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cess kinetics and functional
microbial community of biocatalyzed electrolysis-
assisted anaerobic baffled reactor treating
carbohydrate-containing wastewater

Tao Wang,ab Chunxing Lic and Gefu Zhu *a

In this study, an anaerobic baffled reactor (ABR) coupled with a microbial electrolysis cell (MEC) was set up

to treat carbohydrate-containing wastewater at 55 � 1 �C. The MEC was employed to accelerate the

degradation of volatile fatty acids (VFAs). The removal of chemical oxygen demand (COD) and

production of methane and the corresponding kinetics were determined for different organic load rates

(OLRs). The highest COD removal rate was 95.8% at an OLR of 7.0 kg COD m�3 d�1, but it declined to

90.4% when the OLR was 19.4 kg COD m�3 d�1 and finally stabilized at 65.3% when the OLR was

increased to 34.3 kg COD m�3 d�1. The volumetric production of methane was 1.5 L (L�1 d�1) when the

OLR was 7.0 kg COD m�3 d�1 and increased to 4.1 L (L�1 d�1) at an OLR of 34.3 kg COD m�3 d�1, when

the methane yield stabilized at 0.20–0.25 L g�1 CODremoved. The kinetics and predictions according to

the Stover–Kincannon and Van der Meer–Heertjes models closely agreed with the experimental data for

the removal of COD and volumetric production of methane, respectively. An analysis of the microbial

community suggested that hydrolytic bacteria, syntrophic fatty acid-oxidizing bacteria (SFOB),

exoelectrogens and hydrogenotrophic methanogens achieved a significant synergistic effect and

enhanced the degradation of VFAs, which made the thermophilic anaerobic system stable and efficient

at high OLRs.
1. Introduction

The accumulation of VFAs is a key issue that affects the stability
of an anaerobic system when used to treat high-concentration
organic wastewater.1 Specically, the accumulation of acids is
more likely to occur in a thermophilic system because hydro-
lysis is more rapid.2,3 In the past, researchers have tried to
enhance the capacity and stability of anaerobic digestion (AD)
by regulating the microbial community and engineering.4 As for
regulating the microbial community, bioaugmentation tech-
nology has been widely employed to increase the abundance of
functional microbes. For instance, in order to alleviate the
accumulation of VFAs that results from an imbalance in meta-
bolic rates between hydrolytic bacteria, acidogens and metha-
nogens, SFOB and acid-resistant methanogens were acclimated
to improve the degradation of VFAs.5 Nevertheless, the basic
biological characteristics (i.e., long generations, slow metabolic
rate and narrow niche) of methanogens are difficult to change
ersion, Institute of Urban Environment,
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via acclimation.6 Besides, how to ensure the sustainability and
enrichment of target microorganisms in an AD system is
a major challenge for conventional bioaugmentation. A micro-
bial electrochemical system could provide a new way to solve
these problems.7 In a typical microbial electrolysis cell (MEC),
exoelectrogens transfer electrons to the anode by oxidizing
organic matter, and then the electrons pass through the circuit
to the cathode to produce H2. MECs have also been employed in
AD systems. Whereas previous studies of AD-MECs mainly
focused on improvements in the production of hydrogen,8 the
microbial community in the cathode for the generation of
methane,9 the removal efficiency for specic pollutants,10 and
the electron transfer mechanism of the exoelectrogens,11 little
work has been done to investigate the synergistic degradation of
VFAs by functional bacteria. However, acetic acid is a favorable
substrate for exoelectrogens.12 It is a fact that exoelectrogens
efficiently enhance the degradation of acetic acid and relieve
suppression by acetic acid for the decomposition of propionic
and butyric acid by SFOB, which provides the theoretical
possibility of the rapid dissociation of VFAs. Furthermore, early
studies declared that exoelectrogens have many advantages over
methanogens, such as longer generations, a faster metabolic
rate and a wider niche.13 Hence, it would be a novel idea to
intensify the degradation of VFAs via an AD system coupled with
This journal is © The Royal Society of Chemistry 2018
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MECs (AD-MECs). This not only overcomes the shortcomings of
methanogens but also ensures the robustness of target micro-
organisms in the system by providing continuous electrical
stimulation. Although a single-phase reactor such as an up-ow
anaerobic sludge bed (UASB) has been adapted to perform an
AD-MEC process by the insertion of electrodes, the different
niches of acidogenic bacteria, methanogens and exoelectrogens
make it difficult to optimize the different microbes in an inte-
gral reactor and further limit its efficiency.14 It is feasible to set
up a coupled AD-MEC process by connecting a continuous
stirred-tank reactor (CSTR) with an MEC in series.15 Neverthe-
less, the construction of the MEC reactor will increase the cost.
Owing to its baffled structure, an ABR is an ideal reactor for
achieving the phase separation and distribution of dominant
microorganisms in different regions.16 It provides a structural
support for better coupling with an MEC in an integral reactor.
Therefore, an ABR was used to construct an ABR-MECs system.

