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In this paper, the inhibition of methanogens by phenol in coal gasification wastewater (CGW)
was investigated by both anaerobic toxicity tests and a lab-scale anaerobic biofilter reactor
(AF). The anaerobic toxicity tests indicated that keeping the phenol concentration in the
influent under 280 mg/L could maintain the methanogenic activity. In the AF treating CGW,
the result showed that adding glucose solution as co-substrate could be beneficial for the quick
start-up of the reactor. The effluent chemical oxygen demand (COD) and total phenol reached
1200 and 100 mg/L, respectively, and themethane production ratewas 175 mL CH4/g COD/day.
However, if the concentration of phenol was increased, the inhibition of anaerobic
micro-organisms was irreversible. The threshold of total phenol for AF operation was 200–
250 mg/L. The extracellular polymeric substances (EPS) and particle size distribution of
anaerobic granular sludge in the different stages were also examined, and the results indicated
that the influence of toxicity in the system was more serious than its effect on flocculation of
EPS. Moreover, the proportion of small size anaerobic granular sludge gradually increased from
10.2% to 34.6%. The results of high through-put sequencing indicated that the abundance of the
Chloroflexi and Planctomycetes was inhibited by the toxicity of the CGW, and some shifts in the
microbial community were observed at different stages.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Nowadays, coal gasification technology is gaining more and
more attention because of the current increase in the con-
sumption of natural gas. However, a large quantity of coal
gasification wastewater (CGW) is generated during the coal
gasification processes, which contains a lot of toxic and
refractory compounds such as phenolic compounds, cyanide,
pyridine, and long-chain alkanes and so on (Cui et al., 2017; Xu
et al., 2017). Although pretreatment by ammonia-stripping and
solvent extraction is an effective method for cutting down
ammonia and phenolic compounds (Li et al., 2016a), the
residual refractory organic compounds in CGW remain high,
.edu.cn (Zhenjia Zhang).

o-Environmental Science
of which phenolic compounds account for 40%–50% (Xu et al.,
2014). Hence, it is necessary to explore an effective treatment
method for the removal of phenols from CGW. The absorption
of concentrated phenol solutions may cause severe pain, renal
irritation, and shock in humans, and fatalities have been
reported. A total dose of 1.5 g may be fatal. Phenols at high
concentration do harm to most microorganisms and are also
resistant to biodegradation (Hussain and Dubey, 2014).

Anaerobic treatment is by far the most widely applied and
cost-effective process for wastewater treatment, improving
the degradation rate for refractory organic compounds and
enhancing the wastewater biodegradability (Li et al., 2016b;
Park et al., 2008). Tests increasing phenol loads (from 100 to
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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5000 mg/L) as the sole carbon source in a semi-continuous
mesophilic anaerobic adaptation experiment were carried
out, using an unadapted microbial community from a
standard biogas plant. Phenol was completely reduced at
starting concentrations of up to 2000 mg/L (Wirth et al., 2015).
However, the large amount of granular activated carbon
required as an absorber would be costly on an industrial
scale (Ahmaruzzaman, 2008; Lin and Juang, 2009). Hence,
there is a need for an advanced anaerobic reactor that is more
practical in terms of investment costs and operability for
improving the anaerobic biodegradation of CGW. The anaer-
obic biofilter (AF) is a kind of anaerobic reactor filled with
fillers. Enriched functional bacteria grow on the surface of
fillers and help in the degradation of toxic pollutants in CGW
(Wang et al., 2013). Moreover, the mixed liquor suspended
solids (MLSS) of an AF can reach to 30 g VSS/L (Wang et al.,
2014a). The spatial distribution of microorganisms in the AF is
conducive to reducing the effects of toxic pollutants on
vulnerable bacteria. However, the start-up of anaerobic
reactors always requires a long time, especially in the
treatment of toxic and refractory wastewater. Nowadays, in
order to reduce the startup time in anaerobic systems,
anaerobic co-digestion has been employed for the disposal
of refractory or toxic wastewater. Moreover, the anaerobic
co-digestion of organic waste has the potential to make a
significant contribution to the generation of renewable energy
(Larsen et al., 2013).

