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ion and microbial community
structures analysis in a microbial electrolysis cell-
coupled up flow anaerobic blanket reactor with an
ultrasound treatment system

Youzhao Wang,† Yuan Pan,† Xianjin Li, Kuo Zhang and Tong Zhu *

This study proposed a sludge degradation system comprised of: (i) an ultrasound treatment (UT) system to

disintegrate sludge; (ii) an up flow anaerobic sludge blanket (UASB) reactor to degrade the disintegrated

sludge; and (iii) a microbial electrolysis cell (MEC) in replacement of a three-phase UASB separator to

deeply degrade the disintegrated sludge. The influence of the ultrasound power, the temperature, and the

voltage on the sludge degradation process was discussed. The experimental results showed that the UT

unit effectively promoted sludge disintegration, thereby leading to deterioration of the quality of the reactor

effluent. The temperature and the voltage parameters were found to be key for the anaerobic degradation

(AD) process within this system. The volatile suspended solid concentration in the effluent was maintained

at 320–380 mg L�1 (ca. 0.08 times the raw sludge concentration), thereby validating the utilization of MEC

as a three-phase separation unit. The total chemical oxygen demand removal was maintained at 61.3%

during 5 days of AD upon intermittent exposure of the sludge to the UT unit, thereby showing that the

system can effectively degrade solid organic matter. The bacterial community structure of the raw sludge

significantly changed, with the high biodiversity of this system increasing the ecological stability. This

system can degrade sludge with high efficiency and could be used in further engineering applications.
1. Introduction

Excess sludge pre-treatment followed by anaerobic digestion
(AD) has been recognized as a promising technology to improve
the efficiency of sludge degradation while enhancing the energy
recovery. Ultrasound treatment (UT), owing to its strong phys-
ical and chemical effects on microorganisms, has been previ-
ously identied as a promising highly energy-consuming
technology for sludge disintegration and improving digestion
performance.1,2 Both high- and low-density ultrasound can be
applied in the same ultrasonic system owing to the unevenness
of the ultrasonic density within the reactor.3 Elsayed and George
reported superior degradation results for a food waste reactor
internally exposed to UT (24 min per day) as compared to the
values outside the reactor.4 Moreover, the utilization of UT in
the AD process can facilitate the disintegration of solids while
enhancing the effects of ultrasonic cavitation.5 Intermittent UT
exposure achieved high degradation efficiency because both
high and low density ultrasound radiations were applied within
the same ultrasound system. Therefore, the utilization of
ation, Northeastern University, Shenyang

this work and should be considered

40
intermittent UT inside the sludge disintegration reactor was
justied.

Up ow anaerobic sludge blanket (UASB) reactor have been
considered one of the most effective anaerobic reactor for the
digestion organic substances from various effluents.6 Thus,
organic wastewaters with low solid suspension content were
effectively degraded at high dilution rates by using a UASB
reactor. Large amounts of organic matter were released from
the sludge solid into the liquid phase, thereby rapidly deterio-
rating the quality of the sludge ltrate aer every sludge treat-
ment.7 Thus, a USAB reactor might efficiently degrade the
disintegrated sludge.

Microbial electrolysis cells (MEC) are bio-electrochemical
systems developed from microbial fuel cells (MFC) that have
been previously applied to accelerate the decomposition of
organic pollutant molecules while generating an electric eld as
a result of the biological process.8 MFC treatment could
improve both the rate and extent of organic matter degradation
in sludge, particularly upon ultrasound pretreatment over the
sludge.9 The insertion of a pair of electrodes into an anaerobic
reactor resulted in highly efficient degradation of organics in
wastewater via anaerobic fermentation combined with MEC
electrode reaction.10 This high performance resulted from: (i)
the higher electron transfer for the organic matter degradation
(i.e., organic oxidation generates electrons) upon utilization of
This journal is © The Royal Society of Chemistry 2018
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anode biolms; and (ii) the application of micro electric elds
that increased the cellular metabolic function of the microor-
ganisms.11,12 Liquid phase-installed electrodes in anaerobic
hybrid systems were more efficient than those located in the
sludge phase in AD-MEC degradation systems. In summary, the
addition of a MEC unit can be used to enhance the AD efficiency
of an anaerobic reactor.13

