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ABSTRACT

Two methods were examined to improve methane production efficiency in anaerobic digestion (AD)
based on adding a large amount of surface area using a single electrically conductive carbon brush, or
by adding electrodes as done in microbial electrolysis cells (MECs) to form a hybrid AD-MEC. To exam-
ine the impact of surface area relative to electrodes, AD reactors were fitted with a single large brush
without electrodes (FB), half a large brush with two electrodes with an applied voltage (0.8 V) and oper-
ated in closed circuit (HB-CC) or open circuit (HB-OC) mode, or only two electrodes with a closed circuit
and no large brush (NB-CC) (equivalent to an MEC). The three configurations with a half or full brush all
had improved performance as shown by 57-82% higher methane generation rate parameters in the Gom-
pertz model compared to NB-CC. The retained biomass was much higher in the reactors with large brush,
which likely contributed to the rapid consumption of volatile fatty acids (VFAs) and therefore improved
AD performance. A different microbial community structure was formed in the large-size brushes com-
pared to the electrodes. Methanothrix was predominant in the biofilm of large-size carbon brush, while
Geobacter (anode) and Methanobacterium (cathode) were highly abundant in the electrode biofilms. These
results demonstrate that adding a high surface area carbon fiber brush will be a more effective method

of improving AD performance than using MEC electrodes with an applied voltage.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Anaerobic digestion (AD) is an efficient method to degrade
organic matter in wastewaters and produce methane but the
process can require long hydraulic retention times for stable
performance. The syntrophic relationship between fatty acid-
degrading bacteria and methanogens is often considered as the
rate-limiting step for soluble organic acid conversion to methane
(Baek et al,, 2018). Therefore, methane generation rates can be
improved by reducing the background concentrations of volatile
fatty acids (VFAs) produced from fermentation. Inserting elec-
trodes like those used in a microbial electrolysis cell (MEC) into
AD (i.e. AD-MEC), and applying a voltage to generate an elec-
trical current and hydrogen gas, has been proposed to improve
overall AD performance (Vu et al, 2020; Zhao et al, 2016).
AD-MEC systems use exoelectrogenic bacteria on the anode to
oxidize organic matter and reduce VFA concentrations, and the
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cathode can improve methane production either through elec-
tromethanogenesis (8H* + 8e~ + CO, — CH4 + 2H,0) or by
providing H, for hydrogenotrophic methanogenesis (4H, + CO, —
CH4 + 2H,0) (Cheng et al., 2009; Yu et al., 2018). AD-MEC systems
have therefore been shown to increase methane production and
organic removal efficiencies (Feng et al., 2015; Zhang et al.,, 2013;
Zhao et al., 2016).

The main function of the electrodes in an AD-MEC has not been
clearly distinguished between improvements due to additional sur-
face area for biomass retention, and benefits of electrochemical
processes that can remove additional organics and produce hy-
drogen gas. The operation of homogenized and continuously-fed
AD reactors is dependent on the retention of biomass, especially
methanogens (Choong et al,, 2018). Adding supporting media with
a high surface area into reactors has therefore been used to en-
sure a high biomass concentration (Show and Tay, 1999). Most of
the materials used for bioelectrodes in AD-MECs provide a rela-
tively high surface area compared to controls without electrodes.
Carbon felt or carbon cloth materials have porous structures which
could benefit AD performance by retaining biomass and prevent-
ing washout, in addition to stimulating electrochemical reactions.
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Despite of the importance of this surface area effect, the electrode
packing density (i.e. electrode surface area to reactor volume ra-
tio) has not been well documented or specifically examined in AD-
MEC studies. Electrode packing densities have varied over a wide
range in AD-MEC studies, from 0.7 to 15.1 m2/m3 of reactor vol-
ume, which could have impacted AD performance even without
current production (Baek et al., 2020; Cai et al., 2016; De Vrieze
et al., 2014; Feng et al., 2015; Liu et al., 2016; Vu et al., 2020). Low
electrode packing densities (<1 m?/m3) would not be expected to
impact methane production rates by more than a small amount
(0.6-1.2%) due to a small percentage of the substrate being used
for current generation relative to that for overall methane produc-
tion (Baek et al., 2020; Feng et al., 2015). However, AD-MEC sys-
tems with a relatively small amount of current through the circuit
have shown to achieve higher or more stable AD performance than
conventional AD systems (Baek et al., 2020). In addition to increas-
ing surface area available for microorganisms, the use of electri-
cally conductive materials can also provide a beneficial platform
for direct interspecies electron transfer (DIET) between electroac-
tive bacteria and methanogens even in the absence of current gen-
eration (Baek et al,, 2015; Cruz Viggi et al, 2014; Li et al, 2015).
Through DIET, the electrons from organic oxidation can be trans-
ferred directly toward methanogens without redox intermediate
(i.e. hydrogen), which could make the AD process more efficient
and contribute to enhanced methane generation rates (Baek et al.,
2018).

