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Biochar has been reported as an effective additive to improve methane production during anaerobic
digestion (AD). However, the mechanism for such a stimulatory impact remains unclear. Here we
investigated the capability of three pyrolytic biochars with distinctive electrochemical properties (BC300,
BC500, BC700) to promote methanogenic performance of anaerobic digesters treating waste activated
sludge (WAS). The cumulative methane production and the maximum methane production rate were
increased by 46.9% and 181.6%, respectively, with BC300 amendment. By characterizing the electro-
chemical properties of biochar, we found out that methane production in AD of sludge was positively
correlated to biochar’s electron-donating capacity (EDC) rather than its bulk electrical conductivity.
These results indicate that the electron transfer mediated by the redox-active functional groups may
prevail over the direct electron migration as the predominant mechanism to facilitate interspecies
electron transfer in syntrophic communities for enhanced methanogenesis. Microbial community
analysis suggests that biochar enriched Methanosarcina and Methanobacterium. Overall, this study shows
that functional groups-mediated electron transfer contributes greatly to the improved methane pro-
duction in WAS digester with biochar amendment.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Municipal wastewater contains up to 10 times more energy,
most in the form of organic matters, than the energy required to
clean it (Heidrich et al., 2011). Anaerobic digestion (AD) is one of the
proven biotechnologies deployed on large scale for simultaneous
recovery of the energy embodied in wastewater and waste acti-
vated sludge (WAS) stabilization, during which organic matters are
degraded and eventually converted to biogas that can be further
upgraded to biomethane. Biomethane is a fungible renewable fuel
under the expanded Renewable Fuel Standard by the US
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Environmental Protection Agency and plays an important role in
the current biofuel industry (Angenent et al., 2018; Shen et al,,
2015a).

From the perspective of microbiology, methane production in
AD process mainly depends on the syntrophic interaction between
bacteria and archaea (Stams and Plugge, 2009). Fermentative bac-
teria decompose complex organic compounds and produce inter-
mediate metabolites, primarily volatile fatty acids (VFAs), and then
acetogens further degrade them into acetate, hydrogen (H;) and
carbon dioxide (CO,). This process is not thermodynamically
feasible, unless hydrogenotrophic methanogens consume H; to
reduce its partial pressure. Methanogenic consortia live in syn-
trophy to degrade organic compounds together. Interspecies elec-
tron transfer (IET) mediated by H, or formate as electron shuttles is
the best-known mechanism for energy exchange in methanogenic
consortia (Sieber et al., 2012). Yet this IET is limited by the
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mediator’s diffusion flux, which may become rate-limiting in AD,
since the concentration gradient of H, or formate is usually small to
maintain the thermodynamic feasibility (Storck et al., 2016).

Biochar has been widely reported as an effective additive to
improve AD performance for accelerated biodegradation, increased
methane production and enhanced process stability (Chen et al.,
2014; Cruz Viggi et al., 2017; Shen et al., 2015b; Zhao et al,,
2016a). One mechanism by which biochar improves AD perfor-
mance is through promoting IET in methanogenic consortia, which
highly depends on its electrochemical behavior (Cruz Viggi et al.,
2017; Sun et al., 2017). Surface functional groups, such as quinone
moieties, can reversibly donate and accept electrons, thus enables
biochar to mediate microbial redox reactions in a similar manner to
humic substances (Kliipfel et al., 2014b). Such a “battery” mecha-
nism has been demonstrated to impact biogeochemical cycles of
iron (Kappler et al,, 2014; Xu et al., 2016) and nitrogen (Chen, G.
et al., 2018a; Zhou et al., 2016), where redox-active biochars sus-
tained electron transfer. Electron donating capacity (EDC) and
electron accepting capacity (EAC) are commonly used parameters
to characterize biochar’s redox activity (Kliipfel et al., 2014a). In
contrast, biochar formed at temperature >700 °C may function as
an electrical conduit that allows direct electron transfer through
carbon matrices, due to reduced number of redox-active functional
groups and increased electrical conductivity (Sun et al., 2017).
Similar to other conductive carbon materials (e.g. graphite, carbon
cloth, granular activated carbon), conductive biochar may promote
direct interspecies electron transfer (DIET) in syntrophic commu-
nities for enhanced methanogenesis (Chen et al., 2014; Zhao et al.,
2016a).

However, it remains unknown about the role of electrochemical
properties of biochar in methanogenic process, particularly during
AD of complex organic waste stream like WAS, which involves
different steps of biodegradation. To our best knowledge, this is the
first study to comprehensively investigate the effect of biochar with
distinct electrochemical properties on AD of WAS. The electro-
chemical properties of biochar usually depend on pyrolysis condi-
tion, especially the heating temperature (Kliipfel et al., 2014b). In
this study, three types of biochars with distinctive electrochemical
properties were prepared to investigate their impact on sludge AD
process and microbial community. The main objective of this study
is to elucidate the mechanism of increased methane production
with biochar amendment in anaerobic digesters treating WAS. This
study will strengthen the understanding of stimulatory mechanism
of biochar in AD systems and contribute to proper biochar pro-
duction as AD-stimulating additive.

