
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



Biostimulation by direct voltage to enhance anaerobic digestion of waste 1 

activated sludge 2 

Ying Chen
a
, Bao Yu

a
, Changkai Yin

a
, Chen Zhang

b
, Xiaohu Dai

c
, Haiping Yuan

a,
*, Nanwen 3 

Zhu
a,
* 4 

a
 School of Environmental Science and Engineering, Shanghai Jiao Tong University, Shanghai 5 

200240, China 6 

b
 Shanghai Municipal Engineering Design General Institute, Shanghai 200092, China 7 

c
 School of Environmental Science and Engineering, Tongji University, Shanghai 200092, China 8 

 9 

 10 

* Corresponding author. 11 

Tel/fax: +86-21-34203732; 12 

E-mail: hpyuan@sjtu.edu.cn, nwzhu@sjtu.edu.cn 13 

Page 1 of 31 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Electrical stimulation has been used conventionally for stimulation of microorganisms, and 14 

also be a promising technology to manage wastewater treatment by stimulating microbial 15 

metabolism. Previous studies on electrical stimulation were mainly focused on sewage treatment 16 

and groundwater purification, while little attention has been paid to its effect on anaerobic 17 

digestion of waste activated sludge (WAS). In this study, different voltages (0.3 V - 1.5 V) were 18 

applied to investigate the influence of electrical stimulation on anaerobic digestion of WAS. The 19 

results revealed that applied voltages could accelerate sludge hydrolysis and acidification process. 20 

The best performance in terms of methane production and sludge reduction was obtained with 21 

the applied voltage of 0.6 V. In this case, methane production increased by 76.2% with an 22 

enhanced VS removal rate (26.6%) compared to the control group. The energy consumption at 23 

0.6 V could be neglected compared to the incremental energy generated from the methane. 24 

However, methane production decreased and hydrogen was produced when the applied voltage 25 

increased to 0.9 V. At higher voltages (1.2 V and 1.5 V), more soluble organic matters were 26 

released. In particular, the VFA concentration peaked at 640 mg/L and 1001 mg/L, respectively. 27 

Pyrosequencing revealed that hydrogenotrophic methanogens consisted majority of methanogen 28 

population when the applied voltages was over 0.6 V, while acetoclastic methanogens showed 29 

overwhelming dominance at 0.3 V. Moreover, 0.6 V enriched Pseudomonas for protein 30 

degradation and Methanoregula for methane generation with species richness of 19.1% and 31 

53.3%, respectively. 32 

 33 
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1. Introduction 34 

Waste activated sludge (WAS) produced during wastewater treatment process has been 35 

received widespread public attention in China because of its huge production, potential 36 

environmental risk and high cost for disposal.
1
 Meanwhile, as the main by-product of biological 37 

wastewater treatment, WAS contains abundant proteins, polysaccharides, and lipids which can be 38 

turned into biogas via anaerobic digestion.
2
 Anaerobic digestion of WAS is a cost-effective and 39 

sustainable technology to realize sludge stabilization, mass reduction and methane production 40 

simultaneously.
3
 However, the application of conventional anaerobic digestion is often limited by 41 

its long retention time, low removal efficiencies of organic compounds and low biogas 42 

production rate. These limiting factors are generally associated with the slow hydrolysis of 43 

sludge
4
 and the slow growth rate of the methanogenic bacteria. To enhance hydrolysis rate and 44 

methane production, various sludge pre-treatments including thermal,
5
 chemical and 45 

mechanical,
6
 as well as combinations of these

7
 have been developed. Sludge pre-treatments can 46 

destroy extracellular polymeric substances( EPS) or sludge cells, thus releasing and solubilizing 47 

intracellular materials into liquor phase and then making more materials readily available for 48 

microorganisms.
4
 However, most above-mentioned approaches require the input of considerable 49 

amount of energy and chemicals, which results in high operating cost and serious secondary 50 

pollution.
8
 Thus, it is necessary to develop economic and environment friendly methods to 51 

enhance methane production in WAS anaerobic digestion. 52 

Electrical stimulation refers to a microbial process performed in the presence of electrolysis by 53 
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low direct current.
9
 Previous study showed that the exposure to low direct current may lead to an 54 

enhanced fermentation of yeast
10

 and protein secretion of fusarium oxysporum.
11

 However, 55 

negative effects of applied current have also been reported since microorganism could be 56 

inhibited when the applied current was too high to suffer. Previous studies have found that an 57 

electric current of 20 mA could increase the surface hydrophobicity and result in cell apoptosis.
12

