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A B S T R A C T

In this study, six different types of biochar (based on two feedstocks and three pyrolytic temperatures) were prepared as
individual additives for both syntrophic phenol degradation and methanogenesis promotion. The results showed that
for phenol degradation, the addition of biochar (15 g/L) shortened the methanogenic lag time from 15.0 days to 1.1–3.2
days and accelerated the maximum CH4 production rate from 4.0mL/d to 10.4–13.9mL/d. Microbial community
analysis revealed that the electro-active Geobacterwas enriched (from 3.8–7.7% to 11.1–23.1%), depending on the type
of biochar that was added. This indicates a potential shift of syntrophic phenol metabolism from a thermodynamically
unfavorable pathway with H2 as the interspecies electron transfer mediator to direct interspecies electron transfer
(DIET). Integrated analysis of methanogenesis dynamics and the electrochemical properties of biochar showed that
compared with electrical conductivity, the electron exchange capacity of biochar was more likely to dominate the DIET
process, which was due to the presence of redox-active organic functional groups in biochar. The removal of biochar
from the anaerobic system generally prolonged the lag time, revealing the importance of adsorption capacity of biochar
to mitigate bio-toxicity of phenol to microbial activity.
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1. Introduction

As a hazardous and refractory substance, phenol is commonly found
in many types of wastewater generated during industrial processes,
such as coking, petroleum-refinement, and dyeing products (Lu et al.,
2009; El-Naas et al., 2010; Levén et al., 2012). The efficient removal of
phenol and other phenolic pollutants is essential to reduce the bio-
toxicity of these industrial effluents into the environment (Jie et al.,
2017). Compared with physical, chemical, biological, and their com-
bined treatment processes for phenol (Busca et al., 2008), anaerobic
biodegradation has received much attention in recent years, due to its
advantages of reduced energy consumption, green biofuel production,
and low-cost (Poirier et al., 2018; Rotaru et al., 2014a).

The process of phenol anaerobic degradation involves biological
carboxylation, de-aromatized, β-oxidization, and methanogenesis (Fang
et al., 2006). Although extensive studies have indicated that different
reaction temperatures can influence the degradation pathway, the
syntrophic metabolism between phenol oxidizing bacteria and metha-
nogenic archaea is crucial for phenol degradation and methanogenesis
(Mcinerney et al., 2009). Due to the prerequisite of unfavorable ther-
modynamics of the phenol oxidation (Eq. (1)), this reaction could only
have occurred via syntrophic metabolism. As shown in Eq. (2), oxida-
tion of phenol to acetate has to associate with H2-scavenging metha-
nogens, which transfer the electron released from the oxidation of
phenol to CO2 for CH4 production (Gieg et al., 2014; Li et al., 2013).
Unfortunately, this syntrophic metabolism with H2 as the intermediate
mediator for interspecies electron transfer (MIET) between bacteria and
archaea has been widely studied and proved to be a low-efficient me-
tabolic pathway, which largely limits phenol degradation efficiency in
practical applications.

C6H6O+5H2O→3CH3COOH+2H2 △G0′ = +6.6 KJ/mol (1)

CO2+4H2→CH4+2H2O △G0′ = -35.6 KJ/mol (2)

Recently, an alternative pathway for syntrophic metabolism, known
as direct interspecies electron transfer (DIET), was confirmed. In the
absence of H2, specific electro-active microorganisms, such as Geobacter
and Shewanella, can conduct DIET via particular microbial structures
and/or substances, such as e-pili and cytochrome-c, as electron transfer
conduits to achieve highly efficient syntrophic metabolism (Lovley,
2017). Moreover, several electrically conductive materials, such as
magnetite, granular activated carbon (GAC), carbon nanotubes, gra-
phene, and biochar, were found to be ideal additives for DIET stimu-
lation in syntrophic metabolism (Liu et al., 2012; Wang et al., 2018a;
Gilberto et al., 2018; Zhuang et al., 2015; Yan et al., 2018; Zhu et al.,
2018). For example, hematite and magnetite promoted methanogenic
benzoate degradation by 25 % and 53 % via potential DIET enhance-
ment between syntrophic microbial partners, respectively (Zhuang
et al., 2015). What’s more, the addition of conductive carbon nanotubes
and magnetite nano-particles into an anaerobic system was beneficial
for anaerobic phenol degradation and microbial community improve-
ment (Yan et al., 2018). In an upflow anaerobic sludge blanket (UASB)
system for coal gasification wastewater treatment, the addition of
graphene (0.5 g/L) promoted enhanced the COD removal efficiency and
CH4 production rate, and enrichment with electro-active microbes
suggested that DIET was enhanced after graphene addition (Zhu et al.,
2018).