Recently, various sludge disintegration technologies have
been developed for efficient sludge reduction or degradation.
However, studies focused on high-efficiency sludge degradation
processes with further engineering applications are scarce in
the literature. This study proposed that utilization of UT to
disintegrate sludge, the application of a UASB reactor to
degrade the disintegrated sludge, and the replacement of
a three-phase UASB separator with a MEC unit comprised of
graphite ber brush and titanium for deeply degrading of the
disintegrated sludge. The valuable information obtained from
this work would be useful for further development of sludge
mineralization processes.

2. Materials and methods
2.1 Sludge

The raw sludge was collected from Shenshuiwan wastewater
treatment plant, Shenyang, China. The anaerobic granular
sludge was articially cultivated in the laboratory. The charac-
teristics of the raw sludge and anaerobic granular sludge were
presented in Table 1.

2.2 Sludge degradation system conguration

Sludge disintegration was performed by an ultrasonic cell
disruption system with the frequency of 20 kHz and a probe of
F20 mm (GM1200D, Shunmatech LTD, China). Because of the
direction of complex cavitation processes near powerful ultra-
sound sources, the UT reactor was made by polymethyl meth-
acrylate with a 10 L volume (F20 � 40 cm). To reduce acoustic
streaming and increase heterogeneous acoustic pressure to
degrade sludge, a 1200 W ultrasonic probe was immersed
10 mm into the sludge.

The UASB was made of polymethyl methacrylate and
possessed 35 L volume (F14 cm � 160 cm). A single-chamber
and membrane-less MEC was applied in the UASB. Both the
anode and cathode electrodes of the MEC comprised graphite
ber brush (F15 cm � 20 cm) and titanium wire, which were
located at 1/2 reactor depth. The distance between the brushes
was 5–10 cm. Electrode electricity was supplied by a regulated
Table 1 Characteristics of the raw sludge and anaerobic granular sludg

Parameters

Suspended solid (SS, mg L�1)
Volatile suspended solid (VSS, mg L�1)
Total chemical oxygen demand (TCOD, mg L�1)
Soluble chemical oxygen demand (SCOD, mg L�1)
Protein (mg L�1)
Soluble carbohydrate (mg L�1)

This journal is © The Royal Society of Chemistry 2018
DC power source through an electric wire. The temperature of
sludge degradation system was maintained by heater band and
pH value was maintained by the automatic control (Fig. 1).
2.3 Sludge degradation system operation

2.3.1 Start-up. Accordingly, 10 L of raw sludge was placed
in the UT reactor, whereas 5 L of anaerobic granular sludge and
30 L of raw sludge were added to the UASB-MEC reactor. The
ultrasonic cell disruption system in the UT reactor was operated
for 10 min per day. A magnetic stirrer was used to continuously
stir the sludge at 100 rpm. Sludge (20%) was replaced by new
raw sludge every day. In the UASB reactor, 80% of the sludge
owed reversely through “E1”, and the ow rate of “E2” was 5 L
per day (Fig. 1). The MEC was supplied with 0.5 V, and the
sludge degradation system maintained at temperature of 35 �C
and pH value 7.5–8.0. The SCOD, protein, and VSS in the
effluent through the “E2” gradually stabilized aer 30 days. The
MEC achieved 0.5 V and 45 mA (resistance ¼ 11.2 U). The
operation was then terminated.

2.3.2 Experimental process. All sludge samples (10 L) were
replaced by fresh raw sludge samples in the UT reactor. AD was
performed by sequencing batch reactors with a system response
time of 8 days. A batch of experiments in UASB, MEC, UT-UASB,
UASB-MEC, and UT-UASB-MEC reactor congurations was
carried out as control at a temperature of 35 �C, a voltage of
0.5 V, and a UT time of 10 min per day. The inuence of the
ultrasound time (i.e., 0, 10, and 20 min per day), the tempera-
ture (i.e., 15, 35, and 55 �C), and the voltage (i.e., 0.2, 0.5, and 0.8
V) on the sludge degradation process within the UT-UASB-MEC
system was studied while maintaining the rest of conditions
unchanged.