 58 

The main mechanisms of electrical stimulation may include (i) direct electrical stimulation of 59 

microbial metabolism, which may induce changes in DNA synthesis, protein synthesis
10

 and 60 

membrane permeability
9
 thus accelerating cell growth 

10, 13, 14
 and (ii) direct effect on cultivation 61 

ambient for microorganisms. The abiotic reactions on the electrodes surface could influence the 62 

environment pH and alkalinity, which exerted indirect impact on microorganisms.
15

 63 

The operation of electrical stimulation is easy and energy conservation. Therefore, the 64 

potential for practical application of electrical stimulation to microbial processes is high. 65 

Meanwhile electrical stimulation is a green and environment friendly technology. Electrical 66 

stimulation has been applied in sewage treatment, groundwater purification and soil 67 

remediation.
13, 16, 17

 However, applying electrical stimulation in sludge anaerobic digestion under 68 

practical conditions was still limited, and the relationship between stimulating effects and applied 69 

voltage was not established to date. In this study, low voltages were applied in the anaerobic 70 

digestion system for accelerating sludge digestion. The effects of low voltages on hydrolysis, 71 

acidification and methanogenesis of the WAS were investigated, with the aim to providing a 72 

simple and effective method to enhance sludge anaerobic digestion. To clarify the effects of low 73 
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voltages on biogas generation and sludge reduction, the composition of soluble COD and VFAs 74 

were measured. Also, the diversity of microorganism communities in the anaerobic digestion was 75 

identified. 76 

2. Materials and methods 77 

2.1 Characteristics of sludge and inoculum 78 

Raw sludge was obtained from the secondary sedimentation tank of a municipal wastewater 79 

treatment plant (MWWTP) in Shanghai, China. The raw sludge was screened with a 1.0 mm 80 

mesh to eliminate large particles and hair before thickening to required solid concentration. Then 81 

the thickened sludge was stored at 4 ℃ for further use. The seed sludge was collected from a 82 

long-term continuous lab-scale anaerobic reactor in our lab. Before the digestion, the raw sludge 83 

was mixed with the seed sludge with a ratio of 4:1 (based on VS). The main characteristics of 84 

seed sludge (inoculum) and sludge mixture are given in Table 1. 85 

2.2 Batch experiments  86 

The batch experiments were carried out in double-walled cylindrical vessels anaerobic 87 

reactors with an effective volume of 1L (0.3L headspace), as shown in Fig. 1. Two pairs of 88 

activated carbon fiber textile (ACF) electrodes were inserted into the reactor to form an 89 

electrical-anaerobic digestion (hereafter referred to as e-AD reactor). Each e-AD reactor 90 

consisted of two pairs of ACFs used as anode and cathode respectively. The electrode dimensions 91 

were 12×8cm, with a distance of 1cm between the electrodes, which were connected to a DC 92 

(Direct Current) power through copper wires. The applied voltages were fixed at 0.3 V, 0.6 V, 0.9 93 
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V, 1.2 V and 1.5 V, respectively. A common reactor without applied voltage was set as the control 94 

one. Before the start-up, oxygen was removed from the headspace by injecting nitrogen gas for 95 

5min after loading the sludge, and then sealed the reactors. A silica tube across the cap of 96 

reactors was connected to the gasbag. During the digestion, the biogas produced from each 97 

reactor was collected into gasbag, and the biogas in gasbag was drawn out by a syringe for 98 

measuring volume and component. All reactors were maintained at a mesophilic temperature of 99 

35 ± 2℃ by water circulation, equipped with magnetic stirrers for mixing the sludge. The 100 

reactors were operated as a batch mode and the digestion lasted for 29 days. 101 

2.3 Analytical methods  102 

Sludge samples collected from the reactors were analyzed for pH, total solids (TS) and volatile 103 

solids (VS) in triplicate. The pH was measured by a pH meter (pHs-3C, Leici Co. Ltd., 104 

Shanghai). Total solids (TS) and volatile solids (VS) were measured by gravimetric method 105 

before and after the digestion. The corresponding supernatant was obtained by centrifugation at 106 

12,000 rpm for 5min with a subsequent filtration through 0.45µm pore size cellulose membrane 107 

filters. The supernatant was used for the analysis of SCOD, VFAs, carbohydrate and protein. 108 

