中国科技论文在线

5

http://www.paper.edu.cn

Kinetics and microbial community analysis of sludge
anaerobic digestion based on Micro-direct current treatment
under different initial pH values#
Yuan Haiping*

10

15

20

25

(School of Environmental science and Engineering, Shnaghai Jiao Tong University, Shanghai
200240)
Abstract: The effects of Micro-direct current treatment (Micro-DC) on anaerobic digestion of sludge
under different initial pH values were investigated in this study. Biogas production and VS removal
rate tests were conducted to determine the optimum initial pH value based on the Micro-DC treatment,
and the evolution of archaeal community was also investigated through high-throughput sequencing
method to reveal its mechanism. Furthermore, First-order kinetics, Transfer function model and Cone
model were employed to reveal the principle kinetics of methane production from waste activated
sludge (WAS). The results showed that the optimum initial pH was 9.0 with the Micro-DC treatment of
0.6 V, with which the methane production could be greatly upgraded with a value of 224 mL CH4/g-VS
as well as a VS removal rate of 38.07% after 32 days digestion. Micro-DC treatment with an initial pH
value of 9.0 enhanced the microbial activities and avoided the accumulation of volatile fatty acids
(VFAs) and free ammonia ([NH3]) and subsequent inhibition, inducing a stable digestion environment.
The archaeal community analysis showed that Methanosaeta dominated in the treatments with initial
pH values between 5.0 and 9.0, while they were Methanobacterium and Methanoculleus in the
treatments at initial pH values of 3 and 11, respectively. Model simulation presented that the Cone
model fitted the experiment data better and the calculated parameters indicated that anaerobic digestion
of sludge at near-neutral pH values has shorter lag phase and higher hydrolysis rate. Furthermore,
positive correlations were found between Methanosaeta relative abundance and biogas production.
Key words: Micro-direct current treatment; Sludge anaerobic digestion; Initial pH value; Kinetic
analysis; Archaeal community
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Waste activated sludge (WAS) which is generated from biological wastewater treatment
process has increased continuously in recent decades due to the increase in population and
construction of new wastewater treatment plants (WWTPs) [1]. The treatment and disposal of
sludge cost about 50% of the operating cost of the whole wastewater treatment plants. However,
the harmless disposal ratio of sludge was only 25.1% and over 80% was not disposed by necessary
stabilization in China [2]. Large amount of organic compounds and heavy metals were included in
the waste activated sludge, which presented a potential risk to the environment [3]. Free disposal of
sludge resulted in second environmental pollution, leading to severe social impact. As a result,
waste activated sludge stabilization should be required before the final disposal.
Anaerobic digestion is widely applied to reduce the solid content and the pathogenic as well
as recover the renewable energy in the form of biogas from sewage sludge especially in
large-scale WWTPs [4]. Anaerobic digestion is a favored stabilization method of sludge because of
its lower cost, good stability, and simple operation compared with other stabilization treatments
[5-6]
, which includes four stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis [7-8].
During the hydrolysis process which was generally regarded as the rate-limiting step of the sludge
anaerobic digestion process due to the rigid cell walls and substantially secreted extracellular
biopolymers, bacteria transformed the macro-organic materials into simple monomers and
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polymers such as long chain fatty acids (LCFAs), amino acids, and simple sugars [5, 9]. As a result,
the possible volatile fatty acids (VFAs) and ammonia inhibition took place because of the low
consumption of the substance by microbes. In recent studies, the enhancement of hydrolysis of
waste activated sludge was focus on the disintegration process as pretreatments [10]. Sludge
pretreatment could facilitate the release of intracellular matter by rupturing the cell wall in to the
aqueous phase to increase the biodegradability and biogas production. The various pretreatment
processes for enhancing sludge anaerobic digestion efficiency (increasing biogas production and
achieving reduction in retention time) could be classified as biological pretreatment, physical
pretreatment, chemical methods, and combination of these pretreatments [5]. Though these
pretreatment methods could accelerate the anaerobic digestion of sludge effectively, they may
require the input of considerable amount of energy and chemicals which may cause the second
pollution to environment. As a result, an efficient, low cost and environment friendly treatment is
pressing needed.
Electronical-assistant microbial process was achieved in the presence of small direct current
[11]
. The fermentation of yeast [12] and the protein secretion of Fusarium oxysporum [13] could be
enhanced by current stimulation. The main mechanisms of electronical-assistant microbial process
were as follows: direct electrical treatment on microbial metabolism, which may induce changes
in DNA and protein synthesis [12] as well as membrane permeability [11], leading to the acceleration
of cell growth [12, 14-15]; direct effect on the cultivation ambient for microorganisms. The reactions
on the electrode surface could influence the environment pH and alkalinity, which showed indirect
impact on microorganisms [16]; some refractory organic compounds could be converted into the
intermediate product by electrochemical process which was easy to make full use of the
microorganism [17-18]. However, negative effects of applied current would be obtained resulted
from the inhibition of microorganism when it was too high to suffer. Luo et al. [19] found that an
electric current of 20 mA could increase the surface hydrophobicity and result in cell apoptosis.
On the other hand, electrical treatment is a relatively simple, easy and environment friendly
technology which has been applied in sewage treatment, groundwater purification and soil
remediation [14, 20-21]. Until recently, less studies of applying electrical treatment in sludge
anaerobic digestion were reported. Generally, the applied voltage played an important role in the
effect of electrical stimulation on sludge anaerobic digestion [22], but pH is also one of the key
factors during the anaerobic digestion process. During the anaerobic digestion process, the
hydrolytic acidification and methanogenesis were completely affected by different pH values. In
addition, the current, conductivity and resistance were also influenced by pH values in the
electrical treatment process, which could affect the electrical treatment effects indirectly.
The objective of this study was to apply Micro-direct current treatment in the sludge
anaerobic digestion to potentially improve its performance, and the optimal initial pH value was
determined according to the biogas production and VS removal rate. Furthermore, the evolution of
archaeal community using high-throughput sequencing method as well as kinetics of methane
production based on three different models were also investigated to illustrate its mechanism in
this study.