Directly utilizing refractory pollutants as a carbon or energy
source is difficult for anaerobic micro-organisms, but when
another easily utilized carbon or energy source is added in the
influent, the refractory substances can be degraded efficiently (Li
et al., 2016a). Co-digestion using methanol addition to improve
the biodegradation of CGW has previously been investigated.
When a methanol concentration of 500 mg COD/L was added
(organic loading rate 3.5 kg COD/m3/day and phenol loading rate
0.6 kg/m3/day), the corresponding maximum COD and phenol
removal rateswere 71%and 75%, respectively (Wang et al., 2010).
An advanced anaerobic expanded granular sludge bed (AnaEG)
was also developed recently by our research group for the
treatment of CGW that adopted glucose as the substrate; it took
about 87 days to start up the reactor (Li et al., 2014), which is
faster than in previous reports.

In this study, anaerobic toxicity and recovery tests were
performed, and then a laboratory-scale AF reactor was adopted
to treat CGW. The aim was to explore the quick start-up of the
reactor with the aid of co-digestion, and to determine the
inhibitory effect of high phenol concentrations as well as the
inhibition threshold of phenol. Finally, high-throughput se-
quencing was used to characterize the microbial communities
during different stages of the AF operation. The abundance of
microorganisms in the sludge in relation to the different stages
of the operation was discussed.
1. Materials and methods

1.1. Anaerobic biofilter reactor

The AF was made of cylindrical plexiglass and filled with soft
fillers. The influent was pumped into the bottom of the reactor
and the effluent flowedout from the top. TheAFwas operated at
35°Cwith the effective volume of 13.4 L. The hydraulic retention
time (HRT)was controlled at 96 hr and themethanecontentwas
analyzed by passing the gas emitted through a 3 mol/L NaOH
solution followed by collection in a gas collection bag. The
volumeofmethane (CH4)wasmonitored using a gas flowmeter.

1.2. Inoculated sludge

The inoculated anaerobic activated sludge was taken from an
expanded granular sludge bed (EGSB) treating starch wastewa-
ter. The inoculation volume was 20% of the effective volume of
the reactor. The suspended solids (SS) and volatile suspended
solids (VSS) in the reactor were 8.3 g/L and 4.8 g/L, respectively.

1.3. Coal gasification wastewater

Coal gasification wastewater was obtained from the Harbin
Coal Chemical Industry Co. Ltd., Harbin, China. It was
pretreated by phenol extraction and ammonia stripping.
Some available substances can be recovered by pretreatment,
and the toxicity of the CGW can be decreased for the
subsequent bio-treatment. The characteristics of the CGW
used in our study are shown in Table 1.

1.4. Methanogenic toxicity batch assays

Methanogenic toxicity batch tests were conducted in 250 mL
sealed bottles, seeded with anaerobic sludge. Five sealed
bottles, namely B1, B2, B3, B4 and B5, were prepared and some
seeded sludge was added. A glucose solution (3 g COD/L) was
used as the medium and NaCO3 was used to adjust the pH to
6.8–7.2. The phenol concentrations were controlled at 0
(control), 280, 400, 550, and 800 mg/L, respectively, for the five
samples. Moreover, a blank sample with only pure water and
anaerobic granular sludge without the addition of glucose
solutionwas also prepared. Methane productionwasmeasured
by a gas displacement device filledwith 3 mol/L NaOH solution.
Nitrogen gas was bubbled up into each bottle to remove air and
the assays were performed at 35 °C in an oscillating shaker at
120 r/min. All batch tests were repeated three times.

The relative activity (RA) was adopted to determine the
degree of inhibition by phenol. RA can be calculated as follows:

RA ¼ Vt−Vblank

Vcontrol−Vblank
� 100% ð1Þ

where, Vt is the cumulative methane production of the sample
at a certain time; Vblank is the cumulative methane production
of the blank sample at a certain time; Vcontrol is the cumulative
methane production of the control sample at a certain time. RA
of 75%–95% indicated slight inhibition; RA of 40%–75% indicated
moderate inhibition; and RA < 40% indicated severe inhibition
(Driessen et al., 1994).

