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A B S T R A C T   

The roles of biochar and granular activated carbon (GAC) in the enhancement of anaerobic phenol degradation 
were characterized through batch tests conducted at different phenol concentrations, coupled with adsorption 
kinetics, microbial community, and in-situ electrochemical analysis. Both biochar and GAC (15 g/L) led to 
markedly shorter lag times (t0) by adsorbing dissolved phenol, and faster maximum CH4 production rate (Rmax) 
by triggering direct interspecies electron transfer (DIET) during a two-stage (adsorption then degradation) 
anaerobic phenol degradation. The high adsorption capacity of GAC helped achieve a shorter t0, but less affected 
Rmax of subsequent phenol degradation. Compared with GAC, which showed higher conductivity but no redox 
activity, biochar exhibited higher electron exchange capacity (6.57 μmol e− /g). This higher electron exchange 
capacity stemmed from the diverse redox-active moieties, which resulted in a more efficient DIET. Meanwhile, 
the formation of wire-like appendages which linked the enriched DIET partners (such as Syntrophorhabdus and 
Methanosaeta) on biochar probably futher enhanced the electron transfer. However, hydrogenotrophic meth-
anogenesis was still the main pathway for syntrophic phenol degradation in the suspended sludge. The in-situ 
analysis also confirmed that biochar and GAC acted as geobatteries and geoconductors, respectively, and that 
the stimulation of DIET was persistent.   

1. Introduction 

Phenol is a toxic, intermediate chemical that is a common by-product 
in many industrial applications (Veeresh et al., 2005; Tian et al., 2020). 
Most efforts for removing phenols have been focused on their physico- 
chemical and biological processes because of their recalcitrance and 
carcinogenicity (Leven et al., 2012; Aktas and Cecen, 2007). Compared 
with other treatment technologies, anaerobic digestion (AD) is of 
considerable interest for its numerous advantages, such as lower energy 
consumption, lower biomass yield, and its ability to promote energy 
recovery in the form of CH4 (Siddique and Wahid, 2018; Mao et al., 
2015). However, the high bio-toxicity of phenol to microbes and the low 
efficiency of hydrogen/formate interspecies electron transfer (IET) be-
tween syntrophic bacteria and methanogens limit the conversion of 

phenol to CH4 (He et al., 2019). Therefore, the addition of functional 
materials appears to provide a superior approach for enhancing anaer-
obic phenol degradation (Xu et al., 2020). 

Since an alternative IET pathway—direct interspecies electron 
transfer (DIET)— was identified in the co-culture of Geo-
bactermetallireducens and G. sulfurreducens (Lovley, 2017; Huang et al., 
2019; Kang et al., 2019), conductive materials, such as magnetite, car-
bon nanotubes, granular activated carbon (GAC), and biochar have been 
used to enhance syntrophic methanogenesis by triggering DIET (Yuan 
et al., 2018; Poirier et al., 2018; Yan et al., 2018; Jiang et al., 2020). 
Among these materials, porous carbon–biochar and GAC are both 
conductive materials and ideal adsorbents (Li et al., 2019) that show a 
few notable advantages in anaerobic phenol degradation. First, the large 
surface area and high porosity of these materials can absorb dissolved 
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phenol to mitigate bio-toxicity in AD systems and promote the attach-
ment of suspended microbes to shorten the distance between syntrophic 
partners (Zhao et al., 2020). Second, their conductive properties 
conferred by oxygen-containing moieties can improve the efficiency of 
syntrophic methanogenesis via DIET (Wu et al., 2020). Although one of 
our previous studies has confirmed that carbon-based additives promote 
anaerobic phenol degradation (Wang et al., 2019), the underlying 
mechanism of this process and its relationship to the adsorption and 
conductive properties of these materials require clarification. 