On the other hand, although AD technology is widely
applied, its optimum operation is seldom achieved because of
the empiricism that is prevalent in the design and daily
operation of an anaerobic system. With the increasing
demand for efficient operation and model-based design,
kinetic modeling of the AD process has received extensive
attention and has been addressed via substrate utilization
models, microbial growth models and product formation
models.17,18 The determination of the conversion of methane is
the most common on-line measurement and is easily per-
formed as it is directly proportional to the degradation of the
substrate.19 In many studies, the production of methane and
removal of COD were used to estimate model parameters.20

Many types of mathematical models have been developed.
Among these, the anaerobic digestion model 1 (ADM1) is the
most advanced owing to its precise predictability and strong
generalizability.21 The ADM1 model reects the major
processes in the conversion of complex organic substrates into
methane.22 However, the model requires a large number of
constants and coefficients, which should be calibrated
according to the characteristics of the substrate. Such cali-
bration requires the use of special assays and computing
skills, which is difficult for scientists and engineers in engi-
neering applications.23 Therefore, simplied models that
consist of only a few variables have been widely studied. The
rst-order rate equation, Stover–Kincannon model, and Van
der Meer–Heertjes model have been used to satisfactorily
predict the production of methane and removal of the
substrate in an AD process.24,25

In this study, an ABR-MECs system was set up to treat
synthetic carbohydrate-containing wastewater at 55 � 1 �C. The
efficiencies of the removal of COD and production of methane
at different OLRs were analyzed qualitatively and quantitatively.
The rst purpose was to reveal the intrinsic relationship
between the microbial composition and degradation of VFAs so
as to establish a theoretical foundation for improving the
stability of an anaerobic system when used to treat an easily
acidied substrate. The second aim was to optimize the oper-
ation of the system and improve the efficiency of regulation via
the establishment of dynamic models.
41152 | RSC Adv., 2018, 8, 41150–41162
2. Materials and methods
2.1. Characteristics of the substrate and inoculum

The fresh substrate was prepared in the laboratory, and its
parameters are listed in Table 1. Glucose was used as the carbon
source as it is easily acidied at high OLRs. NH4Cl and KH2PO4

were provided as sources of nitrogen and phosphorus, respec-
tively. In addition, NaHCO3 was added to regulate the pH. A
solution of elements and minerals with a concentration of
1.5 mL L�1 was also added to provide nutrients. It was prepared
by dissolving 50 mg L�1 H3BO3, 30 mg L�1 CuCl2, 50 mg L�1

MnSO4, 50 mg L�1 (NH4)6MoO24$4H2O, 50 mg L�1 AlCl3,
50 mg L�1 CoCl2$6H2O and 50 mg L�1 NiCl2 in distilled water.26

A thermophilic inoculum was obtained from a stable thermo-
philic digester for the treatment of carbohydrates. The substrate
in the stable thermophilic digester was synthetic wastewater
prepared using glucose. Its seed sludge was collected from the
secondary settling tank at Tongan sewage plant in Xiamen,
China. The contents of suspended solids (SS) and volatile sus-
pended solids (VSS) of the inoculum were 31.2 g L�1 and 15.3 g
L�1, respectively. With respect to the microbial community in
the inoculum, Firmicutes were the most abundant bacteria and
accounted for about 44.2% of the bacterial community, whereas
Methanosaeta, Methanobacterium and Methanosarcina consti-
tuted the most signicant archaeal components with contents
of about 33.6%, 25.8% and 21.2%, respectively.
2.2. Experimental setup and operation

The ABR was made of plexiglass and had a working volume of
2.55 L. It was divided into ve equal compartments by vertical
baffles (Fig. 1). Each compartment was divided into lower
corner and upper corner regions by baffles at 45�. Electrodes
were xed in the up-ow regions of the three central compart-
ments to construct the ABR-MECs system and were connected
to an external power source (0.9 V). The anode lm was made of
carbon cloth (WOS1009, CeTech, Taiwan) with an area of 54.00
cm2, whereas the cathode lm was made of stainless-steel mesh
catalyzed by Ni nanoparticles, according to our previous
studies.26,27 The system consisted of gas measuring units (LML-
1, Changchun Automobile Filter, China), a temperature control
device, inlets and outlets. A water seal was used to ensure the
airtightness of the reactor and to collect the biogas (Fig. 1).
There was an inverted measuring cylinder in the water seal
bottle. When the volume of biogas reached the limit of the
measuring range of the cylinder, it overowed and was dis-
charged into the gas-measuring units. The measurement accu-
racy of the gas-measuring units could be improved by the
centralized release of biogas. The temperature of the substrate
tank was controlled by a water jacket connected to a cooler (4
�C), whereas the ABR was equipped with a water jacket that
connected a heater (55 �C) with submerged thermometers.
Feeding was carried out with peristaltic pumps (BT100-2i,
Longer Pump, China). The electrodes were introduced into
the ABR at the beginning of the start-up process. Aer
a successful start-up process, the operation of the system lasted
for a further 120 days, and the average values of the parameters
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic diagram of the ABR-MECs system.
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in each stage are listed in Table 1. The process was divided into
4 phases based on different OLRs, and stability was quickly
achieved in each stage owing to the successful start-up and
reasonable regulation.