1.5. The effect of phenol concentration on the treatment
performance of the AF operation

The effect of phenol concentration on the treatment perfor-
mance of the AF was investigated. The HRT was controlled at



Table 1 – Characteristics of the coal gasification wastewater.

Parameter Concentration Average value Parameter Concentration Average value

COD (mg/L) 1500–2800 2500 ± 100 pH 6.8–8.2 7.5 ± 0.5
BOD5 (mg/L) 10–23 11.5 ± 5 TC (mg/L) 720–860 822.5 ± 20
Total phenol (mg/L) 200–350 320 ± 20 IC (mg/L) 90–130 110 ± 10
NH4

+-N (mg/L) 180–240 200 ± 30 TOC (mg/L) 650–745 700 ± 20

TC: total carbon; TOC: total organic carbon; IC: inorganic carbon; COD: chemical oxygen demand; BOD5: biochemical oxygen demand.
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96 hr and the temperature was kept at 35°C. The average
influent total phenol concentration was gradually increased,
and the operation was divided into 3 phases. As the Table 2
indicated, Phase I was the step involving quick start-up of the
AF in co-digestion conditions. In phase I, glucose solution
(COD = 2500 mg/L) was added to the influent as co-substrate.
The volume ratios of glucose solution and CGW were 3:1, 1:1
and 0:1, in stages 1, 2 and 3, respectively. In phase II, the
phenol concentration was increased to 250, 450 and 550 mg/L
in stages 4, 5 and 6, respectively. In phase III the phenol
concentration was decreased back to 150 mg/L in order to
investigate the recovery of activity of the anaerobic
micro-organisms after inhibition by high-concentration
phenol.

1.6. Analytical methods

COD, biochemical oxygen demand (BOD5), NH4
+-N, pH and

MLSS were analyzed according to the standard procedures
(CEPB, 2003). Total organic carbon (TOC), inorganic carbon (IC)
and total carbon (TC) were monitored by a total organic
carbon analyzer (Shimadzu TOC-LCSH, Japan). The volume of
biogas production was determined by a wet glass flow meter,
and the methane content was analyzed using a gas displace-
ment device filled with 3 mol/L NaOH solution. The concen-
tration of total phenols was measured by the titrationmethod
(Makrigianni et al., 2015). The extracellular polymeric sub-
stances (EPS) of anaerobic granular sludge (AGS) used in the
experiments consisted of protein and polysaccharide; protein
was measured by the modified Lowry method (Frolund et al.,
1996), and polysaccharide was measured by the
phenol-sulfuric acid method (Geng et al., 2002).

1.7. High-throughput sequencing

The samples were subjected to deoxyribonucleic acid (DNA)
extraction using E.Z.N.A. soil DNA kits (Omega Bio-Tek,
Table 2 – The influent concentration of phenol at different stage

Phase I

Stage 1 2 3

Phenol concentration (mg/L) 50 ± 10 100 ± 12 150

Stage 1: the volume ratio of glucose solution: CGW = 3:1.
Stage 2: the volume ratio of glucose solution: CGW = 1:1.
Stage 3: the volume ratio of glucose solution: CGW = 0:1.
CGW: coal gasification wastewater.
Norcross, GA, USA). The concentration and purity of the
extracted DNA were detected using a UV spectrophotometer
and agarose gel electrophoresis. The V4 region of 16S rRNAwas
subjected to PCR amplification using the following primers: F
5′-AYTGGGYDTAAAGNG-3′ and R 5′-TACNVGGGTATCTAA
TCC-3′. The amplification conditions were as follows: 98°C for
30 sec, 98°C for 30 sec, 50°C for 30 sec, 72°C for 30 sec (27 cycles);
72°C for 5 min; and finally held at 4°C. The pure target PCR
products were obtained by repeated excision of DNA bands
from the 0.8%agarose gel electrophoresis, andquantifiedwith a
BioTek micro plate reader.

Adapters were ligated to the PCR amplification products by
enzyme digestion and enzyme reaction. The constructed DNA
library was quantified using the PicoGreen dsDNA quantita-
tion assay and the fluorescence spectrophotometer method.
The DNA library (10 nmol/L) was progressively and quantita-
tively diluted to 4–5 pM and subjected to DNA sequencing on
an Illumina MiSeq machine with 2 × 250 bp reads.