Among these materials, biochar produced with bio-waste generally
shows a much lower electrical conductivity (EC) property than carbon-
based (nano) materials and magnetite. Nevertheless, several studies
have reported the potential of biochar to promote syntrophic metha-
nogenesis in anaerobic digestion/degradation systems (Chen et al.,
2014; Wang et al., 2018b). The current opinion mostly attributed this
influence as below. One the one hand, the potential enrichment of
unique functional groups, such as quinones and phenazine, strengthens
the redox-active property of biochar, which is beneficial for DIET

between electro-active microbes. Meanwhile, it is also more important
than the EC of a material to promote pollutant removal in an electro-
chemical system (Prado et al., 2019). Nevertheless, the main me-
chanism of biochar for promoting syntrophic methanogenesis from
phenol is still debatable. In addition, the developed porous 3D structure
and high specific surface area (SSA) of biochar are beneficial for both
microorganism attachment and pollutant adsorption, which likely ac-
celerate the pollutant biodegradation process. Recent findings indicated
that with the help of biochar, Geobacter enrichment in an UASB system
promoted phenol degradation via DIET (Zhuang et al., 2018; Zhao
et al., 2016). However, no evidence is available showing Geobacter
could be enriched in a suspended sludge system for phenol degradation,
even in the presence of conductive substances (Zhuang et al., 2015; Yan
et al., 2018).

To fill the afore-mentioned knowledge gaps, in this study, six kinds
of biochar were prepared from two feedstock (cattle manure (CM) and
sawdust (SD)) and at three pyrolytic temperatures (300 °C, 500 °C, and
700 °C). The effects of each type of biochar on phenol degradation and
methanogenesis were investigated separately. By integrating analysis of
the methanogenic process, electrochemical properties of biochar and
characteristics of the microbial community, the potential mechanism of
biochar addition for methanogenic promotion of phenol was elucidated.

2. Materials and methods

2.1. Biochar preparation and characterization

CM and SD were used as feedstocks for biochar preparation. CM was
obtained from a suburban farm, and SD was collected from a local
lumber mill. For each feedstock, three type of biochar with particle
sizes between 0.25−1mm were prepared in a muffle under oxygen-
limited condition at pyrolytic temperature of 300 °C, 500 °C, and
700 °C, respectively. A detailed protocol of biochar production was
shown in our previous study (Wang et al., 2018b). In total, six types of
biochar, named CM3, CM5, CM7, SD3, SD5, and SD7, were studied as
additive in the anaerobic phenol degradation process, in which "CM"
and "SD" were shorten for "Cattle manure" and "Sawdust", and "3, 5, 7″
represented the pyrolytic temperatures "300 °C, 500 °C, 700 °C".

The pH value of the biochar was measured in a 5 % (w v−1) sus-
pension in deionized water prepared by shaking at 100 rpm under
ambient temperature for 24 h using a pH meter (PHS-3C, Dapu
Instrument Co., Shanghai, China). Brunauer-Emmett-Teller (BET) SSA
was measured via N2 adsorption multilayer theory by a V-Sorb X800
surface area analyzer (Gold APP Instrument Co., Beijing, China). The
elemental (CN/OH) analysis was performed using an isotope ratio mass
spectrometer (IRMS, IsoPrime100, Elementar, Germany). Organic
functional groups of the biochars were measured with Fourier trans-
form infrared spectroscopy (FT-IR, spectrum two, PerkinElmer, USA)
under an attenuated total reflectance (ATR) model. X-ray Photoelectron
Spectroscopy (XPS) (K-Alpha, ThermoFisher, USA) was conducted to
confirm the organic chemical bond distribution of biochars. The EC of
biochar powder was tested with the four-probe method by a powder
electrical resistivity tester (ST2722, Jingge, Suzhou, China). Electron
accepting capacity (EAC) and electron donating capacity (EDC) of
biochar were quantified according to the mediated electrochemical
reduction (MER)/oxidation (MEO) method. Electron exchange capacity
(EEC) is the sum of EAC and EDC (Zhang et al., 2018). The specific
method is described in detail in the Supplementary Information (SI).