1 Materials and methods
1.1 Characteristics of sludge and inoculum
90

Sludge used in this study was obtained from a secondary sedimentation tank in a WWTP in
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Shanghai, China. The collected sludge was screened to remove large particles and hair before
thickening to experimental concentrations. Then the thickened sludge was stored at 4oC for further
use. The inoculum was collected from a long-term continuous lab-scale anaerobic reactor in our
lab. The main characteristics of inoculum and sludge mixture were shown in Table 1.
95

Tab. 1

Characteristics of sludge used in the experiment

Parameters

Inoculum

Sludge mixture

pH

7.82-7.90

7.52-7.62

10.22-10.31

3.41-3.50

TS (g/L)

135.73-138.08

50.31-50.41

VS (g/L)

50.36-51.54

29.65-29.73

SCOD (mg/L)

1150-1460

685-820

Soluble proteins (mg/L)

91.36-92.45

51.20-53.62

213.50-215.30

145.0-147.20

726.0-730.1

72.0-73.5

Conductivity (mS/cm)

Soluble carbohydrates (mg/L)
TVFAs(mg/L)

1.2 Micro-DC reactor set-up and operation

100

105

Lab-scale batch experiment of sludge anaerobic digestion was carried out in this study. Six
Micro-DC reactors were made of double-walled cylindrical vessels with an effective volume of 1L.
Both the two pairs of anode and cathode were made of activated carbon fiber textile with
dimension of 12 cm × 8 cm, which distance was 1 cm. The applied voltage supplied by a DC
power supply with a voltage of 0.6 V according to the result reported by Chen et al. [22]. The
different initial pH values were set at 3.0 (A1), 5.0 (A2), 7.0 (A3), 9.0 (A4) and 11.0 (A5), and the
reactor without Micro-DC treatment at an initial pH value of 7.0 was set as control (A0). The ratio
of the raw sludge and inoculum for anaerobic digestion was 4:1 (v/v). The oxygen was removed
from the headspace by passing nitrogen gas through for 5 min after loading the sludge, and then
sealed the reactors. A silica tube across the cap of the reactors was connected to gasbag. All
reactors were maintained at a mesophilic temperature of 35±2 oC by water circulation, and mixed
with magnetic stirrers.