Biochar and GAC pyrolyzed under oxygen-limited conditions below 
and above 1000 ◦C, respectively (Zhang et al., 2018b; Girods et al., 
2009), results in significant differences in the adsorption and conductive 
properties of these materials. As mentioned above, adsorption capacity 
is one of the most important properties of biochar and GAC (Thang et al., 
2019; Jung et al., 2001), as it determines the degree to which bio- 
toxicity is relieved at the initial adsorption stage when anaerobic 
phenol degradation is enhanced and might even have an important in-
fluence on the later syntrophic methanogenesis stage. With its larger 
specific surface area, GAC generally shows better adsorption capacity for 
phenol compared with biochar (Elnaas et al., 2010; Mohammed et al., 
2018); however, whether the adsorption properties of these materials 
are positively correlated with the efficiency of subsequent syntrophic 
methanogenesis and how the adsorption properties affect the kinetics of 
anaerobic phenol degradation remain unclear. 

Because of the lower pyrolysis temperature, abundant functional 
groups, such as quinone/hydroquinone, can form on biochar, resulting 
in excellent redox activity (Klüpfel et al., 2014) but reduced conduc-
tivity (Wang et al., 2019). Compared with biochar, the graphitized 
structure of GAC shows high conductivity, but few oxygen-containing 
functional groups can survive under high temperatures. Although both 
redox activity and conductivity could enhance electron transfer between 
syntrophic partners (Wang et al., 2020; Liu et al., 2012), their contri-
butions to DIET and the role of biochar and GAC are still unclear. In 
addition, the syntrophic methanogenesis of phenol occurs over an 
extended period compared with phenol adsorption. After biochar/GAC 
is enveloped by biofilm, the conductivity of this biochar/GAC-microbial 
polymer might change and, in turn, affect the electron transfer pathway 
and its efficiency. However, most studies have focused on obtaining 
evidence of DIET triggered by biochar/GAC via ex-situ analysis of their 
electrochemical properties (Yuan et al., 2018; Wang et al., 2020; Li 
et al., 2018), without consideration of the effects of biofilm formation. 
Therefore, the development of in-situ analytical methods for revealing 
variation in the conductive properties of biochar/GAC-microbial poly-
mer is critical for elucidating the underlying mechanisms of enhanced 
anaerobic phenol degradation by biochar and GAC. 

Here, batch tests were conducted with different phenol concentra-
tions to clarify the roles of biochar and GAC in enhancing anaerobic 
phenol degradation. Adsorption kinetics, microbial community analysis, 
and in-situ electrochemical analyzes were conducted to characterize the 
effects of the adsorption and conductive properties of biochar and GAC 
on the kinetics of anaerobic phenol degradation; clarify the impact of 
surface properties on reducing bio-toxicity and promoting syntrophic 
methanogenesis, and reveal the mechanisms of electron transfer trig-
gered by biochar and GAC. 

2. Materials and methods 

2.1. Biochar and GAC 

Biochar used in this study was prepared at 500 ◦C by a muffle furnace 
using sawdust as a raw material as described in a previous study (Wang 
et al., 2020). GAC was purchased from a commercial company (Sigma- 
Aldrich, St. Louis, MO, USA). Both biochar and GAC were ground and 
sieved to diameters ranging between 0.25 and 1 mm. 

2.1.1. Surface morphology and properties 
The surface morphology of the biochar and GAC was analyzed by 

scanning electron microscopy (SEM) (JSM-6510LV, Japan). The pH 
value of the suspension was measured using a pH meter (PHS-3C, Dapu 
Instrument Co., Shanghai, China). The specific surface area was inves-
tigated by the N2 adsorption-desorption with a V-Sorb X800 Bru-
nauer–Emmett–Teller analyzer (Gold APP Instrument Co., Beijing, 
China). The elemental composition was determined by an isotope ratio 
mass spectrometer (IRMS, IsoPrime100, Elementar, Germany). The de-
tails for the GAC and biochar are summarized in Table S1. The organic 
functional groups of the biochars were determined by Fourier transform 
infrared spectroscopy (FT-IR, PerkinElmer, USA) with a model of 
attenuated total reflectance and a frequency range of 4000–900 cm. X- 
ray photoelectron spectroscopy (XPS) (K-Alpha, Thermo Fisher, USA) 
was used to study the distribution of C1s bonds distribution of GAC and 
biochar, and XPSPEAK was used to calibrate the C1s data. The ther-
mogravimetry of these materials was measured by a TGA/DSC2 ther-
mogravimetric analyzer (TGA) (Mettler-Toledo, Switzerland) following 
the method of Prado et al. (2019). 