2.2. Biochar-assisted phenol degradation experiments

According to previous studies, adding degradable substrates into
anaerobic phenol degradation system was helpful to achieve rapid
phenol degradation startup and accelerate the degradation rate of
phenol (Veeresh et al., 2005). Therefore, in this study, a real bio-waste
combined with 80 % food wastes and 20 % sewage sludge was used as
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co-substrates to explore whether the degradable bio-waste addition
could promote phenol degradation. The inoculum used in the experi-
ments was collected from a mesophilic UASB unit of brewery waste-
water plant in Xi’an, China. The basic properties of the bio-waste and
fresh inoculum were shown in SI.

Batch experiments were conducted with three experimental periods.
For the 1st period, 20mL inoculum, 2mL bio-waste, and 5mL phenol
solution were added to a 120mL serum bottle. The nutrients solution
(SI) was replenished to the total working volume of 90mL with a
phenol concentration of 1 g/L (2.38 g COD/L). After that, each kind of
biochar was added to the bottle separately at a dosage of 15 g/L. To
investigate whether the degradable bio-waste could promote phenol
degradation, two control groups named as “CT1″ and “CT2″ were op-
erated simultaneously. For CT1, the same volume of bio-waste/phenol
solution was added, while for CT2, only the phenol solution was added
as substrate. Moreover, a “blank” group without bio-waste and phenol
addition was setup to eliminate the impact of biogas produced by the
inoculum. After a 40-day duration, 1 g/L phenol was added to all bio-
char-added and CT2 groups for the 2nd periods to explore the phenol
degradation efficiency of the inoculum after a period of acclimation.
The operation of this period was the same as that of 1st period. All the
experiments were conducted duplicate.

Since the phenol degraded completely in the biochar-added groups
during the 2nd period, the 3rd period was conducted to further in-
vestigate the role of biochar in anaerobic system for phenol degrada-
tion. Specifically, for each biochar-added group, the mixed sludge fil-
tered with a sterile 60 mesh sieve (pore size with 0.25mm) to collect
the granular biochar. After that, the filtered sludge was divided into two
equal parts and was added into two serum bottles. The collected bio-
char was added into one serum bottle at a dosage of approximately
30 g/L, which has same name with that of 2nd period (e.g., CM3).
Moreover, the other bottle without biochar addition was setup as a
control, and was named “biochar type-CT” (e.g., CM3-CT). All the ex-
periments were conducted in a mesophilic (35 °C) water bath shaker at
120 rpm.

2.3. Adsorption of biochar for phenol

To clarify the effect of the adsorption capacity of biochar for phenol
in the anaerobic system, all six type of biochar and phenol solution
were added to the serum bottle identical to the 1st period of phenol
degradation, except that the volume of inoculum and bio-waste were
substituted with the same volume deionized water. To simulate the
condition of anaerobic system, the adsorption experiments were con-
ducted in duplicate under anaerobic condition and operated under
35 °C.

2.4. Analytical methods

The average experimental data of each group (2nd period and 3rd

period) for methanogenesis was fitted by the modified Gompertz
equation:

= +P P exp R e t texp
P

( ) 1max
0

0
0

where P represents CH4 production (mL), P0 represents CH4 production
potential (mL), Rmax represents the maximum CH4 production rate (mL/
d), t0 represents the lag time (days), and e=2.718281828. Origin 8.0
software (OriginLab Corporation, USA) was used to simulate the CH4
production curve and to fit the results. The significance of microbial
community differentiation was analyzed with One-way Analysis of
Variation (ANOVA) by SPSS 10.0 (International Business Machines
Corporation, NY, USA).