In this study, we investigated the impact of surface area rela-
tive to current generation using electrodes by adding carbon fiber
brushes of different sizes into AD reactors. We hypothesized that
the large surface area provided by the brushes was more criti-
cal to AD performance than current generation using smaller-size
MEC electrodes. Carbon brushes were chosen for these tests be-
cause they provide a very high surface area-to-volume ratio, and
the open brush structure has advantages of less potential for clog-
ging compared to other carbon-based woven materials (e.g., pieces
of carbon felt or carbon cloth) (Logan et al., 2007). In addition,
the potential for DIET is enhanced by using carbon brushes due to
their high electrical conductivity (650 S/cm for brushes used here).
This strategy to add brushes into AD provide additional advantages
compared to adding particles to stimulate DIET (e.g., magnetite,
carbon nanotube, activated carbon) (Baek et al., 2015; Li et al.,
2015; Liu et al., 2012) because there is no possibility of material
washout using the brushes compared to particles. The impact of
large carbon brushes on methane generation rates and COD re-
moval rates was examined by adding brushes that filled, or half-
filled the reactor volume compared to reactors with two smaller-
size brush electrodes in the presence and absence of current pro-
duction. The amount of attached biofilm to these different brushes
was quantified in terms of protein, with the contribution of cur-
rent generation evaluated in terms of coulombic efficiency and to-
tal internal resistances based on the electrode potential slope (EPS)
method (Cario et al.,, 2019). To obtain a more comprehensive in-
sight into process performance, the microbial communities on the
brushes and in suspension were characterized using Illumina se-
quencing of both active (16S rRNA) and total (16S rRNA gene) mi-
crobial populations.

2. Materials and methods
2.1. Inoculum and substrate

Sludge was collected from the anaerobic digester at the Penn-
sylvania State University wastewater treatment plant and used as
the inoculum. The sludge was sieved using a screen (mesh size
of 850 um) to remove large particles that lead to clogging of the
sampling port and obtain a homogenous inoculum, and then stored
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at 4°C. Before utilization as an inoculum, the sludge was held for
24 h at 35°C to activate microorganisms and decrease concentra-
tions of easily degraded biodegradable organic matter. The sludge
composition was: total chemical oxygen demand (TCOD) of 22,500
+ 500 mg/L, soluble COD (SCOD) of 540 + 30 mg/L, total sus-
pended solids (TSS) of 19,000 +£ 700 mg/L, and a volatile sus-
pended solid (VSS) of 14,800 + 400 mg/L. A synthetic substrate
used for AD tests was prepared with glucose as the sole carbon
source (2.5 g/L) in 100 mM phosphate buffer solution (PBS) con-
taining 4.9 g/L NaH,P04¢H,0, 9.2 g/L Na,HPOy,, 0.6 g/L NH4Cl, 0.3
g/L KCl, mineral (12.5 mL/L) and vitamin (5 mL/L) solutions (pH
=71, conductivity = 12.1 mS/cm) (Cheng et al., 2009). The concen-
tration of PBS solution was changed from 50 to 100 mM from the
third batch cycle since a low pH (6.6-6.7) was measured at the end
of the second batch cycle.

2.2. Preparation of brushes and reactor configurations

Two large brushes were used to provide high surface areas for
microbial growth and two smaller brushes were used as electrodes
for the four different reactor conditions (Fig. 1). The full-size brush
(6 cm long and 4 cm in diameter), half-size brush (3 cm long and
4 cm in diameter) and small-size anode brush (1 cm long and
1.5 c¢cm in diameter) were made from carbon fibers wound into
two twisted titanium wires (Mill-Rose). The bristles for the car-
bon brushes were 0.00072 mm in diameter and had an electrical
conductivity of 650 S/cm (zoltek.com/products/px35). The carbon
brushes were heat treated at 450°C for 30 min before use. Stain-
less steel (SS) brushes used for the cathodes had the same length
and diameter as the anodes, but the bristles were 0.005 cm in di-
ameter.

The AD reactors (duplicates for each test condition) were glass
bottles filled with 270 mL of liquid and they had 60- or 80-mL
of headspace (two different bottle types). The bottles were sealed
with a rubber stopper held on with a screw cap. AD reactors were
tested with four different configurations: a full-size brush with no
electrodes (FB), a half-size brush to provide a high surface area
along with two electrodes either with an applied voltage of 0.8
V (HB-CC) or with an open circuit (HB-OC), or only the electrodes
and no large brush operated with an applied voltage of 0.8 V to
simulate AD with MEC (NB-CC) (Fig. 1). The FB reactor was used
to show the maximum possible impact of conductive surface area
on AD performance, while the NB-CC condition represented AD-
MECs with low electrode packing density as used in several previ-
ous studies (Baek et al., 2020; Feng et al., 2015). The HB-CC con-
figuration was examined as a possible method to improve AD us-
ing both approaches (i.e., current generation and adding a large
surface area). HB-OC configuration was used as a control to pro-
vide same surface area as HB-CC but remove the impact of cur-
rent generation on performance. To prevent short circuiting in the
reactors with the half brush between the brush and electrodes
a piece of insulative rubber was installed at the bottom of the
electrodes by piercing the titanium tip into the rubber (Fig. 1C).
The tip was sealed by epoxy treatment to make it be electrically
insulated.

The surface area of brushes was calculated for all reactor con-
figurations based on the bristle geometry of each carbon and SS
brushes (Table 1). The cylindrical area was calculated as A¢ = 2nr
(r + h)/V, where h is the height and r is the radius of the brush,
and V is the liquid volume. The specific bristle area for carbon
brushes was calculated as As = 2wryn (r, + r)/V, where r, is the
radius of bristle (0.00036 cm) and n is the total number of bristles
(400,000 bristles per inch). The specific bristle area for SS brush
was estimated as As = 2m/r,pV, where m is the total mass of the
bristles and p is the density of the SS fiber.
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A

Fig. 1. (A) Schematics of the four AD reactor configurations, (B) photographs of the brushes used for applying voltage or providing surface area for microbial attachment,
and (C) photographs of the non-conductive plates added to the HB-CC and HB-OC reactor electrodes to prevent short circuiting.

