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• Conductive carbon materials can stimu-
late methanogenic degradation of ben-
zoate.

• The sequence of promoting benzoate
degrading is GAC N MwCNTs ~ Graph-
ite N Control.

• 82–93% of the electrons released from
benzoate are finally recovered as meth-
ane.

• Pathways involved bacteria of
Syntrophus, methanogens, and DIET are
proposed.

• Acetate is detected as themain interme-
diate of benzoate, while H2 is
undetected.
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Huge amounts of wastewater that contain aromatic compounds such as benzene and phenols are discharged
worldwide. Benzoate is a typical intermediate in the anaerobic transformation of those aromatic compounds.
In this study, electrically conductive carbon-based materials of granulated activated carbon (GAC), multiwalled
carbon nanotubes (MwCNTs), and graphite were evaluated for the ability to promote the benzoate degradation.
The results showed that 82–93% of the electrons were recovered in CH4 production from benzoate. The carbon
materials stimulated benzoate degradation in the sequence of GAC (5 g/L) N MwCNTs (1 g/L) ~ Graphite
(0.1 g/L) N Control. Acetate was the only detected intermediate in the process of benzoate degradation. Taxo-
nomic analyses revealed that benzoate was degraded by Syntrophus to acetate and H2, which were subsequently
converted to methane byMethanosarcina (both acetoclastic methanogens and hydrogenotrophic methanogens)
and Methanoculleus (hydrogenotrophic methanogens), and direct interspecies electron transfer (DIET) of
Desulfovibrio andMethanosarcina. Thus, these results suggest a method to effectively enhance the removal of ar-
omatic compounds and methane recovery.
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1. Introduction
Many effluents that contain aromatic compounds of benzene, tolu-
ene, and phenols are discharged from petroleum refining, production
of resins and plastics, leather and textile manufacturing, chemical and
petrochemical plants, and the pharmaceutical industry (Pathiraja
et al., 2019; Singh et al., 2017; Venkidusamy et al., 2016). There is grow-
ing awareness that these compounds have properties of toxicity, muta-
genicity, and carcinogenicity, and are resistant to biodegradation
(Mrozik and Piotrowska-Seget, 2010). Under anaerobic conditions, ben-
zoate is detected as a typical intermediate in the anaerobic transforma-
tion of those aromatic compounds (Fuchs et al., 2011; Ghattas et al.,
2017). For this reason, the development of improved methods for the
efficient degradation of benzoate under anaerobic conditions is an im-
portant strategy to remove those aromatic compounds.

However, the benzoate degradation to H2 and acetate under anaero-
bic conditions is thermodynamically unfavorable (Table 1) (Morris
et al., 2013). For example, when the partial pressure of H2 (PH2) de-
creases from 1 atm to 10 Pa, the Gibbs free energy in Eq. (1) decreases
from 86.3 to 17.4 kJ/mol. Thus, methanogens of acetoclastic
methanogenesis (Eq. (2)) and hydrogenotrophic methanogenesis
(Eq. (3)) are required to consume the intermediate products of H2 and
acetate. Especially, the interspecies electron transfer via H2 is thought
to be the main mechanism of syntrophic methanogenesis (Morris
et al., 2013). Anaerobic digestion (AD) does not require sterilization,
can be applied in continuous fermentation, is adaptive to changes in
feedstock or operation conditions, and is suitable for benzoate conver-
sion (Eq. (4)) (Dai et al., 2017; Tabassum et al., 2017). Upadhyay et al.
(2008) analyzed benzoate degradation by mixed culture fermentation
and found higher rates of benzoate degradation than of phenol, but
the high concentration of benzoate (11.7 g-COD/L) also notably
inhibited bacterial activity. Adding electron acceptors such as SO4

2−

also can stimulate the degradation of benzoate, for example, Guo et al.
(2015) reported that the activated sludge could remove phenol
(N90%) in an up-flow anaerobic sludge blanket (UASB) reactor.
Aburto-Medina and Ball (2015) enriched benzoate-degrading bacteria
and found that hyper-thermophilic archaeon of Ferroglobus placidus
and Geobacter strains Ben and metallireducens could anaerobically de-
grade benzene in a process coupled to the reduction of Fe(III).