2.3. Sampling and analytical methods

Effluent samples from the reactor and substrate tank were taken
via sampling ports. All chemical analyses such as those of pH,
alkalinity, COD, NH4

+–N and PO4
3� followed standard

methods.28 Data for the steady state were collected at least three
times. The volume of biogas was recorded by a gas meter on
a daily basis. A gas chromatograph (GC9790II, Fuli, China) was
used to determine the composition of biogas. Gas samples were
taken from each gas pipeline using a 1 mL syringe equipped
with metal hub needles to measure the gas composition. Gas
samples with volumes of 0.5 mL were injected into the GC with
nitrogen as the carrier gas and hydrogen for combustion in the
ame to determine the relative proportions of different biogas
components. The biogas was monitored with a thermal
conductivity detector equipped with a stainless-steel column
(TDX-01, 2 m � 3 mm), and the temperatures of the column,
injector, and detector were 120 �C, 120 �C and 150 �C, respec-
tively. The contents of VFAs were measured with a ame ioni-
zation detector using a capillary column (ATFFAP, 30 m �
0.32 mm � 0.50 mm), and the temperatures of the column,
injector, and detector were 150 �C, 210 �C, and 220 �C, respec-
tively. A detailed protocol for the analysis of anaerobic metab-
olites and the gas composition was discussed in our previous
study.26

Sludge samples from all ve compartments (C1–C5) in the
steady state in Stage 9 were collected to analyze the microbial
community. Sludge samples from C1 were collected three
times at different heights and were then mixed to extract DNA.
The samples from C5 were handled in the same way as those
from C1. Only the biolms on the anodes and cathodes in C2–
This journal is © The Royal Society of Chemistry 2018
C4 were collected. The samples collected from the anode and
cathode in each compartment were mixed to extract DNA using
a FastDNA™ SPIN Kit for Soil (MP Biomedicals, LLC) three
times, and then the DNA samples were mixed to conduct high-
throughput 16S rRNA pyrosequencing. The V3–V4 regions of
the 16S rRNA gene were amplied by PCR using the primers
341F (CCTACGGGNGGCWGCAG) and 785R (GACTACHVGGG-
TATCTAATCC) for bacteria and 787 (ATTAGA-
TACCCSBGTAGTCC) and 1059R (GCCATGCACCWCCTCT) for
archaea. Additional information about the DNA extraction,
PCR and sequencing can be found elsewhere.29 The raw
sequence data were deposited in the NCBI Short Reads Archive
database under the accession number SRP150392.
2.4. Kinetic models

The rst-order substrate removal model and Stover–Kincannon
model were used to optimize the removal of COD.25,30

The removal of organic matter from anaerobic systems is
expressed by the rst-order model according to eqn (1):

ds

dt
¼ QSi

V
� QSe

V
� K1Se (1)

In pseudo-steady-state conditions, there is only a slight
change in the substrate concentration (�ds/dt), and hence it
can be eliminated from eqn (1) and eqn (2) can be introduced:

Si � Se

HRT
¼ K1Se (2)

where Si and Se represent the COD concentrations (g L�1) of the
inuent and effluent, respectively, HRT is the hydraulic reten-
tion time (d), K1 is the speed constant for the removal of organic
matter (1/d), Q is the inuent ow (L d�1), and V is the working
volume of the reactor (2.55 L).
RSC Adv., 2018, 8, 41150–41162 | 41153
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Fig. 2 Performance of the ABR-MECs system at different COD concentrations and HRTs: COD removal rate and COD concentration (a), pH and
ALK (b), methane content andmethane yield (c), and volumetric yield of biogas andmethane (d). C1, C2, C3, C4 and C5 denote the first to the fifth
compartments of the reactor, respectively, in the direction of flow.
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Eqn (3)–(5), which describe the Stover–Kincannonmodel, are
as follows:

ds

dt
¼ Q

V
ðSi � SeÞ (3)

ds

dt
¼ UmaxðQSi=VÞ

KB þ ðQSi=VÞ (4)

�
ds

dt

��1
¼ V

QðSi � SeÞ
¼ KB

Umax

� V

QSi

þ 1

Umax

(5)
41154 | RSC Adv., 2018, 8, 41150–41162
where ds/dt is the COD removal rate (g L�1 d�1), Umax is the
maximum consumption (utilization) rate (g L�1 d�1), KB is the
saturation constant (g L�1 d�1), V is the working volume of the
reactor (2.55 L), Si and Se are the COD concentrations of the
inuent and effluent, respectively (g L�1), and Q is the inuent
ow (L d�1).

