane yield could be obviously increased after BC addition, which was 120 

consistent with the COD removal rate. The maximum methane yield was obtained 121 

both in 1g 300BC (2477.40 mL) and 500BC (3278.89mL), which was increased by 122 

43.20% and 89.52% respectively compared with the blank group (1730.06 mL). 123 

Meanwhile, the methane yields in 500BC groups were higher than that in 300BC 124 

groups with was agreed with the results of COD removal rate. Biogas production 125 

process was related to the activity of methanogens. Biochar can immobilize 126 

microorganism especially for methanogens which can facilitate electron transfer 127 

between interspecies due to the large surface[10], while the properties of biochar are 128 

significantly affected by the pyrolytic temperature[22]. The higher in the pyrolytic 129 

temperature will increase the surface area and distribution of micropores[23].In this 130 

study, the BET surface of 500BC was larger than that of 300BC which was more 131 

benefit for the immobilization of microorganism leading to an increase of methane 132 

yield. 133 

 134 
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Fig.1 Effect of BC on COD removal rate 136 
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Fig.2 The effect of BC on methane yield 138 

 139 

Methane production process was analyzed by the Gompertz model to investigate the 140 

effect of the biochar on the AD process. As shown in Table.1, the Gompertz model 141 

could well fit the data (R2>0.97). Compared with the blank group, the maximum 142 

methane potential (Mmax) in all the BC groups increased. While the maximum 143 

methane production rate (Rmax) in blank group and 300BC groups were higher than 144 

that in 500BC groups. The reason may be caused by high TVFA concentration in 145 

500BC groups at the initial time of anaerobic digestion (Fig.4), which may have 146 

inhibited the anaerobic bacteria. Meanwhile, the lag phase (λ) in the blank group was 147 

lower than that in the BC groups. The decrease of Rmax in BC groups led to an 148 

increase of longer lag phase. 149 

Table 1 Kinetic parameters of modified Gompertz model 150 

Parameter Mmax/mL Rmax/mL•d-1 λ/d R2 

Blank 1547.04 480.81 0.03 0.97 

1g 300BC 2333.07 855.39 0.09 0.98 

2g 300BC 2202.59 540.09 0.28 0.99 

3g 300BC 2172.08 522.12 0.26 0.99 

4g 300BC 2147.56 622.55 0.08 0.98 

1g500BC 3115.51 444.91 0.10 0.98 

2g500BC 2886.02 427.22 0.35 0.99 

3g500BC 2645.41 351.27 0.15 0.99 

4g500BC 3035.52 429.83 0.39 0.99 



 

 

 151 

3.2 Effect of BC on H2S concentration 152 

In anaerobic digestion, H2S will cause inhibition on the methane production bacterium 153 

and reduce methane yield.  Therefore, reducing H2S content in biogas is very 154 

important to maintain the stability of the system. The Effect of BC on H2S 155 

concentration after 15 days fermentation was shown in Fig.3. It could be seen that the 156 

H2S concentration was obviously decreased by BC. The lowest accumulated H2S 157 

concentrations appeared at 4g 300BC (0.9 mL) and 500BC (0.8mL), which was 158 

decreased by 749% and 961% respectively compared with the blank group (8.49 mL). 159 

Kanjanarong et al. also found that a removal rate of 98% H2S from biogas with the 160 

addition of biochar[24]. Meanwhile, the H2S concentration was decreased with the 161 

increase of BC dosage. For example, the H2S concentration was decreased from 162 

3.07mL to 0.9 mL with the BC dosage increasing from 1g to 4g. H2S is mainly 163 

produced during the degradation process of sulphate and proteins by 164 

sulphate-reducing bacteria. Sulphate-reducing bacteria will compete with 165 

methanogens, acetogens or other bacteria for the utilization of acetic acid, hydrogen, 166 

propionic acid and butyric acid. When the sulphate-reducing bacteria was in an 167 

inferior position during the competition, the available electron donor was reduced 168 

which resulted in a decrease of H2S concentration and then there might be a balance 169 

reached between sulphate-reducing bacteria and methanogens. Our previous study had 170 

been proven that biochar not only could balance the competition between SRB and 171 

MPB for the utilization of substrates, but also could promote methanogenesis[19]. 172 
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Fig.3 Effect of BC on H2S concentration 174 

 175 

3.3Effects of BC on pH, VFAs and ammonia nitrogen 176 

pH can directly affect the activity of microorganisms, and the optimal pH value for 177 

anaerobic digestion is 6.8-7.2.  The effects of BC on pH were shown in Fig.4 (a) and 178 

(e). pH values in 300BC groups were first increased and then decreased. The decrease 179 

of TVFA concentration (Fig.4 (b)) and the increase of NH4
+-N concentration (Fig.4 180 