2.1.2. Conductive properties 
A four-probe method by a powder electrical sensitivity tester 

(ST2722, Jingge, Suzhou, China) was used to study the electrical con-
ductivity of the raw biochar and GAC. 

The electron-accepting capacities (EAC) and electron-donating ca-
pacities (EDC) of biochar and GAC were quantified by the mediated 
electrochemical method with modification (Zhang et al., 2018b; Klüpfel 
et al., 2014). More details are provided in the Supplementary material. 
EAC and EDC were calculated by the following equations: 

EAC =

∫ IEAC
F dt

mbiochar
(1)  

EAC =

∫ IEDC
F dt

mbiochar
(2)  

where F is the Faraday constant, m is the mass of added biochar, and I is 
the current with time. 

The conductivity of sludge was determined using an electrochemical 
workstation (CHI660e, Huachen, China) according to a previous study 
(Yin et al., 2018). 

2.1.3. Adsorption properties 
Adsorption tests were conducted in 90-mL serum bottles. Biochar 

and GAC at dosages of 15 g/L were added into the serum bottles with an 
initial phenol concentration at 1000 mg/L (working volume = 50 mL, 
pH = 7). Next, 1 mL of supernatant was collected at different time in-
tervals, followed by centrifugation and filtration with a 0.45 μm 
microfilter to determine phenol concentration. For isotherm analysis, 
biochar and GAC were added into the vials with different concentrations 
of phenol (100–1700 mg/L). After the adsorption equilibrium was 
reached, the supernatant was withdrawn and analyzed by the above 
method. All of the bottles with duplicates were incubated in a water bath 
shaker at 35 ◦C and 120 rpm. The amount of adsorbed phenol (qe) was 
calculated using Eq. (3) (Dehmani et al., 2020): 

qe =
(C0 − Ce)V

m
(3)  

where qe is the adsorption capacity of biochar at equilibrium (mg/g), C0 
is the initial phenol concentration, Ce is the phenol concentration at 
equilibrium (mg/L), V is the volume (mL), and m is the amount of bio-
char (g). Kinetic and isotherm models are described in Supplementary 
material. 

Q. Li et al.                                                                                                                                                                                                                                        



Journal of Hazardous Materials 405 (2021) 124183

3

2.2. Biochar and GAC mediated anaerobic phenol degradation 

2.2.1. Batch test 
To elucidate the effect of the adsorption and conductive properties of 

biochar and GAC on anaerobic phenol degradation, batch tests were 
conducted. Inoculum used in this study was collected from a mesophilic 
UASB treating brewery wastewater. The physicochemical properties of 
inoculum are shown in Table S2. Twenty mL of inoculum and 5 mL of 
the phenol solution were added into serum bottles (120 mL); the 
nutrient solution (0.5 g/L NH4Cl, 0.1 g/L MgCl20.6 H2O, 0.4 g/L 
K2HPO4, and 0.05 g/L CaCl2⋅2H2O) was replenished to obtain a 90-mL 
working volume with phenol concentrations of 500, 800, 1200, 1500, 
and 1700 mg/L. Next, 15 g/L biochar/GAC was added into each bottle; 
control bottles without biochar and GAC addition were also set for each 
phenol concentration. Moreover, blank bottles without phenol and 
biochar/GAC were also prepared to eliminate the influence of CH4 
generated from the inoculum when calculating the volume of CH4 pro-
duced in the biochar-added group, GAC-added group, and control group. 
All of the bottles were conducted in duplicate in a mesophilic (35 ◦C) 
water bath shaker at 120 rpm. During batch tests, 1 mL of mixed sludge 
was taken from each bottle on the sampling days based on the degree of 
biogas production and stored at 4 ± 1 ◦C after filtration through a 
0.45 μm filter. 