The biogas production volume was measured with a glass syringe.
The biogas composition, including H2, CH4 and CO2, was monitored by
a gas chromatograph (GC) (GC7900, Tianmei, China) equipped with a
thermal conductivity detector (TCD) and a molecular sieve packed
stainless steel column (TDX-01, Shanghai Xingyi Chrome, China).
Argon gas was used as carrier gas for measurement. The CH4 production
was calculated by adding the CH4 volume in glassy syringe and in the
headspace. Phenol and VFAs was monitored by a GC (PANNO, China)
equipped with a flame ionization detector (FID) and DB-FFAP column
(φ 0.32mm ×50m; Agilent, USA).

2.5. Microbial community analysis

To elucidate the mechanisms of biochar addition for phenol de-
gradation promotion, microbial community of both archaea and bac-
teria were analyzed at the end of 1st reaction period. The high-
throughput sequencing method was used for microbial community
analysis (Wang et al., 2018b).

For DNA extraction, the sludge samples were centrifuged at
13,000 rpm for 10min, and then the pellets were rinsed with phosphate
buffering saline twice. After that, the PowerSoil® DNA Isolation Kit (MO
BIO, USA) was used for DNA extraction, according to the manu-
facturer’s instruction. The extracted DNA samples were stored in -20 °C
environment for conservation for further analysis.

An Illumina platform (Illumina Miseq PE250, Sangon Biotech,
Shanghai, China) was employed for high-throughput sequencing ana-
lysis of both bacterial and archaeal community. For the bacteria, the
universal primers 515 F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R
(5′-GGACTACHVGGGTWTCTAAT-3′) were used for amplifying V4 re-
gions of 16S rRNA gene via PCR. For the archaea, the two-cycle nested
PCR was used to amplifying V3-V4 regions of 16S rRNA gene. In the
first cycle, the primers 340 F (5′−CCCTAYGGGGYGCASCAG-3′) and
1000R (5′-GGCCATGCACYWCYTCTC-3′) were used. The primers 349 F
(5′-GYGCASCAGKCGMGAAW-3′) and 806R (5′-GGACTACHVGGGTW-
TCTAAT-3′) were used for the second cycle. As the amplification pro-
cess ended, the PCR products were examined via agarose gel electro-
phoresis to determine the quality of amplification. After purification
with Agencourt AMPure XP magnetic beads (Backman Coulter, USA),
the PCR products were quantified by a Qubit 2.0 DNA detection kit
(Sangon Biotech, Shanghai, China).

Table 1
Physico-chemical properties of biochars.

Parameter CM3 CM5 CM7 SD3 SD5 SD7

Ash content (wt%) 15.4 ± 0.2 19.9 ± 0.6 22.6 ± 0.5 5.3 ± 0.3 7.8 ± 0.7 15.0 ± 0.2
pH in solution 7.6 ± 0.1 8.5 ± 0.1 8.9 ± 0.1 7.3 ± 0.1 9.2 ± 0.1 10.0 ± 0.2
specific surface area (m2/g) 4.2 ± 0.3 9.4 ± 2.5 77.8 ± 6.7 9.2 ± 2.1 83.6 ± 3.9 181.3 ± 5.4
C (wt%) 42.3 ± 1.9 43.9 ± 0.4 49.4 ± 2.6 66.6 ± 1.8 74.5 ± 0.6 78.8 ± 1.1
N (wt%) 1.9 ± 0. 1.7 ± 0.1 1.2 ± 0.2 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.1
H (wt%) 3.6 ± 0.1 2.0 ± 0.1 1.2 ± 0.1 6.9 ± 0.5 4.8 ± 0.3 3.9 ± 0.2
O(wt%) 23.4 ± 0.6 19.2 ± 0.3 15.9 ± 0.6 18.5 ± 0.8 12.2 ± 0.6 10.9 ± 0.1
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3. Results and discussion