Table 1

Normalized surface area of brushes and electrodes.
Calculation basis FB HB-CC  HB-OC  NB-CC
Cylindrical area (A.) of all brushes/working volume (m?/m?) 37.2 29.4 29.4 6.1
Cylindrical area (A.) of electrodes/ working volume (m?2/m3) - 6.1 - 6.1
Specific bristle area (As) of all brushes/ working volume (m?/m3) 1580 890 890 100
Specific bristle area (As) of electrodes/ working volume (m?/m?) - 100 - 100

2.3. Repeated batch operation

For the first cycle, a glucose medium with 20% (v/v) of inocu-
lum was used producing a final glucose concentration of 2.5 g/L.
The reactors were operated under fed-batch mode by replacing
50% of the liquid with fresh medium at the end of each cycle. Be-
fore starting each batch cycle the reactor liquid was sparged with
pure nitrogen gas for 3 min. The duration of the cycle was de-
fined based on the end of gas production or a low electrical cur-
rent from all reactors. A fixed external voltage of 0.8 V between
two electrodes was applied to the NB-CC and HB-CC reactors us-
ing a potentiostat (VMP3, BioLogic, Knoxville, TN), consistent with
applied voltages used in previous tests to enhance AD efficiency
(Ding et al., 2016; Vu et al., 2020). The FB reactor did not con-

tain electrodes, and the HB-OC reactors were operated under open
circuit conditions. Biogas was collected by gas collection bag (Cali-
5-Bond, Calibrated Instruments, NY) and liquid samples were col-
lected from the middle of the reactors through sampling ports.
All AD reactors were operated in duplicate and in a temperature-
controlled room at 35°C. The current was recorded at 10 min in-
tervals using a potentiostat (VMP3, BioLogic, Knoxville, TN).

2.4. Protein assay

The attached and suspended biomass were quantified based on
total protein concentration using a bicinchoninic acid (BCA) pro-
tein assay kit (Sigma Aldrich) following previously described proce-
dures (Bond and Lovley, 2003; Ishii et al., 2008; Rossi et al., 2018).
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For the extraction of the attached biomass, the pieces of brushes
were cut with sterile scissors and placed in a petri dish with 5
mL (small brushes) or 10-mL (large brushes) of 0.2 N NaOH. The
1-h extraction was performed by withdrawing and re-adding the
NaOH solution several times over the surface of brushes (15 min
of intervals) using a pipette to improve protein extraction. The re-
sulting solution was removed and weighed. An equal amount of
deionized water was used for further rinsing the brushes to collect
any remaining solution. The liquids were pooled together, yielding
a sample containing 0.1 N NaOH. For suspended biomass, 10 mL of
mixed liquor was centrifuged (13,000 x g, 3 min), the suspension
was discarded, and pellet was re-suspended in 0.1 N NaOH. The
pretreated samples (both attached and suspended biomass) were
frozen (-20°C) followed by thawing at 100°C for 10 min, and this
freeze-thaw cycle was repeated three times. Then, the sample was
centrifuged (13,000 x g, 3 min) to remove any cell debris. The
protein concentration was quantified by the BCA method against
a bovine serum albumin standard (Bond and Lovley, 2003). The
measured protein was normalized by the weight of used brushes
(for attached biomass) or the volume of used suspension (for sus-
pended biomass). Total protein in each reactor was presented by
multiplying by total weight of brushes or total working volume of
the reactor.

2.5. Nucleic acid extraction, library preparation, amplicon sequencing,
bioinformatics processing, and statistical analysis

The attached and suspended biomass samples were collected
at the end of the third batch cycle from each reactor. DNA ex-
traction was performed using the standard protocol for FastDNA
Spin kit for Soil (MP Biomedicals, USA) and RNA was extracted us-
ing the standard protocol for RNeasy PowerMicrobiome Kit (Qia-
gen, Germany) and reverse-transcribed using 2X Platinum SuperFi
RT-PCR Master Mix from the SuperScript IV One-Step RT-PCR Sys-
tem (Thermo Fisher Scientific, USA). 16S rRNA gene region V4 se-
quencing libraries were prepared according to the Illumina proto-
col by using the forward (515F) and reverse (806R) tailed primers
(Apprill et al., 2015; Illumina, 2015). The purified sequencing li-
braries were pooled and paired-end sequenced (2 x 300 bp) on
a MiSeq (Illumina, USA). The trimmed and merged reads were
dereplicated, formatted for use in the UPARSE workflow, and then
clustered using the USEARCH v. 7.0.1090. The OTU abundances
were estimated using the USEARCH v. 7.0.1090 and the taxon-
omy was assigned using the RDP classifier. The detailed informa-
tion about nucleic acid extraction, library preparation, amplicon
sequencing, and bioinformatics processing is provided in the Sup-
porting information. The sequences obtained in this study were de-
posited in the NCBI Sequence Read Archive under the bioproject
accession number PRJNA658582.