2.2.2. Physicochemical analysis 
Biogas production was measured with a glass syringe. The biogas 

composition (H2, CH4, and CO2) was determined by a gas chromato-
graph (GC) (GC7900, Tianmei, China), which had a thermal conduc-
tivity detector and a molecular sieve-packed stainless-steel column 
(TDX-01, Shanghai, China). Phenols and volatile fatty acids (VFAs) were 
determined by gas chromatography (PANNO, China) with a flame 
ionization detector and a DB-FFAP column (φ 0.32 mm × 50 m; Agilent, 
USA). The benzoic acid was determined by a gas chromatography-mass 
spectrometer (GC–MS, Agilent, USA) with a DP5 column 
(30 m × 0.25 mm × 0.25 mm). Details are shown in the Supplementary 
material. 

The CH4 production of each group was fitted using the following 
modified Gompertz equation (Li et al., 2020): 

P = P0∙ exp
{

− exp
[

Rmax∙e
P0

∙(t0 − t)+ 1
]}

(4)  

where P refers to methane production (mL), P0 is the CH4 production 
potential (mL), Rmax is the maximum CH4 production rate (mL/d), t0 is 
the lag time (days), and e is a constant. The Origin software (Origin Lab 
2018 Corporation, USA) was used to analyze the significance of differ-
ences in the data by one-way analysis of variance (ANOVA). 

2.3. Characteristics of enriched microbes by biochar and GAC 

2.3.1. Morphology 
One g of biochar and GAC was taken from bottles at a phenol con-

centration of 800 mg/L after batch tests of anaerobic phenol degrada-
tion were complete. The morphology of the enriched microbes on 
biochar and GAC was analyzed by SEM (JSM-6510LV, Japan). 

2.3.2. Microbial communities 
Five samples were taken from the biochar-added group (attached 

biofilm on biochar and the suspended sludge with biochar removal), 
GAC-added group (attached biofilm on GAC and the suspended sludge 
with GAC removal), and control group at a phenol concentration of 
800 mg/L. DNA was extracted from the five samples using the E.Z.N.A.® 
soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) per the manufacturer’s 
instructions. The extracted DNA was then purified by a 1% agarose gel, 
and the DNA concentration was determined by a NanoDrop 2000 
UV–Vis spectrophotometer (Thermo Scientific, Wilmington, DE, USA). 

High-throughput sequencing (HTS) targeting 16S rRNA was used to 
analyze the microbial communities. The hypervariable region V4 of the 
bacterial 16S rRNA gene was amplified with the primer pairs 515F (5′- 
GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGAC-
TACHVGGGTWTCTAAT-3′) by anABI GeneAmp® 9700 PCR thermo-
cycler (ABI, CA, USA). For the archaea, the primers 340F (5′- 
CCCTAYGGGGYGCASCAG-3′) and 1000R (5′-GGCCATGCA-
CYWCYTCTC-3′) were used. PCR reactions were conducted in triplicate 
with the mixtures, which contained 5× TransStartFastPfu buffer 4 μL, 
2.5 mM dNTPs 2 μL, forward primer (5 μM) 0.8 μL, reverse primer 
(5 μM) 0.8 μL, TransStartFastPfu DNA Polymerase 0.4 μL, template DNA 
10 ng, and ddH2O up to 20 μL. The PCR products were extracted using a 
2% agarose gel and purified by the AxyPrep DNA Gel Extraction Kit 
(Axygen Biosciences, Union City, CA, USA) per the manufacturer’s in-
structions. HTS was performed by a commercial company (Majorbio Co., 
Ltd., Shanghai, China) using the Illumina Miseq sequencing system 
(Illumina, USA). 