3.1. Effects of feedstock and pyrolytic temperature on physical and
electrochemical characteristics of biochar

According to Table 1 and SI, the physico-chemical characteristics of
biochar varied depending on both the pyrolytic temperature and feed-
stock used for production. SD biochar contained more diversified or-
ganic functional groups (such as (CH2)-, aliphatic C–O, C]C, and
aromatic structures) compared with CM biochar (Trigo et al., 2016; Kan
et al., 2016) (SI). The organic chemical bond of C1s and O1s detected in
the survey scan spectrum indicated that carbon and oxygen were the
main elements for both CM biochar and SD biochar (SI), and the ratio of
O/C decreased as the pyrolytic temperature increased due to the en-
hancement of the carbonization degree (Keiluweit et al., 2010). For the
specific C1s spectra of all biochar, the peak at the binding energy of
284.5 eV was CeC/C]C, which could be attributed to the graphitic
structure of carbonization (Zhang et al., 2018). The higher relative area
of this peak, as the pyrolytic temperature increased, implies the trans-
formation of organic structure from the aliphatic/aromatic form to the
condensed sheet graphitic form. The comparison between O containing
groups of CM biochar and SD biochar showed that the relatively higher
O content of CM biochar was likely attributed to the OeC]O (car-
boxyl) group. However, SD biochar contained higher content of car-
bonyl groups, especially for the biochar produced under 300 °C and
500 °C. The C]O structure bound to the benzene ring could form im-
portant electron shuttle structures, such as quinone and hydroquinone,
to assist interspecies electron transfer via the redox reaction (Yuan
et al., 2017).

As two potential characteristics associating with DIET, the redox-
based EEC and EC of each type of biochar were compared in Figs. 1 and
2. Mediated electrochemical analysis showed that the EAC mostly
dominated the EEC of biochar (Fig. 1). The highest EEC of SD biochar

was 6.57 μmol e−/g biochar produced at 500 °C, which could have been
attributed to the enriched quinone functional groups at this pyrolytic
temperature (Klüpfel et al., 2014). However, both the EAC and EEC of
CM biochar showed decreasing trends as the pyrolytic temperature
increased, which was likely due to a variation in the O content (Zhang
et al., 2018). For the biochar produced with the same feedstock, EC
increased as pyrolytic temperature increased, which was consistent
with the continued growth and condensation of graphitic crystallites
(Gabhi et al., 2017) (Fig. 2). A comparison between SD biochar and CM
biochar confirmed that SD biochar showed a more significant variation
range with changing pyrolytic temperature, suggesting a strong influ-
ence of the organic carbon-based structure on the EC of biochar.

3.2. Effects of biochar addition on anaerobic phenol degradation

During the 1st period, degradable bio-waste was used to facilitate
phenol degradation. However, unlike the positive results reported in

Fig. 1. Electrochemical analysis of electron accepting capacity (EAC) and electron donating capacity (EDC) of CM3 (a), CM5 (b), CM7 (c), MSD3 (d), SD5 (e) and SD7
(f).

Fig. 2. Electrical conductivity of different kinds of biochar.
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previous studies (Poirier et al., 2018; Rotaru et al., 2014a), the current
results found that CT1 with the addition of degradable bio-waste had a
much longer lag phase for phenol degradation compared with CT2
(substrate was only phenol). This indicates few benefits for the addition
of degradable bio-waste to accelerate phenol degradation (Fig. 3(a, b)).
The reason was likely associated with the microbial community suc-
cession, which is discussed in details in Section 3.3.

Compared with the two control groups, all biochar-added groups
showed methanogenic promotion of phenol. Due to the adsorption of
biochar (Fig. 3(b)), phenol concentration rapidly decreased on the 1st

day of the reaction to different degrees (Rotaru et al., 2014a). Ad-
sorption experiments confirmed that the adsorption capacity of biochar
ranged between 24.4mg phenol/g biochar and 62.8mg phenol/g bio-
char, depending on the type of biochar (SI). For identical pyrolytic
temperatures, the higher adsorption capacity of SD biochar was likely
attributed to the higher SSA (Table 1).

Results of the 2nd period with phenol as the sole substrate indicated

that after a period of acclimation, the methanogenesis of phenol in the
biochar-added groups was completed in 16 days (Fig. 3 (c, d)). For CT2,
however, the lag time was longer than that of 1st period, suggesting that
in the absence of biochar, the lasting bio-toxicity of phenol strongly
inhibited the methanogenesis process, even after one period of micro-
bial acclimation. Compared with CT2 in the 1st period, the lag time of
biochar added groups was shortened from 15.0 days to 1.1–3.0 days,
whereas the Rmax increased from 4.0mL/day to 10.4–13.9mL/day,
indicating that microbial activity was greatly enhanced in the presence
of biochar (SI).