2. Materials and methods
2.1. Biochar and sludge

Three types of biochars with distinctive electrochemical prop-
erties were produced by pyrolyzing corn stover biomass at different
treatment temperatures. Prior to pyrolysis, biomass was grinded
and sieved to obtain a particle size of 0.5 mm or less. Pyrolysis was
carried out in a muffle furnace at atmospheric pressure and under
oxygen-free condition, where ultrapure argon purge at
300 mL min~! was used. Biomass was pyrolyzed at 300 °C, 500 °C
and 700 °C, respectively, for 2 h to produce different types of bio-
chars, designated as BC300, BC500 and BC700.

WAS as substrate used in the AD experiment was obtained from
Minhang #2 municipal WWTP in Shanghai, China. Sludge was
sieved through 1-mm mesh to discard coarse materials and stored
at 4 °C until use. The inoculum was obtained from a mesophilic
anaerobic digester treating municipal WAS, which has been
continuously operated for over 2 years with stable performance.

The main characteristics of the substrate sludge and inoculum were
presented in the Supplementary Material (Table S1).

2.2. Characterization of biochars

2.2.1. Physicochemical properties

Morphology of biochar was characterized with a field-emission
scanning electron microscopy (Sirion 200, FEI, USA). Brunauer-
Emmett-Teller (BET) surface area was determined with an
Autosorb-iQ instrument (Quantachrome, USA). Biochar pH was
measured by mixing biochar powders in deionized water at solid/
liquid ratio of 1:10 (w/v). Ash content was determined following the
ASTM D3172-89 method and elemental contents were determined
with an elemental analyzer (Vario Macro Cube, Elementar Analy-
sensysteme, Germany). Surface functional groups were character-
ized by Fourier transform infrared spectroscopy (FTIR, Nicolet 6700,
Thermo Scientific, USA) and X-ray photoelectron spectroscopy (XPS,
ESCALAB 250XI, Thermo Scientific, USA). X-ray diffraction (XRD)
patterns of carbon structure were acquired with a XRD-6100
Diffractometer (Shimadzu, Japan) using copper Ko radiation, with
acquisition rate of 0.5° per min over a range of 10°—60°.

2.2.2. Electrochemical properties

The bulk electrical conductivity (EC) was measured with a four-
point probe resistivity apparatus (ST2722, Suzhou Jingge, China).
EAC and EDC of biochar were quantified according to a previous
study (Kliipfel et al., 2014a). Electron exchange capacity (EEC) in-
dicates the total capacity of biochar to accept and donate electrons
(EEC = EAC + EDC).

2.3. Experiment of batch anaerobic digestion

Batch AD experiments were conducted in an AMPTS II system
(Bioprocess Control, Sweden) according to the protocol of
biochemical methane potential (BMP) tests (Angelidaki et al.,
2009). The system has a total of 15 identical Schott glass bottles
used as anaerobic digesters, each with a working volume of 400 mL.
Four experimental groups were set up, including three test groups
amended with different biochars (BC300, BC500 and BC700) and
one control group (Control), each of which was operated in tripli-
cate. For test groups, inoculum (80 mL) and substrate WAS (320 mL)
were added in each bottle to acquire an initial total solids content of
3% for sludge biomass; biochar was added at dosage of 1.0 g/g dry
weight of sludge. For control group, the ingredients were the same
as the test groups, except that biochar was substituted with inert
glass-fiber beads, which were ball-milled in advance to have an
average diameter similar to the biochar. Before startup, each
digester was degassed with high-purity helium for 5 min to obtain
anaerobic condition. The temperature was maintained at 37 + 1 °C
and agitation speed was controlled at 60 rpm throughout the
experiment. The gas outlet of each digester was connected to an
airtight bottle containing 3 M NaOH solution for CO, sequestration.
Subsequently, volume of CH4 produced from each digester was
measured and recorded by a real-time gas measurement unit. All
the gas volume production data were reported at STP condition
(273 K, 1 atm).

To further investigate the effect of biochar amendment on in-
dividual stages of WAS digestion, Test I and Test Il batch experi-
ments were carried out to assess the impact of biochar on
hydrolysis-acidogenesis and acetogenesis-methanogenesis,
respectively. The experimental setup for the two tests were
almost the same as the above batch AD experiment with a few
conditions changed, as described below.