2.3.3. Electrochemical properties of biochar/GAC-microbial polymers 
To characterize the effects of attached microbes on the electro-

chemical properties of biochar and GAC, the electrochemical responses 
of biochar/GAC-microbial polymers were investigated by in-situ cyclic 
voltammetry (CV) in an H-type cell with modification (Fig. S1) (Yan 
et al., 2018). The same mass of GAC and biochar (1.5 g) was dropped 
casted on the carbon felt (1 cm2) by mixing with 40 μL of nafion, which 
was externally connected to working electrodes in an anodic chamber 
[versus Ag/AgCl/Cl (sat.)]. This chamber contained 100 mL of fresh-
water medium with 100 mg/L of phenol and 20 mL of the acclimatized 
seed sludge. A graphite plate (3.0 cm × 1.5 cm) was used as a counter 
electrode. The CV of the three electrodes was sequentially conducted at 
10 mV/s (− 1.2 to 1.2 V) with t = 0. After the biofilm attached on the 
biochar/GAC (i.e., the biochar/GAC-microbial polymer), the electro-
chemical properties of the polymers were analyzed under the same 
voltage versus Ag/AgCl. 

The value of the electron transfer coefficient (kapp) was calculated 
using Eq. (5) (Yuan et al., 2011): 

Ep = E0′ −

(
RT

（1 − α）nF

)

ln
（1 − α）nFυ

RTkapp
(5)  

where Ep is the anodic peak potential; υ is the sweep rate; kapp is the 
electron transfer coefficient; and R, T, and F are constants (R =
8.314 J mol− 1 K− 1, T = 298 K, and F = 96,483 C mol− 1). The 
（1 − α）nFquantity is calculated from the slope of the linear portion of 
the (Ep − E0′

) versus ln(υ) curves. 

3. Results and discussion 

3.1. Different phenol degradation kinetics derived from biochar and GAC 
addition 

The accumulated CH4 production data at phenol concentrations 
ranging from 500 to 1700 mg/L are shown in Fig. 1a–c, and kinetics 
parameters obtained by Gompertz model fitting are listed in Table 1. In 
the control group, the bio-toxicity of dissolved phenol inhibited CH4 
production; thus, lag time (t0) was the longest (15.8 d) among treat-
ments, even at the lowest phenol concentration of 500 mg/L, and 
completely stagnated at phenol concentrations above 800 mg/L. How-
ever, both biochar and GAC could promote CH4 production at even the 
highest phenol concentration (1700 mg/L), although the adsorption 
capacity (expressed as adsorbable phenol at a dosage of 15 g/L) of 
biochar (814.5 mg/L) was significantly lower than that of GAC 
(1523 mg/L). The decrease in phenol concentration in the absence of 
CH4 production in the control group (at concentrations of 1200, 1500, 
and 1700 mg/L) indicated that approximately 12% phenol could be 
adsorbed by the suspended microbes (abiotic adsorption could be 
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neglected) (Fig. 1c). Thus, GAC completely adsorbed phenol before it 
was converted to CH4, even at a concentration of 1700 mg/L, which was 
slightly higher than its adsorption capacity (Fig. 1b′). Because of the 
lower adsorption capacity of biochar, residual dissolved phenol was 
observed when the phenol concentration was greater than 1200 mg/L 
(Fig. 1a′). The incomplete adsorption might be the main factor under-
lying the longer lag time in the biochar-added group compared with that 
in the GAC-added group. Nevertheless, COD mass balance confirmed 
that more than 95% of phenol could be converted to CH4 once microbes 
recovered from inhibition, indicating an efficient phenol degradation 
was achieved in this two-stage process. 

When the phenol concentration was lower than the adsorption ca-
pacity, the t0 of CH4 production in both the biochar and GAC-added 
groups was maintained for approximately 10 days, as the dissolved 
phenol was almost completely adsorbed by biochar/GAC, thus reducing 
bio-toxicity (Fig. 2a) (Poirier et al., 2016). When the phenol concen-
tration was greater than the adsorption capacity, t0 was prolonged 
almost linearly with a similar slope. Thus, t0 might only be affected by 
the adsorption capacity of carbon additives, regardless as to whether 
biochar or GAC was added. 