Similarly, the Van der Meer–Heertjes model and the modi-
ed Stover–Kincannon model were employed to determine the
production rates of total gas and methane.

The model developed by Van der Meer and Heertjes has been
widely used to determine methane production rates in
This journal is © The Royal Society of Chemistry 2018
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anaerobic systems.31 In this model, the production of methane
is associated with the Van der Meer–Heertjes kinetic constant
(Ksg), the inuent ow and the COD removal efficiency, as
shown in eqn (6):

Vm ¼ KsgQ(Si – Se) (6)

where Vm is the methane production rate (L d�1), Q is the
wastewater ow rate (L d�1), Si and Se are the COD concentra-
tions of the inuent and effluent (g L�1), respectively, and Ksg is
the Van der Meer–Heertjes kinetic constant (L g�1 COD).

According to the modied Stover–Kincannon model, the
quantity of biogas and the methane production rate depend on
the removal of COD and the OLR, as expressed in eqn (7) and
(8):

1

G
¼ GB

Gmax

� 1

OLR
þ 1

Gmax

(7)

1

M
¼ MB

Mmax

� 1

OLR
þ 1

Mmax

(8)
Fig. 3 Contents of VFAs in the five compartments (C1–C5) at different

This journal is © The Royal Society of Chemistry 2018
where G is the specic biogas production rate (L (L�1 d�1)), Gmax

is the maximum specic biogas production rate (L (L�1 d�1)), GB

is the constant of proportionality (L (L�1 d�1)) for biogas
production, M is the specic methane production rate (L (L�1

d�1)), Mmax is the maximum specic methane production rate
(L (L�1 d�1)), and MB is the constant of proportionality (L (L�1

d�1)) for methane production.
3. Results and discussion
3.1. Effect of OLR on substrate removal

In Phase I (Fig. 2a and b), the system was operated for different
HRTs of 24 h, 21 h and 18 h with an inuent COD concentration
of 6 g L�1. Correspondingly, the COD removal rate was 95.4%,
94.6% and 80.5%, respectively. The COD removal efficiency
declined sharply in Stage 3 when the HRT was changed from
21 h to 18 h. The COD removal efficiency in the ve compart-
ments at an HRT of 18 h was about 50.6%, 13.9%, 7.6%, 7.4%
and 1.0%, respectively. The COD reduction rate in the last four
compartments was low because the VFAs produced in the rst
compartment could not be effectively used in the subsequent
OLRs.

RSC Adv., 2018, 8, 41150–41162 | 41155
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Fig. 4 PCA analysis of eubacteria in the five compartments (C1–C5).
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compartments. This was consistent with the ndings of Wu
et al., who declared that exoelectrogens had longer generations
and the efficiency of the degradation of VFAs decreased when
the HRT was reduced.27 Aer Phase I, the operational scheme
that was adopted is shown in Table 1. In Phase II, a longer HRT
of 48 h was introduced for the acclimation of microbes, and the
COD removal rate stabilized at about 95.8% at an OLR of 7.0 kg
CODm�3 d�1. Thereaer, the HRT was reduced to 24 h and 21 h
with OLRs of 14.0 and 16.0 kg COD m�3 d�1, respectively.
Correspondingly, the COD removal efficiency declined instantly
to about 91.8% and 90.3%, respectively, and then efficiencies of
95.5% and 94.7% were observed aer the system attained
a stable condition. Notably, although the OLR increased from
7.0 to 16.0 kg COD m�3 d�1, the COD removal rate declined
slightly. Therefore, the inuent COD concentration was further
increased to 17 g L�1 in Phase III. Similar performance in terms
of removal efficiency was observed with new OLRs in the range
of 8.5–19.4 kg COD m�3 d�1, and the COD removal rate stabi-
lized at 92.4%, 91.6% and 90.0% at HRTs of 48 h, 24 h and 21 h,
respectively. Clearly, the COD removal efficiency decreased from
95.8% to 90.0% when the OLR increased from 7.0 to 19.4 kg
COD m�3 d�1. In order to investigate the performance of the
system at high OLRs, a rapid increase in the OLR to 22.9, 28.6
and 34.3 kg COD m�3 d�1 was carried out in Phase IV, and the
COD removal rate nally reached 84.9%, 77.2% and 65.3%,
respectively. Consequently, the highest removal efficiency was
95.8% when the OLR was 7.0 kg COD m�3 d�1, and the lowest
COD reduction rate was 65.3% at an OLR of 34.3 kg COD m�3

d�1. When the OLR was less than 19.4 kg COD m�3 d�1, the
COD removal rate exceeded 90.0%.