Zhuang et al. (2015) reported the methanogenic rates in benzoate
degradationwere enhanced in thepresence of hematite (25%) andmag-
netite (53%), which was due to direct interspecies electron transfer
(DIET) mediated methanogenesis. However, the specific bacterial spe-
cies responsible for benzoate degradation was not identified and the
overall benzoate-degrading processwas not clearly described. Recently,
the process of DIET, in which two or more microbes exchange electrons
throughmicrobial pili or conductive solids, has been carried out as an al-
ternative mechanism to enhance the methanogenic degradation of or-
ganic matter (Jin et al., 2019; Shrestha and Rotaru, 2014). This novel
strategy has been tested in a methanogenic wastewater digester and
in co-culture of Geobacter spp. and methanogens (i.e., Methanosarcina
barkeri and Methanosaeta harundinacea) (Morita et al., 2011; Rotaru
Table 1
Gibbs free energy of bioreactions in benzoate degrading process.

Bioreactionsa ΔGb (k

C7H5O2
− + 6H2O → 3CH3COO

− + CO2 + 3H2 + 2H+ (1) 86
CH3COOH → CH4 + CO2 (2) −35
4H2 + CO2 → CH4 + 2H2O (3) −130

C7H5O
−
2 þ Hþ þ 9

2
H2O→

15
4

CH4 þ 13
4

CO2 (4)
−118

a Bioreactions were collected from Morris et al. (2013) and Zhuang et al. (2015).
b Calculated under standard conditions except pH of 7.0.
c Calculated under standard conditions except PH2 50 Pa and pH 7.0.
d Calculated under standard conditions except PH2 10 Pa and pH 7.0.
et al., 2014). Both the conductive carbonmaterials andminerals, includ-
ing granulated activated carbon (GAC), multiwalled carbon nanotubes
(MwCNTs), graphite, biochar and even Nano-Fe3O4 particles, have
been demonstrated to stimulate DIET-mediated methanogenesis
(Martins et al., 2018; Salvador et al., 2017; Xiao et al., 2018). In this pro-
cess, the presence of carbon-based materials also stimulates stable mi-
croorganism community structure and serves as the conductors to
transfer extracellular electrons (Li et al., 2019; Liu et al., 2017). Mean-
while, Salvador et al. (2017) highlighted the additional role of MwCNTs
during butyrate degrading as an available surface for microorganism's
attachment and nutrients adsorption. Li et al. (2018) reported that
adding the conductive carbon cloth in wetland soil can be benefit to
acetoclastic methanogenesis instead of CO2 reduction. Thus, besides
DIET, conductive materials provided much more roles in AD. However,
the details of thismechanismhave not been determined in the benzoate
degrading process. In particular, the molecular methods such as
Illumina high-throughput sequencing are required to identify the dom-
inant bacteria in DIET to explain the effects on reactor performance and
the benzoate degrading mechanism (Salvador et al., 2017; Varjani,
2017).

To the best of knowledge, there have been no studies of the stimula-
tion of methane production from benzoate by the addition of carbon
materials. Consequently, the aims of this studywere i) to assess the pos-
sibility of different conductive carbon materials (GAC, MwCNTs, and
graphite) to promote the benzoate degradation and methane produc-
tion; ii) to analyze the intermediates in the benzoate-degrading pro-
cess; iii) to identify enriched bacteria using Illumina MiSeq high-
throughput sequencing; iv) to demonstrate the mechanism that the
enriched bacteria stimulate the benzoate-degrading process. Thus,
these results could be exploited to enhance methane from the recalci-
trant aromatic hydrocarbons.
2. Materials and methods