2.6. Measurements and calculations

The gas composition in the headspace was analyzed with a gas
chromatograph (GC) using 250 uL of gas extracted from the gas
collection bag using an airtight gas syringe (Hamilton, Reno, NV,
USA). Hydrogen and methane were analyzed using a GC (model
2601B, SRI Instrument, Torrance, CA, USA) equipped with a 3-m
Molsieve 5A 80/100 column (Altech Associates, Inc., Bannockburn,
IL) and thermal conductivity detector (TCD; a detection limit of
0.01%) with argon as the carrier gas. Carbon dioxide was ana-
lyzed using another GC (model 310, SRI Instrument, Torrance, CA,
USA) with a 1-m silica gel column (Restek, Bellefonte, PA, USA)
and TCD (a detection limit of 0.01%) with helium as the carrier
gas. The methane volume was calculated as Vip, ¢ =Vg ¢ fm, ¢ +
Vi (fm, ¢ — fm t-1), where Vg .is biogas volume in gas bag and
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V. tis methane volume measured at time t (mL), fnis the frac-
tion of the methane in biogas, and Vj,is the headspace volume
(mL) of the reactor (Trzcinski and Stuckey, 2012). The volume was
corrected to standard condition (0°C and 1 atm). Soluble chem-
ical oxygen demand (SCOD) was analyzed using standard meth-
ods (TNTplus COD reagent; HACH company). Volatile fatty acids
(VFAs; acetate, propionate, and butyrate) were quantified using a
GC (Shimadzu, GC-2010 Plus, Japan) equipped with a Stabilwax-
DA column (30 m x 0.32 mm x 0.5 pum, Restek, Bellefonte, PA)
and flame ionization detector (FID; a detection limit of each VFA
of 0.1 mM) with nitrogen as the carrier gas. The samples for SCOD
and VFA measurement were prepared by using a syringe filter with
0.45 pum of pore size. The total and suspended solid concentrations
were measured according to a standard method (Association et al.,
1920). All chemical analyses were performed in duplicate.

The coulombic efficiency (CE) was calculated as CE = C/C,
where C; is the total coulombs calculated by integrating the
current over time, and C. is the total charge consumed based
on the SCOD removal. The contribution of current generation to
methane production was estimated by the ratio of the theoreti-
cal methane production from current to total methane production
as Tiyror = WEg[Wena, where Wi is the electrical energy input and
Wchg is the energy content of the methane produced. The methane
generation rate over time was fitted using the Gompertz equation
to interpret the experimental results and directly compare each
parameter among the different reactor configurations (Baek et al.,
2015):

M(t) =P exp[—exp{%(k —t)+ l”

where M(t)is the accumulated methane production at time t, Ry, is
the maximum methane production rate (mL/d), P is the maximum
methane potential (mL), e is Euler’s constant (2.718), and Ais the
lag phase length (d).

Total internal resistance can be obtained using polarization data
obtained by applying voltage step-by-step with an interval as done
in a previous study (Cario et al.,, 2019) or by using linear sweep
voltammetry (Kang et al., 2017; Nam et al., 2017). Here, the polar-
ization data were obtained by reducing the applied voltage from
0.8 V to 0.2 V, at 0.1 V intervals, with 20 min at each applied
voltage. Current was recorded at 1-min intervals with the last five
minutes averaged and used for polarization curve. The electrode
potential slope (EPS) method was used to obtain the total inter-
nal resistance of the HB-CC and NB-CC. For the EPS method the
whole-cell potentials were plotted with the potential on the y-axis
and the current density on the x-axis. The linear portion was fit-
ted by E = mi + b, where i is the current density (A/m3), the slope
m is defined as the total internal resistance (m$2/m?3), and the y-
intercept was open circuit potential of the cells.

3. Results & discussion
3.1. Methane production and COD removal

After successful biofilm acclimation cycles (Fig. S1) the reactors
with the high-surface area brushes produced methane faster than
the reactor containing only the MEC electrodes (NB-CC) (Fig. 2A).
Methane production during the third batch cycle showed the low-
est accumulated volume for the NB-CC reactor (208 + 24 mL)
and the highest gas volume for the FB reactor (249 + 2 mL). The
three configurations with the full or half brushes all showed simi-
lar overall trends in gas production, with similar final methane vol-
umes (235-249 mL). Despite of the presence of the electrodes in
the NB-CC reactors, gas production was much less by the end of
the cycle than that of the other reactors. There was negligible H,
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Table 2
The parameters estimated by modified Gompertz model.
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Fig. 2. (A) Methane accumulation and (B) soluble COD consumption profiles during
the third batch cycle. For methane accumulation data of HB-CC, only one of the
duplicates was shown due to substantial gas leakage from the other reactor.

production (< 0.2% in biogas) in all cycles and for all days except
day 1, where acidogenesis mainly occurred in all reactors.

The performance of the different reactors in terms of methane
production was consistent with parameters fitted to the modified
Gompertz model (Table 2), with all results having R? >0.99. The
three reactors with full or half brushes (FB, HB-CC and HB-OC reac-
tors) had 3.7-9.0% higher values of the maximum methane poten-
tial (P) and 57-82% higher values in the maximum methane pro-
duction rate parameter (Rp) compared to the NB-CC reactor. These
higher rates with the large brush area indicated that the presence
of the brush was more critical for methane production than elec-
trodes in the AD reactors. The methane production estimated from
the P values from the model agreed with the experimental data,
indicating that the incubation period of the third cycle (i.e. 8 days)
was enough to observe the difference in AD efficiency among the
reactors. The estimated lag phase (A) was similar and low for all
reactors (0.31-0.43 days) indicating the microbial community was
well acclimated for the fed-batch cycles.

The SCOD removals were consistent with methane production
showing slower removal rates in the NB-CC bottles compared to
the other reactors (Fig. 2B). The final SCOD removal at the end
of the cycle was above 93% for the three reactors with the large
brushes (93 + 3%, FB, 93 + 3%, HB-CC, and 94 + 2%, HB-OC) com-
pared to 86 + 3% for the NB-CC reactors.