The raw data obtained from the Illumina MiSeq sequenc-
ing were saved as paired-end fastq sequences. The fastq
sequences were firstly subjected to quality filtration. The
required sequences were ≥150 bp long with an average base
quality of ≥Q20 (i.e., base accuracy was 99%) and had no N
bases (fuzzy bases).

The filtered sequences were then connected using Flash
software (http://www.genomics.jhu.edu/software/FLASH/index.
shtml) with an overlap of ≥10 bp and without any base
mismatches. The valid sequences were extracted according to
the index information. Qiime (Caporaso et al., 2010) (version
1.7.0, http://qiime.org/) and Mothur (Schloss et al., 2009) (version
1.31.2, http://www.mothur.org/) software were used to further
filter and remove chimeric sequences, and finally obtain high-
quality sequences for subsequent analysis.

According to the sequence similarity, the high-quality
sequences were classified to operational taxonomic units
(OTUs) using Qiime software. The longest sequence in each
OTU was selected as the representative sequence. The
s.

II III

4 5 6 7

± 5 250 ± 8 450 ± 12 550 ± 15 150 ± 17
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taxonomic information of each OTU was obtained by compar-
ison with the sequence database using the BLAST method in
Qiime (Altschul et al., 1990).
Fig. 1 – Anaerobic toxicity test performance: (a) Cumulative
CH4 production of anaerobic granular sludge in inhibition
test; (b) The relative activity (RA) of anaerobic granular sludge
in inhibition test; (c) Cumulative CH4 production of anaerobic
granular sludge in recovery test.
2. Results and discussion

2.1. Effect of phenol toxicity on anaerobic granular sludge

The batch tests, which included inhibition and recovery tests,
were performed with different phenol concentrations. As
shown in Fig. 1a, the cumulative methane production of the
control sample (phenol concentration = 0 mg/L), the sample
with phenol concentration = 280 mg/L and the sample with
phenol concentration = 400 mg/L indicated little difference
before the first 23 hr. However, after 23 hr the cumulative
production of methane was gradually decreased with increas-
ing phenol concentration in the samples. The inhibition due
to phenol became more and more obvious when the phenol
concentration was increased to 550 mg/L. Moreover, the
activity of methanogens was completely restrained and no
methane was produced.

As can be seen from Fig. 1b, when the phenol concentration
was 280 mg/L, the RA exceeded 60% after 3 hr, and even
reached 125% within 23 hr. Hence, the result indicated that
phenol concentrations under 280 mg/L can stimulate the
growth of methanogens to some extent. However, as the
concentration was reduced, RA sharply decreased to 70% in
26 hr. All the samples were in a stable state within 44 hr. The
result indicated that the phenol concentration of 280 mg/L
caused moderate inhibition to the methanogens. The phenol
concentrations of 400, 550 and 800 mg/L caused severe inhibi-
tion and had an adverse effect on the methanogenic activity.

After 70 hr, the sludge was taken out and washed several
times with pure water, and then a glucose solution with 3 g
COD/L was added, and the recovery of methanogen activity
was investigated. As shown in Fig. 1c, the results indicated
that with increasing phenol concentration in the system, the
recoverability of methanogenic activity was gradually re-
duced. The inhibition of methanogens by low concentrations
of phenol was temporary and reversible. However, the
recovery of methanogen activity was greatly restrained by
previous exposure to high concentrations of phenol. Hence,
this suggests that the phenol concentration in influent should
be controlled under 280 mg/L to ensure methanogenic activity
in anaerobic granular sludge.

2.2. Performance of AF reactor

2.2.1. Phase I: quick start-up of the AF in co-digestion conditions
Operation of the AF was adopted to verify the results of the
batch tests. The start-up of the AF was carried out adopting
stepped organic loading to produce the most rapid biomass
acclimation and development. Phenol loading was enhanced
by increasing the influent phenol concentration upon the
attainment of a pseudo-steady state. As shown in Fig. 2, when
the ratio of glucose solution and CGW was 3:1 in stage 1, the
influent concentrations of COD and total phenol were 2500
and 80 mg/L, respectively. Due to the short duration of stage 1,



Fig. 2 – Performance of anaerobic biofilter reactor (AF) at
different phenol concentrations: (a) The chemical oxygen
demand (COD) removal; (b) total phenol removal; (c) methane
production rate.
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the effluent total phenol was in a state of instability, and the
effluent COD and total phenol reached 1000 and 40 mg/L, with
corresponding removal rates of 55% and 40%, respectively.

