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ARTICLE INFO ABSTRACT

Keywords: Hydrothermal liquefaction (HTL) is promising for the conversion of biowaste into biofuels, but the energy re-
A_naembic digestion covery from the HTL aqueous phase (HTL-AP) by anaerobic digestion is limited due to its degradability resis-
Biochar tance. Adding biochar was reported to facilitate digestion, but its role has not been explicitly determined. Direct
Hydrothermal liquefaction aqueous phase . . .. . . . K

Adsorption interspecies electron transfer (DIET) was reported to participate and dominate the digestion process; however,

the adsorption and detoxification effects of biochar cannot be ignored. This study is conducted to confirm the
exact role of biochar and its primary mechanism on the digestion process. Results showed that the total pore
volume and adsorption capacity of biochar played the most influential role. In comparison, DIET was very likely
not dominant due to the limited electrical conductivity and electron-donating/accepting capacities of biochar.
The microbial analysis further indicated that mediated interspecies electron transfer remained the primary
mechanism rather than DIET. The addition of facilitative biochar promoted the enrichment of Thermovirga and
Methanosaeta, whereas a suppressive biochar addition shifted the dominant microbes to Asaccharospora, Clos-
tridium, and Methanobacterium. Furthermore, a Random Forest prediction model was developed, with an accuracy
of 87%, to forecast whether DIET dominantly influenced methane generation with biochar addition. This study
proved that the effect of biochar on anaerobic digestion of HTL-AP relied mainly on adsorption, mediated
interspecies electron transfer was more effectively enhanced rather than DIET, and a modeling approach was
developed to verify the presence of DIET.

Microbial community
Direct interspecies electron transfer

1. Introduction However, utilization of the HTL aqueous phase (HTL-AP) was restricted.

HTL-AP is a high nutrient content product. Its average chemical oxygen

Global development has brought about extensive and continuous
utilization of fossil fuels and has contributed to increasing greenhouse
gas emissions. The formation of renewable energy systems is a global
imperative to achieve sustainable development, and hydrothermal
liquefaction (HTL) is a promising technology to realize sustainability.
HTL is a thermochemical process that converts biowaste into biofuels,
which could be further upgraded into transportation fuels. Mobile, pilot-
scale HTL has been achieved and the upgraded oil is chemically, phys-
ically, and thermally similar to gasoline, diesel, and Jet A fuel [1,2].

* Corresponding authors.

demand (COD) value could be as high as 81.9 g/L [3]. Anaerobic
digestion is a commonly used method to recover these nutrients and
energy, but the degradation efficiency is low with 33-64% of organics
remaining in the anaerobic slurry after digestion [4].

Adding biochar, a carbonaceous product from the thermochemical
treatment of biomass has proven to be an effective method to enhance
digestion efficiency [5-7]. With a large surface area, porous structure,
great ion exchange capacity, stable structure, and abundance of func-
tional groups, biochar brings several benefits to the digestion process
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[8]. First, biochar can function as an adsorbent to sequester toxic
inhibitory substances and alleviate their inhibition to anaerobic mi-
crobes. Second, the large surface area and porous structure provide more
sites for microbial colonization and enhance their interactions. Third,
the alkaline nature makes biochar a pH buffer to stabilize the digestion
process, especially for the acidic substrates.

Moreover, recent studies reported that biochar addition could stim-
ulate the establishment of direct interspecies electron transfer (DIET)
during anaerobic digestion [9-12]. DIET has been proposed to have a
higher efficiency and more stable transfer of reducing equivalents be-
tween electron-donating bacteria and electron-accepting archaea than
traditional mediated hydrogen/formate interspecies electron transfer
[13-15]. DIET could be assisted by biological connections with nano-
wires and cytochromes as well as by adding conductive materials [16],
such as biochar. For example, Wang et al. found that the electron ex-
change capacity of biochar contributed to the DIET process, which
shortened the lag time and improved the methane production rate [9].
Ren et al. also reported that hydrochar from HTL could induce DIET
through its surface oxygen-containing functional groups and facilitate a
more efficient digestion performance [17].

In contrast to the extensively investigated adsorption and detoxifi-
cation capacity, direct evidence for the occurrence of biochar-induced
DIET is lacking in most studies. The claims about the potential role of
biochar also varied. Qi et al. found enhanced conductivity of biochar
with a graphene structure, and the improved bioavailability of trace
elements was related to DIET [10]. Nevertheless, Viggi et al. reported
that the electron-donating capacity of biochar affected DIET and
methanogenesis, while other key factors including electrical conduc-
tivities, specific surface areas, and electron-accepting capacities only
had limited effects [18]. The establishment of DIET has also been
questioned. Lii et al. stated that biochar could be involved in meth-
anogenesis as a reducing equivalent, but DIET was not set up due to the
low conductivity [19]. These different results suggest that the role of
biochar in anaerobic digestion needs further clarification.

In this study, nine physical and chemical properties of five types of
biochar were evaluated, adsorption experiments were performed to
investigate the adsorption kinetics of biochar, and the relationship be-
tween biochar addition, microbial structure, and metabolism were
investigated to verify the role of biochar in organic conversion and
methane generation. In addition, a Random Forest model was developed
to predict the presence of DIET with biochar. Information obtained here
would contribute to a better understanding of the function and influence
of biochar addition and provide a reference for the verification of DIET
establishment.

2. Materials and methods
2.1. Sample preparation

Biochar samples were produced from different biomass sources
under different reaction conditions [20]. Biochar-B, biochar-C, biochar-
D, and biochar-F were converted from the slow pyrolysis of corn stalks,
switchgrass, hardwood, and Miscanthus at 450 °C, respectively. Biochar-
E was produced from the gasification of corn stalk at 800-900 °C.
Commercial Calgon F-400 granular activated carbon (GAC) was pre-
pared as a positive control.