2.1. Anaerobic incubation and pretreatment of carbon materials

The inoculum was collected from a laboratory-scale mesophilic
anaerobic digester (Zhang et al., 2018). 2 mM benzoate, 50 mL
sludge, and 150 mL mineral medium were added in a 250 mL anaer-
obic reactor (R1) of to enrich benzoate-degrading bacteria. The min-
eral medium was the same as that of Dai et al. (2019). GAC (12–20
mesh with the outside diameter (OD) of 0.9–1.7 mm, Sigma-
Aldrich) was soaked with 1 M acid and 1 M alkali solution four
times to remove any impurities, and then was rinsed with deionized
water until reaching pH of 7.0. A sample of 2 g of MwCNTs (L-MWNT-
4060 with OD of 40–60 nm, Shenzhen Nanotech Port Co., Ltd) was
evenly dispersed in 100 mL deionized water by ultrasound for
30min. The basic parameters of the graphite used here (Chengdu Or-
ganic Chemistry Co., Ltd.) are reduced graphene oxide, purity N 98 wt
%, layers b 10, diameter 0.5–3 μm, thickness 0.55–3.74 μm, and spe-
cific surface area 500–1000 m2/g.
J/mol) ΔGc (kJ/mol) ΔGd (kJ/mol)

.3 29.7 17.4

.7 −35.7 −35.7

.7 43.1 79.9

.8 −118.8 −118.8
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2.2. Experimental design

The experiments to determine methane production from benzoate
included four groups (Table 2). To lower the adsorption of benzoate
by GAC, 5 g/L was used in this study. And due to the toxicity ofMwCNTs
and Graphite on anaerobic bacteria, lower concentrations of 1.0 g/L
MwCNTs (Salvador et al., 2017) and 0.1 g/L Graphite (Xiao et al.
(2019) were applied in this study. Consequently, in the control group,
no carbon materials were added, and for the groups of GAC, MwCNTs,
and Graphite, 0.25 g granular activated carbon, 2.5mLmulti-walled car-
bon nanotube solution, and 5 mg graphite were added into the serum
bottles of 120 mL (50 mL working volume), respectively. All experi-
ments were conducted in triplicate (n = 3). In an anaerobic glove box,
R1 sludge of 100 mL was taken and the supernatant was removed by
centrifugation at 8000g for 5 min. The centrifuged sludge was re-
suspended in 10 mL fresh culture medium, and then 0.5 mL solution
was taken and transferred to each of 12 serum bottles as the inocula.
Fresh medium and 0.5 mM sodium benzoate were also added into
these serum bottles to reach a total working volume of 50 mL. The 12
serum bottles were sparged with N2 (N99.99%) for 20 min and then
were tightly sealed. Finally, these bottles were incubated at a constant
temperature of 37 °C.

2.3. Analytical methods

The produced gas was sampled with a high-pressure injection nee-
dle (SGE, Australia). The gas (H2, CH4, and CO2) contents and concentra-
tions of volatile fatty acids and ethanol were determined by gas
chromatograph methods, and the detailed methods were described by
Zhang et al. (2015). Benzoate concentration was determined by an
Agilent HPLC (Agilent 1260 infinity) using the method of Zhuang et al.
(2015).

2.4. The degrading rate of benzoate

The first-order kinetic model was used to calculate the benzoate
degrading rate (k, 1/h) according to Eq. (5) (Zhuang et al., 2015), in
which, C0 (mmol/L) and Ct (mmol/L) represent the benzoate concentra-
tions at days 0 and t, respectively; t represents the degrading time, in
days.

ln
Ct

C0

� �
¼ −kt ð5Þ

2.5. Microbial morphology

The microbial morphology of different electrically conductive mate-
rials was observed by scanning electron microscopy (SEM; SIRION200,
FEI, USA) according to the method of Wang et al. (2018).

2.6. Microbial community analysis

DNA samples were extracted on day 33 from the serum bottles of
four groups of Control, GAC, CNTs, and Graphite using a PowerSoil™
DNA Isolation Kit. Four DNA samples were amplified using PCR primers
Table 2
Experimental conditions of four groups for benzoate degradation.