Test I: The inoculum sludge was subjected to heat shock at
102 °C for 30 min to deactivate methanogens, while raw sludge was
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used as the substrate (Oh et al, 2003). Chemical agent, 2-
bromoethanesulfonate (BrES), was added at 50 mM to inhibit
methanogenesis.

Test II: The raw WAS underwent alkaline fermentation for 8
days at 37 °C with pH maintained at 10.0 to facilitate VFAs pro-
duction (Zhao et al., 2010). The resultant alkaline pretreated liquor
(APL) contained a high concentration of VFAs and thus was used as
the substrate for this batch of test. The pH of the APL was
neutralized to 7.0 before used.

2.4. Kinetics analysis

A modified Gompertz model was employed to evaluate the ki-
netics of methane production (batch AD experiment and Test II),
and a Logistic model was used to evaluate the kinetics of acido-
genesis process for VFAs production (Test I). Detailed information of
the model equations and parameters were described in the
Supplementary Material.

2.5. Chemical analyses

Total solids (TS), volatile solids (VS), total chemical oxygen de-
mand (TCOD) and total alkalinity were determined according to the
standard methods (Baird et al., 2017). Liquid samples were centri-
fuged and filtered through 0.45 pum filters and the filtrate was
characterized to obtain concentration of soluble COD (SCOD), sol-
uble polysaccharides, soluble proteins and VFAs. Polysaccharides
and proteins were determined with anthrone-sulfuric acid method
and Coomassie Brilliant Blue method, respectively. VFAs were
analyzed using a gas chromatography (7890, Agilent, USA) with a
flame ionization detector. Biogas composition (CH4 and CO;) was
analyzed using a gas chromatography (GC-2014, Shimadzu, Japan)
with a thermal conductivity detector.

2.6. Microbial community analysis

To examine the microbial community composition, liquid
digestate samples were collected on day 9 when the maximum
methane production rate was achieved and on day 24 when the
experiment was terminated in Test II. The samples were stored
at —80 °C until further analysis. DNA extraction was performed
using the FastDNA SPIN Kit (MP Biomedicals, Solon, OH) according
to the manufacturer’s instruction and the extracted DNA concen-
tration was quantified with a NanoDrop 2000 UV—vis spectro-
photometer (Thermo Scientific, Wilmington, DE). Subsequently,
DNA samples were sent to Majorbio (Shanghai, China) for PCR
amplification, sequencing and data processing and the detailed
methods were described in the Supplementary Material.

2.7. Statistical analysis

Statistical analysis was performed using the “vegan” package in
R (https://www.r-project.org/). One-way analysis of variance
(ANOVA) was performed using the SPSS Statistics software (ver.
17.0).

3. Results and discussion

3.1. Performance of WAS anaerobic digestion amended with
biochars

As shown in Fig. 1A, in comparison to the Control, biochar
amendment increased the cumulative methane production by
46.9%, 28.9% and 11.2% for BC300 (p < 0.001), BC500 (p < 0.001) and
BC700 (p < 0.05), respectively. Although biochar amendment
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Fig. 1. Time-course profile of cumulative methane production during (A) single-stage
batch AD experiment and (B) acetogenic-methanogenic stage in Test II. Data are pre-
sented as average values of biological replicates (n = 3), and error bars represent
standard deviations.

prolonged the lag phase (4), it remarkably increased the maximum
methane production Rate(Rmq) and the methane production po-
tential (Mg) by up to 181.6% and 31.4%, respectively (Table 1). The
prolonged lag phase by biochar addition could be attributed to the
release of organic-binding metals (OBM, i.e. Ca, Mg, Al and Fe) from
biochar during hydrolysis. The OBM has been demonstrated to
significantly increase the activated energy for sludge hydrolysis (Xu
et al., 2017). Overall, BC300 amendment resulted in the optimal
performance of WAS anerobic digesters.

Test I and Test Il were conducted individually to determine
whether increased methane production by biochar amendment
was mainly due to enhanced WAS hydrolysis-acidogenesis or
acetogenesis-methanogenesis. During fermentation (Test I), soluble
proteins and polysaccharides were generated from solubilization of

Table 1
Kinetics parameters describing the methane production process in the single-stage
anaerobic digestion experiment, fitted with the modified Gompertz equation.

Group A(d) Rmax (ML-g~'VS-d™!)  Mp(mL-g"'VS) R?