The HTL-AP for anaerobic digestion was collected after a pilot-scale
HTL experiment of swine manure which was conducted at 270 + 10 °C
with a retention time of 1 h. The HTL-AP was stored at room tempera-
ture and filtered by a 0.45 pm filter before use.

The inoculum was collected after anaerobic digestion in the Cham-
paign & Urbana Sanitary District (Urbana, Illinois, USA) and cultivated
by synthetic wastewater (1 g COD/L) as previously reported [4]. Then,
the inoculum was washed 3 times with DI water and centrifuged at 3000
rpm for 10 min before use.

Chemical Engineering Journal 435 (2022) 135078

2.2. Experimental setup

Batch tests were performed in 7 groups in triplicate (GAC, biochar-B,
biochar-C, biochar-D, biochar-E, biochar-F, and control). Serum bottles
with a working volume of 160 mL were used, and 30 mL inoculum was
added. The initial substrate concentration was 10 g COD/L. Biochar and
GAC samples were added with a concentration of 10 g/L. Anaerobic
digestion was operated at 37 °C using a water bath for 29 days. The gas
volume and gas content were measured daily with a glass syringe and
gas chromatography (Shimadzu GC-780), respectively.

The adsorption experiments were conducted using phenol, pyridine,
and hydroxypyridine with a concentration of 100 mg/L. The concen-
trations of biochar and GAC were 10 g/L. The experiments were con-
ducted at 37 °C with a pH of 6.5 (to be consistent with anaerobic
digestion conditions) for 48 h.

2.3. Analytical methods

The Brunauer Emmett Teller (BET) specific surface area and Barrett
Joyner Halenda (BJH) pore volume of biochar and GAC were measured
via Ny adsorption at 77 K using a Micromeritics 3Flex system. Elemental
analysis was conducted with a CE440 element analyzer, and the oxygen
content was calculated by difference. Surface functional groups of bio-
char were measured via Fourier transform infrared spectroscopy (FTIR)
using a Thermo Nicolet Nexus 670 spectrophotometer.

The electron-donating and electron-accepting capacities were
calculated with mediated electrochemical reduction (MER) and oxida-
tion (MEO) according to a previously reported method [21]. Electron
transfer mediators DQ (in MER) or ABTS (in MEO) were added and
resulted in reductive and oxidative current peaks after the working
electrode equilibrated to the desired redox potential (—0.69 V for MER
and 0.61 V for MEO). Then, the current peaks were integrated to get the
electron transfer capacities:
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where I.4 and I, (A) are the reductive and oxidative currents in MEO
and MER, respectively, F = 96,485 s A/mol._ is the Faraday constant,
and Mpiocher () is the mass of biochar and GAC.

Electrical conductivity was calculated from the electrical resistance
with the voltammetric response according to a previously reported
method [18]. The biochar or GAC powder was pressed between two
cylindrical steel pistons with a diameter of 20 mm to form a pellet. The
resistance of the obtained pellet was measured by recording the current
response when applying potential: V = R«I, where V is the potential (V),
R is the electrical resistance (), and I is the current (A). Then, the
electrical conductivity was calculated using the following equation: 6 =
R—ES, where ¢ is the electrical conductivity (S/m), l is the thickness of the
pellet (m), and S is the area of the cross-section of the pellet (m?).

A pseudo-first-order adsorption kinetic model was used to fit the
adsorption curve of phenol, pyridine, and hydroxypyridine:

In (qeq — q,) = Inq.q — kt

where g, and g, are the adsorption capacity (mg/g) at equilibrium and
at time t (hour), respectively, and k (hr™Y) is the adsorption rate
constant.

A modified Gompertz model was used to fit the methane production
curve:

M = P, cexp{—exp [(Rmax .Pi) s(A—t)+ 1} }

where M is the accumulated methane yield at time t (mL/g COD), Ppqy is
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the maximum methane yield potential (mL/g COD), Ryqy is the
maximum methane production rate (mL/(g + d) COD), 1 is the lag phase
(d), and t is the fermentation time (d).

A Random Forest model was used to predict the presence of DIET
concerning the biochar properties. Missing values were imputed by
missForest before making model predictions. The model was built with
set.seed (701).

Chemical oxygen demand (COD) was measured by a Hach spectro-
photometer (Model DR3900). High-performance liquid chromatography
(HPLC) (Shimadzu Scientific Instruments) equipped with an Aminex
HPX-87H column (Bio-Rad) was used to measure the concentration of
volatile fatty acids (VFAs). The mobile phase was 5 mM H3SO4 and the
column temperature was 40 °C. The concentration of phenol, pyridine,
and hydroxypyridine was measured by HPLC at 254 nm at room tem-
perature with a C;g reverse-phase column. The mobile phase consisted of
methanol:water (4:1 v/v). The organic composition was measured by
GC-MS and analyzed with the Mass Spectral Database (NIST08). The
anaerobic effluent was also measured by MALDI-TOF-MS with a Brucker
Auto-Flex Speed MALDI system.

The microbial structure was characterized by Illumina Miseq
sequencing according to a previously reported method [22].

3. Results and discussion
3.1. Effects of biochar addition on methane production

Methane production was fitted with a modified Gompertz model
(Fig. 1). The maximum methane yield (186.5 + 3.4 mL CH4/g COD) was
observed with GAC addition followed by biochar-E (185.2 + 1.2 mL
CHy4/g COD), which were 10.4% and 9.6% higher than the control
(169.0 £+ 2.4 mL CHy4/g COD), respectively (Table 1). The optimal pro-
motion by biochar was as good as GAC, indicating the potential of
biochar to promote methanogenesis. Considering the methane produc-
tion rate, biochar-E facilitated the maximum increase of 16.2% among
all the biochar groups, while GAC addition promoted a 34.2% higher
production rate than the control. The lag phase could also be shortened
with biochar inclusion, amounting to an optimal 15.3% reduction in the
biochar-C group. GAC showed superior performance over biochar in
both methane production and system stability, suggesting that GAC and
biochar may not always function in the same way during anaerobic
digestion [23,24]. It is also worth noting that the effect of biochar
addition varied, resulting in biochar-D addition inhibiting both methane
generation and lag phase reduction. An 11.1% lower yield and a 14.7%
longer lag phase were observed in the biochar-D group. The different
reaction performances could be attributed to the different properties of
the added materials. Physical and chemical characteristics of the

200
e GAC
— ® Biochar-B
a » Biochar-C
8 1504 @ Biochar-D
o e Biochar-E
3 Biochar-F
é e Control
o 100
Q
=
[0}
c
g 50 ¢
[} 7
= 4o
R 200
BPVEE .