SCOD was measured according to Standard Methods.
18

 Soluble proteins were analyzed 109 

according to the Bradford method
19

 with BSA (Bovine Serum Albumin) as standard while 110 

soluble carbohydrates were measured by the Anthrone method
20

 with glucose as standard. The 111 

concentration of methane and hydrogen content was analyzed by a gas chromatograph (GC-14B, 112 

Shimadzu) with a chromatographic column (TDX-02) and a thermal conductivity detector (TCD). 113 
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VFAs (including acetic acid, propionic acid, butyric acid, iso-butyric acid, valeric acid and 114 

iso-valeric acid) were analyzed in another gas chromatograph (GC-2010, Shimadzu) with a 115 

chromatographic column (DB-FFAP: 30 m 0.25 mm 0.25 mm) and a flame ionization detector 116 

(FID). All experiments were repeated three times to obtain average values with an accuracy of ± 117 

5%. 118 

2.4 DNA extraction and high throughput pyrosequencing 119 

Anaerobic sludge was sampled from the bottom of the reactors on 29
th 

day. The samples were 120 

washed with phosphate-buffered saline, after which the genomic DNA of the samples was 121 

extracted using an extraction kit (Felix bio-tech, USA) according to the manufacturer’s 122 

instructions. The quality of the extracted DNA was checked by determining its absorbance at 260 123 

and 280 nm, and Agarose gel electrophoresis (AGE) was employed to test the DNA integrity. 124 

The PCR products of 16S rRNA gene were determined by pyrosequencing using Illumina 125 

MiSeq.
21

 Universal primers 8F (5′-AGAGTTTGATCCTGG CTCAG-3′) and 533R 126 

(5′-TTACCGCGGCTGCTGGCAC-3′) were used to amplify V1–V3 region (length of 455 bp) of 127 

the bacterial 16S rRNA gene. Archaeal were 787F (5′-ATTAGATACCCSBGTAGTCC-3′) and 128 

1059R (5′-GCCATGCACCWCCTCT-3′).
22

 The PCR program consisted of an initial 5min 129 

denaturation step at 94 C, 27 cycles of repeated denaturation at 94 ℃ for 30 s, annealing at 54 ℃ 130 

for 30 s, and extension at 72 ℃ for 30 s, followed by final extension step of 5 min at 72 ℃. 131 

Subsequently, the MOTHUR program was used to cluster effective sequences into operation 132 

taxonomic unit (OTU) by a 3% level. The effective sequences obtained from pyrosequencing 133 
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were compared with Greengenes 16S rRNA gene database using NCBI’s BLASTN tool, and the 134 

species distribution diagram was employed.
23

 Rarefaction curves, species richness estimator of 135 

Chao1 and Shannon diversity index were analyzed according to the method described by Zhang 136 

et al..
24

 137 

3. Results and Discussion 138 

3.1 Effect of different voltages on biogas production 139 

Fig. 2 showed the current variations with time at the voltages of 0.3, 0.6, 0.9, 1.2 and 1.5 V, 140 

respectively. All the currents decreased from the beginning and gradually tended to be stable. 141 

The stable current density was 0.37, 0.41, 1.11, 2.24 and 2.55 A/m
2
 at the end of anaerobic 142 

digestion. It was obvious the stable current went up with the increase of applied voltages.  143 

The variations of cumulative methane production and methane yield with different voltages 144 

were shown in Fig. 3a. In the control group, the methane yield was 101.1 LCH4/kg-VS, whereas 145 

that was 140.9 LCH4/kg-VS at 0.6 V, 39.3% higher than the control. When the voltage increased 146 

to 0.9 V, the methane yield decreased to 58.1 LCH4/kg-VS. However the methane yield increased 147 

again when the applied voltage was higher than 0.9V. The cumulative methane production at 0.6 148 

V increased gradually from 1st to 19
th

 day and no significant increase was observed later. The 149 

same trend was also obtained at 0 V and 0.3 V. Relatively, methane generated at 1.2 V and 1.5 V 150 

reached to the stable phase in a short period of 9 days, and that 0.9 V had a rapid inhibition and 151 

no distinct increase under the same conditions. Moreover, a specific methane production was 152 

also obtained at 0.6 V, 76.2% higher than the control group (834.3 mL). The results indicated that 153 
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all applied voltages had positive effects on methane production except 0.9 V and the best 154 

stimulating performance was achieved at 0.6 V.  155 

In the e-AD reactor, methane was theoretically produced from two pathways. First, methane 156 

was generated from anaerobic digestion of sludge along with consumption of VFAs and 157 

hydrogen.
25

 Secondly, electrons from organics reacted with CO2 to produce methane via cathode 158 

reactions according to the following reaction
11

: 159 

Anode: CH3COO
-
+ 2H2O-8e

-
 → 2CO2 + 7H

+
, E = -0.28V     (1) 160 

Cathode: CO2 + 8H
+
 + 8e

- 
→ CH4+ 2H2O, E = -0.244V       (2) 161 

Among these e-AD reactors, methane production at 0.6V was higher than others, indicating that 162 