The sludge disintegration and degradation characteristics of
the UT-UASB-MEC degradation system were evaluated using
SCOD, protein and VSS concentrations. The bacterial commu-
nity structure (control) in the UT-UASB-MEC system was further
analyzed based on the degradation characteristics. No gas
analysis was carried out because of the difficulties of perform-
ing gas concentration measurements in our laboratory.

The experiments were conducted in duplicate, and the
average values were reported.
2.4 Energy efficiency (Ee)

The energy consumption during sludge degradation is signi-
cantly important. Thus, Ee (eqn (1)) was introduced to evaluate
the energy consumption during sludge degradation in the
e

Raw sludge Anaerobic sludge

5320 � 50 17 420 � 50
4210 � 50 5450 � 50

6275.3 � 127.5 7825.8 � 127.5
127.5 � 27.5 3275.6 � 27.5
29.3 � 5.2 185.7 � 5.3
31.4 � 2.8 153.8 � 3.1

RSC Adv., 2018, 8, 42032–42040 | 42033
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Fig. 1 UT-UASB-MEC degradation system: (a) flow chart; (b) schematics.
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evaluation of the overall process (i.e., the input electrical power
of the MEC unit was ignored). Since the effect of UT on the
DTCOD change from solid sludge was negligible, the last
ultrasound consumption was not accounted for.

Ee ¼ 1000� P� t

ðTCOD0 � TCODÞ � V
(1)

where Ee is the energy efficiency (kJ kg�1), TCOD0 is the TCOD of
raw sludge in the UT reactor (mg L�1), TCOD is TCOD of the
treated sludge in the system (mg L�1), V is the sludge volume
(L), P is the electrical power of the UT unit (W) and t is the UT
time (s).
2.5 Analytical methods

The sludge sample was centrifuged at 9000 rpm for 10 min with
a centrifuge (3H16RI, Hersey LTD, China), and then ltered
with a 0.45 mm lter membrane. The ltered was used to
measure SCOD, protein. The sludge was treated with
0.5 mol L�1 NaOH for 22 h, and the ltered was sampled to
determine TCOD.1 VSS, SCOD and TCOD of sludge was
measured according to the APHA Methods.14,15 Protein analysis
was a simple accurate method for the quantitative assessment
of sewage sludge disintegration,16 and protein was measured
according to Folin–phenol method.17 Soluble carbohydrate
concentration was determined according to the phenol–sulfuric
acid method.18

Pyrosequencing is a widely-used molecular biological tech-
nology, used in environmental science elds to study functional
42034 | RSC Adv., 2018, 8, 42032–42040
microbial communities.19 In this study, bacterial community
structures and the relative abundance of species were analyzed
using cloning sequencing analysis. Bacteria abundance was
quantied using real-time polymerase chain reaction (PCR).
The primer sets 338F (50-ACTCCTACGGGAGGCAGCA-30) and
806R (50-GGACTACHVGGGTWTCTAAT-30) of 16S rRNA were
used to target all bacteria (sourced from Shanghai (China)
Majorbio Bio-pharm Technology Co., Ltd.).
3. Results and discussion
3.1 Inuence of the ultrasound treatment on the sludge
degradation process

The inuence of the ultrasound treatment on the sludge
degradation process is summarized in Fig. 2 and Table 2. The
SCOD, protein, carbohydrate and VSS concentrations remained
nearly unchanged aer the rst three days. The sludge hydro-
lysis limited the rate and extent of organic degradation in the
AD process.1 The SCOD, protein and carbohydrate concentra-
tion rapidly increased upon UT application at the extent of the
VSS concentration, indicating that UT effectively released the
organic components from the sludge solid phase to the liquid
phase.19 The SCOD, protein and carbohydrate concentration
gradually increased with AD time (i.e., cumulative UT time
increases), while the VSS concentration decreased gradually.
This might be produced by the gradually lower levels of organic
matter in the solid sludge that led to lower dissolution rates of
the sludge. Aer 8 days of AD, the SCOD, protein, carbohydrate
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Influence of the ultrasound treatment on the sludge degrada-
tion process: (A) characteristics of the sludge in the UT reactor; (B)
characteristics of the sludge in the effluent of the system.