(c)) resulted in an increase of pH. However, the pH values were maintained at 7.1-7.3 181 

after 4 days. Meanwhile, the variation of pH in 300BC groups was lower than that in 182 

blank group. It indicated that BC could improve the buffering capacity of anaerobic 183 

digestion. pH in 500BC groups were first decreased and then increased. The increase 184 

of TVFA concentration (Fig.4 (b)) resulted in a decrease of pH. However, the 185 

decrease of pH inhibited the activity of methane production bacterial which resulted 186 

in a relative low biogas production in the first day; the pH was recovered after 4 days 187 

which were also maintained at 7.1-7.4. The increase of NH4
+-N concentration made 188 

little influence on the pH of 500BC groups which was also due to the function of BC. 189 

Although the mean value of pH in all groups was a little higher than the normal pH 190 

range, the biogas production was not inhibited especially in the BC groups. BC not 191 

only could increase the buffer capacity of the anaerobic system, but also could reduce 192 

the inhibition caused by ammonia through adsorption [25, 26]. The buffering capacity 193 



 

 

of biochar is dependent on its alkalinity and the alkalinity of biochar is concerned 194 

with the pyrolysis temperature. High pyrolysis temperature promoted inorganic 195 

carbonate which increased the alkalinity of biochar[27]. 196 

VFAs, as the intermediate products, are very important for the stability of anaerobic 197 

digestion. Low VFAs concentrations will lead to substrate competition between 198 

microorganisms, while the accumulation of VFAs will lead to the acidification of the 199 

system.  The effects of BC on TVFA were shown in Fig.4 (b) and (f). The TVFA 200 

concentrations in 300BC groups were quickly decreased in the first six days which 201 

resulted in an increase of biogas production (Fig.1). While the TVFA concentrations 202 

in 500BC groups were first increased at initial 3 days and then decreased. That may 203 

be due to the promotion of the hydrolysis and acidification process by 500BC leading 204 

to a rapid accumulation in a short time. The difference of TVFA between 300BC 205 

groups and 500BC groups caused the different increase rate of biogas, which in 206 

500BC groups was lower than that in 300BC groups which was agreed with the Rmax. 207 

Nitrogen content is rich in piggery wastewater due to urea, protein, cellulose, 208 

hemicelluloses and inorganic salts which causes the increase of NH4
+-N concentration. 209 

NH4
+-N, as a nutrient, not only can provide nitrogen source for microbial growth, but 210 

also can alleviate acid inhibition. Previous research showed that the anaerobic 211 

digestion could be inhibited when the NH4
+-N concentration was exceeding than 212 

3300mg/L[28]. In this study, though the NH4
+-N concentrations in all groups were 213 

increased, the NH4
+-N concentration was relatively low (Fig.4 (c) and (f)). On the one 214 

hand, BC could stimulate the activity of microorganisms and accelerate the 215 

conversion rate of nitrogen to NH4
+-N which led to an increase of NH4

+-N 216 

concentration; On the other hand, BC could promote the metabolism of 217 

microorganisms including denitrifying bacteria, which resulted in a decrease of 218 



 

 

NH4
+-N concentration. Hence, the influence of NH4

+-N on the anaerobic digestion 219 

could be neglect. 220 
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Fig.4 Effect of BC on pH, VFA and NH4

+-N 223 

 224 

3.4 Impact of BC on microbial community structure 225 

The structure of microbial community with 300BC at phylum level, class level and 226 

genus level was shown in Fig.5.(a), (b) and (c). At phylum level, Proteobacteria, 227 

Bacteroidota, and Euryarchaeota were the dominant phyla in the blank group with a 228 

relative abundance of 30%, 14% and 10% respectively. While with the addition of 229 

300BC, the dominant phyla were changed to Desulfobacterota、Bacteroidota and 230 

Halobacterota. It indicated that BC promoted the growth of the above three species. 231 

The increase of Desulfobacterota was also agreed with the results of H2S, which can 232 

convert sulfate to sulfur or sulfide.  At class level, Methanobacteria、Bacteroidia and 233 

Gammaproteobacteria were the dominant class in the blank group with a relative 234 

abundance of 7.8%, 13.9% and 30.1% respectively. While the uniformity of microbial 235 

community was obviously improved after the addition of BC, the dominant classes 236 

were Anaerrolineae 、 Syntrophobacteria 、 Methanobacteria 、 Syntrophia 、237 



 

 