0.6 V increased methane production beyond cathode reaction (2). Thus we speculated that the 163 

activity of microbial metabolism was improved with the voltage of 0.6 V.  164 

In this study, hydrogen was not detected at other groups except for 0.9 V, 1.2 V and 1.5 V (Fig. 165 

3b). Moreover, the hydrogen production at 1.5 V reached the peak at 6
th

 day and no significant 166 

increase was observed later. Hydrogen was an intermediate between acidification and 167 

methanogenesis, and could also be a product of water electrolysis in e-AD reactor according to 168 

Tartakovsky et al
26

: 169 

Cathode: 4H2O+4e
-
→ 2H2+4OH

-
    E = -0.83V      (3) 170 

At standard conditions, reaction (3) requires a theoretical voltage of -0.83 V (vs. SHE) at pH 7. 171 

The undetectable hydrogen at 0.3 V and 0.6 V confirmed this consideration. Also, from the no 172 

hydrogen produced in the control, the generation of hydrogen from the acidification was also 173 
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infeasible. Thus, the hydrogen produced at 0.9 V, 1.2 V and 1.5 V should be ascribed to the 174 

cathodic hydrogen production as described in reaction (3).  175 

According to the contrast methane production under 0.9 V, 1.2 V and 1.5 V (Fig. 3a), it clearly 176 

revealed water electrolysis could significantly affect methane production.  177 

Anode: 2H2O → O2 + 4H
+ 

+ 4e
-
, E = +1.23V     (4) 178 

Water electrolysis resulted in a continuous supply of oxygen (Eq. 4) and hydrogen (Eq. 3) 179 

when the applied voltages were 1.2 V and 1.5 V. The limited oxygen created micro-aerobic 180 

conditions, which improved methanogenic activity and methane yield.
26, 27

 Moreover, a portion 181 

of the hydrogen produced electrolytically was converted to methane by hydrogenotrophic 182 

methanogens, increasing the net methane production. Thus, the failure of methanogenesis at 0.9 183 

V might be attributed to excessive current, whereas the enhanced methane production at 1.2 V 184 

and 1.5V was due to water electrolysis reactions as described in Eq. 3 and 4. 185 

3.2 Effect of different voltages on pH and sludge reduction 186 

Fig. 4a describes the pH variations during the digestion. The pH of the digesters increased and 187 

was finally up to alkali pH ranges with the values of 7.57 (control), 7.56 (0.3 V), 7.48 (0.6 V), 188 

8.41 (0.9 V), 8.12 (1.2 V) and 8.72 (1.5 V), respectively. It suggested that the pH of the e-AD 189 

reactors increased with applied voltages. This was seemingly resulted from the excessive 190 

utilization of H
+ 

by the cathodic reduction of CO2 (Eq. 2) for producing CH4. The pH values of 191 

0.9 V, 1.2 V and 1.5 V groups exceeded 8 when digested for 14 days while 0.3 V and 0.6 V 192 

groups were similar to the control group. It might be that the low applied voltages (0.6 V) were 193 
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not enough to result in significant changes of pH. Methanogens grow at a neutral pH range (6.2–194 

7.8) and the alkali pH (8) might inactivate methanogens to decrease the methane production.
28

 It 195 

was in agreement with the result of methane production at 0.9 V, 1.2 V and 1.5 V after 14 days’ 196 

digestion (Fig. 3a).  197 

TS and VS before and after the anaerobic digestion were measured to verify the effect of 198 

applied voltages on sludge stabilization. The VS removal efficiencies of 27.8%, 33.0%, 35.2%, 199 

25.6%, 34.7% and 39.3% were obtained with the applied voltage from 0 V to 1.5 V, as shown in 200 

Fig.4b. This results indicated that electrical stimulation could significantly enhance the reduction 201 

of VS. The content of VS was lowest on 1.5V (18.03 g/L), at which the corresponding VS 202 

removal rate was 41.2% higher than the control. It suggested that the decomposition of sludge 203 

was more efficient at 1.5 V. The variations of organic matters in the solids were characterized in 204 

terms of the VS/TS ratio, and it decreased from 58.9% in the initial sludge to 50.1%, 47.8%, 205 