T T T T T T T T T T
10 12 14 16 18 20 22 24 26 28 30
Time (d)

Fig. 1. Methane production with biochar addition.
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Table 1

Parameters of modified Gompertz model.
Group M (mL CH,/g COD) Ry, (mLCH,/g COD/d)  A(d) R2
GAC 186.5 (3.4) 15.7 (0.7) 5.33(0.2) 0.996
Biochar-B 172.1 (5.3) 12.1 (0.7) 6.78 (0.4) 0.995
Biochar-C 178.8 (3.3) 13.5 (0.6) 6.47 (0.2) 0.997
Biochar- 150.3 (8.8) 11.7 (1.1) 8.76 (0.5) 0.988

D

Biochar-E 185.2 (1.2) 13.6 (0.8) 6.77 (0.4) 0.994
Biochar-F 181.2 (1.2) 13.4(0.9) 7.16 (0.4) 0.993
Control 169.0 (2.4) 11.7 (0.7) 7.64 (0.4) 0.995

different biochars influence their interactions with microbial commu-
nities and determine the organic conversion efficiency during digestion.
Detailed analysis will be provided in the following sections.

3.2. Relationship between biochar properties and their roles in methane
production

Surface area, total pore volume, electrical conductivity, and the
electron-accepting/donating capacities of biochar were measured
(Table 2). The surface areas of all biochar in this study were low, with
the largest being 48.4 m?/g in the biochar-E group. The low surface area
makes it difficult to harbor enough important microbes for methane
production, and it may also lead to a lower aggregation extent of biochar
and microbes, which is important for electron transfer [25]. As for the
total pore volume (see Fig. A.1 for the pore morphology of biochar),
biochar-D had a 34.6-105.9% larger value than other samples. During
the start-up period of digestion, substances attach to the biochar surface
and form a core that facilitates rapid microbial aggregation [12]. A pore
volume that is too large may be detrimental to this granulation process,
which could be one reason for the poor gas production performance of
biochar-D. Meanwhile, a pore volume that is too small may also be
unfavorable for such aggregation and might be partially responsible for
the low methane yield of biochar-B. No significant differences were
observed between biochar groups concerning the electron-accepting and
donating capacities, suggesting that the differences in methane gener-
ation were not related to the electrochemical properties of the added
biochar. Compared to biochar, GAC had a 17.2-84.3 times larger surface
area, a 4.5-9.2 times larger total pore volume, and the electrical con-
ductivity and electron-donating/accepting capacities were much better
than biochar. These characteristic differences indicated that the addition
of GAC and biochar may have different roles in anaerobic digestion.

Previous studies proposed that the electrochemical properties, such
as conductivity and redox activity, enable biochar to act as an electron
conduit between electron-donating bacteria and electron-accepting
archaea. Electron transfer can take place through redox cycling via
redox-active surface groups and through direct transfer via the carbon
matrices in biochar [21,25,26]. However, the electrical conductivities of
the biochar (Table 2) were relatively low in this study, and the electron-
donating capacities and electron-accepting capacities remained at low
levels. The low values could be related to the biochar production process
and suggest that DIET may not play an important role in promoting
digestion. In addition, previous studies also reported that the sludge
conductivity can be enhanced after digestion because the establishment
of DIET-induced enrichment of pili accounted for the increased con-
ductivity. The increase in sludge conductivity was set as evidence for the
presence of DIET, which can be 1.6-82.0 times higher compared to the
inoculum or control [16]. However, sludge conductivities in all biochar-
assisted reactors were very low (almost non-conductive) in this study
(Table 3), indicating that mediated interspecies electron transfer still
dominated the reactions.

Elemental analysis (Table 2) can further help compare the different
properties of biochar and reveal their role in anaerobic digestion.
Compared with other biochar groups, biochar-E had the lowest
hydrogen to carbon (H/C) ratio, indicating a higher degree of
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Table 2
Physical and chemical properties of biochar.
Properties GAC Biochar-B Biochar-C Biochar-D Biochar-E Biochar-F
Surface area (m?%/g) 834.4 9.9 11.3 28.5 48.4 18.5
Total pore volume (cm®/g) 0.157 0.017 0.018 0.035 0.022 0.026
Electrical conductivity (S/m) 3.49E-02 1.56E—09 1.13E-09 3.29E-09 1.07E—04 2.03E-09
Electron donating capacity (meq/g) 2.32E-05 6.08E—07 1.79E-07 6.17E—07 3.51E-07 8.10E—07
Electron accepting capacity (meq/g) 1.11E-03 6.66E—06 4.50E-05 2.88E-05 2.42E-05 6.84E—-06
C (Wt%) 82.66 68.27 72.64 78.91 64.20 74.80
H (wt%) 0.71 2.97 3.42 3.24 2.07 3.19
N (wt%) 0.59 1.21 1.24 0.91 1.31 0.80
O (Wt%)* 16.04 27.55 22.70 16.94 32.42 21.21
H/C ratio 0.01 0.04 0.05 0.04 0.03 0.04
0/C ratio 0.19 0.40 0.31 0.21 0.50 0.28
Table 3
Sludge conductivities with biochar addition.
Sludge conductivity GAC Biochar-B Biochar -C Biochar -D Biochar -E Biochar -F Control
(S/m)
4.32E-11 8.03E-11 2.79E-11 1.03E-10 3.83E-10 1.32E-10 6.04E—11
(7.95E-12) (1.91E-11) (1.57E-12) (1.03E-11) (4.14E-11) (4.80E-11) (1.74E-11)

unsaturation that could be related to the stronger adsorption capacity
[27]. H/C ratio can be negatively correlated with surface area and
positively correlated with the mobile matter content (the organic
portion of biochar), which is consistent in biochar-E [28]. Moreover,
Wei et al. (2020) found that the adsorption of biochar was dominated by
pore-filling when the H/C ratio was below 0.5, while adsorption was
dominated by the surface chemical bond when it was above 0.5 [28].
Since the H/C ratio of all groups was less than 0.5, pore-filling-related
parameters, such as surface area and pore volume, are therefore
important in determining the adsorption capacity.