Control ~ 521+0.04  9.65+2.09 200.68 + 1045  0.992
BC300 761014 2717 +3.14 263.67 + 8.89 0.985
BC500 882 +0.12 1961 +3.23 22359 +17.24  0.980
BC700 935+0.09 1477 +1.35 208.18 + 1934  0.981
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particulate organics and subsequently degraded by acidogenic
bacteria for production of VFAs (Supplementary Material, Fig. S1).
Acetate was the predominant VFA, followed by propionate, iso-
butyrate, iso-valerate, n-butyrate and n-valerate (Supplementary
Material, Fig. S2). By the end of fermentation, BC300, BC500 and
BC700 increased the SCOD concentration by 9.5%, 3.8% and 9.4%,
respectively, and increased the total VFAs concentration by 12.3%,
3.2% and 9.4%, respectively. However, none of the above increase in
SCOD or total VFAs production was statistically significant as
compared to the Control (p > 0.05). Moreover, similar kinetics pa-
rameters were obtained for VFAs production, with no significant
difference between the biochar-amended digesters and Control
(p > 0.05) (Table 2). The above results demonstrated that adding
biochar, irrespective of the electrochemical properties, did not
promote WAS hydrolysis or acidogenesis prior to methanogenesis.
This could be attributed to the limited interaction between biochar
and sludge flocs or hydrolytic enzymes regulated by electrostatic
force, covalent bonds and sweep flocculation (Li et al., 2019).

For Test II, VFA-enriched sludge APL was used as the substrate.
Acetate and propionate were the two major VFAs in the APL. The
biochar-amended digesters achieved a significant increase in the
cumulative methane production by 61.0%, 27.8% and 11.8% for
BC300 (p < 0.001), BC500 (p < 0.001) and BC700 (p < 0.01),
respectively, as compared to the Control (Fig. 1B). No significant
difference (p > 0.05) was observed in the lag phase (1) among the
digester groups (Table 3). However, BC300, BC500 and BC700
increased the methane production potential (M) substantially by
78.4%, 22.3% and 12.9%, respectively. BC300 significantly increased
the maximum methane production rate (Rmax) by 34.1% (p < 0.001),
while BC500 and BC700 decreased the Rpgx by 24.7% (p < 0.01) and
31.4% (p < 0.01), respectively. Taken together, the methanogenic
performance of digesters in Test II was ranked as
BC300 > BC500 > BC700 > Control, showing a similar pattern as
observed in the single-stage batch AD experiment (Fig. 1A).
Methane formation generally corresponds with VFAs degradation.
Rapid degradation of VFAs was observed before day 12 (Fig. 2).
Afterwards, the rate of VFAs degradation sharply decreased and
their concentration almost remained unchanged towards the end.
Notably, BC300 substantially accelerated degradation of acetate,
propionate and iso-valerate (Fig. 2A, B, 2F). Degradation of Cy4 fatty
acids showed a similar pattern across the test groups (Fig. 2C and
D), while BC500 accelerated degradation of Cs fatty acids (Fig. 2E
and F). The results of Test I and II indicated that the stimulatory
impact of biochar on methane production was more associated
with the acetogenic-methanogenic stages rather than the prior
steps during AD of WAS.

3.2. Physicochemical and electrochemical properties of biochars

Table 4 summarized the physical and chemical properties of the
biochars prepared at different pyrolysis temperatures. The BET
surface area (19.8—32.8 m?/g) was comparable to those of corn
stover biochars prepared under similar charring conditions (Brewer
et al., 2009; Lee et al., 2010). SEM images showed that both BC300
and BC500 had rough surface with pores randomly aligned,

Table 2
Kinetics parameters describing the VFAs production process in the staged anaerobic
digestion experiment (hydrolysis-acidogenesis), fitted with the Logistic model.

Group kyga(d™") Cmax (mg COD-L™')  Co (mgcCOD-L") R?

Control 153 +0.09 35413 +47.5 555.3 + 49.3 0.970
BC300 172+ 059 38884 + 1022 587.2 + 44.2 0.958
BC500 1.93 + 051  3402.6 + 52.2 548.1 + 61.6 0.999
BC700 1.69+0.69 39145 + 72.1 569.2 + 40.2 0.975

Table 3

Kinetics parameters describing the methane production process in the staged
anaerobic digestion experiment (acetogenesis-methanogenesis), fitted with the
modified Gompertz equation.

Group A(d) Rmax (ML-g~'VS-d™') M, (mL-g'Vs) R?

Control  3.69 +0.05  16.74 + 1.01 126.69 + 5.99 0.994
BC300 350 +0.02 2245 + 3.01 22597 + 1.11 0.982
BC500 347 £0.04 1260+ 1.53 154.96 + 19.96 0.991
BC700 368 £0.02 1148 +222 143.07 + 15.40 0.992

whereas BC700 was noticeably porous (Supplementary Material,
Fig. S3). The biochars contained moderate amount of ash
(15.9—22.1 DW%), mainly due to the relatively high ash content in
the corn stover feedstock (Brewer et al., 2009). The hydrogen (H)
and oxygen (O) content in biochars decreased with the increase of
pyrolysis temperature, while the carbon (C) content showed a
reverse trend. As a result, BC700 had the lowest H:C (0.28) and O:C
(0.06) molar ratios, suggesting a high degree of aromatic
condensation.