The 3rd period experiment was conducted to clarify the effect of
removing biochar on phenol degradation dynamics after two periods
microbial acclimation. The results indicated that the lag time of me-
thanogenesis was prolonged in the absence of biochar. However, the
Rmax of each control group was still comparable with that of the re-
spective biochar-added group during the 2nd period (changed from
-32.4%–15.4%) (Fig. 3(e, f) and Fig. 4). Although the removal of

Fig. 3. CH4 production and phenol concentration variation in 1st period (a, b), 2nd period (c, d) and 3rd period (e, f).
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biochar from the anaerobic system forced microbes to degrade soluble
phenol for metabolism, the degradation rate was virtually unaffected.
Clearly, after two periods of acclimation, the microbes for phenol de-
gradation that existed in the suspended sludge facilitated the de-
gradation of phenol, even in the absence of biochar. After comparing
the groups in which biochar was removed, most biochar-added groups
in the 3rd period showed further significant benefits for lag time
shortening and Rmax acceleration, suggesting an important role of bio-
char for methanogenic promotion, even in cases of well-acclimated
microbial communities (Fig. 4).

3.3. Effects of biochar addition on microbial community characteristics

Microbial samples were collected at the end of the 1st period. The
results in Fig. 5 (a) illustrated that for the inoculum, two fermentative
bacteria, Thermogutta and Levilinea, were the dominant genera in the
bacterial community. However, their relative abundances decreased
from 46.1 % and 8.6 % to 0.2-0.6 % and less than 0.1 %, respectively, in
the biochar-added and two control groups (Fig. 5), indicating that the
acclimation of substrates significantly altered the microbial community.
Furthermore, the relative abundance of Geobacter was largely enriched
after phenol acclimation. Noticeably, although Geobacter were reported
as important functional bacteria in granular sludge for DIET achieve-
ment in brewery wastewater treatment units, it had extremely low re-
lative abundance in the inoculum. This was possibly due to the poor
granulation conditions of sludge in the inoculum used in this study
(Rotaru et al., 2014b). Our previous studies with the same bio-waste
and inoculum for anaerobic digestion under the mesophilic condition
showed that both batch and long-term semi-continuous operation
models could not enrich the electro-active Geobacter. This suggests that
the bio-wastes used in this study were not the inducing factor for
Geobacter enrichment ((Wang et al., 2018b) and data not been pub-
lished). Moreover, the degradation of phenol and the higher relative
abundance of Geobacter in CT2 compared with that of CT1 also in-
dicated that the enrichment of high-efficient functional bacteria was
more significant than the addition of degradable bio-waste to promote
phenol degradation. The results of ANOVA for comparing the differ-
ences between the biochar-added and two control groups indicated that
biochar addition significantly enhanced the enrichment of Geobacter
(p < 0.05). Syntrophorhabdus is another functional metabolizer that
can degrade phenol to acetate in syntrophic associations with hydro-
gentrophic methanogens through the thermodynamically unfavorable
electron transfer process (Qiu et al., 2008). The genus of Syn-
trophorhabdus was not detected in the inoculum, and just accounted for
1.1 % and 2.1 % in CT1 and CT2, respectively. However, as biochar was
added, its relative abundance increased to 3.4%–9.3%, respectively,
which was consistent with the promotion of phenol degradation in the
biochar-added groups.

The analysis of archaeal communities, as illustrated in Fig. 5(b),
indicated that the archaeal communities varied slightly after phenol
acclimation compared with bacterial communities. Methanosaeta and
Methanobacterium were two main genera, accounting for 88.9–99.5 % of
the total archaeal community. However, the relative abundance of
Methanosaeta increased from 49.2 % and 49.8 % in CT2 and CT1 to
66.5–76.1 % in biochar-added groups, respectively, indicating that
Methanosaeta, but not Methanobacterium, played the determining role
for the highly efficient methanogenesis of phenol. As an archaeal genus
that can directly accept electrons from electron mediator or electro-
active bacteria, the enrichment of Methanosaeta during DIET has been
widely reported (Zhao et al., 2017; Wang et al., 2016). In a brewery
wastewater digester, DIET between Geobacter and Methanosaeta was
observed, and the authors claimed that the released electrons of Geo-
bacter were transferred to Methanosaeta via electrically conductive pili
for CO2 reduction (Rotaru et al., 2014b). Another study with phenol as
the sole substrate for anaerobic degradation (Yan et al., 2018) reported
that adding nano-materials (carbon nanotubes and magnetite) enriched