Group name Control GAC MWCNTs Graphite

Concentration of Carbon
material

– 5 g/L 1 g/L (2.5 mL
solution)

100 mg/L

Inocula volume (mL) 0.5 0.5 0.5 0.5
Medium volume (mL) 49 49 46.5 49
Substrate volume (mL) 0.5 0.5 0.5 0.5
515F-806R. Sequencing was then carried out by Majorbio Corporation.
The sequencing data for the raw sludge and enriched sludge samples
from the Control, GAC, CNTs, and Graphite groups were archived in
the NCBI Sequence Read Archive with accession numbers of SRR
SRR5439691, SRR7285287, SRR7285288, SRR7285289, and
SRR7285290, respectively.

3. Results and discussion

3.1. Benzoate degradation and CH4 production for cultures with added car-
bon materials

To measure the initial benzoate-degrading activity of inoculum,
10 mM benzoate or 10 mM acetate was utilized as the substrate
(Fig. S1). In the control experiment with added acetate, methane was
detected at the first day and acetate was totally consumed after
17 days. However, in the experiment with benzoate, benzoate was not
consumed by AD within 20 days, likely due to its toxicity. At day 32, lit-
tle methane (4.5 ± 1.0%, n=3)was detected. The cultivation was then
extended to 100 days to enrich benzoate-degrading bacteria.

Fig. 1 shows benzoate degradation in the presence of GAC, MwCNTs
and graphite. Due to benzoate adsorption on GAC, the initial measured
benzoate concentration (8.70 ± 0.11 mmol/L, n = 3) in the GAC
group was lower than that of the other three groups (9.51 ±
0.08 mmol/L, n = 9). After 14 days in Cycle 1, the benzoate was all to-
tally consumed in four groups. The benzoate concentrations at days 0
and 10 were used to calculate benzoate-degrading rates by first order
kinetic fitting (Fig. S2); the k value in the GAC group (0.184 1/h) was
higher than the values for the MwCNTs (0.120 1/h), Graphite
(0.084 1/h), and the Control (0.077 1/h) groups. After benzoate was to-
tally consumed in Cycle 1, 10mmol/L of benzoate was added again, and
N2 was used to remove biogas in the headspace. In Cycle 2, the
benzoate-degrading rates increased notably. In the GAC group, benzo-
ate was totally consumed within 4 days and the degrading rate was
0.51 1/h, higher than that of Graphite (0.404 1/h), MwCNTs (0.383 1/
h), and Control (0.266 1/h) groups. Zhuang et al. (2015) reported that
adding hematite and magnetite increased the benzoate degradation
rates by 16% and 39%, respectively. In this work, GAC addition resulted
in an increase of over 91% vs the Control group. The carbon materials
stimulated benzoate degradation according to the sequence of GAC
(5 g/L) N MwCNTs (1 g/L) ~ Graphite (100 mg/L) N Control.

Methane is the final metabolite of methanogenesis in AD, and Fig. 2
shows the accumulation ofmethane for two cycles of benzoate degrada-
tion. The methane yields did not increase after 16 days in Cycle 1, with
similar final methane yields in the four groups, around 1.5 mmol (Con-
trol, 1.52 ± 0.02 mmol; GAC, 1.46 ± 0.02 mmol; MwCNTs, 1.47 ±
0.02 mmol; Graphite, 1.47 ± 0.01 mmol). Thus, the adsorption of ben-
zoate on GAC could be ignored for methane production. In Cycle 2, the
methane yield in the Control group decreased to 0.90 ± 0.05 mmol,
which was lower than that in Cycle 1. The final methane yields in
GAC, MwCNTs, and Graphite did not change much and were 1.62 ±
0.04, 1.63 ± 0.02, and 1.55 ± 0.03 mmol, respectively. The methane
yield on day 25 was 0.59, 1.57, 1.46, and 1.02 mmol/L in the Control,
GAC, MwCNTs, and Graphite groups, respectively, which meant that
carbon materials stimulated benzoate degradation according to the se-
quence of GAC (5 g/L) N MwCNTs (1 g/L) N Graphite (100 mg/L) in
Cycle 2.