3.2. VFA production and removal

Total VFA concentrations were always lower in the AD reac-
tors with the large brushes compared to the electrode-only NB-
CC reactors (Fig. 3). Acetate, propionate and butyrate were the
dominant acidogenic products from glucose fermentation consis-
tent with previous reports (Lu et al., 2020; Qin et al., 2020). After
the total VFA concentrations reached a maximum on day 2 with
slight drop in pH from 6.9 to 6.4 (Fig. S2), more rapid conversion
of butyrate to acetate was observed during days 2-4 in FB, HB-
CC, and HB-OC, while butyrate remained on days 4 and 6 in NB-
CC reactors. In addition, the propionate degradation rate was much
slower in NB-CC, resulting in 175 mg as COD/L of propionate at the
end of the cycle. The lower propionate accumulation in the reac-
tors with large carbon brushes could have been due to enhanced
syntrophic propionate oxidation by DIET stimulated by the pres-
ence of the electrically conductive surface area (Baek et al., 2018;
Cruz Viggi et al,, 2014). Having a carbon brush with large surface
therefore could have improved AD because anaerobic propionate
oxidation is a highly endergonic reaction (AG® = +76.1 kJ/mol).
This speculation is supported by previous reports which observed
DIET in both pure- and mixed-culture systems when electrically
conductive carbon-based woven materials were added (Chen et al.,
2014; Dang et al., 2016; Zhao et al., 2015).

3.3. Current production and its impact on performance

The reactors with the electrodes and no brush (NB-CC) showed
better electrochemical performance than the HB-CC reactors with
the large half-sized brush in terms of current density and CE val-
ues despite identical electrode configurations (Fig. 4A). Polariza-
tion data for the two reactors was similar, resulting in comparable
slopes using the EPS method (Cario et al., 2019). The internal resis-
tances of the two types of reactors calculated from the slopes were
not appreciably different based on the overlap of the standard er-
ror of the slopes at lower current densities and applied voltages
(96 + 6 for HB-CC reactor and 93 + 6 mS2/m3 for NB-CC reactor)
(Fig. 4B). However, for applied voltages above 0.5 V for the HB-
CC reactors, and 0.7 V for NB-CC reactors, there was no increase
in current density (Cario et al., 2019). At an applied voltage of 0.8
V (i.e. a set potential in this experiment), a 2.7-fold higher current
was produced in NB-CC than HB-CC which explained their different
performance and current densities in the constant applied voltage
tests. The lower electrochemical performance for the HB-CC reac-
tor was due to the presence of the large half-sized brush as this
was the only difference between the HB-CC and NB-CC reactors.
The presence of the half-sized brush resulted in a more rapid con-
sumption of VFAs that are used for current generation, which could
have explained the lower current density in the HB-CC reactors.

There was no appreciable difference in performance for the re-
actors with the half brush operated in either open circuit (HB-OC)
or with current generation (HB-CC) due to an applied voltage, indi-
cating that current production did not measurably influence overall
AD rates (Figs. 2 and 3). In addition, current production alone (for
the NB-CC reactor) resulted in reduced overall performance com-
pared to the other reactors. Analysis of the fraction of the sub-
strate removed on the basis of the coulombic efficiencies showed
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that the closed circuit reactors had <7% of the substrate used by
the anode bacteria, with CE values of 3.4% (HB-CC) and 6.9% (NB-
CC). Thus, there was a negligible impact of current generation on
performance.

The lack of an impact of current production on methane gener-
ation or COD removal rates was likely due to the small electrode
packing density (6.1 m?/m3 as cylindrical area and 200 m2/m3 as
specific bristle area). Higher electrode brush densities (63.0 m2/m3
as cylindrical area) produced a higher maximum current density
(31.9 A/m3) with same substrate type of medium (glucose at 2.5
g/L) (Vu et al., 2020) than those obtained in this study (2.7 A/m3
for HB-CC and 4.9 A/m? for NB-CC). However, asshown by using a
large brush in our studies the rates would be improved just due to
the large surface area of the brush even in the absence of current
production.

3.4. Biomass on brushes

Protein was measured on the brushes and in the mixed liquor
of each reactor to compare biomass retention among the reactors
(Fig. 5). The biomass measured for the half- (120-121 mg) and full-
size (118 mg) brushes were similar and much higher than those
on the small-size brushes (1-15 mg) or in the mixed liquor (6-57
mg). The amount of protein was 3.1-9.5-fold higher in the mixed
liquor of NB-CC than other reactors presumably owing to the less
surface area for the attached growth. The differences in suspended
biomass concentrations among the reactors also could be visually
observed based on less turbidity of solution for the reactors with
large brushes than that of the NB-CC reactors without the large
brushes (Fig. S3). The sum of protein was much higher in HB-OC
(136 £ 5 mg), HB-CC (135 + 1 mg), and FB (133 £+ 1 mg) config-
urations compared to NB-CC (37 + 2 mg), suggesting the biomass
retention by the large surface area brushes was the crucial factor in
AD performance of the reactors with the different configurations.
The lack of a difference in total protein amount among FB, HB-CC,
and HB-OC reactors suggests that the differences in brush shapes
and materials could have impacted overall biomass retention on
the brushes. Although the FB configuration provided twice as much
surface area than HB reactors (HB-CC or HB-OC), the portion of
active surface area which was favorable for microbial attachment
might have not been much larger due to the inaccessibility of the
inner parts of the brushes. Similar protein amounts among these
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three reactors did seem to be in good agreement with the similar
AD efficiencies of these three configurations (Fig. 2).

3.5. Spatial distribution of the microbial community

The biomass samples taken from different locations (biofilms
on brushes and the solutions) were analyzed for both 16S rRNA
gene and 16S rRNA to compare the total and active microbial com-
munity among the four reactors. A total of 584,971 (rRNA gene
library) and 678,884 (rRNA library) non-chimeric, quality-filtered
reads were obtained and they were clustered into 906 OTUs at 97%
identity. The most abundant 20 OTUs in each sample were pre-
sented in a heatmap with their relative abundance and taxonomic
classification at the genus and phylum level (Fig. 6).