45.3%, 48.5%, 42.7% and 40.8% later, respectively.  206 

During the anaerobic digestion, the WAS would be finally mineralized into methane and 207 

carbon dioxide, accompanied with the sludge reduction.
29

 Generally, the methane yield and VS 208 

removal efficiency are positively correlated well. In this research methane yield at 0.9V was the 209 

lowest (Fig. 3a), however its VS removal efficiency was higher than the control. As mentioned 210 

above, the pH values exceeded 8 after 14 days digestion and it kept increasing when the applied 211 

voltage was over 0.9 V. It has been demonstrated that alkaline environment can destroy sludge 212 

floc structure by hydroxy radicle.
30

 After destruction of EPS and gels, microbial cells were 213 
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exposed to extreme pH thereby cannot keep the appropriate turgor pressure.
31

 In our study, the 214 

quantity of alkaline was not enough to damage microbial cells directly. However the sludge floc 215 

structure would be damaged when exposed to alkaline environment over a long period of time 216 

(Fig. 4a). Then the separated sludge microbial cells would die and release inner organic materials, 217 

thus enhancing sludge reduction. The high VS removal efficiency at 1.2 V and 1.5 V could also 218 

be attributed to this cause partly. Besides, micro-aerobic conditions at 1.2 V and 1.5 V could 219 

facilitate hydrolysis of WAS
32, 33

 which partly contributed to high VS removal efficiency.  220 

3.3 Effect of different voltages on sludge hydrolysis and acidification 221 

During the anaerobic digestion of WAS, converting complex organic waste to soluble 222 

substrates in WAS is the first step and also the limiting step during the sludge anaerobic digestion 223 

process.
1
 SCOD was the production of the first two stages which mainly included soluble protein, 224 

soluble polysaccharide and VFAs. Hydrolysis and acidogenesis of sludge can be characterized by 225 

the changes in SCOD concentrations.
34

 Fig.5a depicts the variations of SCOD during the 226 

digestion. Generally, SCOD in anaerobic fermentation kept increasing at the beginning of 227 

fermentation along with the hydrolysis and acidification of organic matters. Afterwards, SCOD 228 

would decrease when the soluble organic matters were gradually mineralized to CH4 and CO2.
35

 229 

In our study, the SCOD increased rapidly and reached the maximum for the experiment groups in 230 

the initial 3 days, while the control group achieved its maximum after 6 days’ digestion. The 231 

results indicated that the supplied voltages could accelerate hydrolysis step of anaerobic 232 

digestion. SCOD under the voltage of 0 V, 0.3 V and 0.6 V had same trends in line with 233 

Page 12 of 31RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



traditional anaerobic digestion process, while 0.9 V, 1.2 V and 1.5 V showed different trends. 234 

SCOD under 0.9 V, 1.2 V and 1.5 V rose sharply to a high value on the 3
rd

 day then kept a sharp 235 

decline on 14
th

 day along with methane production, which was in line with traditional anaerobic 236 

digestion process. However, after 14 days digestion, SCOD under 0.9 V, 1.2 V and 1.5 V started 237 

to rise and remained this trend until the end of digestion, unlike 0 V, 0.3 V and 0.6 V. Changes in 238 

pH values (Fig. 4a) resulted in these differences since more organic substances were released 239 

with increase of pH after 14 days digestion for 0.9 V, 1.2 V and 1.5 V. 240 

VFAs are widely considered as process indicator during anaerobic process, because they are 241 

the main pre-methanogenic intermediates.
36

 Fig. 5b shows the changes in TVFAs under different 242 

applied voltages. The concentration of TVFAs rapidly increased at the initial stage for all groups 243 

because of the slow methane production rate and rapid acidification. After an obvious decrease, 244 

the concentration of TVFAs reached a relatively steady level at the end of digestion. The highest 245 

concentration of TVFAs in each reactor was in the following order: 1001 mg/L (1.5 V) > 640 246 

mg/L (1.2 V) > 490 mg/L (0.6 V) > 482mg/L (0.9 V) > 359mg/ L (0.3 V) > 341mg/L (0 V). 247 