In terms of favorable OLRs, Fang et al. (2011)32 and Jing et al.
(2013)33 reported that the best OLR ranges for anaerobic
digestion were 2.5–3.2 kg COD m�3 d�1 and 1.4–16.0 kg COD
m�3 d�1, respectively. Obviously, the OLRs of 7.0–19.4 kg COD
m�3 d�1 that were found to be favorable in this experiment were
higher than the values in these reports. Higher OLRs resulted
from the effective degradation of VFAs (Fig. 3a–c). Acetic acid
and butyric acid were dominant when the OLR was less than
19.4 kg COD m�3 d�1, and VFAs were rapidly degraded so that
less than 500 mg L�1 remained in the effluent. In contrast, the
concentration of propionic acid increased rapidly with a further
41156 | RSC Adv., 2018, 8, 41150–41162
increase in the OLR, and it eventually became dominant in all
the compartments when the OLR increased to 34.3 kg CODm�3

d�1 (Fig. 3d–f). The degradation of VFAs at high OLRs could
result from the synergistic action of microorganisms. Hydrolytic
bacteria in the rst compartment degraded organics to VFAs,
which were further consumed by exoelectrogens and SFOB in
the subsequent compartments. This was the reason why the
concentration of propionic acid and acetic acid always
remained low in the effluent of the system. This was consistent
with the ndings of a previous study, namely, that propionic
acid could be rapidly oxidized to acetic acid by propionate
oxidation bacteria in an AD process.34 One direct evidence was
the fact that Syntrophobacter (5.0%), which is a propionic acid-
degrading bacterium,35 was well enriched in the MEC
compartments. Moreover, acetic acid can be substantially
degraded in MECs.36 During the utilization of acetate for biogas
production, a signicant increase in the removal of COD, which
was 1.7 times higher than that in the control group, was
observed in an AD-MECs system.37 Another reason could be that
their shorter generations and faster metabolic rate made exoe-
lectrogens adapt to variations in the HRT more effectively than
methanogens. Thus, the growth of exoelectrogens was boosted
in the AD-MECs, and the bacterial population increased to
a greater extent in the AD-MECs than in an AD system.38 This
conrmed that SFOB and exoelectrogens were well enriched
and performed well in the ABR-MECs system. Hence, an effec-
tive way to improve the stability of a thermophilic AD system
comprises efficiently degrading VFAs by the introduction of the
MECs. The results also suggested that 19.4 kg CODm�3 d�1 was
the most favorable OLR and 34.3 kg COD m�3 d�1 was the
maximum value (critical point for further acidication) for the
ABR-MECs system used to treat carbohydrate-containing
wastewater in thermophilic conditions.
3.2. Effect of OLR on methane production

The content and production rate of methane are illustrated in
Fig. 2c and d. As the HRT was reduced from 48 h to 21 h with the
variation in the COD concentration in the feed, the OLR
increased from 7.0 to 34.3 kg CODm�3 d�1. Correspondingly, the
methane production rate rose from 1.2 to 4.1 L (L�1 d�1) and the
biogas production rate rose from 1.6 to 6.1 L (L�1 d�1). The
results indicated that the increase in the volumetric production
of methane was related to the increase in the OLR, whereas the
methane yield was stable at 0.20–0.25 L g�1 CODremoved. Besides,
themethane content in each compartment ranged from 60.4% to
85.3% in Phase II and Phase III and from 53.2% to 80.8% in
Phase IV. The maximummethane content decreased from 85.3%
to 80.8% when the OLR increased from 19.4 to 34.3 kg COD m�3

d�1. The results suggested that the performance of the ABR-
MECs system was impaired when the OLR exceeded 19.4 kg
COD m�3 d�1. The decrease was due to the reduction in pH with
the increase in the OLR. The pH was stable at 6.50–7.70 when the
OLR was lower than 19.4 kg COD m�3 d�1, which was favorable
for acidogenic bacteria, methanogens and exoelectrogens,39 and
the phenomenon of an imbalance between acid producers and
consumers did not exist.
This journal is © The Royal Society of Chemistry 2018
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The methane content was higher than the value of 73.0–
75.4% recorded in a pilot-scale UASB.40 Owing to the efficient
utilization of VFAs via extracellular electron transfer by exoe-
lectrogens, more carbon was converted into methane in situ.41