Biochar-E also had the highest oxygen to carbon (O/C) ratio, which
can be an indicator of the abundance of oxygen-containing functional
groups. FTIR results showed that oxygen-containing functional groups,
including C-O, C=0, and C-OH, were abundant in biochar, and the C=0
and C-O functional groups were significantly more abundant than GAC
(Fig. 2). The presence of oxygen-containing functional groups correlated
with the methane generation efficiency, where the related quinone and
hydroquinone moieties could make biochar redox-active and participate
in electron transfer between microbes [17]. However, the possibility for
biochar to serve as electron conduits participating in electron transfer is
relatively low because of its low electron-accepting/donating capacity.

The adsorption capacity of biochar was considerable and could play
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Fig. 2. Functional groups of biochar.

an important role in digestion [29]. Adsorption experiments of phenol,
pyridine, and hydroxypyridine, which are three representative inhibi-
tory chemicals in HTL-AP, were performed, and a pseudo-first-order
kinetic model was used to fit the adsorption process (Fig. 3, Table 4).
Results showed that the model fitted the adsorption of phenol and
hydroxypyridine well, and the fitted equilibrium adsorption capacities
(qeq) were consistent with the experimental value of 10 mg/g. Biochar-E
and biochar-F had higher adsorption rates, with 1.6-2.0 and 3.8-4.4
times higher rate constants than those of biochar-D for phenol and
hydroxypyridine, respectively. The adsorption of pyridine was not very
compatible with first-order kinetics, indicating it could be second or
greater order, but it was still evident that biochar-E and biochar-F had
better adsorption capacities than others. These results were consistent
with the fact that biochar-E and biochar-F promoted the highest
methane production rate and yield. Biochar-C was also effective and was
particularly good at adsorbing phenol. On the other hand, biochar-D
showed the worst adsorption effects for all three compounds, so the
toxic concentration in digesters with biochar-D remained high, and their
inhibition on microorganisms could not be relieved. With a more com-
plex composition of HTL-AP, the type of inhibitors can be more diverse,
and the adsorption process of biochar can be more complex. However,
these results provided a good perspective that the intrinsic properties of
biochar affected their adsorption capacity, further influenced the envi-
ronment for microbial growth, and altered system stability, which ulti-
mately affected methane generation [7].

3.3. Effects of biochar addition on organic degradation

The COD removal efficiency was measured concerning biochar
addition (Table A.1). Results showed that biochar-F facilitated the best
COD removal of 74.5%, which was 8.7% higher than that of the control.
Biochar-E, biochar-C, and biochar-B also showed promotion effects on
chemical removal and exhibited comparable results (71.9-73.7%).
However, biochar-D addition did not work as well as expected, resulting
in 2.9% fewer chemicals being removed compared with the control,
which was also consistent with its reduction in methane generation.
Compared to biochar, the COD removal efficiency of GAC remained
significant with 95.8% of the chemicals being removed, and it was
28.6% higher than biochar-F. These differences in COD removal were
consistent with both the adsorption capacity of biochar and the differ-
ences in methane generation from organic compounds.

Conversion of VFAs was also monitored during anaerobic digestion.
Results (Fig. 4) showed that biochar-E had the best removal effect
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Fig. 3. Pseudo-first-order kinetic model for the adsorption of phenol (A), hydroxypyridine (B), and pyridine (C) by biochar (adsorption of pyridine was not very
compatible with first-order kinetics, indicating it could be second or greater order. The figure here is intended to give a visual demonstration of the adsorption

capacities of each biochar).

Table 4
Parameters of the pseudo-first-order adsorption kinetic models.
Phenol Hydroxypyridine Pyridine
k(hr 1) Qeq (Mg/g) R? k(hr ™) Qeq (Mg/g) R? k(hr ™) Qeq (Mg/g) R?
GAC 8.0E-2 (2.3E-3) 10.0 (1.4E—4) 0.994 3.2E-2 (1.1E-3) 9.9 (2.6E-1) 0.992 3.8E—2 (9.5E-3) 10.0 (1.4E-3) 0.685
B 1.5E-2 (1.2E-3) 10.0 (2.4E—4) 0.955 4.2E—-3 (2.9E—-4) 10.0 (2.4E-2) 0.968 2.1E—2 (8.6E—3) 10.0 (7.4E—4) 0.420
C 2.6E-2 (1.1E-3) 10.0 (2.3E—4) 0.988 5.7E-3 (6.1E—-4) 10.0 (2.9E-2) 0.925 3.4E—-2 (5.8E-3) 10.0 (3.7E—4) 0.823
D 1.2E-2 (5.1E—4) 10.0 (1.3E—4) 0.987 2.1E-3 (1.8E—-4) 10.0 (9.5E-3) 0.953 3.0E-2 (6.5E-3) 10.0 (8.5E—4) 0.739
E 2.0E-2 (3.1E—4) 10.0 (6.5E—4) 0.998 8.0E—3 (2.0E—4) 10.0 (1.7E-2) 0.996 6.5E—2 (1.9E-2) 10.0 (5.4E—4) 0.603
F 2.4E-2 (5.1E-4) 10.0 (1.9E—4) 0.997 9.2E—3 (4.3E—4) 10.0 (2.7E-2) 0.985 5.5E—2 (9.4E-3) 10.0 (5.3E—4) 0.828
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Fig. 4. Changes in VFAs with different biochar addition.