1.3 Archaeal community analysis
110

115

1.3.1

Sludge samples were collected from the reactors after anaerobic digestion for 32 days. 4 mL
of each sludge sample was immediately frozen at -20 oC for archaeal community analysis.
Another part of these samples were washed with phosphate buffer for three times before the
genomic DNA of the samples was extracted using an extraction kit (Felix bio-tech, USA)
following its manufacturer's protocol. The quality and concentration of the extracted DNA was
determined by 1% agarose gel electrophoresis [22].
1.3.2

120

Sampling and DNA extraction

High-throughput sequencing and bioinformation analysis

Primers
of
787F
(5’-ATTAGATACCCSBGTAGTCC-3’)
and
1059R
(5’-GCCATGCACCWCCTCT-3’) were used to amplify the V1-V3 variable region of archaeal
16S rRNA gene [23] with a procedure described by Skillman et al. [24]. After PCR amplification, the
products for each sample were combined and detected using 1% agarose gel electrophoresis, and
-3-

中国科技论文在线

125

then recycled by AxyPrep DNA Purification Kit (Axygen Biosciences, USA) before they were
pooled and subjected to pyrosequencing using the Illumina MiSeq platform. The effective
sequences obtained from pyrosequencing were compared with the newly released database from
the Greengenes database using BLAST tools of NCBI. The diversity indices of Chao 1, ACE and
Shannon were analyzed according to the method described by Zhang et al. [25].
1.3.3
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Analytical methods

Sludge samples collected from the reactors were analyzed for pH, conductivity, TS, VS and
SCOD according to standard methods [26]. TS and VS were measured by gravimetric method. The
supernatant was analyzed for SCOD, VFAs, polysaccharides, proteins and ammonia which was
obtained by centrifugation at 4,000 rpm for 10 min and filtrated through 0.45µm cellulose
membrane filters. The pH and conductivity were measured by a pH meter (pHs-3C, Leici Co. Ltd.,
Shanghai). Soluble proteins and polysaccharides were analyzed according to the method as
previously suggested [27]. The biogas and VFAs (including six standards: acetic acid, propionic
acid, butyric acid, iso-butyric acid, valeric acid and iso-valeric acid) were analyzed by two
different gas chromatographs (GC-14B and GC-2010, Shimadzu, Japan). All experiments were
repeated three times to obtain average values with an accuracy of ± 5%.
1.3.4
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Kinetic models

Three different kinetic models including First-order kinetics (Eq. (1)), Transfer function
model (Eq. (2)) and Cone models (Eq. (3)) were used to simulate the methane production from
sludge anaerobic digestion. The First-order kinetics was used to describe the anaerobic digestion
process based on the assumption that hydrolysis is a rate-limiting step [28]. While Transfer function
model simulates the anaerobic digestion process as a system receiving inputs and generating
outputs [29]. Whereas El-Mashad [30] reported that Cone model performed best in fitting methane
production from co-digestion. Three types of kinetic models would be compared and evaluated in
respect of predicting methane production as follows:
M=M0 [1-exp(-kt)]
(1)
M=M0 {1-exp[-µ_m (t-λ)/M0 ]}
(2)
M=M0/(1+(kt)^(-n) )
(3)
where M is the cumulative methane yield at digestion time t (mL/g VS); M0 represents the
ultimate maximum methane yield (mL/g VS) of substrate; k stands for rate constant (1/d) and t is
the digestion time (d); µm is the maximum methane production rate (mL/g VS-d); λ is lag phase
(d); n is shape factor; e is exp (1) = 2.7183.
Root Mean Square Error (RMSE) was calculated as reported by El-Mashad to evaluate the
accuracy of the used models [30].