In stage 2, the effluent COD was still 1000 mg/L and the
effluent total phenol attained a concentration of 100 mg/L. In
stage 3, the effluent COD concentration increased slightly to
1200 mg/L and effluent total phenol was steady at 100 mg/L.
The result indicated that adding glucose solution as co-
substrate can induce the enzymes required for metabolism
and produce enough energy to drive the initial transformation
of the toxic matters. Hence, it can be helpful in establishing
metabolic equilibrium for the improvement of the anaerobic
biodegradation of CGW, because adding glucose solution
can dilute the concentration of toxic pollutants to some
extent and alleviate their inhibiting effect on the growth of
methanogens. In addition, low concentrations of toxic
pollutants can stimulate the proliferation of methanogens.
Therefore, the methane production rate was more than
200 (mL CH4/g COD/day) in stages 1 and 2. However, when
the concentration of pollutants in influent was increased to
the level in raw CGW in stage 3, the methane production rate
was decreased to 175 (mL CH4/g COD/day).

The start-up phase was 60 days, which was faster than
previous reports where the start-up phase for two-stage
anaerobic digestion and two-phase anaerobic digestion of
CGW was 210 days (Xu et al., 2014) and 170 days for a
single-feed TUASB system (Wang et al., 2011). The explana-
tion for the faster start-up is that the addition of glucose
solution as a co-substrate provides a carbon source, nitrogen
source and energy source for biodegradation. Shi (1999)
carried out research on the addition of a carbon source as an
easily degradable substance in a upflow anaerobic sludge bed
(UASB), and found that it played a significant role in
facilitating biodegradation of 2,4,6-trichlorophenol in the
system.

Fu et al. (2001) discovered that Reactive Turquoise Blue (RTB)
could not be the single carbon source for anaerobic microor-
ganisms, but by adding 0.5 g/L glucose in the influent, the RTB
could be degraded due to the co-digestion of glucose and RTB.
Moreover, the addition of glucose solution can provide the
necessary coenzyme NADH, vitamins and other nutrients
needed for anaerobic microbial growth and reproduction. The
use of anaerobic co-digestion is an important way to control the
degradation of organic pollutants by key enzymes, and com-
petitive competition between the matrix and refractory or-
ganics. The refractory organics and their degradation products
are key factors that influence the anaerobic co-metabolism
process. In the process of co-metabolism, there must be a
suitable type of growth substrate, and the optimum concentra-
tion of the growth substrate is also determined by the type of
matrix, the nature of the pollutants and the structure of the
bacteria. A suitable co-substrate and concentration cannot only
promote the decomposition of refractory organics, but also
reduce the concentration of metabolic intermediates. In order
to adapt the co-metabolism environment, a suitable concen-
tration of co-substrates can induce or stimulate microbial
variation in the direction of refractory organic matter decom-
position and accelerate domestication, as well as the structural
adjustment of the microbial flora (Wang et al., 2014b).

2.2.2. Phase II: increasing phenol loading
The total phenol concentration in the influent was increased
in a stepwise fashion while the COD concentration was kept
at 2500 mg/L. When the concentration of total phenol was
further increased in stages 4–6, the removal efficiency of COD
dropped from 25% to 5%, and the removal efficiency of total
phenol also declined from 25% to 10%. Even the methane
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production rate declined to 0 (mL CH4/g COD/day) in phase II.
The result indicated that on one hand, a high concentration of
phenol has an obvious inhibitory effect on anaerobic micro-
organisms, especially methanogens, and inhibits the meta-
bolic activity. On the other hand, not only phenol but also
other toxic pollutants present in the CGW may also have an
inhibitory effect on methanogens.