The maximum CH4 production rate (Rmax) increased linearly with 
phenol concentration in both the biochar (R2 = 0.98) and GAC-added 
group (R2 = 0.99) (Fig. 2b). Nevertheless, the Rmax in the biochar- 
added group was 14.8–81.9% higher than that in the GAC-added 
group at the same phenol concentration, although a decrease in Rmax 
was observed at the maximum phenol concentration of 1700 mg/L. By 
contrast, the increase of Rmax in the biochar-added group was more 
rapid, which was 1.83 times that of the GAC group. In addition, the 
relative content of benzoic acid (Fig. S2) implied that biochar was su-
perior for overcoming the thermodynamic barriers of benzoic acid 
oxidation (Eq. (6)), thus enhancing the methanogenesis of adsorbed 
phenol. The excellent capacity of biochar to promote methanogenesis 
might be related to its distinct conductive properties.  

C7H5O3
− + 6H2O → 3CH3COO− + HCO3

− + 3H+ + 2H2 ΔG0 =

+5⋅39 KJ mol− 1                                                                              (6)  
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3.2. Distinct surface structures confer different adsorption and conductive 
properties 

3.2.1. Adsorption properties 
SEM showed that biochar had an inclined tube-like shape and well- 

arranged pores with cylindrical morphologies (diameters of 6–7.2 µm) 
(Fig. S3a) that originated from the vascular cells of plant tissue (Keilu-
weit et al., 2010). However, GAC exhibited a more rugged morphology 
with larger and more heterogeneous holes (Fig. S3b) and larger specific 
surface area ( 762.5 > 83.6 m2/g), which likely explains why GAC is a 
better adsorbent compared with biochar. Adsorption kinetics and 
isotherm analysis (Supplementary material) indicated that chemisorp-
tion controlled the adsorption process of phenol by these two materials 
because of the higher R2 for the pseudo-second-order model (Moham-
med et al., 2018). The adsorption equilibrium concentration of GAC was 
33.54 mg/g, which was 1.75 times that of biochar. Moreover, the 
maximum phenol adsorption capacities were 54.3 and 101.53 mg/g for 
biochar and GAC, respectively. The high adsorption capacity of GAC was 
beneficial for mitigating the sudden increase in bio-toxicity caused by 
dissolved phenol. Thus, the t0 of CH4 production could be maintained at 
15.5 d, even under a phenol concentration as high as 1700 mg/L, which 
was significantly lower than the t0 for the biochar-added group (24.6 d). 
Although the morphology and specific surface area were remarkably 
different, t0 was only determined by the difference in phenol concen-
tration and adsorption capacity of biochar/GAC. 

3.2.2. Conductive properties 
Higher diversities of organic functional groups, ‒(CH2)‒, aliphatic 

C‒O, C˭C, and other aromatic structures were detected on biochar 
relative to GAC (Fig. 3a) (Yu et al., 2015; Kan et al., 2016). Furthermore, 
redox (hydro) quinone moieties (vibration at 1570/cm) were richer on 
biochar than on GAC (Yu et al., 2015; Saquing et al., 2016), which was 
consistent with the results of the TGA and XPS analyzes (Fig. 3b–d). A 
remarkable C˭O bond at 286.4 eV and 287.4 eV and the hump at 
600–800 ◦C were assigned to redox quinone/carbonyl moieties (Prado 
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et al., 2019), which could be responsible for making biochar redox 
active (Yuan et al., 2018). However, GAC was more conductive than 
biochar, as the C1s spectra of GAC showed a higher abundance of the C‒ 
H and C‒C bands than biochar at 284.8 eV and 250.3 eV, respectively. 