Next, the electron balancewas calculated based on CH4 and CO2 pro-
duction from benzoate according to Eq. (4), and Fig. 3 shows the calcu-
lated electron recovery in benzoate degradation in cycles 1 and 2. In the
Control group in Cycle 1, the percentage of electron balance was 85%,
and it ranged from 82%–96% in GAC, MwCNTs, and Graphite groups.
The electron percentage of substrate to biomass in AD is generally
around 10% (Zhang et al., 2014). Thus, good electron balances were
achieved in these experiments, indicating that methanogenesis was
the predominant electron acceptor in these experiments. In contrast,



Fig. 1. Profiles of benzoate degradation with the addition of carbon materials:
(A) benzoate concentration vs time (B) benzoate degrading rates by first-order kinetic
equation.

Fig. 3. Electron recovery of CH4 in benzoate degradation at the end of each cycle.
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for the Control group in Cycle 2, the percentage of electron balance was
only 49%, indicating that in addition to CH4, other metabolites such as
acetate may accumulate in benzoate degradation (Zhuang et al., 2015).
Fig. 2. The accumulation of CH4 in two cycles of benzoate degradation.
3.2. Production of intermediates in benzoate degradation

The intermediates, including acetate, formate, butyrate, and H2, are
detected in anaerobic degradation of benzoate to CH4 (Fuchs et al.,
2011; Nobu et al., 2017; Vogt et al., 2011), but in this study, formate, bu-
tyrate, and H2 were not detected throughout the cycle, and acetate was
the only metabolite detected in the liquid. Fig. 4 shows acetate accumu-
lation in the benzoate-degrading process. In Cycle 1, themaximum con-
centrations of acetate on day 8 in the Control, GAC, MwCNTs, and
Graphite groups were 12.6 ± 0.9, 16.3 ± 2.0, 8.8 ± 1.3 and 10.8 ±
0.7 mM, respectively. The acetate was totally consumed by
methanogens on day 16. In Cycle 2, themaximum concentration acetate
in GAC, MwCNTs, and Graphite groups reached 9.1 ± 1.6 (day 22),
12.7 ± 3.0 (day 23), and 16.7 ± 1.5 (day 24) mM, respectively. Acetate
was undetected in GAC, MwCNTs, and Graphite groups after day 27.
Thus, good electron balance in GAC, MwCNTs, and Graphite groups
was achieved when considering the CH4 yields.

The maximum acetate concentration in the Control group was
28.7 ± 0.8 mM on day 28, much higher than the concentration of
other groups. The acetate was not totally consumed even after day 33,
which resulted in low electron balance (49%) when considering only
the CH4 yields. After considering the acetate yield, the electron balance
in the Control group increased to 86%. The carbonmass recovery ranged
from 95% to 107% in four groups (Table S1), which meant that acetate
Fig. 4. Acetate accumulation during benzoate degradation.



Fig. 5. Taxonomic classification of the benzoate degrading bacteria at the levels of phylum
(A), class (B) and genus (C) by Illumina high-throughput sequencing. Taxonomic groups
accounting for b1% are classified in the artificial group “others”.
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was the main intermediate. The produced acetate was further con-
verted to CH4 and CO2 by methanogens. Addition of GAC, MwCNTs, or
Graphite did not change the degrading pathway of benzoate.

Due to thermodynamic barrier undermethanogenic conditions, ace-
tate can be the only metabolite in the oxidation of benzoate when H2 is
totally consumed (Fuchs et al., 2011; Zhuang et al., 2015). Similarly,
after selective enrichment of hydrogenotrophic methanogens (N90%),
Chen et al. (2016) also reported primary production of acetate (N90%)
from tofu wastewater with no hydrogen generation in extreme-
thermophilicmixed culture fermentation. In this study, the rates of ben-
zoate degradation, CH4 generation, and acetate production and con-
sumption were all higher in the presence of GAC, MwCNTs, or
Graphite than without addition of carbon materials (Figs. 1, 2, and 4).
Thus, the carbon materials of GAC, MwCNTs, or Graphite stimulated
the syntrophic degradation of benzoate.