2.2.3. Phase III: recovery of phenol concentration
In the third phase, the removal rates of COD and total phenol
trended to zero for the whole phase, which indicated that the
inhibition of the anaerobic granular sludge due to phenol could
not be recovered. Hence, the threshold of total phenol for AF
operation was about 200–250 mg/L. Yan et al. (2008) also carried
out a study on phenol inhibition and restoration of the
bioactivity of anaerobic granular sludge. The result indicated
that in cases where the phenol was removed after 24 hr of
inhibition (phenol concentration of 200 and 300 mg/L,
respectively), during the restoration process, the bioactivity of
anaerobic granular sludge might be inhibited acutely from
Fig. 3 – (a) Protein and polysaccharide variations and (b)
particle size distribution of the anaerobic granular sludge in
the different stages.
the 24th to 48th hr., and from the 48th to 72nd hr., the
bioactivity of the anaerobic granular sludge could be partly
recovered. Hence, different HRT and conditions would lead to
different concentration thresholds for phenol-based inhibition
in the system.

High concentrations of phenol were not beneficial for the
growth of anaerobic micro-organisms. It is concluded that
reducing the concentration of toxic pollutants in the influent,
especially total phenol, may be the only way to solve
the problems of low disposal efficiency and poor methane
production.

2.3. Anaerobic granular sludge

Proteins and polysaccharides were determined to be the main
components of EPS, which is consistent with a previous report
(McSwain et al., 2005). Polysaccharides are responsible for
both adhesion and cohesion interactions, while proteins serve
as a carbon and energy source (Voběrková et al., 2016).

As shown in Fig. 3a, the protein was increased with
increasing total phenol concentrations. Moreover, the con-
centration of exocellular proteins was greater than the
exocellular polysaccharide concentration. Similar results
were reported in a previous study (Higgins and Novak,
1997a). The presence of protein in the exocellular fraction
suggests that it might play a role in flocculation (Voběrková
et al., 2016). The amount of protein in EPS also influences
sludge dewaterability (Higgins and Novak, 1997a, 1997b;
Houghton et al., 2001). The ratio of protein to polysaccharide
(P/C) is a crucial factor to determine the surface properties of
sludge, such as hydrophobicity and surface charge (Shin et al.,
2000; Liu and Fang, 2003; Hoa et al., 2003).

In our study, the P/C in the seed stage and stages 2, 6, and 7
were 8, 33.3, 50.6, and 96, respectively. Some reports indicated
that an increasedP/C leads to adecrease in thenegative chargeof
the sludge surface and increased surface hydrophobicity. Hence,
it could reduce the electrostatic repulsion between the sludge
cells, enhance thehydrophobicity andaffinity, and thenpromote
sludge particle cohesion and stabilization (Zheng et al., 2005).

As shown in Fig. 3b, from the seed stage to stage 6, the
proportion of small size (0–400 μm) anaerobic granular sludge
gradually increased from 10.2% to 34.6%; on the contrary, the
proportion of 800–1600 um size anaerobic granular sludge was
decreased from 40.2% to 22.6%, due to the inhibition caused by
phenol in the system. On the one hand, a high concentration
of phenol facilitated the production of protein in EPS, which
made the anaerobic granular sludge compact. On the other
hand, it resulted in destruction and fracture of the anaerobic
granular sludge. Moreover, it was observed that the influence
on the disintegration of anaerobic granular sludge in the
systemwasmore serious than the effect on the flocculation of
EPS (Jiang, 2007) also came to the same conclusion in treating
nitrophenol wastewater in an upflow anaerobic sludge bed
reactor. Before the experiment, the large size granular sludge
particles exceeding 0.5 mm accounted for 85% of sludge
particles, but after the degradation of 3-nitrophenol and
2,6-nitrophenol, the granular sludge was affected by the
nitrophenol toxicity and suffered disintegration. Then the
particle size exceeding 0.5 mm accounted for only 40%, and
the activity of methanogens was inhibited by nitrophenol.