The distinct surface functional groups of biochar and GAC were 
responsible for the significantly different conductive properties of these 
two carbon materials. The EDC and EAC of biochar were 0.38 and 
6.19 μmol e− /g respectively, indicating that biochar was a redox 
mediator that tended to accept electrons in redox reactions, which is 
consistent with the findings of Klüpfel et al. (Fig. 4a) (Klüpfel et al., 
2014). Interestingly, although GAC was not capable of redox-based 
electron exchange because of the loss of quinone-like oxygen- 

containing moieties caused by the higher temperature of pyrolysis and 
the formation of a condensed graphitic sheet, the conductivity of the 
mixed sludge of the GAC-added group was 67.45 ± 1.30 µS/cm 
(Fig. 4b). The capacity for conductivity enhancement was as high as 
4.16 μS/cm/g, which was 8.82 times higher than that for biochar 
(0.47 μS/cm/g), suggesting that GAC could act as a geoconductor and 
increase the capacity for electron exchange (Zhao et al., 2016). The 
markedly higher Rmax in the biochar-added group indicated that the 
redox-based electron exchange capacity likely played a more important 
role in promoting DIET than conductivity. 
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3.3. Enrichment of functional microbes induced by biochar and GAC 

3.3.1. Succession of microbial communities 
Bacteria and archaea with relative abundances > 1% were analyzed. 

Syntrophorhabdus, which can oxidize phenol to acetate via syntrophic 
associations with hydrogenotrophic methanogens (Qiu et al., 2008), 
only accounted for 2.06% of the total bacteria in the control group but 
was the most abundant bacterial genus in the attached biofilm of the 
biochar-added group and GAC-added group with relative abundances of 
28.6% and 23.3%, respectively (Fig. 5a). The high abundance of Syn-
trophorhabdus on biochar and GAC might play an important role in the 
enhancement of syntrophic phenol degradation. Syntrophobacter and no 
rank_f_Syntrophaceae, two common syntrophic VFA-oxidizing bacteria 
(Zhang et al., 2018a; Gray et al., 2011), were the dominant genera in the 
suspended sludge (with biochar/GAC removal) in both the biochar 
(15.6% and 14.0%) and GAC-added (15.3% and 8.65%) groups, but 
their relative abundances in the attached biofilm of the biochar-added, 
GAC-added, and control groups were lower. The enrichment of Syntro-
phobacter and no rank_f_Syntrophaceae in the suspended sludge likely 
stemmed from the alleviation of bio-toxicity as phenol was adsorbed by 
biochar and GAC. In addition, Thermovirga, which could contribute to 
the syntrophic degradation of phenol, was highly enriched in the sus-
pended sludge of the GAC-added group with a relative abundance of 
10.7%, which was significantly higher than that observed in the biochar 
and control groups. The enrichment of Thermovirga in the suspended 
sludge of GAC might mitigate the bio-toxicity shock (Dahle and Birke-
land, 2006; Sun et al., 2020), permitting the production of CH4 to begin 
early in the digestion process, even under high phenol concentrations. 

Methanosaeta (Methanothrix) and Methanobacteriumwere the domi-
nant archaeal genera (Fig. 5b). The relative abundance of Methanosaeta 
on biochar and GAC was 51.6% and 55.3%, respectively, which was 75% 
and 63% higher relative to the control group. Methanosaeta could not 
only produce CH4 via the aceticlastic pathway but also DIET by bicar-
bonate reduction (Liu et al., 2012). Thus, the highly abundant Meth-
anosaeta in the attached biofilm on biochar and GAC might stimulate 
highly efficient DIET between syntrophic partners. The hydrogentrophic 
methanogen Methanobacterium was the most dominant genus in the 
control group (65.2%); the relative abundances of hydrogentrophic 

methanogens were also higher than the acetoclastic methanogens in the 
suspended sludge of the biochar-added and GAC-added groups. We 
speculate that IET via hydrogentrophic methanogenesis was still the 
main pathway for syntrophic phenol degradation in the suspended 
sludge and that DIET might occur between syntrophic microbes 
enriched on biochar and GAC because of their conductive properties. 