Therefore, purer methane was detected in the MEC compart-
ments. This could have been due to the signicant enrichment
of hydrogenotrophic methanogens (Methanobacterium, 58.7%)
in the ABR-MECs system. The proportion of Methanobacterium
in the system was twice that in the inoculum (25.8%). The
percentage of hydrogenotrophic methanogens was also much
higher than that in a traditional AD system in which aceticlastic
methanogens were always dominant among archaea. The
increase in hydrogenotrophic methanogens was due to the
enhanced production of H2 by exoelectrogens. Nevertheless, if
this was the only way in which hydrogen was consumed by
hydrogenotrophic methanogens, hydrogen should have been
detected in the system, as hydrogenotrophic methanogens
cannot completely remove hydrogen if the production of
methane is only caused by the conversion of hydrogen.42 In fact,
hydrogen was not detected in the ABR-MECs system. There
could be other ways in which methane was generated. Electro-
chemical systems provide possibilities for new methanogenic
pathways. Exoelectrogens are dened as kinds of microor-
ganism that perform extracellular respiration. In particular,
Methanobacterium could be a kind of methanogen with elec-
trochemical activity.41 Methane could be produced by Meth-
anobacterium via direct electron transfer via the reaction CO2 +
8H+ + 8e� / CH4 + 2H2O. This provides the theoretical possi-
bility of the purication of carbon in situ, and more carbon can
be converted stably into methane. Thus, the methane yield
stabilized in the range of 0.20–0.25 L g�1 CODremoved when the
OLR was in the wide range of 7.0–34.3 kg COD m�3 d�1.
Moreover, the stable yield of methane provided a guarantee for
simulating the dynamic process and predicting the volumetric
production of methane.
3.3. Microbial community analysis

Sequence clustering analysis was conducted in accordance with
similarity and the representation of OTUs.43 To conrm the
diversity and richness of the microbial community, the Shan-
non, ACE and Chao indices were estimated. The Chao and ACE
indices are related to the richness of microbes, whereas the
Shannon index is negatively related to the diversity of species.44

The average values of the Chao, ACE and Shannon indices in
C2–C4 were 298, 301 and 3.55, respectively, which were lower
than those in C1 (352, 358, 3.59) and C5 (382, 395, 4.01). This
also suggested that although the richness of microbes was lower
in C2–C4 than in C1 and C5, the diversity increased in C2–C4. A
visual expression is presented in Fig. 4. PCA analysis visually
indicates that the bacteria in C2–C4 are far away from those in
C1 and C5. The microbes in C2–C4 were greatly different from
those in C1 and C5 owing to the introduction of the MECs. This
was further elaborated as follows.

At the phylum level, the bacterial components in C1 were
Firmicutes (31.8%), unclassied bacteria (28.2%), Chloroexi
(12.5%), Spirochaetes (10.1%), Verrucomicrobia (4.3%) and
This journal is © The Royal Society of Chemistry 2018
Proteobacteria (3.2%). However, in C2 (which represents the
MEC compartments), they were unclassied bacteria (52.6%),
Firmicutes (14.7%), Proteobacteria (9.7%), Acetothermia
(4.6%), Chloroexi (3.9%), Planctomycetes (3.5%), Verrucomi-
crobia (2.6%), Spirochaetes (1.9%), Thermotogae (1.8%) and
Actinobacteria (1.3%). From these results, it can be observed
that Firmicutes were the dominant bacteria in both the inoc-
ulum and the MEC compartments of the ABR-MECs system, but
the abundance of Firmicutes in the MECs was less than that in
the inoculum, and the proportion of unclassied bacteria in the
MECs increased signicantly. Moreover, the dominant archaea
changed from Methanosaeta in the inoculum to Meth-
anobacterium in the MECs. These phenomena conrmed the
inuence of the MECs on the microbial community in the AD
system. Besides, more unclassied bacteria and Proteobacteria
and fewer Chloroexi were detected in C2 in comparison with
C1. Recently, similar phyla, including Proteobacteria, Firmi-
cutes, Chloroexi and Bacteroidetes, were reported to be the
dominant phyla in anaerobic sludge.44 Firmicutes and Proteo-
bacteria were reported to be the dominant phyla in high-
temperature electrochemical systems and anaerobic systems.45

Therefore, the presence of Chloroexi in C1 was attributed to
hydrolytic fermentative functionalities.46 The synergistic coex-
istence of Chloroexi and Firmicutes in C1 was suggested to
have contributed to the hydrolysis and acidogenesis processes,
and Proteobacteria and unclassied bacteria exercised hetero-
trophic and electrochemical functionalities in the MEC
compartments. Thus, the high abundance of dominant bacteria
in different regions supplied the biological basis for the
enhancement in the performance of the ABR-MECs system.