TVFAs concentrations at 1.2 V and 1.5 V were higher than other voltages, indicating that 1.2 V 248 

and 1.5 V could enhance production of TVFAs. This may be attributed to micro-aerobic 249 

conditions at 1.2 V and 1.5 V, which led to enhanced hydrolysis of complex organic matters with 250 

corresponding increase of TVFAs. The concentration of TVFAs under 0.3V and 0.6V kept a low 251 

level due to its fast consumption by methanogen, which was consistent with methane production. 252 

This suggested that the applied voltages of 0.3 V and 0.6 V can facilitate VFAs fermentation 253 
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fermentation.  254 

Acetate and propionic were the dominating types of TVFAs in each reactor, accounting for 255 

58.8– 86.2%. Acetate, as the most favorable substrate for methanogens, increased firstly and then 256 

decreased, similar to the results observed with TVFAs (Fig. 5c). The initial acetate concentration 257 

in the reactor was about 9.94 mg/L. After 3 or 6 days’ digestion, the acetate concentration 258 

increased significantly and achieved its highest values, which followed the order: 920 mg/L (1.5 259 

V) > 528 mg/L (1.2 V) > 397 mg/L (0.9 V) > 360 mg/L (0.6 V) > 330 mg/L (0.3 V) > 252 mg/L 260 

(0 V). It indicated that applied voltages of 1.2 V and 1.5 V could not only enhance production of 261 

TVFAs, but also facilitate the acetate fermentation-type pathway. As shown in Fig. 5d, a stable 262 

trend of propionate was obtained at 0.3 V and 0.9 V, while that in other four groups increased at 263 

the initial stage then decreased and reached a relatively steady level at the end of digestion. 264 

Propionate under 1.5 V kept a high value at the initial 3 days then decreased to a low value on 6
th

 265 

day, meanwhile acetate increased (Fig. 5c). As the conversion of propionate to acetate was 266 

unfavorable in thermodynamics (△G= +76.1 kJ/mol),
37

 enhancement of acetate indicated that the 267 

applied voltage of 1.5 V could facilitate the propionic fermentation- type pathway.  268 

3.4 Microbial community structures  269 

The bacteria communities were responsible for the conversion of organic matters into soluble 270 

organic compounds, such as VFAs, which could further serve as substrates for methanogens.
38

 271 

Therefore taxonomic compositions of bacterial communities at different levels were analyzed. At 272 

the phylum level, the most abundant bacterial populations were found to be Proteobacteria, 273 
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Firmicutes and Bacteroidetes for all reactors with different relative abundance (Fig. 6a). It was 274 

different from some literature values, 
39, 40

 and the result might be due to the differences of 275 

sludge and inoculum properties, or operating conditions like the reactors, hydraulic retention 276 

time (HRT). Proteobacteria are important microbes in anaerobic digestion process because most 277 

of Alpha-, Beta-, Gamma-, and Deltaproteobacteria are well-known microbial communities in 278 

utilizing glucose, propionate, butyrate, and acetate.
41

 The relative abundance of Proteobacteria 279 

for the control group (35.46%) approached to references.
8
 The highest relative abundance of 280 

Proteobacteria was achieved at 0.3 V (54.2%) and there was no distinct difference between other 281 

e-AD reactors (32%~37%). It seemed that Proteobacteria was significantly enriched at 0.3V. 282 

Firmicutes phylum is syntrophic bacteria that can degrade various VFAs, and showed a higher 283 

relative abundance at 0.6 V (35.9%) than that in other groups, contributing to the rapid decrease 284 

of VFAs at 0.6 V. Bacteroidetes, as the main fermentative bacteria, was enriched at 1.2 V 285 

(15.58%), while that in other samples was only 4%~11%. 286 

Obvious variations were observed in class level, Clostridia was found to be a dominant group 287 

with the applied voltages of 0 V (29.2%), 0.6 V (34.3%), 0.9 V (25.9%), 1.2 V (23.9%) and 1.5 V 288 

(21.1%), respectively (Fig. 5b). As for 0.3 V, Gammaproteobacteria was dominant (45.8%). 289 

Alphaproteobacteria also took up considerable proportion for 0.9 V and 1.5 V, with the relative 290 

abundance of 10.2% and 11.3%. These clear differences strongly indicated that the applied 291 

voltages enriched different bacteria community compared to that in the control group. 292 

In genera level (Fig. 6c), there were 11 generas (Petrimonas, Flavobacterium, 293 
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Proteiniclasticum, Sedimentibacter, Tissierella, Proteocatella, Fastidiosipila, Brevundimonas, 294 