The dominant methanogen family varied depending on the lo-
cation of the biomass sampling. Based on 16S rRNA gene se-
quencing, the relative abundance of Methanobacteriaceae was much
higher on the cathodes of the HB-CC (40%) and NB-CC (36%) reac-
tors compared to the others (1-9%) (Fig. 7A) and most of them
were assigned to the genus Methanobacterium (Fig. 6A). Although
the relative abundance of this group decreased in 16S rRNA se-
quencing (Fig. 6B), Methanobacteriaceae was still the most pre-
dominant methanogenic family on the cathodes of the HB-CC and
NB-CC reactors (Fig. 7B). This finding is consistent with previ-
ous studies on biocathodes of MECs or electromethanogenesis cells
where the relative abundance of Methanobacterium was the high-
est among methanogens and they were mainly responsible for CH,
production in H,- or electrons-accepting conditions (Baek et al.,
2017; Siegert et al., 2015; Zhen et al., 2016).

Methanotrichaceae was the predominant methanogen family
on brushes which did not function as electrodes (i.e., small-size
brushes in HB-OC and half- or full-size carbon brushes). Most
of these methanogens were assigned to the genus Methanothrix
(Fig. 6A), whose members are acetoclastic methanogens, although
recently they were found to be capable of participating in DIET by
converting CO, to CH, directly (Rotaru et al., 2014b). Given that
their relative abundance was much higher in the 16S rRNA library,
members of Methanothrix may have substantially contributed to
the metabolic activity of methane production in brushes that did
not function as electrodes. Although we did not conclusively show
DIET here on the graphite fiber brushes, previous reports on DIET
between Methanothrix and VFA-degrading partners has been shown
by others using other electrically conductive materials (Liu et al.,
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2020a; Xu et al., 2020). Methanomicrobiaceae showed extremely
low relative abundance (<0.04%) in 16S rRNA gene libraries while
it increased significantly (1-17%) in 16S rRNA libraries for these
brushes (Fig. 7). Their abundance was higher in solutions, consis-
tent with a previous AD study which found that Methanomicrobi-
aceae were more abundant in solutions than biofilms on carbon
cloth or biochar (De Vrieze et al., 2016).

Among the 41 known phyla classified from bacterial 16S rRNA
gene and 16S rRNA sequences, Firmicutes, Bacteroidetes, and Pro-
teobacteria were dominant in all samples although their relative
abundance varied (Fig. 8). For example, Proteobacteria showed 3.1-
6.2-fold higher relative abundance on the anodes than cathodes in
both 16S rRNA gene and 16S rRNA libraries of the HB-CC and NB-
CC reactors. However, there was negligible difference in the relative
abundance of Proteobacteria between the small-size carbon brush
and SS brush in the HB-OC reactor despite having the same reactor
configuration as the HB-CC reactor. This suggests that the electron-
producing or -accepting mechanism around the electrode devel-
oped a substantially different bacterial community from the com-
munity that developed on the brushes in the absence of current.
Chloroflexi showed a higher relative abundance on the large car-
bon brush (7.7-8.5% in 16S rRNA gene- and 4.9-6.2% in 16S rRNA-
libraries), with much lower abundances in the other samples. This
is consistent with their reported role in DIET showing their domi-
nance on conductive materials added into AD reactors (Baek et al.,
2020; Feng et al., 2018). At the OTU level, OTU_2 which belonged
to Alistipes was highly abundant in all mixed liquor samples (>27%)
in the 16S rRNA gene library (Fig. 6). Although Alistipes has been
reported in several AD reactors (Liu et al., 2020b; Sposob et al.,
2020), it might not have made only a small contribution to the
overall metabolic activities because their relative abundance in the
16S rRNA library was much lower. Some of the OTUs belonging to
Firmicutes (e.g., OTU_1, 3, 4, and 6) were highly abundant in most
of the samples and they likely were responsible for fermentation
of glucose and production of VFAs (Feng et al., 2015; Lin et al,
2007). The OTU_10 which was classified into the genus Geobac-
ter showed higher relative abundance only in the anode samples
of HB-CC and NB-CC, with much greater abundance in 16S rRNA-
(19.7-24.7%) than in 16S rRNA gene- (5.8-6.2%) libraries, indicat-
ing they are highly active members of the anodic community. The
dominance of Geobacter at the anode in AD-MEC or MEC has been
extensively reported due to their ability to export electrons directly
to the anode (Yu et al., 2018). Syntrophomonas (OTU_16), known as
syntrophic butyrate-oxidizing bacteria, was generally more abun-
dant in the 16S rRNA library for the biomass samples obtained
from the large-size brushes compared to the other brushes. This
greater abundance could partially reflect recent reports on puta-
tive DIET between Syntrophomonas and Methanothrix in the pres-
ence of conductive materials (Zhao et al., 2018), considering the
high relative abundance of Methanothrix here for the large-size
brushes. Although there has been no direct evidence of DIET for
Syntrophomonas species, their enrichment in DIET-stimulating con-
dition has been frequently reported (Zhang et al., 2020; Zhao et al.,
2018; Zhao et al., 2016).