2 Results and discussion
2.1 Biogas production

160

As key parameters for evaluating the anaerobic digestion performance, the biogas production,
methane production and methane content were investigated during the process. The cumulative
biogas production after 32 days digestion reached 2190.2, 2460.3, 3665.5, 3015.1, 3340.4 and
985.4 ml for A0, A1, A2, A3, A4 and A5 reactors, respectively (Fig. 1a). The highest cumulative
biogas production achieved in A3 reactor (initial pH 5), 67.4 % higher than that in control (A0)
and 21.6% higher than that in A4 reactor without adjustment of the initial pH value. However,
when the initial pH value was 3 or 11, the cumulative biogas production was lower than that of the
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control. Besides, in the initial period of the AD process (< 6 day), the biogas production increased
very fast when the initial pH value was 5 (A2), 7 (A3) and 9 (A4), while it increased slowly in A0,
A1 and A5 reactors. After 6 days digestion, the cumulative biogas production increased faster in
A2 (pH 5) and A4 (pH 9) than those of the other reactors. The amount of biogas production rose
up little after digestion for 22 days. This is because that the optimum pH value of methane
production was between 6.5 and 7.5 [31], the methanogenic activities were inhibited after the
adjustment of the pH values and partial acidic or slightly alkaline condition may cause the
disruption of the cell and the increase in the substrate concentration.
Methane as the primary composition of biogas is an important indicator of the anaerobic
digestion performance. The variations of methane production per g of VS removal after anaerobic
digestion for 32 days were presented in Fig. 1b. The highest methane production of 224 mL
CH4/g-VS could be obtained in A4 reactor (pH 9), 36% higher than that in A3 (pH 7), followed
by A2 reactor (pH 5). However, no significant difference was observed in methane production
between A2 (pH 5) and A3 (pH 7) reactors (p < 0.05). Furthermore, it resulted in an 83.2 %
decrease in A5 (pH 11) reactor compared to that in the control (A0). Indeed, the volumes of
produced methane was remarkably improved at the Micro-DC of 0.6 V and the initial pH values of
5, 7 and 9 (reactors A2, A3 and A4), while it was strongly inhibited at the initial pH values of 3
and 11 (reactors A1 and A5). Therefore, it could then be stated that high pH values (> 9.0) or low
pH values (< 5.0) exhibited toxicity effect on methanogenesis and led to the inhibition of the
anaerobic digestion process. It could be concluded that the initial pH value of 9 was the optimum
condition to enhance the methane production coupled with the Micro-DC treatment. The higher
methane production could be due to the improved activity of hydrolysis and autotrophic
methanogenesis in the presence of small electrical stimulation [11] and the influence of the
environment pH and alkalinity, which showed the indirect impact on microorganisms [16,32].
Cumulative biogas producition(mL)
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Fig. 1 Variations of biogas production during the anaerobic digestion process. a: cumulative biogas production; b:
methane production

2.2 VS removal
200

205

During the anaerobic digestion process, the reduction of organic fractions in the waste
activated sludge resulted in the production of methane. VS removal rate was measured to confirm
the effect of anaerobic digestion applied with Micro-DC treatment under different initial pH
values on the waste activated sludge reduction. From Fig. 2, it could be seen that the VS removal
rate was only 27.5% in control after anaerobic digestion for 32 days, while it reached to 40.5%,
38.1% and 48.9% at initial pH 3, pH 9 and pH 11 with the treatment of Micro-DC, respectively,
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achieving the stabilization standards of sludge [33]. Among the treatments with Micro-DC, the VS
removal rate was only 33.3% in A3 reactor without adjustment of pH. These results indicated that
the decomposition of waste activated sludge was more efficient at pH 11 in A5 reactor, which was
not the same optimum condition as that for biogas production (Fig. 1).
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Fig. 2 VS removal rate after anaerobic digestion for 32 days
under different initial pH values