Alcaligenes, Acinetobacter, Pseudomonas, Proteiniphilum) with relative abundance of higher 295 

than 0.5% in at least one sample. Other generas were grouped into the unclassified group. It 296 

seemed that relatively high bacterial diversity was found in all digesters except 0.9 V. This result 297 

consisted with the former discussion that 0.9 V had the harmful effect to the microorganisms. 298 

Acinetobacter, particularly could be capable to degrade macromolecular organics,
42

 was found to 299 

have the highest relative abundance at 0.3 V (33.1%), while that in other samples was very low 300 

(near to zero). Pseudomonas was found to live in strict syntrophic associations, and particularly 301 

could be capable to ferment proteins, growing well in presence of peptides.
43

 The highest relative 302 

abundance of Pseudomonas was achieved at 0.6 V (19.1%), which was in favor in providing 303 

available substrates for methanogens by degrading the proteins into micromolecular organics. 304 

This result consisted with the enhanced methane production at 0.6 V and also the absent of 305 

Pseudomonas at 0.9 V might account for the adverse substrate environment. 306 

To clarify the effects of applied voltages on methanogens, the relative abundance of 307 

methanogens in each sample was identified at genus level as shown in Fig. 6d. There was no 308 

large gap among the reactors in terms of Methanobrevibacter, Methanocorpusculum, 309 

Methanosarcina and Methanospirillum, but distinct discrimination was observed in 310 

Methanobacterium, Methanoculleus, Methanosaeta, and Methanoregula. Among them, only two 311 

generas are known to use acetate for methanogenesis, i.e. Methanosaeta and Methanosarcina. 312 

Methanosaeta is a specialist that could utilize acetate exclusively, whereas Methanosarcina is a 313 
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relative generalist that can utilize methanol, methylamine and acetate, as well as hydrogen and 314 

carbon dioxide for methane production.
44

 Another generas (e.g. Methanobacterium, 315 

Methanoculleus and Methanoregula) were hydrogenotrophic methanogens, which can reduce 316 

CO2 to CH4 with H2 as the primary electron donor, as well as formate.
45

 In Fig. 6d, 317 

hydrogenotrophic methanogens consisted majority of methanogen population when the applied 318 

voltages was over 0.6 V while acetoclastic methanogens were the prevalent methanogens at 0.3 V. 319 

The relative abundances of Methanosaeta in the reactors were 31.6% (0 V), 50.5% (0.3 V), 25.8% 320 

(0.6 V), 24.1% (0.9 V), 21.8% (1.2 V) and 37.8% (1.5 V), respectively. It implied that the 321 

applied voltage of 0.3 V enriched acetoclastic methanogenesis. The highest relative abundance of 322 

Methanobacterium was obtained in the control group (31.5%) in comparison with that at 0.3 V 323 

(19%), 0.6 V (12.1%), 0.9 V (7.8%), 1.2 V (14.9%) and 1.5 V (14.8%), respectively. 324 

Methanoculleus obtained its highest relative abundance at 0.3 V (14.3%). However, the 325 

Methanoregula abundance at 0.3 V was lowest (0.63%), compared with that of 12.3% (0 V), 53.3% 326 

(0.6 V), 49.7% (0.9 V), 5.7% (1.2 V) and 37.9% (1.5 V) respectively. The results indicated that 327 

hydrogenotrophic methanogens was enriched and that acetoclastic methanogens was weakened 328 

when the applied voltages was over 0.6 V. 329 

3.5 Implications for electrical stimulation technology 330 

To estimate the economic efficiency of the e-AD reactors, the energy input by the form of 331 

electricity and output by methane/ hydrogen were calculated (Table 2). In this experiment, the 332 

electrical energy input calculated was 3.37 and 6.81 kJ for 0.3 V and 0.6 V groups, respectively. 333 
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The energy output from methane was 32.49, 40.33 and 57.27 kJ for the control, 0.3 V and 0.6 V 334 

groups, respectively. Compared with the control, the net energy output for 0.3 V and 0.6 V was 335 

4.47 and 17.99 kJ. Therefore, the energy consumption at 0.6 V could be neglected compared to 336 

the energy generated from methane. However, the net energy output were negative when the 337 

applied voltage was higher than 0.6 V, which meant that the experiments at 0.9 V, 1.2 V and 1.5V 338 

were uneconomic under the test conditions. Besides, the environmental consequences of 339 

electrical stimulation technology were also evaluated based on CO2 emission. CO2 was a 340 

byproduct from the anaerobic digestion process of sludge. It indicated that the CO2 emission 341 

decreased by applying voltages (Table 2). The CO2 production of control was 86.48 L 342 