Syntrophorhabdia and Bacteroidia. The increase of microbial community uniformity 238 

could facilitate the electron transfer among different microorganisms and maintain the 239 

stability of anaerobic system, which had a positive effect on methane production. At 240 

genus level, Aeromonas, Methanobacterium and Methanosaeta were the dominant 241 

bacterium in the blank group. Methanolinea and Methanobacterium belong to 242 

hydrotrophic methanogens which can utilize H2/CO2 as the substrate to produce 243 

methane. Methanosaeta is a strict acetoclastic methanogens, which can utilize the 244 

acetate for the methane production. However, the abundances of Syntrophobacter and 245 

Syntrophorhabdus were increased during the presence of BC. Syntrophobacter can 246 

utilize propionic acid for its growth, which effectively reduces the risk of acidification. 247 

Syntrophorhabdus is a kind of bacterium which can supply acetate and hydrogen to 248 

hydrotrophic methanogens for methane production.   249 
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Fig.5 The relative abundances of microbial community with 300BC 253 

The structure of microbial community with 500BC at phylum level, class level and 254 

genus level were shown in Fig.6. Compared with the blank group and 300BC groups 255 

the relative abundance of Bacteroidota and Euryarchaeota were increased at phylum 256 

level; the relative aboundance of Methanobacteria, Bacteroidia were increased at class 257 

level; the relative aboundance of Methanofastidiosum and Desulfobacterota were 258 

increased at genus level. Bacteroidia belongs to hydrolytic fermentation bacteria, 259 

which can decompose macromolecules such as polysaccharides, steroids and proteins 260 

into intermediate metabolites such as acetic acid, butyric acid, ethanol, CO2 and 261 

H2.  It indicated that 500BC could further promote the hydrolysis step compared with 262 

300BC which also resulted in an increase of TVFA concentration. 263 
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 267 

Fig.6 The relative abundances of microbial community with 500BC 268 

There are three main methanogens for methane production: (1) hydrotrophic 269 

methanogens using H2 and CO2 as substrates (Eq (2)); (2) acetoclastic methanogen 270 

using acetate as substrate (Eq (3)); (3)formate nutritive methanogenic using formic 271 

acid  as substrate (Eq (4)).   272 

         4H2 + CO2→CH4 + 2H2O                                     (2) 273 

CH3COOH→CH4 + CO2                                                         (3) 274 

        4CH3OH→3CH4 + CO2 + 2H2O                                 (4) 275 

Methanobacterium and Methanolinea belong to hydrotrophic methanogens, while 276 

Methanosaeta is acetoclastic methanogen. The pathway of methane production was 277 

greatly affected by the microbial. In order to further analyze the variation of microbial 278 



 

 

on the methane production, the content of methane was displayed in Table.2. It could 279 

be seen that the content of CH4 was obviously increased after the addition of BC. 280 

Compared with the blank group, the abundance of methanogens was increased 281 

significantly with the addition of biochar which resulted in the increase of methane 282 

yield.  Similar results were obtained by Luo et al. (2015) who found that BC could 283 

promote the colonization of Methanosarina which resulted in a 86.6% increase of 284 

methane production[29]. Meanwhile, the content of CH4 in 500BC groups was a little 285 

higher than that in 300BC groups. Compared with 300℃ biochar, the relative 286 

abundances of hydrotrophic methanogens (Methanobacterium and Methanolinea) in 287 

500BC groups were significantly higher than that of acetoclastic methanogen 288 

(Methanosaeta) due to higher BET surface. A higher BET surface could provide more 289 

active site for the microbial cells’ attachment. The increase of relative abundance of 290 

hydrotrophic methanogens was benefited to reduce the CO2 content in biogas which 291 

was agreed with the result of Table.2.  500BC had a higher positive effect on 292 

anaerobic digestion of methanogenic bacteria than 300BC.   293 

Table 2 The content of methane 294 

 CH4 (%) CO2 (%) 

Blank 0.72 0.28 

1g 300BC 0.81 0.19 

2 g 300BC 0.79 0.21 

3g 300BC 0.83 0.17 

4g 300BC 0.79 0.21 

1g 500BC 0.84 0.16 

2g 500BC 0.81 0.19 

3g 500BC 0.82 0.18 

4g 500BC 0.84 0.16 

Note: The other trace gas like H2S, H2 was not calculated.  295 

 296 

4 Conclusions 297 

The study confirmed that BC could improve the performance of anaerobic digestion 298 



 

 

of piggery wastewater by increasing the buffering capacity, promoting the hydrolysis 299 

and acidification process and enriching the relative abundance of methanogens. It not 300 

only could increase COD removal rate, but also could promote biogas production and 301 

reduce the H2S content in biogas. Meanwhile, the performance of anaerobic digestion 302 

with 500BC was superior to that with 300BC due to high BET surface. However, the 303 

effect of biochar on anaerobic digestion of piggery wastewater in a continuous test is 304 

further required to investigate. 305 
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