2.3 Hydrolysis and acidification
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SCOD was the production of the first two stages during the anaerobic digestion of waste
activated sludge which mainly included soluble protein, soluble polysaccharide and VFAs [1].
Generally, SCOD in anaerobic digestion kept increase at the beginning of fermentation along with
the hydrolysis of insoluble organic matters, and then decreased when the soluble organic matters
were gradually mineralized to CH4 and CO2. The variations of SCOD concentrations during the
anaerobic digestion with the treatment of Micro-DC under different initial pH values were shown
in Fig. 3. It could be seen that after the initial anaerobic digestion stage (first 3 days), the
concentrations of SCOD increased dramatically from 480.2 mg/L to 3982.3 mg/L, 1536.6 mg/L to
9800.3 mg/L, 1020.4 mg/L to 9084.2 mg/L, 480.2 mg/L to 5946.1 mg/L, 4920.2 mg/L to 11560.2
mg/L and 9600.2 mg/L to 16931.4 mg/L in accordance with the pH adjustment of 7, 3, 5, 7, 9 and
11, respectively (SCOD rapid rise stage). While in A5 (pH 11) reactor, the SCOD concentration
reached the maximum after 6 days digestion. The order of the SCOD concentrations was as
follows: A5 > A4 > A1 > A2 > A3 > A0. Subsequently, the SCOD concentration declined
gradually until on 22nd day. After that, it maintained at a relative steady state. In addition, with
prolonging anaerobic digestion process to day 32, the SCOD concentrations decreased to the
lowest values in the same order. It indicated that the SCOD concentration was higher when the
initial pH value was more acidic or more alkali. These results suggested that application of
Micro-DC treatment under suitable pH values could accelerate the decomposition and conversion
of soluble organics which were in agreement with that of VS removal.
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Fig. 3 Changes of SCOD during the anaerobic digestion process
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However, after the insoluble organics are solubilized and hydrolyzed, they would be
converted into long chain fatty acids (LCFAs), sugars, and amino acids. After that, they were
converted into smaller volatile fatty acids (VFAs), such as acetate, propionate, butyrate and
valerate [34]. During the anaerobic digestion process, VFAs are important intermediate products, of
which methane bacterium mainly make use to produce methane, especially the acetate and
butyrate. Changes of VFAs concentrations and composition could be used to indicate the
performance of anaerobic digestion [35]. From Fig. 4, it could be seen that the Micro-DC treatment
and pH adjustment made an obvious effect on VFAs production. It showed that the total VFAs in
all treatments were up to the peak on day 3 except for that in A5 reactor, which reached the
maximum value on day 6, because of the slow consumption by methanogens in the initial stage.
Afterwards, they decreased rapidly, reaching a relatively steady level at the end of fermentation.
The total VFAs in A3 reactor was only 171.5 mg/L, while it was still as high as 7134.4 mg/L in
A5 reactor, which was accordance with the production of methane (Fig. 1).
The concentrations of individual VFA after the fermentation were obviously different from
each other. The VFAs produced from waste activated sludge mainly included acetate, propionate,
butyrate and valerate. Acetate was the dominating type of VFA in each reactor at the initial stage
of the anaerobic digestion process. It could be observed that the maximum content in TVFAs was
acetate accounting for about 50%, since acetate was the degradation product of several organic
acids. The concentrations of acetate were 1466.7, 2122.2, 4077.6, 1681.6, 5406.7 and 6107.4 mg
/L in A0, A1, A2, A3, A4 and A5, respectively, after 3 days digestion. Along with the digestion
time, it decreased sharply to a very low level except for that in A5 reactor. In addition, it could be
seen from Fig. 4 (a) and Fig. 4 (d) that with the existence of Micro-DC treatment, the acetate could
be utilized more compared to control during the whole digestion process. This result indicated that
the Micro-DC treatment could enhance the methanogenic activity and accelerated the consumption
of acetate. It is well-known that acetate could be converted into CH4 and CO2 directly by
methanogens resulting in the acetate decrease. The higher concentration of acetate was generated
in A2, A4 and A5. Reversely, the concentration of acetate in A2 and A4 was little left at the final,
much lower than those in other reactors. At pH 11(A5), the concentration of acetate was highest
than others, which means that the formation of methane was blocked (Fig. 1b). Propionate and
-7-
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valerate were turned into the dominate VFAs gradually along with the digestion time, especially in
A2 and A4. It was because that the conversion of propionate into acetate was unfavorable in
thermodynamics leading to its accumulation. When a small voltage was added (0.6 V), the role of
it in promoting the decomposition of both valerate and propionate was enhanced. However, there
was no significant difference of the propionate concentration among the samples with different
initial pH values as well as valerate concentration (Fig. 4). The concentration of butyrate
decreased to a very low level in the late stage of the fermentation in A2, A3 and A4 reactors, for it
could be utilized by methanogens.
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Fig.4 Changes of VFAs concentrations and composition during the anaerobic digestion process with different
treatments