CO2/kg-VS removal, but it dramatically decreased to 54.64, 66.48 and 68.76 L CO2/kg-VS 343 

removal at 0.3V, 0.6V and 1.5V, respectively. This result was in agreement with methane 344 

production. Therefore, the electrical stimulation technology is potentially environmentally 345 

friendly. 346 

Previous studies showed that some WAS pretreatment technologies (e.g., free nitrous acid 347 

pretreatment and alkaline pretreatment) are economically attractive with low energy and 348 

chemical requirements. However, these pretreatment technologies require alkaline or acid 349 

environment which impose high quality demand on the reactor. Besides, the operation of these 350 

pretreatment technologies is complicated in comparison to the proposed electrical stimulation 351 

technology. Following that analysis, the electrical stimulation technology proved to be a novel 352 

approach to promote methane production from anaerobic sludge digestion. 353 
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4. Conclusion 354 

Methane generation and VS removal efficiency were successfully enhanced at all applied 355 

voltages other than 0.9 V. Optimal applied voltage for methane production was 0.6 V, which was 356 

76.2% higher than the control group. Further increasing the voltage from to 0.9 V to 1.5 V led to 357 

the accumulation of hydrogen because the excessive utilization of H
+
 by the cathodic hydrogen 358 

and caused an alkaline pH range. Higher voltages (1.2V and 1.5 V) enhanced SCOD and VFAs 359 

concentrations in the supernatant. The reasons could be ascribed to the micro-aerobic conditions 360 

caused by water electrolysis. Based on the microbial community analysis, hydrogenotrophic 361 

methanogens were enriched with the voltages from 0.6 V to 1.5 V while acetoclastic 362 

methanogens were dominant at 0.3 V. Besides, both the highest relative abundance of 363 

Pseudomonas for protein degradation and Methanoregula for methane generation were found at 364 

0.6 V, with the values of 19.1% and 53.3%, respectively.  365 
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Figure captions: 441 

Fig.1 Schematic diagram of an e-AD reactor for WAS anaerobic digestion. 442 

Fig.2 Current production under different voltages. 443 

Fig.3 Methane (a) and hydrogen (b) production during the anaerobic digestion. 444 

Fig.4 pH changes (a), VS/TS ratio and VS removal efficiency (b) of the reactors during the 445 

anaerobic digestion. 446 

Fig.5 Effect of different voltages on SCOD (a), TVFAs (b), acetic acid (c), propionic acid (d) 447 

concentrations in the supernatant. 448 

Fig.6 Taxonomic compositions of bacterial communities at three levels (a) phyla, (b) classes, (c) 449 

genera and archaea communities (d) at genus level in the reactors retrieved from 450 

pyrosequencing. (The relative abundance of genus less than 0.5% of total composition in 451 

the libraries was defined as ‘‘Unclassified’’). 452 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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(c) Bacterial genera 
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Fig. 6 

  

(d) Archaea genera 
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Table 1  

Characteristics of seed sludge and sludge mixture used in the experiment 

Parameters  Seed sludge Sludge mixture 

pH 7.82-7.90 7.52-7.62 

Conductivity (mS/cm) 10.22-10.31 3.41-3.50 

TS(total solid, g/L) 135.73-138.08 50.31-50.41 

VS(volatile solid, g/L) 50.36-51.54 29.65-29.73 

SCOD(soluble chemical oxygen demand, mg/L) 1150-1460 685-820 

Soluble proteins(mg/L) 91.36-92.45 51.20-53.62 

Soluble carbohydrates (mg/L) 213.50-215.30 145.0-147.20 

TVFA(total volatile fatty acid, mg/L)  726.0-730.1 72.0-73.5 
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Table 2 

Energy consumption, energy output and CO2 emission in the experiment 

 

Energy 

consumption 

(kJ) 

Methane 

energy(kJ) 

Hydrogen 

energy(kJ) 
Net energy 

output (kJ) 

CO2 emission(L 

CO2/kg-VS 

removal) 

0V - 32.49 - 32.49 86.48 

0.3V 3.37 40.33 - 36.96 54.64 

0.6V 6.81 57.27 - 50.48 66.48 

0.9V 32.42 17.21 0.00085 -15.21 73.50 

1.2V 49.98 45.66 0.018 -4.32 82.98 

1.5V 98.37 49.93 0.52 -48.44 68.76 
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