FTIR spectra showed that various surface functional groups were
obtained at different pyrolysis temperatures (Fig. 3A). For BC300
and BC500, the broad peaks between 1580 cm~! and 1700 cm™!
corresponded to stretching of C=C and C=O0 bonds, indicating
formation of aromatic carbon, ketones and carboxyl groups. The
band at 1400 cm ! could be due to both O—H in-plane bending and
C—H bending. Various bands in the spectrum corresponded to lone
aryl C—H wag (846 cm™!) and two-adjacent aryl C—H wags
(790 cm™ 1), and the band at 3000 cm™! represented the symmetric
CHj stretch of the methoxyl group (partially caused by O—H
stretching). The bands of above 3500 cm~! are due to alcoholic or
phenolic components. In contrast, no featured vibrations were
observed for BC700, indicating reduced amount of redox-active
groups. In addition, XPS analytical results provided complemen-
tary information of biochar’s surface properties (Supplementary
Material, Fig. S4). The C1s spectra showed presence of C—C/C=C,
C—0, C=0 and 0=C—0 groups in the biochar. With the pyrolysis
temperature increased, the peak intensities of C—C/C=C groups
increased, while the intensities of oxygen groups decreased, sug-
gesting less distribution of C—O/C=0/0=C—O0 groups in the inner
sheets.

All the biochar samples showed amorphous structures in
contrast to the crystalline graphite reference (Fig. 3B). The XRD
spectra showed broad peaks at 23° and 43°, corresponding to the
(002) peak and (10) peak of the turbostratic domains in carbon
structure, respectively (Keiluweit et al, 2010). The average
perpendicular height of the turbostratic domains (Lc) and the
average in-plane width of graphene nanosheets (L,) were
employed to examine the carbon structure. The interlayer spacing
dioo2) (3.79-3.96 A) for the biochars was much larger than that for
crystalline graphite (3.35 A) (Supplementary Material, Table S2).
With pyrolysis temperature increased from 300 °C to 700 °C, the L
of biochar only increased slightly from 0.95 nm to 1.15 nm, while
the L, substantially increased from 1.06 nm to 3.74 nm (Fig. 3C). The
larger in-plane crystalline size of BC700 indicates reduced electrical
resistivity (Sun et al., 2018), which was also reflected in an increase
in biochar’s EC as discussed below.

The EC of biochar increased with the increase in pyrolysis tem-
perature (Fig. 3D). BC300 was nearly not conductive with EC of
8 x 10~ S/m, while EC of BC500 and BC700 increased to 7 x 107> S/
m and 101.3 S/m, respectively. Such an increase in EC is generally
derived from formation of graphene-like structure in biochar with
conjugated m-electron systems that facilitate direct electron transfer
through carbon matrix (Xu et al, 2013). The EDC of biochar
decreased with pyrolysis temperature, while the EAC showed an
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Fig. 2. Effect of different biochars on methanogenesis stage of WAS anaerobic digestion: time-course profiles of (A) acetate, (B) propionate, (C) n-butyrate, (D) iso-butyrate, (E) n-
valerate and (F) iso-valerate. Data are presented as average values of biological replicates (n = 3), and error bars represent standard deviations.

opposite trend (Fig. 3E). BC300 had the highest EDC (0.598 mmol e~/
g), whereas BC700 had the lowest EDC (0.228 mmol e~ /g) but the
highest EAC (0.740 mmol e~/g). The decrease in EDC was attributed
to the reduced amount of redox-active functional groups such as
hydroquinone-quinone pairs (Cruz Viggi et al., 2017; Kliipfel et al.,
2014a). The trends in EDC and EAC resulted in the EEC value of
BC300 (1.007 mmol e~/g) similar to that of BC700 (0.968 mmol e~ /g),
whereas BC500 had the lowest EEC (0.626 mmol e~/g).