2.4 Analysis of archaeal community
After filtering low quality reads and trimming the adapters, barcodes and primers, there were
65029 (A0), 68490 (A1), 101677 (A2), 60282 (A3), 64690 (A4) and 74352 (A5) high-quality
-8-

中国科技论文在线
310

315

sequence tags for the six different samples. The sequences were clustered into different
phylogenetic bacterial communities, and thereupon 1410 (A0), 1420 (A1), 1277 (A2), 1310 (A3),
1375 (A4) and 1414 (A5) OTUs were clustered at a 3% distance. Chao1 estimator in Table 2
indicated that the A1 reactor exhibited the greatest microbial richness among the six treatments
followed by A0 and A3, while the A5 reactor shown the lowest. These results indicated that the
adjustment of pH values decreased the abundance of archaeal communities except for pH 3. The
ACE estimator also suggested the same results. Usually, the species diversity of the microbial
community was evaluated by the Shannon diversity index. Archaeal communities in A1 and A5
reactors were more diverse than in other reactors because of the higher Shannon index and lower
Simpson index. The higher Shannon index also suggested that the enriched OTUs in A1 and A5
reactors communities were distributed more evenly than in other reactors.
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Tab. 2 Biodiversity indices of the sludge samples under different treatments
Sample

Chao1

ACE

Simpson

Shannon

A0

407.7059

412.7458

0.735756

2.823340

A1

420.0000

419.6896

0.779209

3.065126

A2

378.1250

380.1767

0.564832

2.059454

A3

397.0217

390.5949

0.661995

2.424233

A4

383.3729

393.6775

0.715397

2.847309

A5

363.2759

374.4804

0.858618

3.538250

Methanogens could only be found in domain Archaea [36]. The similarities of archaeal
community structures in the six samples were discussed at genus level by hierarchically clustered
heat map analysis after 32 days anaerobic digestion (Fig. 5). It could be seen that the relationship
of the archaeal communities was different according to the different initial pH values. The first
archaeal cluster consisted of archaeal communities in the A3 and A4 reactors with initial pH
values of 7 and 9, and the other treatments were far from the first cluster. The sample without
treatment of Micro-DC was the farthest from the first cluster followed by the samples treated by
Micro-DC in acidic or alkaline conditions.
These results proved that the optimum initial pH values (near neutral) with Micro-DC
treatment enhanced sludge anaerobic digestion led to a community shift from the raw sludge to
acclimated communities of the anaerobic digestion system, with the enrichment of specialized
methanogens. Sample in A4 reactor was mainly predominated by Methanolinea and
Methanospirillum which could utilize hydrogen as electron donor [36]. In addition, these two
genera were also detected abundantly in A0 reactor. However Methanolobus was only dominated
in A4 reactor. Known as acetate-utilizing methanogens, Methanosaeta was predominated in A2
reactor and Methanosarcina was predominated in A1 and A5 reactors. Kim et al. [37] found that
hydrogenotrophic Methanomicrobiales predominated in anaerobic digestion process treating
sewage sludge. Lü et al. [38] reported that hydrogenotrophic methanogens were more robust and
hence, more abundant than aceticlastic methanogens in the presence of high ammonia and acetic
acid. In this study, the concentrations of ammonia and acetic acid were very high after digested by
low or high initial pH values (Fig. 4). It was suggested that aceticlastic methanogenesis
contributed to around two-thirds of methane production in an anaerobic digestion process [36]. The
predominance of hydrogenotrophic methanogens during sewage sludge digestion might have been
mediated by ammonia, released during the digestion of proteinaceous materials in the sludge.
-9-
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Fig. 5 Relative abundance of each taxonomic genus in all samples
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In order to identify the phylogenetic diversity of archaeal communities in the six reactors, the
relative abundance at genus level was investigated (Fig. 6). The diversity of methanogenic
archaeal community was relative simple, while significant changes happened in different
treatments. It showed that the most dominant genus of methanogenic archaea was Methanosaeta
species, which functioned as acetotrophic methanogen, accounting for 45.1%, 64.3%, 53.5% and
50.2% of archaea 16S rRNA gene sequences recovered in the A0, A2, A3 and A4 reactors,
respectively. While its abundance was much lower with higher pH (A5) or lower pH (A1) and the
abundance was only 15.5% and 29.2%, respectively. The abundance of another acetoclastic
methanogen named Methanosarcina was 0.4%, 2.2%, 0.8% and 2.5% in A0, A2, A3 and A4,
respectively. The high abundance of Methanosaeta and low abundance of Methanosarcina
indicated that there existed a competitive growth between these two acetoclastic methanogens.
The result was different from that reported by Zhang et al. [39] though Methanosarcina was able to
capable of growing on all three of the major methanogenic substrates: methanol, acetate and
H2/CO2, and was to have high growth rates and are more tolerant to sudden changes in pH [40].
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Fig. 6 Evolution of archaeal community in different treatments at genus level
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On the other hand, Methanobacterium which belongs to the class Methanobacteria, a typical
H2-utlizing methanogen responsible for interspecies hydrogen transfer [39], showed a relative equal
distribution in the six reactors. It was dominated in the A1 reactor, accounting for 36%. In addition,
Methanoculleus was accounting for 31.2% in A5 reactor. Furthermore, some genera
(Methanofollis with relative abundance of 0.8% and Methanocorpusculum with relative abundance
of 0.1%) were only found in A1 (pH 3) reactor, for the relative abundance of the genus was altered
resulting from the adjustment of pH values.