among the biochar groups, and the final concentration of total VFAs was
less than 0.03 g COD/L, while the concentrations for biochar-D and the
control were still high with values of 0.31 g COD/L and 0.26 g COD/L,
respectively. It’s also worth noting that the peak of organic acid accu-
mulation occurred 4 days later for biochar-D than other groups, which

was consistent with the longer lag phase (Fig. 2, Table 2). This result
further proves that biochar-D was not good at releasing inhibition and
improving system stability, especially during the early stage of diges-
tion. Compared to biochar, a better degradation efficiency was observed
in the GAC-amended reactor in which almost all VFAs were decomposed
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after the 20th day. After 25 days, most of the VFAs were degraded in
biochar-B, C, E, and F groups, but their concentration in biochar-D and
the control reactors remained high. Specifically, the consumption of
propionic acid exhibited an 8-day delay compared with other VFAs, and
its concentration with biochar-D was still 1.15 g COD/L on the 21st day,
which was 1.6-3.1 times higher than those with other biochar samples.
Propionate accumulation was one of the major reasons for the pH drop
and inhibition of methanogenesis [30,31]. Its high concentration in the
biochar-D reactor led to its system instability and low methane pro-
duction. Overall, the addition of biochar led to faster and more stable
production of methane, and consumption of VFAs by microbes main-
tained the pH in a moderate range, eventually benefitting
methanogenesis.

The GC-MS results supported the aforementioned trend (Fig. 5A).
The results showed that the addition of biochar (except for biochar-D)
successfully removed acid derivatives and amide derivatives. Fig. 5A
also presents the removal efficiencies of some other micromolecular
organics in HTL-AP with the addition of biochar and GAC, and several of
these compounds are aromatic and nitrogen-containing compounds that
could inhibit anaerobic digestion. The overall result showed that most of
the inhibitory compounds could be degraded by more than 80%, but a
large fraction of the nitrogen heterocyclic compounds, such as pyridine
and pyrrolidine derivatives, remained in the reactor after digestion.
Meanwhile, biochar-D provided a weaker boost to the removal of micro-
organics in the actual HTL-AP than the other types of biochar, which was
consistent with the phenol, pyridine, and hydroxypyridine adsorption
results. For example, the removal efficiency of phenol, 4-methyl-phenol,
2-piperidinone, and 6-methyl-3-pyridinol were 10.6%, 81.7%, 5.3%,
and 30.7% lower than other biochar-amended groups, respectively.
Differences between groups can be observed more clearly in the organic
conversion results of the macromolecules presented in Fig. 5B.
Compared to the representative micro-organics in Fig. 5A, the MALDI
analysis in Fig. 5B shows a more comprehensive picture of organic
conversion. The vast majority of organic substances in HTL-AP have
molecular weights less than 1000 Da, while biopolymers (>20 kDa),
such as high molecular weight polysaccharides and protein-like sub-
stances, are also present [32]. It’s reasonable to observe negative
organic removal because some of the macromolecules degraded from
high molecular weight compounds were not completely converted to gas
products, and therefore remained in the aqueous phase after digestion.
The results in Fig. 5B show that biochar-E addition provided the best
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organic removal, and most of the organic matter was converted into gas
products. The decomposition of macromolecular compounds was re-
ported to be related to enhanced hydrolysis with biochar addition. For
example, Duan et al. (2019) reported that biochar stimulated the in-
crease of functional genes and the activation of several hydrolases,
including protease, dextranase, and lipase, which contributed to
enhanced hydrolysis [33]. This result confirmed the positive effects of
biochar addition on the enrichment of acid-forming bacteria and
degradation of macro-organics. In contrast, the removal was not effi-
cient with biochar-D, which manifested in many macromolecules, as
well as micro-molecules, remaining after digestion. The organic removal
differences can be attributed to the inherent properties of added biochar.
The great adsorption capacity of biochar facilitated the adsorption of
organic matter, especially toxic cyclic and nitrogen-containing com-
pounds during digestion. Meanwhile, its abundant porous structure
benefited the attachment and growth of different microorganisms, hel-
ped biofilm formation, and promoted microbial interactions. The
digestion process of HTL-AP was complex, and organic degradation
occurred at the same time as adsorption. Subtle differences in biochar
structure can lead to a different conversion performance.

Although the result in Fig. 5 showed that biochar-E had a comparable
organic removal performance with that of GAC. It is worth noting that
there is still a gap between biochar-E and GAC in terms of COD removal.
This discrepancy indicated that although biochar-E was good at dealing
with organic compounds, GAC was much better at eliminating inorganic
compounds, and its overall efficiency was significantly higher than the
biochar groups. Nonetheless, considering the overall organic conversion
and methane production efficiency, biochar-E still can be an ideal ad-
ditive to facilitate anaerobic digestion.

3.4. Biochar addition affects microbial enrichment and metabolic
pathways

The different effects of biochar on methane production and organic
conversion indicated the differences in metabolic interactions within
microbial communities. Results of microbial analysis confirmed that the
composition and content of microorganisms within reactors varied. The
principal component analysis (PCA) of microbial composition in
different reactors exhibited an obvious separation between biochar-D
and other groups, as shown in Fig. 6. Fig. 6B demonstrates microbial
aggregation based on bacteria families. Results showed that reactors
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Fig. 5. Organic conversion efficiency of representative compounds (A) and overall organic removal performance (B) with different biochar addition.
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Fig. 6. PCA analysis of archaeal (A) and bacterial (B) composition with different biochar addition. Relative abundance of bacteria (C) and archaea (D). The cutoff

line for the selected microbes was no less than 0.5% of the total composition.

amended with biochar-E, biochar-C, biochar-F, and biochar-B had
similar microbial compositions as the GAC-assisted reactor. However,
the digester with biochar-D addition had a significantly different mi-
crobial structure. However, the microbial aggregation based on archaea
was relatively dispersed (Fig. 6A). Biochar-E addition showed a similar
effect as GAC on microbial composition while biochar-B, biochar-C, and
biochar-F were grouped together. Biochar-D had a different pattern,
which was also consistent with the differences in relative abundance.
These results comprehensively indicated that the difference in methane
production could be attributed to the difference in the microbial com-
munity and syntrophic interactions. Inhibition in methane generation
with biochar-D addition suggested that biochar could perform both
positive and negative effects on methanogenesis during anaerobic
digestion.