Methanosaeta from 30.99 % to 40.36–46.33 % and decreased the re-
lative abundance of Methanobacterium from 56.26 % to 31.27–36.66 %,
which was consistent with the results of the present study. Furthermore,
a UASB reactor for coal gasification wastewater treatment confirmed
that the addition of electrically conductive graphene enhanced COD
removal and CH4 production via DIET between Geobacter and Metha-
nosaeta (Zhu et al., 2018). Therefore, according to the variations in the
microbial communities in this study, it is reasonable to postulate that
different metabolic types of phenol degradation occurred. On the other
hand, for CT2, syntrophic metabolism between Syntrophorhabdus and
Methanobacterium with H2 as the electron transfer mediator likely
triggered the degradation of phenol (Franchi et al., 2018). However,
this thermodynamically unfavorable electron transfer process greatly
limited the metabolic efficiency (Nobu et al., 2014). In biochar-added
groups, the addition of biochar strengthened the low-efficient metabolic
pathway in control groups through Syntrophorhabdus enrichment. More
importantly, it also triggered the thermodynamically favorable syn-
trophic metabolism between Geobacter and Methanosaeta, potentially
via DIET, to achieve the high-efficient methanogenesis of phenol.

3.4. Potential mechanisms of biochar addition for phenol degradation
promotion

According to the results of the three periods and microbial com-
munity analysis, it is believed that biochar addition promoted the me-
thanogenesis of phenol via both the strong adsorption capacity for
phenol and syntrophic DIET enhancement of microbial communities. As
a carbon-based porous material, biochar has been confirmed to be an
absorbent for the hydrophobic phenolic substance removal from aqu-
eous environments (Girods et al., 2009; Li et al., 2017). Although
building an adsorption-biodegradation model in an anaerobic system
via addition of adsorptive materials is beneficial for the promotion of
phenol degradation, the associated mechanisms still remain unclear
(Rotaru et al., 2014a). Thus, to confirm whether EC or EEC of biochar
exerted a greater influence on the enhancement of DIET, the relation-
ship between the methanogenesis process and the physical or electro-
chemical properties of biochar were analyzed by linear correlations.
The results (Fig. 6) indicated that the lag time of methanogenesis had a
strong linear relationship with the adsorption capacity of biochar
(R2= 0.91). As a bio-toxic substance, the soluble phenol in the anae-
robic system could inhibited the metabolic activity (Fang and Chan,
1997). The importance of the adsorption capacity of biochar for trig-
gering phenol degradation could be attributed to two possible reasons.
Firstly, the conversion of phenol from soluble form to adsorptive form
via the addition of biochar mitigated the bio-toxicity of phenol to mi-
crobes. More importantly, adsorptive phenol was more accessible for
the attached microbes in biochar to degrade via a favorable

Fig. 4. Comparisons of lag time and Rmax of methane production fitted by
modified Gompertz equation in 2nd and 3rd periods.
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thermodynamic process (DIET) (Shrestha et al., 2013). Secondly, after
comparing the EC and EEC of biochar, the EEC showed a more positive
linear relationship with the Rmax of methanogenesis (R2= 0.4634 vs
R2=0.0985). This finding suggested that even the methanogenesis
process was not completely controlled by the EEC of added biochar due
to the slightly linear relationship, the role of biochar as the redox-active
mediator was more dominant than as an electrical conductor to sti-
mulate DIET between electro-active bacteria and methanogens for
syntrophic phenol oxidation. Although the biochar used in this study
showed poor EC (Zhang et al., 2018), the enriched redox-active func-
tional groups existing in biochar were beneficial for the promotion of
biological electron transfer between electro-active microbes via its

redox-active organic functional groups (SI) (Saquing et al., 2016;
Beckmann et al., 2016). In our previous study, the capacity of biochar
to act as electron acceptors for syntrophic oxidation was confirmed,
even in the absence of methanogenesis (Wang et al., 2018b). In this
study, FT-IR and XPS analysis indicated that quinone and hydro-
quinone-related functional groups potentially existed on the surface of
biochar, and SD-derived biochar produced at 500 °C seemed to contain
the highest contents, which was consistent with the highest Rmax per-
formance of methanogenesis.