2.5 Kinetics of the methane production
In order to assess the performance of anaerobic digestion better, the First-order regression
model, Transfer function model and Cone model were introduced to estimate the parameters. The
values derived from three fitted models are shown in Tables 3-5, respectively.
With the higher methane potential (Fig. 1, Table 4), shorter lag phase (λ) of Transfer function
model, higher hydrolysis rate constant (k) of First-order kinetic and Cone models were found in
the anaerobic digestion of sludge with the variations of pH values. These results were in keeping
with that reported by Li et al. [41]. The k values of First-order kinetics and Cone models were
respectively increased from 0.016 and 0.13/d at pH 3 to 0.122 and 0.17/d at pH 7, and then
decreased to 0.014 and 0.08/d at pH 11. Meanwhile, the maximum methane production rate (µm)
of all samples determined by Transfer function model also decreased when the pH values were
away from the neutral (pH 7), which apparently indicated that with the treatment of Micro-DC at
acidic or alkaline condition by which the process of methane production was inhibited. And the
extent of inhibition occurred depending on the acidity and alkalinity. For all digestion experiments,
the correlation coefficients R2 of Cone models were higher than 0.99, which suggested that Cone
model was well fit to the biogas production curve in this research.
Otherwise, the RMSE values calculated for Cone model were lower than those calculated for
other two models. The lowest RMSE values indicated that the Cone model is the best model for
fitting methane yield data which was also strongly supported by its higher correlation coefficient
(R2 ranging 0.9969-0.9998). The Cone model fitted experimental data with high precision and
suitability possibly owing to its sigmoidal shape curve which can well describe the lag,
exponential and stationary phases during digestion process [41]. The First-order kinetic model can
only consider the exponential stage in the production of biogas [42] and the transfer function model
- 11 -
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can hardly simulate lag phase as reported by Huiliñir et al. [43]. Therefore, both of the two models
showed poorer fitness.
395
Table 3 Parameters of first-order kinetic model obtained from the methane yield after 32 days digestion
Samples

K(d-1)

R2

R-MSE

0v+pH 7

0.077

0.9401

89.06

0.6v+pH 3

0.016

0.9325

60.13

0.6v+pH 5

0.051

0.9286

179.71

0.6v+pH 7

0.122

0.9461

110.01

0.6v+pH 9

0.087

0.8794

290.80

0.6v+pH 11

0.014

0.9098

26.3

Table 4 Parameters of transfer function model obtained from the methane yield after 32 days digestion