There were some other dominant OTUs in brush biofilms with-
out current which were affiliated with Acetothermiia, Thermovirga,
Victivallis, and Candidatus Cloacamonas, all classified to be fermen-
tative bacteria (Fig. 6) (Chen et al., 2018; Pampillon-Gonzalez et al.,
2017; Suarez et al., 2019; Zoetendal et al, 2003). In contrast,
the microbial populations of the brushes functioning as electrodes
were dominated only by several major groups, possibly due to the
selective pressure regarding current production (Figs. 7 and 8). Not
only for the fermentative bacteria, whole microbial communities
were generally less diverse in electrode biofilms. This was shown
by the two alpha diversity indices, the Shannon index which gives
more weight to abundant OTUs, and the Chaol index which con-



G. Baek, PE. Saikaly and B.E. Logan

FB HB-CC
i FulcB ML An cat Haff
cB
Methanobacterium; OTU_15- 0.1 0.2 39 NS4 19
Methanobacterium; OTU_9- 0.0 0.0 24 BOSN 15

Methanothrix; OTU_ 5- 36 03 0.1 0.6 33
Methanocorpusculum; OTU_19- 0.1 1.6 0.2 0.0 0.2
Methanobacterium; OTU_36 - 0.4 0.5 03 3.0 04
Methanobacterium; OTU_35- 0.0 0.1 0.5 4.5 0.3
Alistipes;oTu_2 - 9.7 B3Il 138 37 85

Petrimonas; OTU_7- 1.6 3.0 24 1.0 2.6
Macellibacteroides; OTU_24 - 2.8 24 1.2 1.0 2.8
Bacteroides; OTU_26 - 0.3 0.9 0.9 0.3 0.9
f__Clostridiaceae 1; OTU_1- 7.6 2.9 2400 154 139
Acetoanaerobium; OTU_6 - 8.7 6.4 34 3.6 43
Clostridium sensu stricto 1 OTU_4 - 13.0 133 1.1 0.4 0.9
Clostridium sensu stricto 1; OTU_3 - 2.1 1.7 113 136 6.8
f__Veillonellaceae; OTU_21- 1.3 44 0.4 0.4 0.5
Aeromonas; OTU_8 - 0.3 1.8 19 2.2 1.5

Geobacter; OTU_10- 0.0 0.0 6.2 00 0.0
¢__Acetothermiia; OTU_23 - 4.8 13 0.7 1.0 43
Thermovirga; OTU_28- 29 08 08 15 35

Longilinea; OTU_18 - 2.2 0.5 0.7 0.6 2.0

B Methanothrix; OTU_5- 54 01 04 13 49
Methanobacterium; OTU_9- 0.0 0.0 18 8.7 1.6
Methanofollis; OTU_14 - 0.1 1.4 16 06 21
Methanolinea; OTU_12 - 3.2 00 0.2 1.3 1.8
f__Clostridiaceae 1; OTU_1 - 12.2 211 250 283 221
Clostridium sensu stricto 1 OTU_4 - 208 10 09 0.7 11
Clostridium sensu stricto 1; OTU_3 - 2.1 40 13.7 227 141
Acetoanaerobium; OTU_6 - 4.8 2.1 2.1 1.4 2.8
Syntrophomonas; OTU_16 - 1.5 0.3 0.3 0.7 1.1
f__Veillonellaceae; OTU_21 - 0.9 0.4 0.2 0.1 0.2
Victivallis; OTU_11 - 4.2 2.8 1.1 28 34

Geobacter; OTU_10- 0.1 00 19.7 01 0.1

Aeromonas; OTU_8 - 0.9 3.0 22 29 4.3

Desulfovibrio; OTU_22- 16 06 08 04 0.7
Petrimonas; OTU_7 - 2.9 Sl 34 1.0 3.8

Alistipes; OTU_2 - 1.8 79 1.6 0.4 11

Lentimicrobium; OTU_20 - 1.2 0.3 0.9 2.8 1lal
Candidatus Cloacimonas; OTU_13 - 2.7 3.0 0.7 0.6 3.0
Longilinea; OTU_18- 22 02 05 0.7 20
¢__Anaerolineae; OTU_25- 2.0 0.0 0.1 0.2 1.2

103 19 32 0.5 26 01 0.1 0.0

Water Research 188 (2021) 116575

HB-OC

Small Small Half
ML B S8 B ML An Cat ML

NB-CC

25 02 04 01 01 11 87 15

28 01 00 00 00 27 95 38

0.0 1.9 1:3 b3 0.1 14 3.2 0.7 Euryarchaeota
35 08 08 08 75 00 00 00

06 06 06 05 03 05 57 09

03 02 01 01 00 04 62 05 _J

B 122 103 389 EEEN 153 76 BE6N

76 29 22 26 69 24 16 25 Sheroidiias
40 17 19 25 29 08 06 07

22 06 06 06 18 10 03 10 _J

22 228088l 152 83 116 62 105 —

11 J25096 | 72 50 46 39 92

0.4 12 1.1 0.8 04 132 107 160 Firmicutes
21" ICERAZN 18| 12 07 12 0S5

16 06 09 04 09 12 29 18 _J

00 01 00 ©00 00 58 00 00 ] Proteobacteria

0.1 2.2 2.0 5.0 0.5 1.6 1.0 0.3 — Acetothermia
02 16 14 3.5 03 13 20 06 —_— Synergis'etes
01 16 12 21 02 14 11 07 — Chioroflexi
00 46 16 95 04 23 77 15

30 04 00 00 00 41 64 78 PR
134 03 04 04 05 06 07 12

00 19 07 53 04 14 38 08 _

79 1311 W458N 229 80 139 110 187 |

09 33 15 12 | 286 168 184 304

64 73 89 38 12 02 21 02 Firmicutes

0.5 4.2 3.4 43 2.8 12 13 1.9
0.3 08 03 16 09 06 44 08
06 03 0.3 0.3 33 0.7 14 11
1.2 4.8 21 43 13 14 05 1.9 — Lentisphaerae
0.1 26 00 00 01 247 01 02 7