3.3. Correlating the methanogenic performance of WAS anaerobic
digestion to the electrochemical properties of biochar

The results of Test Il showed that biochars with distinctive elec-
trochemical properties promoted the methanogenic performance of
WAS digestion to varying extents. To better understand the role of

Table 4

Physicochemical characteristics of biochars 2],
Parameter BC300 BC500 BC700
BET surface area (m?/g) 19.75 £ 0.72 20.05 + 1.52 32.76 + 2.01
Total pore volume (cm?/g) 0.02 + 0.00 0.02 + 0.00 0.04 + 0.01
Particle size (dsp, tm) 310 + 10 301 +7 309 +8
pH 8.35 + 0.06 10.12 + 0.8 1039 + 1.24
Ash (DW%) [] 15.87 + 1.14 2043 +2.05 22.06 + 6.11
C (DW%) 61.10 = 5.05 64.78 + 3.11 72.88 + 2.34
H (DW%) 3.88 + 0.61 249 +0.11 1.70 + 0.51
O (DW%) 17.49 + 1.88 10.89 + 0.26 244 + 0.04
N (DW%) 1.41 + 0.01 1.22 + 0.00 0.73 £ 0.05
S (DW%) 0.25 £ 0.01 0.19 + 0.00 0.19 £ 0.01
H:C molar ratio 0.76 + 0.01 0.46 + 0.00 0.28 + 0.00
0:C molar ratio 0.21 + 0.02 0.13 + 0.00 0.06 + 0.00

@ Data are presented as average values of biological replicates (n = 3) + standard
deviations.
b DW: dry weight.
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bulk electrical conductivity; (E) electron donating capacity (EDC) and electron accepting capacity (EAC). Error bars represent standard deviations of triplicate measurements.
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the Web version of this article.)

biochar’s electrochemical properties, we correlated the methano-
genic performance to the biochar’s EDC, EAC, EEC and EC, respec-
tively (Fig. 4). Specifically, the methanogenic performance of the
biochar-amended digesters was quantified as the fold of increase in
volumetric methane production as compared to the Control digester
(CH4-fold). A positive linear correlation (R?> = 0.992) was noted be-
tween the CHs-fold and biochar’s EDC (Fig. 4B). However, it was not
the case for biochar’s EAC (Fig. 4A), EEC (Fig. 4C) or EC (Fig. 4D). The
results indicated that the redox-active functional groups, particularly
electron-donating hydroquinone moieties, could play a crucial role
in facilitating methanogenesis. Such an electrochemical behavior
promotes electron transfer through charging-discharging cycles,
which is different from the direct electron transfer through the
carbon matrix. The former makes biochar function as a rechargeable
battery, whereas the latter is induced by bulk electrical conductivity
(Sun et al., 2017). Surprisingly, amending WAS digester with the
most conductive biochar (BC700) did not lead to the largest increase
in methane production, as reflected in the weak negative correlation
(R? = 0.564) between the CH4-fold and biochar’s EC (Fig. 4D). Despite
that the EC of BC300 was 12.7 billion times lower than that of BC700,
BC300 digesters had superior AD performance, with remarkably
higher methane production (by 32.1%) and higher maximum

methane production rate (by 84.0%). The above findings suggest that
biochar may improve methane production, at least for AD of WAS,
independently of its bulk conductivity, which was consistent with
the recent studies on biochar-promoted methanogenesis obtained in
ethanol-metabolizing Geobacter co-cultures (Chen et al., 2014; Yuan
et al., 2018) and food waste-degrading consortia (Cruz Viggi et al.,
2017).

3.4. Microbial community composition and dynamics in the
digesters

An average of 1084 and 43 OTUs were obtained per sample for
bacteria and archaea, respectively (Supplementary Material,
Table S3 and S4). For bacteria, Firmicutes, Bacteroidetes and Pro-
teobacteria were the dominant communities at the phylum level,
with relative abundance of 41.7-54.6%, 14.6—22.4% and
12.8—23.8%, respectively. At the class level, Clostridia, Bacteroidia,
Bacilli and Gammaproteobacteria were the most abundant bacterial
communities (Fig. 5A). The relative abundance of Clostridia
increased from day 9 to day 24, while those of Bacteroidia and Bacilli
decreased in all the digesters. On average, the relative abundance of
Clostridia was 37.1%, 34.0% and 35.8% in BC300, BC500 and BC700,
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at the genus level. The relative abundance is calculated as the percentage of the targeted sequence to the total high-quality sequences of each sample.

respectively, which was significantly (p < 0.01) higher than that in

the Control (28.5%), indicating that biochar addition could enrich
Clostridia. In general, no remarkable difference was observed in the
bacterial communities composition between the Control and

biochar-amended digesters.