3.3. Analysis of microbial community and benzoate degradation

SEM analysis revealed that rod and coccoid shape bacteria domi-
nated the benzoate-degrading bacteria (Fig. S3). To more fully deter-
mine the diversities of microbial community, DNA samples were
prepared from the Control, GAC, MwCNTs, and Graphite groups and
subjected to Illumina high-throughput sequencing. Over 60,000 effec-
tive sequences were obtained for each sample. High coverages of all
above 0.9990 in four groupswere obtained. Table 3 shows the sequenc-
ing indices. The OTUnumber in the Control groupwas 213. After the ad-
dition of carbon materials, the values did not change much after day 33
in Cycle 2, and were 220 (GAC), 198 (MwCNTs), and 211 (Graphite) for
the three groups. The curves of rarefaction and Shannon index (Fig. S4)
showed that the sequencing depth met the demand to analyze the
enriched consortium.

Sequencing analysis of the raw sludge (Fig. S5) was the same as that
reported by Zhang et al. (2018), with the percentages of bacteria and ar-
chaea at the domain level of 50.65% and 49.35%, respectively (Fig. S5A). At
the phylum level (Fig. S5B), Euryarchaeotawas the only detected archaea,
49.35%, and the main detected bacteria included Firmicutes (21.91%),
Proteobacteria (7.22%), and Bacteroidetes (5.59%). Moreover, at the
genus level (Fig. S5C), Methanosaeta (39.38%, acetoclastic methanogen)
was the main archaea, with low percentages of Methanobacterium
(5.96%, hydrogenotrophic methanogen) and Methanoculleus (2.96%,
hydrogenotrophic methanogen). Family_XIV_uncultured (10.08%),
Atribacteria_norank (4.43%), and Gelria (4.39%) were the three main bac-
terial groups.

After benzoate addition, the microbial community changed notably
(Fig. 5A). In the group of control, the percentage of Euryarchaeota at
the phylum level decreased to just 0.13%. The low archaeal percentage
was expected due to the toxicity of benzoate (Upadhyay et al., 2008).
Analysis of bacterial diversity revealed the percentages of
Proteobacteria and Bacteroidetes of 61.12% and 12.16%, respectively.
Other bacteria were present at low percentages, such as Cloacimonetes
(8.19%), Synergistetes (5.90%), and Spirochaetae (5.76%).

Dosing carbonmaterials did not significantly changemicrobial com-
munity. At the phylum level, in the GAC, MwCNTs, and Graphite group
samples, the percentages of Euryarchaeota were 0.12%, 0.15%, and
0.16%, respectively, which were similar to that of the Control group
(0.13%). Proteobacteria and Bacteroidetes were the two main enriched
Table 3
General indices of benzoate degrading bacteria by Illumina high-throughput sequencing
technology.

Samples OTU ACE Chao1 Simpson Shannon Coverage

Control 213 215.6 214.9 0.0804 3.1118 0.9999
GAC 220 226.2 225.8 0.0878 3.0238 0.9998
MwCNTs 198 200.6 200.3 0.1327 2.7936 0.9999
Graphite 211 213.5 212.4 0.0832 3.1076 0.9999
bacteria. In the groups of GAC and MwCNTs, their percentages did not
change notably from that of the Control group, with 60.69% and 8.43%,
and 61.20% and 11.05%, respectively. In the Graphite group, the percent-
age of Proteobacteria decreased to 52.20%, but the percentage of
Bacteroidetes was stable at 11.60%.