3.3.2. Morphology of enriched microbes 
Although the dominant bacteria and archaea, such as Syntropho-

rhabdus and Methanosaeta, enriched on biochar and GAC were similar, 
the morphology of microbial clusters were significantly different, as 
shown in Fig. 6. Microbes tended to attach to the surface of GAC, 
whereas they tended to occupy the internal pores of biochar. In addition, 
wire-like appendages that linked microbes as bridges were observed on 
biochar, which were probably stimulated by the distinct properties of 
biochar, especially the highly redox-based electron exchange capacity. It 
could be speculated that the wire-like appendages might link the syn-
trophic partners as electron channels during DIET, thus, more positively 
promoting the syntrophic phenol degradation. 

3.4. Persistent stimulation of biochar/GAC-microbial polymer 

An in-situ CV method was used to clarify variation in the electro-
chemical properties of biochar and GAC. The redox peaks found on the 
CV curve of biochar confirmed its redox-based electron exchange ca-
pacity, which tended to be more reversible after the biofilm attached to 
biochar in the anaerobic phenol degradation system (Fig. 7a). In 
contrast, a smooth CV curve for GAC could be observed (Fig. 7b). This 
curve for the GAC-microbial polymer became increasingly steep, 
generating a current that was four times higher than that of biochar (day 
8). The similar electrochemical properties before and after biofilm 
attachment (formation of biochar/GAC-microbial polymer) indicated 
that the promotion of syntrophic phenol degradation by biochar and 
GAC was temporally persistent. 

To clarify the redox properties of biochar/GAC-microbial polymers, 
the CV curves were obtained under scan rates of 10–30 mV/s (Fig. 7c 
and d). The biochar-microbial polymer showed clear redox peaks (0.17, 
− 0.18, and − 0.77 V, versus Ag/AgCl) under each scan rate, but the 

(a) Bacteria
(b) Archaea

Fig. 5. Community structure of (a) bacteria and (b) archaea at the genus level.  
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Fig. 6. Scanning electron microscopy (SEM) micrographs of biochar (a, 100 µm) (a′, 10 µm) and granular activated carbon (GAC, b, 100 µm) (b′, 10 µm) after 
completion of the batch tests. 
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GAC-microbial polymer only showed a smooth curve with an intensified 
current response. Although the relationship between the interface redox 
reaction and the syntrophic phenol was difficult to quantify, the linearly 
increasing peak currents of biochar as scan rates increased suggested 
that these redox reactions for electron transfer showed typical forms of 
kinetic control (Yuan et al., 2011; Laviron, 1979). The value of the 
electron transfer coefficient (kapp) was 0.0856 ± 0.003, which was 
comparable to that of ferroferric oxide during AD (Yin et al., 2018). The 
distinct kapp suggested that redox-based extracellular electron transfer 
occurred on biochar instead of GAC. Specifically, the CV curve obtained 
at a rate of 10 mV/s revealed an obvious redox peak centered at the 
potential of − 0.139 V versus Ag/AgCl for biochar. This potential was 
more positive than the midpoint potentials of general cytochromes from 
the biomass, which likely involved microbial electron transfer induced 
by biochar-microbial polymer (Kracke et al., 2015). 

4. Conclusions 

Both biochar and GAC significantly promoted CH4 production during 
anaerobic phenol degradation via a two-stage (adsorption, then degra-
dation) process. Although the adsorption capacity of GAC was higher 
than that of biochar, which remarkably mitigated bio-toxicity induced 
by dissolved phenol, the CH4 production rate was determined mainly by 
the conductive properties. GAC exhibited high conductivity but was not 
redox-active. By contrast, biochar showed a higher electron exchange 
capacity because of the diverse redox-active moieties, which could act as 
electron shuttles for electron exchange between enriched syntrophic 
partners via wire-like appendages formed on biochar, thus triggering a 
more efficient DIET. Although the DIET mainly occurred on the surface 
of biochar and GAC, the stimulation of DIET was persistent, even after 
biochar and GAC had been enveloped by biofilm. 
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