At the genus level, the relative abundances are shown in
Fig. 5. The dominant bacteria in C1 were hydrolytic acidication
bacteria such as Thermohydrogenium (17.1%), unclassied
Chloroexi (8.7%), and Treponema (6.7%), whereas the main
bacteria in C2 were Clostridium (6.0%), Syntrophobacter (5.0%)
and Acetothermia (4.6%). The content of unclassied bacteria
increased from 28.2% in C1 to 52.9% in C2 and then decreased
to 48.3%, 40.7% and 35.7% in C3, C4 and C5, respectively. The
obvious downward trend could be due to the concentration of
the substrate in the different compartments. Notably, the
microbial communities were signicantly different in the MEC
compartments in comparison with those in C1 and C5, and
unclassied bacteria grew in large quantities. The thermophilic
members of the exoelectrogen group need further investigation
in future work. Fig. 5b shows the content of archaea. Eight
species of archaea were identied in the thermophilic ABR-
MECs system. The dominant archaea, taking C4 as an
example, were Methanobacterium (58.7%), Methanosaeta
(18.2%), Methanomassiliicoccus (14.9%) and Methanolinea
(3.2%), which belong to the phylum Euryarchaeota. Specically,
Methanobacterium in the ABR-MECs was suggested to exercise
hydrogenotrophic and extracellular electron transfer function-
alities.47 Methane could be produced by Methanobacterium by
direct electron transfer in the biocathode via the reaction CO2 +
8H+ + 8e� / CH4 + 2H2O.48 In all, high contents of hydrolytic
bacteria (e.g., Thermohydrogenium and Chloroexi) were found
in C1, whereas more SFOB (e.g., Syntrophobacter),
RSC Adv., 2018, 8, 41150–41162 | 41157
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Fig. 5 Distribution of functional bacterial and archaeal populations (sequence reads $ 1%) in the anaerobic sludge obtained from the five
compartments (C1–C5): genus of eubacteria (a) and genus of archaea (b).
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exoelectrogens (e.g., Clostridium and Methanobacterium) and
hydrogenotrophic methanogens (e.g., Methanobacterium) were
detected in C2–C4.

The reciprocity of hydrolytic bacteria, SFOB, exoelectrogens
and hydrogenotrophic methanogens in the ABR-MECs system
smoothly degraded organic matter via the following metabolic
pathways: (1) hydrolytic bacteria in the rst compartment
degraded the substrate into micromolecular organic matter. (2)
Organic substances that are difficult to utilize (e.g., propionic
acid and butyric acid) were rapidly degraded to acetic acid by
SFOB and in turn exploited by exoelectrogens in the anode. (3)
Electrons were transferred to the cathode, directly obtained by
Methanobacterium or transferred to H2 and then used by
hydrogenotrophic methanogens to generate methane. Thus, the
consumption of acetic acid by exoelectrogens relieved the
inhibition of SFOB by acetic acid and further promoted the
enrichment of hydrogenotrophic methanogens. The MECs in
41158 | RSC Adv., 2018, 8, 41150–41162
the AD system provided continuous electrical stimulation for
the enrichment of target microorganisms. The microbial
communities revealed that hydrolytic acidication bacteria,
SFOB, exoelectrogens and hydrogenotrophic methanogens
could form dominant communities in different regions of the
system and synergistically degrade VFAs at high OLRs. The
distribution of microorganisms theoretically explained the
phenomena that the efficient removal of the substrate and
production of methane could be achieved in the ABR-MECs
system, but the dynamic relations need to be further revealed
to optimize the system.
3.4. Modeling of substrate removal and methane production

For a quantitative analysis of the relationship between the OLR,
the removal of the substrate and the generation of methane, the
kinetic coefficients of the rst-order and Stover–Kincannon
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Determination of kinetic constant in first-order model for removal of the substrate (a). Determination of kinetic constant in Stover–
Kincannon model for removal of the substrate (b). Kinetic constants for the production of biogas and methane determined by the modified
Stover–Kincannon model (c). Kinetic constant for the production of methane determined by the Van der Meer–Heertjes model (d). Observed
and predicted COD concentrations in effluent determined by the Stover–Kincannon kinetic model (e). Observed and predicted production of
methane determined by the modified Stover–Kincannon and Van der Meer–Heertjes models (f).
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models were used for determining the removal of COD. Then,
the coefficients and models that were obtained were evaluated
and the removals of COD were predicted.

3.4.1. First-order and Stover–Kincannon models for
substrate removal. As shown in Fig. 6a, data for the steady state
of each stage were used to determine the kinetic coefficients of
the rst-order model. A linear equation was achieved with
a kinetic constant K1 of 3.08789, and the correlation coefficient
(R2) was equal to 0.597. It is clear that the linear tting was poor
This journal is © The Royal Society of Chemistry 2018
and the degradation of the substrate was not consistent with the
rst-order model.

The results of a kinetics study using the Stover–Kincannon
model30 are presented in Fig. 6b. A positive linear correlation is
observed between the reduction of COD and the OLR. From the
intercept and slope of the plotted line, the maximum utilization
rate (Umax) and saturation constant (KB) for the removal of COD
were 107.5 and 104.3 g COD L�1 d�1, respectively, and the
correlation was strong (R2 ¼ 0.997). The maximum utilization
RSC Adv., 2018, 8, 41150–41162 | 41159
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rate (Umax) in each compartment was also estimated to deter-
mine the rate of degradation of the substrate. The Umax values
were 95.7 and 45.4 g COD L�1 d�1 in C1 and C2, respectively,
which indicated that the maximum rate of consumption of COD
in C1 was twice that in C2. Therefore, a large percentage of the
COD in the reactor was consumed in the rst compartment.
Besides, the Umax values in C3, C4 and C5 were 26.3, 11.4 and
9.8 g COD L�1 d�1, respectively. This reveals that the maximum
rate of consumption of COD gradually decreased from C1 to C5.