Both hydrogenotrophic and acetoclastic methanogens were found
in the digesters, but hydrogenotrophic methanogens dominated the
archaeal communities (Fig. 5B). At the genus level, Methanosarcina
was the most abundant methanogen, with relative abundance of

47.9%, averaged over all the samples. Methanobacterium was present
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in the Control and BC300, but their relative abundance was sub-
stantially higher in BC500 (24.0%) and BC700 (33.3%). The relative
abundance of Methanoculleus increased from 12.3%, 0.2%, 0.1% and
0.1% on day 9—41.6%, 8.2%, 5.2% and 4.2% on day 24 in the Control,
BC300, BC500 and BC700, respectively. In contrast, the relative
abundance of Methanocorpusculum decreased from 9.5%, 19.6%, 7.2%
and 3.1% on day 9 to 0.4%, 4.8%, 3.9% and 1.1% on day 24 in the Control,
BC300, BC500 and BC700, respectively. Noticeably, acetoclastic
Methanosaeta showed a much higher relative abundance in the
Control (2.9%) as compared to the biochar-amended digesters
(average 0.4%). Additionally, the obligately Hy-dependent methylo-
trophic Methanomassiliicoccales was present as one of the most pre-
dominant methanogens in all the digestate samples, with the relative
abundance ranging from 8.9% to 22.6%. Overall, the archaeal com-
munity profiles suggest that methane was predominantly produced
through hydrogenotrophic methanogenesis.

Significant correlations (p < 0.05) were observed between the
redox activity-associated parameters (i.e. EDC, EAC and EEC) and a
few bacterial taxa. Fig. 6A showed a significant positive correlation
(p < 0.05) between the biochar’s EDC and abundance of amino acid-
utilizing Sedimentibacter, very significant positive correlation
(p < 0.01) between the biochar’s EAC and abundance of acidogenic
Porphyromonadaceae, a very significant positive correlation
(p < 0.01) between the biochar’s EEC and abundance of sulfur
bacterium Allochromatium, a significant negative correlation
(p < 0.05) between the biochar’s EDC and abundance of sulfate-
reducing Alcaligenaceae and a very significant negative correlation
(p < 0.01) between the biochar’s EAC and abundance of alkalophilic
and halotolerant Bacteroidaceae “ML635]-40". For archaeal com-
munities, analysis revealed a very significant positive correlation
(p < 0.01) between the biochar’s EDC and abundance of acetoclastic
Methanosaeta and hydrogenotrophic Methanospirillum (Evans et al.,
2019), a significant negative correlation (p < 0.05) between the
biochar’s EDC and H;-dependent methylotrophic Methanosphaera
and a very significant negative correlation (p < 0.01) between the
biochar’'s EAC and abundance of hydrogenotrophic Meth-
anobacterium (Fig. 6B). These results revealed the importance of
biochar’s electrochemical functions to the overall methane pro-
duction. The correlations of Alcaligenaceae, Sedimentibacter and
unclassified Bacteroidetes family “SB-1" abundance to the methane
yield were consistent with those to the EDC, but were contrary to
those to the EC. Likewise, the correlations of Methanosaeta, Meth-
anospirillum and Methanosphaera abundance to the methane yield
were consistent with those to the EDC, but were converse to those
to the EC. Interestingly, no significant correlation was observed
between the abundance of Methanosarcina and electrochemical
properties of biochar.

3.5. Underlying mechanism of biochar amendment to promote
methanogenic performance of anaerobic digesters treating WAS

Biochar can facilitate electron transfer by surface functional
groups and/or inner carbon matrices. Biochar derived from low-
temperature pyrolysis is generally enriched with functional
groups that can donate and accept electrons to promote microbial
redox reactions (Sun et al., 2017). Herein, the fastest degradation of
propionate by BC300 (Fig. 2B) indicated the facilitated syntrophy
between propionate-oxidizing acetogens and hydrogenotrophic
methanogens with accelerated IET, thus substantially improving
the methane production. Recently Sun et al. (2017) showed that the

extent of functional groups or carbon matrices contributing to
electron transfer is significantly related to biochar’s H:C and O:C
molar ratios. For biochar with H:C and O:C molar ratios of
0.35—-0.62 and 0.09—0.24, electron transfer is predominantly
mediated by redox-active functional groups. For biochar with
H:C < 0.19 and O:C < 0.06, more ordered graphitic structures
forming at high pyrolysis temperature (>700 °C) establish a
shortcut pathway for direct electron transfer. Provided that the
threshold H:C and O:C molar ratios observed for the transition can
be extrapolated to this study, BC300 (H:C = 0.76, O:C = 0.21) and
BC500 (H:C = 0.46, O:C = 0.13) mediate the electron transfer in
syntrophic communities through redox cycles of functional groups,
while BC700 (H:C = 0.28, 0:C = 0.06) functions like an electric
conduit. Theoretically, EEC is the parameter that determines the
capacity of biochar to mediate redox reactions. However, despite
the comparable EEC values observed in BC300 and BC700 (Fig. 3C),
the considerable difference in methane production (Fig. 1B) sug-
gests that EDC plays a more important role than EAC or EEC. High-
EDC biochar would increase the number of electrons transported to
methanogens, supporting methanogenesis via CO; reduction. This
phenomenon was also observed in other biological processes,
where biochar formed at mild pyrolysis temperature (250—500 °C)
facilitates denitrification (Chen, G. et al., 2018), dissimilatory Fe(III)
reduction (Xu et al., 2016) and reduction of toxic pollutants (Chen, J.
etal., 2018). The highly efficient degradation of acetate (Fig. 2A) and
propionate (Fig. 2B) in the BC300-amended digester tends to sup-
port this proposed theory, because syntrophic acetate or propio-
nate oxidation must couple to hydrogenotrophic methanogenesis.
Moreover, some hydrogenotrophic methanogens are capable of
direct uptake of electrons (Lohner et al., 2014). Biochar-induced
electrons might also promote methanogenesis via this route. In
contrast, high-EAC biochar may become an electron sink, which
would competitively reduce electrons transferred to CO, and
inhibit methanogenesis (Kliipfel et al., 2014).