The number of operational taxonomic units (OTUs) for different re-
actors reflected the diversity of microbial communities. Among the
biochar amended reactors, biochar-D-assisted digestion had the lowest
microbial diversity with 512 microbial OTUs and 60 archaeal OTUs,

which was maximally 357 microbial and 31 archaeal OTUs less than
other groups. This low microbial diversity resulted in the lowest ca-
pacity of biochar-D to resist environmental stress and maintain system
stability.

The most abundant bacteria belonged to the phylum Synergistetes,
Firmicutes, Atribacteria, Bacteroidetes, Chloroflexi, Actinobacteria, Dein-
ococcus-Thermus, Thermotogae, and Proteobacteria (Fig. 6C). Enrichment
of the bacterial population with different biochar and GAC varied. For
biochar-B, C, E, and F, the most dominant bacteria they raised was the
Thermovirga genus under the Synergistaceae family and Synergistetes
phylum. The abundance of Thermovirga in the biochar-E amended
reactor was 30.7%, which was 2.2 and 1.4 times higher than the control
and GAC-assisted reactor, respectively. However, the abundance of
Thermovirga enriched by biochar-D was only 3.1%, which was even
much lower than that of the control (14.2%). These results implied that
biochar addition stimulated the enrichment of Thermovirga and led to a
different microbial composition. The primary function of Thermovirga
was reported to be amino-acid degradation; it could ferment proteinous
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substances, certain single amino acids, and certain organic acids. The
end products could be acetate, propionate, ethanol, Hy, CO», etc. [34].
Thermovirga possesses a flagella structure that allows for electron
transfer [34,35], while no direct evidence is available for its involve-
ment in DIET. It is still possible that DIET was established between
Thermovirga and methanogens, but it would not be the primary mech-
anism because the electrical conductivity of both sludge and biochar was
low. It is more likely that Thermovirga acts as an acidogenic bacteria
accelerating hydrolysis/acidogenesis, COD removal, and methane gen-
eration, which has been reported in several other anaerobic systems
[36-38].

Another bacteria exhibiting different dominant patterns is the Can-
didatus Caldatribacterium genus under the Caldatribacteriaceae family
and the Atribacteria phylum. The abundance of Candidatus Calda-
tribacterium in a reactor with biochar-D was less than 0.1%, while the
content in biochar-F was 21.1% of the total composition. Candidatus
Caldatribacterium was characterized as a hydrogen and acid producer
from carbohydrate fermentation [39-41], and the flagellar genes found
in Candidatus Caldatribacterium suggested its potential for electron
transfer [41]. However, biochar-induced enrichment was not always
overwhelming. Its abundance in biochar-B, biochar-C, GAC, and control
reactors were 9.8%, 8.9%, 11.9%, and 7.6% respectively. Its abundance
in the biochar-E reactor (4.5%) was even lower than the control (7.6%),
which contradicts the highest methane yield in the biochar-E group.
These results suggest that Candidatus Caldatribacterium can be enriched
by certain biochar and act as an acidogen to promote organic conver-
sion, but it is not the key functional bacterium for enhanced digestion.

Moreover, the Anaerolineaceae family under the Chlorofilexi phylum
was the dominant bacteria that did not appear in biochar-D assisted
digestion, but it was abundant in other reactors, especially with the
inclusion of biochar-C (8.9%). Although its certain role in anaerobic
digestion has not been clarified, Anaerolineaceae demonstrated great
metabolic ability for carbohydrate degradation, and the end products
could be acetate, lactate, hydrogen, formate, etc. [42,43]. Notably,
Anaerolineaceae proved to be related to phenol degradation, and it could
maintain an efficient degradation efficiency even under high phenol
inhibition conditions [44]. The different Anaerolineaceae abundance was
consistent with the organic removal results that biochar-D exhibited the
worst conversion of phenol derivatives (Fig. 5A), and the adsorption
tests also demonstrated that phenol derivatives could not be effectively
adsorbed by biochar-D (Fig. 3). Enrichment of Anaerolineaceae by bio-
char stimulation has also been reported by Wang et al., and they spec-
ulated that it might function as an electron donor and participate in
DIET [11]. However, Xia et al. found that the pili structure of Anaero-
lineaceae contributed to cellular adhesiveness and aggregation rather
than syntrophic methanogenesis via DIET [42]. Here, the fact that the
Anaerolineaceae abundance in the non-amended control reactor (8.3%)
was higher than that in biochar-B, biochar-E, biochar-F, and GAC ruled
out the possibility of a syntrophic interaction between Anaerolineaceae
and methanogens.