400

Samples

µm (mL/gVS-d)

λ(days)

R2

R-MSE

0v+pH 7

85.43

1.03

0.9528

85.42

0.6v+pH 3

28.41

1.91

0.9469

57.61

0.6v+pH 5

121.48

1.38

0.9433

172.99

0.6v+pH 7

159.50

0.59

0.9537

110.12

0.6v+pH 9

207.49

1.15

0.8971

290.19

0.6v+pH 11

10.54

2.27

0.9298

25.05

Table 5 Parameters of Cone model obtained from the methane yield after 32 days digestion
Samples

n

k

R2

R-MSE

0v+pH 7

3.07

0.13

0.9969

21.63

0.6v+pH 3

3.60

0.08

0.9983

10.33

0.6v+pH 5

3.67

0.11

0.9984

29.28

0.6v+pH 7

3.13

0.17

0.9998

6.46

0.6v+pH 9

6.02

0.14

0.9976

43.89

0.6v+pH 11

4.49

0.08

0.9983

3.95

2.6 Correlations
performance
405

between

archaeal

community

and

anaerobic

digestion

Almost all studies on anaerobic digestion have focused mainly on sludge hydrolysis, biogas
production and the microbial community by various pretreatments. Few studies have been
conducted on the correlations between the archaeal community and anaerobic digestion
performances. The aceticlastic methanogenesis contributed to around two-thirds of methane
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production in an anaerobic digestion process. As was described in above, Methanosaeta as an
acetate-utilizing methanogens was predominated in all the reactors, accounting for 45.1%, 64.3%,
53.5% and 50.2% of archaea 16S rRNA gene sequences recovered in the A0, A2, A3 and A4
reactors, respectively. As a result, the analysis of the relationship between Methanosaeta relative
abundance and biogas production was very important during the anaerobic digestion process. Fig.
8 showed the relationships between the Methanosaeta relative abundance and biogas production
during the anaerobic digestion of sludge with the treatment of Micro-DC under different initial pH
values. The relative abundance of Methanosaeta and biogas production exhibited good linear
relationships (R2≈0.8, p < 0.05), indicating that the increase in relative abundance of
Methanosaeta during the anaerobic digestion of sludge with the treatment of Micro-DC under
different initial pH values was coupled to the enhancement of biogas production.

420

Fig. 7 Correlations between biogas production and Methanosaeta relative abundance

3 Conclusion

425

430

The performances of sludge anaerobic digestion treated by Micro-DC depending on various
initial pH values were quite different from each other. The highest accumulation of biogas
production and methane production were achieved at pH 5-9, respectively. Methanosaeta
dominated in the treatments at a pH range of 5-9, while it was Methanobacterium and
Methanoculleus in the treatments at pH of 3 and 11, respectively. Positive correlations were found
between Methanosaeta relative abundance and biogas production. The Cone model fitted the
experiment data better and the calculated parameters indicated that anaerobic digestion of sludge
at near-neutral pH values has shorter lag phase and higher hydrolysis rate. This study could
provide a reference for the operation condition of sludge anaerobic digestion applied to product
methane.
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不同初始 pH 的微电流作用下污泥厌氧
消化的动力学和微生物种群分析
540

袁海平

545

（环境科学与工程学院，上海交通大学，上海 200240）
摘要：针对传统污泥厌氧消化法技术存在污泥生物可降解性能低、设施占地大、停留时间长、
产气率及产气量较低等缺点，本文通过采用微电流技术，在不同初始 pH 条件下，考察污泥
的产气效率及 VS 去除效果的变化。结果表明，在 0.6V 的电压作用下，最适 pH 为 9.0 的条
件下，经过 32 天的厌氧消化，甲烷产率可达 224 mL CH4/g-VS，VS 去除率可达 38%以上。
微生物种群结构分析表明，Methanosaeta 为各种处理中的优势种属。Cone 模型能够较好的
模拟产甲烷过程。另外，发现 Methanosaeta 风度和产气量具有较好的正相关性。
关键词：微电流作用；污泥厌氧消化；初始 pH；动力学分析；古菌群落分析
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