As a porous material, biochar provides supporting surface for
microbes to attach on. For example, biochar selectively enriched
Methanosaeta and Methanosarcina against stress of acids and
ammonium (Li et al., 2016; Luo et al., 2015). In contrast, biochars
used in this study were unable to enrich Methanosaeta. Their
abundance was significantly lower (p < 0.001) in the biochar-
amended digesters than the control. These obligate acetoclastic
methanogens had very low abundance across the test groups,
suggesting that syntrophic acetate oxidation was the primary
pathway (Karakashev et al., 2006). However, the relative abun-
dance of Methanosarcina was only slightly higher in the biochar-
amended digesters than that in the control. On the other hand,
hydrogenotrophic Methanobacterium genera were highly enriched
in the presence of biochar, particularly BC500 and BC700. When
syntrophic microbial communities attach to biochar surface, the
syntrophic partners are generally in closer physical association.
This may compensate the long-range IET mediated by H, for
dispersed cells. However, more experimental evidence will be
needed to demonstrate to what extent microbial attachment could
promote methanogenesis.

DIET is suggested as a possible mechanism of the enhanced
methanogenesis by biochar amendment (Chen et al., 2014; Zhao
et al., 2016a). As an alternative mode of IET in AD, DIET occurs
through microbial e-pili or conductive materials (Lovley, 2017;
Rotaru, A.-E. et al., 2014a). However, despite the greatest increase in
methane production, BC300 is not conductive. Conversely,

values (red) indicating stronger positive correlations and more negative values (yellow) indicating stronger negative correlations. The number of asterisks denote the statistical
significance levels (two-tailed) of the Spearman’s p value, *p < 0.05, **p < 0.01 and ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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conductive BC700 might facilitate DIET, but it did not result in the
best improvement in AD performance. Therefore, it is arguable that
DIET is the dominant mechanism for enhanced methanogenic
performance with biochar amendment, at least not in the case of
sludge digesters. So far, only defined co-cultures of Geobacter
metallireducens and two methanogenic archaea (Methanothrix
harundinacea and Methanosarcina barkeri) are conclusively proven
to perform DIET (Rotaru, A.-E. et al., 2014b; Rotaru, AE. et al,,
2014a). Although DIET is widely suggested as the mechanism of
syntrophic electron transport involved in methanogenic consortia
with conductive carbon materials, DIET has been postulated merely
based on the fact that microorganisms known to perform DIET (e.g.
Geobacter species) were identified or enriched (Dang et al., 2016;
Zhao, Z. et al., 2017b; Zhao et al., 2016a; Zhao, Zhigiang et al., 2017a;
Zhao et al., 2016b). However, in this study, none of the aforemen-
tioned DIET-microbes were enriched in the biochar-amended di-
gesters. On the other hand, recent studies based on meta-omics
approaches revealed that Syntrophomonas, Thauera, Methanospir-
illum and Methanosphaerula may participate in DIET (Dang et al.,
2016; Jing et al., 2017; Wang et al., 2018), further research will be
needed to provide more straightforward experimental evidence to
determine the contribution of biochar’s electrochemical properties
to DIET and if promoting DIET will improve the performance of
digesters treating complex organic waste like WAS.

4. Conclusions

In summary, this work compares the methanogenic perfor-
mance of anaerobic digesters amended with biochars prepared at
different pyrolysis temperatures. The results show that the stimu-
latory effect of biochar on methane production during AD of WAS is
more associated with the acetogenic-methanogenic stages and that
the ability of biochar for enhanced methanogenesis highly depends
on its redox activity, especially EDC, rather than its conductivity.
Electron transfer mediated by the redox-active groups may
perform as a dominant mechanism for the stimulatory effect of
biochar on methanogenesis. Future studies will be needed to
kinetically and quantitively investigate the importance of biochar’s
redox cycle to IET in syntrophic communities and also to determine
if such a “battery mechanism” is sustainable so that redox-active
biochar can have a long-term impact on the methanogenic per-
formance of WAS digesters for practical applications.
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