As for the microbial community enriched with biochar-D, the most
dominant bacteria was the Asaccharospora genus under the Peptos-
treptococcaceae family and the Firmicutes phylum with a relative abun-
dance of 32.1%. While the abundances in other reactors were no more
than 10.6%. It was reported that Asaccharospora could not utilize any
type of carbohydrates when the major organic metabolite was acetate
[45]. This property may help explain the deficiency in biological
degradation with biochar-D. Following Asaccharospora, the Clostridium
genus under the Clostridiaceae family showed a dominant presence
(19.1%) in the biochar-D amended reactor, which was about 2 times
higher than other reactors in the total microbial composition. Clos-
tridium could degrade cellulosic compounds. The main product was ac-
etate while formate could also be formed. It was also reported to
participate in syntrophic acetate oxidation (SAO) with hydro-
genotrophic methanogens for hydrogen production [46-49]. With a
flagella structure, Clostridium has been reported to participate in the
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DIET process as an electron donor [50-52]. The possibility of DIET ex-
istence cannot be ruled out here, but the sludge conductivity remained
at a low level (Table 3), indicating that the conductive pili structure for
DIET establishment was not significantly enriched. Therefore, mediated
interspecies electron transfer via hydrogen and formate would still be
the main mechanism via Clostridium and methanogens. These two major
bacteria accounted for more than half of the microbial abundance in the
biochar-D assisted reactor, and its microbial diversity was lower than in
other groups. This deficiency is very likely to be responsible for its poor
organic degradation and methane generation performance. Shao et al.
reported that biochar addition could help the attachment and coloni-
zation of bacteria competing for hydrogen and reduce the amount of
hydrogen available for hydrogenotrophic methanogens, thereby weak-
ening methanogenesis [53]. Here, it’s possible that some of the enriched
bacteria consumed hydrogen and prevented methanogens from pro-
ducing methane in the biochar-D amended reactors.

In terms of archaea, the most abundant species belonged to the
family Nitrososphaeraceae, Methanosarcinaceae, Methanosaetaceae,
Methanoregulaceae, Methanomassiliicoccaceae, Methanofastidiosaceae,
and Methanobacteriaceae (Fig. 6D). Among these microbes, the Meth-
anosaeta genus under the Methanosaetaceae family was the most domi-
nant for all reactors (more than 50% of the total composition) except for
biochar-D addition (9.5%), and it reached the highest abundance with
biochar-B addition (93.2%). The abundance of Methanosaeta in the non-
amended control reactor was 2.5%-29.0% lower than with biochar
addition, demonstrating that biochar enriched the archaeal population.
Nevertheless, biochar-D addition led to a shift in dominance from
Methanosaeta to Methanobacterium (49.8%, Methanobacteriaceae family)
and Methanosarcina (29.6%, Methanosarcinaceae family). Methanosaeta
is an acetoclastic methanogen, while Methanobacterium is a hydro-
genotrophic methanogen, and Methanosarcina is capable of all three
major methanogenic pathways (hydrogenotrophic, acetoclastic, and
methylotrophic). The different microbial compositions suggested that
SAO coupled to hydrogenotrophic methanogenesis might be the primary
pathway stimulated by biochar-D, while acetoclastic methanogenesis
dominated in other reactors. This result is also consistent with the
accumulation of VFAs in which acetate and propionate accumulated for
a longer time and a higher concentration in the biochar-D reactor since
Methanobacterium played an important role in propionate degradation
and Methanosarcina tended to be enriched over Methanosaeta with a high
acetate concentration [54,55]. The hydrogenotrophic process is highly
affected by the hydrogen concentration, and the lowered methane yield
of biochar-D might be due to the insufficient efficiency of hydrogen-
mediated interspecies electron transfer. Notably, the abundance of
Methanobacterium was also considerable (26.2%) in addition to the
dominant Methanosaeta (50.2%) for biochar-E, demonstrating that ace-
toclastic and hydrogenotrophic methanogenesis were both active and
favored the overall organic utilization.

The morphologies of the enriched microbes on different biochars
varied with the different microbial compositions (Fig. A.2). Microbes
were attached and aggregated on the biochar surface, and most of them
were rod-shaped, which is consistent with the fact that most of the
dominant microbes were rod-shaped. Different aggregation patterns
were observed between groups. For example, the aggregation on the
biochar-F surface was more intensive than the other groups, which
might be related to the specific aggregation characteristics of its domi-
nant microbe Candidatus Caldatribacterium (Fig. 6C). It was also found
that the biochar-B had more small-sized microbes attached to its surface.
This may be explained by the fact that the smaller pore volume of
biochar-B favored the enrichment of small microbes to help more mi-
crobes attach to its surface for metabolism, while the large-sized mi-
crobes were less enriched.

The aforementioned analysis revealed that different types of biochar
addition stimulated different metabolic responses in the microbial
community, which subsequently led to the difference in organic con-
version. Acidogenesis, acetogenesis, and methanogenesis can all be
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greatly enhanced with biochar induction, but no clear evidence points to
the domination of DIET.

3.5. Correlation analysis and model prediction

3.5.1. Correlation analysis of biochar addition with anaerobic digestion of
HTL-AP

A comprehensive correlation analysis between biochar properties
and microbial activity as well as methane production is presented in
Fig. 7 (only dominant microbes; the full correlation plot can be found in
Fig. A.3. The result shows that total pore volume was negatively related
to methane yield and production rate, while positively correlated to the
lag phase, indicating that an excessively large pore volume may be
detrimental. This finding was validated by the microbial composition
which demonstrated that a larger total pore volume helped the enrich-
ment of biochar-D associated microbes while it was unfavorable for
others. Moreover, the adsorption capacities were highly related to both
methane generation and microbial enrichment, proving that biochar
promoted microbial growth and metabolism by adsorption of toxic
inhibitory substances, thereby improving digestion. Elemental compo-
sition could also be influential, especially the O/C ratio. With a higher
O/C ratio, the higher adsorption capacity of biochar for heavy metals
can be achieved. It was also found that although the surface area had a
limited effect on methane production, it can be associated with micro-
bial abundance. This is reasonable because more connection sites were
provided for microbial attachment with a larger biochar surface. Elec-
trical conductivity, electron-donating capacity, and electron-accepting
capacity had negligible effects on most microbes, and similarly, had
limited effects on methane production.