Compared with the methanogenesis process and microbial com-
munity of 2nd and 3rd periods (Fig. 4), it was found that the removal of
biochar did not significantly influence Rmax. However, it prolonged the

Fig. 5. Relative abundance of bacteria (a) and archaea (b) at genus level.

Fig. 6. Correlation between methanogenic lag time (a, b, c), and maximum CH4 production rate (d, e, f) and adsorption capacity or electrochemical properties of
biochar.
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lag time, suggesting the negative impact of soluble phenol on microbes.
Although the well-acclimated microbial community was reshaped with
the assistance of biochar after two reaction periods, a transformation of
bio-toxic phenol from adsorptive form to soluble form caused an acute
environmental shock for the microorganisms. According to the results
of microbial community analysis, it is believed that even in the absence
of biochar, acclaimed electro-active syntrophic partners (Geobacter and
Methanosaeta) could also achieve potential DIET via e-pili connection or
cytochrome-cmediation (Fig. 5) (Rotaru et al., 2014b). Fortunately, the
further significant benefits for the lag time shortening and Rmax accel-
eration of biochar-added groups during the 3rd period confirmed that
besides the adsorption for bio-toxic reduction, the more important role
of biochar was as a redox-active mediator to stimulate a more highly
efficient DIET, rather than that occurring between syntrophic partners
themselves. In summary, the potential mechanisms of biochar-assisted
phenol degradation for methanogenesis can be described as follows.
Firstly, the introduction of biochar transfers a proportion of the phenol
from the soluble form to the adsorptive form, which is beneficial for
bio-toxicity reduction. Furthermore, the redox-active property of bio-
char enriched the growth of electro-active bacteria (Geobacter) and
archaea (Methanosaeta). Biochar accepted the electrons released from
phenol oxidation by bacteria first, and then transferred them to me-
thanogenic archaea for methanogenesis through CO2 reduction. In this
way, highly efficient syntrophic phenol oxidation based on DIET is es-
tablished for methanogenesis.

As a sustainable material, biochar can be produced from diverse bio-
waste. Moreover, during pyrolysis, the extracted bio-oil and syngas
produced simultaneously with biochar preparation could be in-situ
combusted for combined heat and power (CHP) production. This means
that in addition to biochar production, extra renewable energy could be
produced during pyrolysis without positive GHG emission (Peters et al.,
2015). In a recent report, the impact of biochar production and use at
the city-scale for climate change mitigation was evaluated via life cycle
assessment, and the results showed that compared with the current
scenarios with forest biomass as energy source, an integrated CHP
system with pyrolysis and biochar comprehensive utilization was more
beneficial for climate change mitigation, especially in a long-term
duration-based evaluation (Azzi et al., 2019). Consequently, we believe
that the biochar-assisted phenol degradation proposed in this study has
a promising future for the sustainable treatment of phenol wastewater.

4. Conclusions

The results of this study showed that the addition of biochar ac-
celerated the syntrophic oxidation of phenol for methanogenesis in an
anaerobic system. Typical electro-active microbes (Geobacter and
Methanosaeta) were enriched with the assistance of biochar, indicating
that highly efficient syntrophic phenol degradation was stimulated by
the potential DIET pathway. The electron exchange capacity of biochar
seemed to be more significant than that of the electrical conductivity
for DIET enhancement. Meanwhile, the adsorption capacity of biochar
for phenol was significant for mitigating bio-toxicity of phenol to mi-
crobial activity. In summary, this study proposed a green and low-cost
strategy for the rapid methanogenesis of phenol, which could be
meaningful for the sustainable treatment of hazardous phenol-con-
taining wastewater.
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