Fig. 4 – Abundance of the major bacterial groups in samples
at different stages in anaerobic biofilter (AF) operation.
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2.4. Bacterial community shift

Sludge from the seed stage and stages 2, 6 and 7 was taken
from the reactor and analyzed by high-throughput sequenc-
ing. Analytical results indicated that the proliferation of
bacteria from the phyla of Chloroflexi and Planctomycetes were
inhibited by the toxicity of the CGW, and the proportion of the
Chloroflexi was decreased from 8.7% in seed to 2.1% in stage 2,
while the proportion of Planctomycetes was decreased from
15.2% in seed to 7.4% in stage 2.

On the contrary, the abundance of some microorganisms
was increased in stage 2, but with further increases in the
concentration of the phenol, the bacterial abundance de-
creased. However, with the decrease in the concentration of
total phenol in the system, the abundance of the microorgan-
isms could rebound. Fig. 4 indicates that the abundance of
Proteobacteria was increased from 7.4% in seed to 36% in stage
2, but in stage 6, when total phenol reached 800 mg/L, it was
slightly decreased to 33%; when total phenol was restored to
300 mg/L, it was increased again to 67%. The same conclusion
applied to the phyla of Verrucomicrobia and Synergistetes. Many
species belonging to Proteobacteria are acetic acid bacteria
(Augimeri et al., 2015), which have strong tolerance to toxic
substances. Genus Klebsiella, which has some relationship
with hydrolysis acid fermentation (Yong et al., 2015), showed
increased abundance in stage 2: it reached 15.58% and then
decreased to 2.23% in stage 6, when total phenol reached
700 mg/L in the influent. However, it was increased to 11.13%
when influent total phenol returned to 300 mg/L. Bacterial
genus Desulfovibrio, which belongs to the group of anaerobic
sulfate-reducing bacteria (Fievet et al., 2015), was accounted
for 0.33% in the seed stage and increased to 7% in stage 2, but
decreased to 0.94% in stage 6; then the abundance recovered a
little in stage 7, with the proportion reaching 2.17%.

Secondly, as shown in Fig. 2, in stage 2 the effluent total
phenolwas 100 mg/Lwith a removal rate reaching 60%. In stage
6, the high concentration of total phenol inhibited the growth
and proliferation of some micro-organisms, which led to a
decrease in the total phenol removal rate to 10%. In stage 7, even
though the influent total phenol recovered to 300 mg/L, the
corresponding removal rate could not be improved, and the
removal rate of COD indicated the same trend in our research.
The variation of total phenol in the system may also affect the
abundance of some microorganisms. The Fig. 4 shows that
some species belonging to Bacteroidetes and Firmicutes are
hydrolytic fermenting bacteria or acidogens, which play an
important part in degradation of toxic pollutants and are
beneficial for the conversion of phenol to benzoate, because
the conversion of phenol to benzoate has been demonstrated to
be the rate-limiting step in the anaerobic degradation of phenol
(Veeresh et al., 2005). As shown in Fig. 4, the proportions of
Bacteroidetes and Firmicutes reached0.49%and 6.2%, respectively,
in seed, then increased to 1.4% and 11.6% in stage 2, but they
gradually declined in stages 6 and 7, and finally reached 0.61%
and 6.7%, respectively. The Spirochaetes, typically, which have a
helical coiled morphology and grow chemoheterotrophically,
havemetabolic activities including acetate, ethanol, and lactate
fermentation fromglucose (Godon et al., 1997) aswell as acetate
oxidation (Lee et al., 2015). The proportion of Spirochaetes
was about 4.6% in stage 2, but it gradually decreased to 1.0% in
stage 7.
3. Conclusions

This study showed that a phenol concentration under 280 mg/L
in batch tests can facilitate the growth of methanogens.
Moreover, the performance of the AF indicated that adding
glucose solution as co-substrate enabled a quick start-up of the
AF, with a start-up time of only 60 days, and the effluent COD
and total phenol reached 1200 and 100 mg/L, respectively. The
methane production rate was about 175 (mL CH4/g COD/day).
The threshold of total phenol for AF operation was about 200–
250 mg/L. As the phenol concentration increased, the con-
centration of exocellular protein was increased and the
particle size distribution of the anaerobic granular sludge
accumulated in the small size range. Additionally, high
through-put sequencing results demonstrated that the
pollutant removal had some relationship with shifts in the
main microbial community.
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