In addition to its intrinsic properties, the effects of biochar addition
on the system have been analyzed. As an alkaline material, biochar
addition helps neutralize the pH value within anaerobic digesters,
avoids reactor souring due to the accumulation of organic acids, and
further contributes to system stability [5]. Thus, the initial and final pH
values were monitored, and results showed that the final pH values of all
reactors increased and remained at a similar level (pH = 7.4-7.6)
(Fig. A.4). The consistent final pH in all reactors demonstrated that the
difference in methane yield was not attributed to the pH variations. The
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ammonia concentration was also monitored (Fig. A.4) and its value in all
reactors was not so high as to induce inhibition of digestion (>1500 mg/
L) [56], confirming that the difference in methanogenesis was not
attributed to the ammonia variation with biochar addition.

These findings demonstrated that pore volume and adsorption ca-
pacities were the determining parameters of biochar, which affected the
system environment and microbial metabolism, eventually reflected in
the differences in organic conversion and biogas yield. Meanwhile,
although it is possible that biochar addition stimulated the co-existence
of DIET with mediated interspecies electron transfer, the low electrical
conductivity and electron transfer capacity of biochar, as well as the low
sludge conductivity, limited its domination. Mediated interspecies
electron transfer via hydrogen and formate should still be the primary
mechanism over DIET.

3.5.2. Model predictions on DIET establishment with biochar properties
To further investigate the relationship between biochar properties
and DIET existence, a Random Forest model was built to predict and
validate the results obtained in this study. 23 data points collected from
previous studies (Table A.2) were used as training data to predict the
binomial response for the presence of DIET, and 9 parameters (surface
area, conductivity, pore volume, electron-donating capacity, electron-
accepting capacity, carbon, nitrogen, oxygen, and hydrogen content)
were used as independent variables. PCA analysis was performed to
compare how much each variable contributed to the main variance in
the dataset, and Fig. 8 visualizes the relationship among variables with
different response groups (DIET exists or does not exist). Results showed
that the first 2 principal components explained 60.8% of the variance,
and pore volume and electron-donating capacity caused the greatest
variance. Fig. 8 also shows that the presence of DIET can be character-
ized by pore volume, surface area, conductivity, as well as the content of
carbon and hydrogen. This conclusion is convincing because pore vol-
ume and surface area influence microbial adhesion, and conductivity
and the H/C ratio are both related to the electron transfer of microbes
through biochar. To evaluate the ability of this model to predict the
presence of DIET, the out-of-bag (OOB) error rate was checked with a
value of 13%, indicating a model accuracy of 87%. Moreover, 3 of the 5
biochar addition groups in the present study were predicted as DIET not
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Fig. 7. Correlation plot of biochar properties (data from biochar-B, C, D, E, and F) with methane production and microbial activity (only dominant microbes; the full
correlation plot is shown in Fig. A.3; positive correlations are in red while negative correlations are in blue). EDC: electron-donating capacity, EAC: electron-

accepting capacity.
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Fig. 8. PCA analysis indicating the relationship among variables of biochar
with the different responses of DIET. 0 means DIET does not exist, and 1 means
DIET exists. Donating and accepting indicate the electron-donating/accepting
capacity. Nitrogen, oxygen, carbon, and hydrogen indicate their contents
in biochar.

being established/dominated by this model. The accuracy and precision
of the current model are not very high, and the prediction error was
mainly caused by the dataset itself. Although the data points were
carefully selected from the literature with more reliable evidence, the
effect of a small sample size on the model accuracy is still unavoidable.
The missing values in the data are another factor that affected the model.
Nevertheless, these results could still provide a qualitative corroboration
indicating whether the addition of biochar in anaerobic digestion makes
DIET dominant. The relationship between biochar and DIET is complex,
and some potential connections may not have been identified. The
modeling approach can help to better understand the whole process and
find some key points that have been overlooked. Furthermore, the ac-
curacy of this model can be further improved as more studies are pub-
lished and more abundant, accurate data becomes available.

4. Conclusions and implications

This study investigated the effects of different biochar additions on
methane production during anaerobic digestion of HTL-AP. In most
cases, adding biochar could facilitate organic removal and methano-
genesis. Total pore volume and adsorption capacity of biochar proved to
be the determining factors as they led to an improvement in the mi-
crobial community structure and activity. However, adding biochar was
not always beneficial. A suppressive biochar (biochar-D) addition could
induce a shifted microbial composition and metabolic pathways which
were different from the non-amended control reactor, accounting for
suppressed methane generation.

The poor conductivity and electron transfer capacity of biochar
limited its role as an electron conduit for DIET. Furthermore, the low
sludge conductivity indicated that the conductive pili were not signifi-
cantly enriched, although some dominant microbes had the capability of
transferring electrons. These findings demonstrated that mediated
interspecies electron transfer was still the primary mechanism for elec-
tron transfer, but the possibility of DIET being present was not ruled out.
The results also suggested that the relationship between DIET and bio-
char should be further investigated. For example, the selection of raw
materials and the subsequent processing conditions can influence the
properties of biochar and affect its ability to induce DIET. Considering
each biochar parameter (pore volume, conductivity, electron transfer
capacity, surface area, etc.) and testing their effects on DIET individually
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could lead to more discoveries about their relationships. Genomic and
transcriptomic analyses should also be conducted in future studies to
monitor the changes in pili/cytochrome structures, as well as associated
metabolic processes, to provide more direct evidence for the presence of
DIET. Moreover, the establishment of DIET with biochar may also be
substrate-related. Ethanol could be considered as a co-substrate to
stimulate the biological connection to achieve DIET, as it has been
proven to be an effective electron donor for DIET [13,57,58]. Modifi-
cation of biochar would be another promising strategy. For example,
magnetite or nitrogen-doped biochar may help establish DIET by
improving its electrical conductivity and capacitance [59,60]. This
study also developed a prediction model to relate DIET with biochar
properties with a model accuracy of 87%, providing qualitative support
for determining whether the role of biochar in anaerobic digestion was
DIET-dominant. In future studies, more statistical and modeling ap-
proaches could be applied, which will likely provide more insight into
the induction mechanisms and help find suitable biochar for digestion.
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