Fig. 5B shows the taxonomic characteristics of enriched bacteria at
the class level. Deltaproteobacteria (28.26%) and Betaproteobacteria
(21.36%)were themain bacteria identified in the Control group sample.
For the GAC group, Deltaproteobacteria (26.33%) and Betaproteobacteria
(25.38%) were also enriched. In the MwCNTs group, the percentage of
Deltaproteobacteria increased to 45.30% and the percentage of
Betaproteobacteria decreased to 14.24%. Similarly, in the Graphite
group, the percentage of Deltaproteobacteria increased to 34.08% and
the percentage of Betaproteobacteria decreased to 10.25%. Fig. 5C
shows the taxonomic characteristics of the bacteria at the genus level.
Desulfovibrio, Syntrophus and uncultured bacteria were the three most
enriched bacteria in the four groups, with the similar percentages.
These enriched bacteria were different from that in the raw sludge sam-
ple in which Family_XIV_uncultured, Atribacteria_norank, and Gelria



Table 4
Taxonomic affiliation and percentages of archaeal community sequences.

Affliction Percentage of archaeal sequences (%)

Class Genus Control GAC MwCNTs Graphite

Methanomicrobia 0.13 0.12 0.15 0.16
Methanoculleus 0.10 0.08 0.13 0.14
Methanosarcina 0.03 0.04 0.02 0.02
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were the three main bacteria. In the GAC group, the percentage of
Azonexus was 18.20%, but this percentage was below 1% in the other
three groups. Syntrophus is a benzoate-degrading genera that can asso-
ciate with syntrophs such as Desulfovibrio strain G11 (Jackson et al.,
1999). Cervantes et al. (2002) reported that humus can serve as a termi-
nal electron acceptor to support the growth of Desulfovibrio G11 using
H2 and lactate as substrates. In this study, Desulfovibrio was also
enriched.

The percentage of archaea was rather low (b0.5%), and Table 4 sum-
marizes the changes of archaeal communities in detail. The identified
archaea belonged toMethanomicrobia at the class level, and the percent-
ages in Control, GAC, MwCNTs, and Graphite groups were 0.13%, 0.12%,
0.15%, and0.16%, respectively.Methanoculleus andMethanosarcinawere
the two main archaea at the genus level. The Methanoculleus percent-
ages in the four groups were 0.10%, 0.08%, 0.13%, and 0.14%, respec-
tively. The Methanosarcina percentages in the four groups were lower,
0.03%, 0.04%, 0.02% and 0.02%, respectively. Methanoculleus is a
hydrogenotrophic methanogen that can convert H2/CO2 to CH4

(Thauer et al., 2008). Methanosarcina is more metabolically versatile,
and can use the substrates of both H2/CO2 and acetate to producemeth-
ane (De Vrieze et al., 2012). Rotaru et al. (2014) also reported that DIET
occurred between Geobacter metallireducens and Methanosarcina
barkeri. Thus, Methanosarcina can also accept electrons from
Desulfovibrio by DIET, but, it shall also be verified in the future.

Zhuang et al. (2015) studied benzoate degradation by adding hema-
tite and magnetite, and reported activity through both DIET
(proteobacteria and Methanobacterium) and the syntrophic acetate-
oxidizing and hydrogenotrophic methanogen pathway (SAO-HM, Clos-
tridia andMethanobacterium) for the conversion of acetate to methane.
Thus, based on the sequencing results, the benzoate degrading process
is proposed as shown in Fig. 6. In this pathway, benzoate is degraded
by Syntrophus to acetate and H2. Three pathwayswere proposed to con-
vert acetate to methane via: i) AM, acetoclastic methanogens of
Fig. 6. Proposed process of
Methanosarcina; ii) SAO-HM, syntrophic acetate-oxidizing bacteria
(Clostridia) and hydrogenotrophic methanogens of Methanoculleus and
Methanosarcina; and iii) DIET of proteobacteria and Methanosarcina. H2

was converted to methane via two pathways, i) HM, hydrogenotrophic
methanogens of Methanoculleus and Methanosarcina; and ii) DIET of
Desulfovibrio and Methanosarcina. This proposed benzoate degrading
process is consistent with the results in Figs. 1 and 2. However, Li et al.
(2018) reported that carbon cloth obviously promoted acetoclastic
methanogenesis via Methanosarcina instead of CO2 reduction. Thus,
the role of Methanosarcina shall also be verified in the future. Salvador
et al. (2017) reported that MwCNTs provided an available surface
for microorganism's attachment and nutrients adsorption during
butyrate degrading. Thus, other methods including metagenome,
metatranscriptome and electrochemical analysis shall also be carried
out to reveal the mechanism in the future.
3.4. Benzoate degradation by addition of carbon materials