According to the Stover–Kincannon model, the relationship
between Se, Si and the HRT is described by eqn (9). To further
conrm the accuracy of the Stover–Kincannon model, eqn (9)
was used to predict the concentration of COD (Fig. 6e). Notably,
the predicted values agree with the experimental values with
a strong correlation (R2 ¼ 0.979). This suggests that eqn (9)
based on the Stover–Kincannon model is able to make reliable
predictions of the removal of COD:

Se ¼ Si � 107:527Si

104:344þ ðSi=HRTÞ (9)

where Si and Se are the COD concentrations of the inuent and
effluent (g L�1) and HRT is the hydraulic retention time (d).

3.4.2. Modied Stover–Kincannon model and Van der
Meer–Heertjes model for the production of biogas. The results
of a kinetics study using the modied Stover–Kincannon model
are presented in Fig. 6c. The coefficients (R2) of the modied
Stover–Kincannon model for the production of biogas and
methane were 0.987 and 0.984, respectively. The maximum
specic gas production rate (Gmax) and the constant of pro-
portionality (GB) were 26.8 L (L�1 d�1) and 95.492 (dimension-
less). The highest methane gas production rate (Mmax) and the
constant of proportionality (MB) were 17.5 L (L�1 d�1) and 84.298
(dimensionless), respectively. On the other hand, the results of
kinetics studies using the Van der Meer–Heertjes model are
presented in Fig. 6d. The R2 coefficient was 0.972. It is difficult to
judge these twomodels because their R2 coefficients were similar.

Predicted values of methane yields obtained from the two
models are plotted against experimental values for the
production of methane (Fig. 6f). The R2 value of the modied
Stover–Kincannonmodel was 0.939, whereas it was 0.968 for the
Van der Meer–Heertjes model. The output of the Van der Meer–
Heertjes model agrees better with the experimental results.
Hence, the Van der Meer–Heertjes model was employed to
estimate the production of methane. According to the Van der
Meer–Heertjes model, the relationship between Vm, Si, Se and
HRT can be described by eqn (10) to make reliable predictions
of the production of methane:

Vm ¼ 0:4680525ðSi � SeÞ
HRT

þ 0:27811 (10)

where Vm is the methane production rate (mL d�1), Si and Se are
the COD concentrations of the inuent and effluent (g L�1),
respectively, and HRT is the hydraulic retention time (d).

By the establishment of these two models, the relationship
between the removal of COD, the production of methane and
41160 | RSC Adv., 2018, 8, 41150–41162
the OLR was clearly determined for the treatment of such
carbohydrate-containing wastewater. It further revealed the
quantitative relationships between the concentrations of
organics (in and outside the substrate, measured in terms of
COD) and the HRT. Plotting the variables is helpful for deter-
mining the optimal control and providing precise predictions
for further improving the performance of a thermophilic ABR-
MECs system. In addition, it is benecial for predicting trends
in the removal of organics and the production of methane at
a high OLR and avoiding decreases in performance with an
increase in the OLR when dealing with easily acidied
substrates.
4. Conclusion

An investigation of the performance of an ABR-MECs system in
the thermophilic digestion of carbohydrate-containing waste-
water was conducted in this study in qualitative and quantita-
tive terms. The highest COD removal efficiency was 95.8% at an
OLR of 7.0 kg COD m�3 d�1. It decreased to 65.3% when the
OLR was 34.3 kg CODm�3 d�1, and themethane yield stabilized
at 0.20–0.25 L g�1 CODremoved. The kinetics and predictions
according to the Stover–Kincannon and Van der Meer–Heertjes
models closely agreed with the removal of COD and volumetric
production of methane, respectively, with high correlation
coefficients (R2) of 0.979 and 0.968. The proposed models
enabled precise control of the system. A microbial analysis
revealed that the dominant microbes found in C1 were hydro-
lytic bacteria (e.g., Thermohydrogenium and Chloroexi),
whereas SFOB (e.g., Syntrophobacter), exoelectrogens (e.g.,
Clostridium and Methanobacterium) and hydrogenotrophic
methanogens (e.g., Methanobacterium) were found to be domi-
nant in the MEC compartments. The microbial community
suggested that the rapid degradation of VFAs and the produc-
tion of considerable quantities of methane were achieved by the
synergistic effect of different functional microbes in the ther-
mophilic ABR-MECs system.
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