12.7 24 il 12 2.2 0.1 0.3 0.0 Proteobacteria
11 0.6 0.4 0.6 1.6 0.7 34 19 J

43 34 19 44 312 24 1.5 22 7

4.8 2.7 16 1.5 4.1 1.5 0.8 2.8 Bacteroidetes
0.2 0.8 0.9 0.9 0.6 0.1 0.7 03

2.6 13 0.4 247, 3.2 0.6 1.2 0.5 — Cloacimonetes

0.1 11 0.9 20 05 1.0 1.2

0.6
00 11 03 21 02 07 26 04 jc"’omﬂex'

Fig. 6. Heatmap of the relative abundance (%) of top 20 dominant OTUs of microbial community structures based on (A) 16S rRNA gene and (B) 16S rRNA. The genus level
or lowest taxonomic classification (f: family, c: class) possible are shown in the left column and the phylum level classification are shown in the right column. (CB; carbon

brush, ML; mixed liquor, An; anode, Cat; cathode, SB; stainless steel brush).

siders rare OTUs (Ragab et al., 2019). Both indices were generally
higher in large- and small-size open-circuit brushes compared to
the electrode samples (Fig. S4), suggesting that more diverse func-
tional microbial groups flourished due to the electrically conduc-
tive fibers in the brushes.

3.6. Overall analysis

Overall, the experimental results indicated that the large sur-
face area of carbon brush was more beneficial than current gen-
eration in terms of total biogas production and rates of organic
matter degradation. The enhanced performance by the AD reac-
tors with the half or full-sized brushes (FB, HB-CC, and HB-OC
reactors) was likely due to at least two reasons. First, the half-
or full-size brush provided a large supporting medium, due to
the higher surface area than that of the smaller brush electrodes,
for attached biomass. In comparison to a suspended growth sys-
tem, attached growth is known to sustain more biomass inside

the reactors and thus to provide greater biological stability and
efficiency of COD removal (Rajeshwari et al., 2000). Second, the
carbon brushes used in this study were electrically conductive
(650 S/cm; zoltek.com/products/px35) so the brush fibers could
have promoted DIET between electroactive VFA-degrading bacte-
ria and methanogens consistent with previous reports using elec-
trically conductive materials (Rotaru et al., 2014a; Rotaru et al.,
2014b). Several other studies have also shown enhanced AD ef-
ficiency by DIET stimulation by adding conductive carbon-based
materials (Chen et al., 2014; Dang et al., 2016; Zhao et al., 2017;
Zhao et al.,, 2015). The addition of conductive materials improved,
for example, methane production and the degradation rate of ac-
etate (Kato et al., 2012), propionate (Jing et al., 2017), and butyrate
(Li et al., 2015) in mixed-culture AD process, which were the ma-
jor VFAs in the present study. Considering that half- and full-size
carbon brushes can provide very large conductive surface areas for
microorganisms to be attached, both beneficial effects (i.e., large
area for attached growth and increased DIET) might be achieved
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in the reactors with relatively large brushes. Based on chemical
and microbial community results, a potential schematic was pre-
sented to describe the major microbial activity occurring in each
biofilm on the brush (Fig. 9). The presence of large carbon brush
was the main factor in improving AD performance, with Methan-
othrix, dominant methanogen in carbon brush, possibly responsible
for the improved performance.

The more critical impact of surface area than current genera-
tion observed here suggests that the role of bioelectrodes in AD-
MEC systems should be reconsidered in terms of their impact.
In some AD-MEC studies the contribution of current to overall
methane production (i.e. ryyo Values) was quite low, for example
0.6% (Feng et al, 2015) and <1.2% (Baek et al,, 2020). The ey
values here were 2.9% (HB-CC) and 7.7% (NB-CC), which was larger
than in these previous studies but apparently still too low to pro-
duce differences in methane production efficiency among reactors
with electrodes. The common factor in the reactor configuration
for these three studies (Baek et al., 2020; Feng et al., 2015 and
this study) was a low electrode packing density (0.6-0.7 m2/m3
based on the cathode projected area to reactor volume). This indi-
cated that current generation was not the only factor to enhance
methane productivity or the stability of AD operation in previous
studies. Rather than current, high biomass concentration on the
large electrode surface with less washout effect could make a ma-
jor contribution to methane production. Consistent with this obser-
vation was the fact that there was no significant difference in AD-
MEC performance observed between closed and open circuit in the
presence of electrodes in previous study (De Vrieze et al., 2014). As
an extension of our results, we suggest that enhanced AD can be
achieved simply by maximizing the surface area through addition
of large graphite fiber brushes, rather than by adding electrodes
with current generation.

4. Conclusions

The addition of a large amount of conductive surface area us-
ing carbon brush was proved to be more efficient for AD perfor-
mance than current generation through electrodes. FB, HB-CC, and
HB-OC showed 57-82% higher methane generation rate parame-
ters in the Gompertz model compared to the NB-CC, as well as

10

the enhancement in VFA removals. Much higher amounts of pro-
tein in the large-size brushes and negligible impact of current pro-
duction on the CH4 production were observed, suggesting a more
important role of adding large surface area than producing current.
Methanothrix was the dominant methanogen on the large-size car-
bon brush, while Geobacter (anode) and Methanobacterium (cath-
ode) were most abundant on the electrodes. These results highlight
that providing surface area by using electrically conductive carbon
fiber brushes could be a better strategy for enhancing AD perfor-
mance than using only MEC electrodes with an applied potential.
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