Benzoate is a key product in anaerobic degradation of phenol and
many complex aromatic chemicals, making it a common pollutant in
wastewater from chemical industries (Upadhyay et al., 2008). Acetate
and H2 are two intermediates in the syntrophic benzoate degradation
process, thus the thermodynamics of Eq. (1) are strongly influenced
by acetate concentrations or H2 partial pressure (Varjani, 2017).
Upadhyay et al. (2008) reported that only 60–80% of benzoate was con-
sumed in a UASB reactor even after 20 days, whichwas longer than that
of present study (15 days). In this work, addition of carbon materials
could stimulate electron transfer, explaining why H2 was undetected
and benzoate was totally consumed.

Acetate was accumulated as a result of adding carbonmaterials dur-
ing the degradation of benzoate. The inward diffusion of organic acids
leads to dissipation of produced ATP in anaerobic bacteria (Hackmann
et al., 2013). Thus, acetate accumulation may reduce the activity of
both benzoate-degrading bacteria and methanogens. Jiang et al.
(2011) constructed a fibrous bed bioreactor (FBB) to immobilize Clos-
tridium tyrobutyricum to enhance the production of butyric acid
(amount to 86.9 g/L). In the present study, themaximum concentration
of acetate in the Control group in the second cycle (28.7mM)wasmuch
higher than that of other groups. Thus, the biofilm formed on carbon
materials reduces the toxicity of acetate. Recently, Dai et al. (2019) re-
ported the removal of organic acids from the broth by electrodialsysis
to improve the performance of methanogens. Thus, acetate removal
benzoate degradation.
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coupled with carbon addition would be an effective strategy for im-
proved benzoate dageradation and acetate recovery, however, much
more works such as the effect of acetate on the degradation of benzoate
shall also be carried out to demonstrate the role of conductive carbon
materials.

AD is an important biotechnology to convert organic wastes
(i.e., activated sludge or organic wastewater) to biogas (Krishnan
et al., 2019; Massaro et al., 2015; Zhang et al., 2019). Moreover, the In-
ternational Renewable Energy Agency demonstrated that in 2015, the
worldwide produced bioenergy such as biogas accounted for around
10% of whole energy consumption (Dai et al., 2020). Recently, Zhao
et al. (2017) reported that DIET offered the potential to enhance anaer-
obic digestion of complex organic waste. Morita et al. (2011) also re-
ported that DIET occurred within microbial aggregates derived from a
UASB reactor converting brewery waste to methane. Besides GAC, bio-
char is another interesting material in DIET (Chen et al., 2014), and Liu
et al. (2017) demonstrated that biochar provided benefits of stable mi-
croorganism community structure and served as an electron shuttle.
Thus, conductive carbon materials stimulating methanogenic degrada-
tion of benzoate should be next assessed in pilot-scale reactors.

4. Conclusions

Conductive carbon minerals of GAC, MwCNTs, and graphite stimu-
lated the methanogenic degradation of benzoate. The measured
benzoate-degradingrateswereinthesequenceofGAC(5g/L)NMwCNTs
(1 g/L) ~ Graphite (100 mg/L) N Control. A total of 82–93% of the elec-
trons released from added benzoate were recovered. Acetate was the
sole carbon-bearing intermediate of benzoate by enriched anaerobic
bacteria. Taxonomic analyses revealed that benzoate was degraded by
Syntrophus to acetate and H2, whichwere further converted tomethane
by Methanosarcina (acetoclastic methanogens), Methanoculleus and
Methanosarcina (hydrogenotrophic methanogens), and DIET of
Desulfovibrio andMethanosarcina.
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