Table 2 TCOD removal in the UT reactor and Ee change values

AD time (day) TCOD removal (%) Ee (kJ kg
�1)

2 5.2 0
5 51.7 66 000
8 74.8 107 000
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and VSS concentration in the UT reactor reached 846.9, 445.9,
412.5 and 1410.9 mg L�1, respectively. Thus, these results
indicate that the efficiency of the anaerobic hydrolysis was
enhanced by ultrasonic disintegration, with gas production
being improved by the UASB-MEC reactor during the AD
process. The SCOD, protein, carbohydrate and VSS concentra-
tion in the effluent noticeably increased with the UT time (from
10 to 20 min per day) as a result of the larger amounts of organic
matter and oat sludge upon intermittent UT. 7.

Table 2 shows the TCOD removal values in the UT reactor
and the Ee change. TCOD removal gradually increased and the
increasement of Ee noticeably decreased with UT (cumulative)
time. These results can be explained in base of a gradually
higher difficulty for sludge disintegration with decreasing
organic matter levels in the solid sludge. Some studies have
shown that low intensity ultrasound can promote the activity of
enzymes, cell growth and cell membrane permeability.20,21 Xie
and Wang applied the low intensity ultrasound to enhance
This journal is © The Royal Society of Chemistry 2018
phosphorus removal in biological systems and found the
dehydrogenase activity increased by 50% aer ultrasonic irra-
diation for 4 h.22 The anaerobic biodegradability of sewage
sludge increased by 67.6% aer treating by low intensity ultra-
sound.23 The enzymatic activity effectively increased in the
region of low ultrasonic density within the UT reactor by stim-
ulating the metabolic activities inside the cells comprising the
anaerobic sludge. Thus, UT can disintegrate the sludge and
thus accelerate the degradation of organic matter in the sludge.
3.2 Inuence of the temperature on the sludge degradation
process

The inuence of the temperature on the sludge degradation
process was signicant owing to maintaining high biomass
concentrations at the bottom of the UASB reactor in form of
aggregated granular sludge.24 The degradation of organic
pollutants differ signicantly for thermophilic (55 �C), meso-
philic (35 �C), and low temperature (below 15 �C) microor-
ganism.6 Therefore, the inuence of the temperature on the
sludge degradation process within the UASB reactor unit and
this system was analyzed.

Theoretical VSS data (i.e., VSS datameasured for 0.8 times) in
the effluent was used since 80% of the sludge owed reversely
through “E1”. The inuence of the temperature on the sludge
degradation process is summarized in Fig. 3 and Table 3. The
SCOD, protein and carbohydrate concentration increased at the
expense of the VSS concentration aer the rst day. This might
result from the continuous dissolving of the disintegrated
sludge in combination with the degradation of the dissolved
organic matter to biogas during the upward ow process. And
the dissolution rate was higher than the degradation rate in the
UASB reactor. Then The SCOD, protein, carbohydrate and VSS
concentration gradually decreased as a result of a steady
decrease in the dissolution rate of solid sludge, and this
dissolution rate was lower than the degradation rate of the
soluble organic matter in this system. The SCOD, protein and
carbohydrate concentration in the UASB reactor unit were
542.8, 365.1 and 301.2 mg L�1, respectively, aer 8 days of AD
because of the inherent limitations of the anaerobic treatment.
Therefore, the UASB reactor unit can be used to degrade the
disintegrated sludge downstream the UT reactor, although
further improvements are required in the degradation process.

According to our calculations, the inuence of the temper-
ature on the sludge degradation process in the MEC reactor was
negligible, with VSS concentration in the effluent remaining at
320–380mg L�1 (ca. 0.08 times of the raw sludge concentration).
There was a phenomenon that the biogas bubbles produced in
the UASB and MEC units were separated from the disintegrated
sludge by the graphite brush of the MEC. Thus, the graphite and
titanium brush of the MEC unit achieved three-phase
separation.

SCOD decreased 25.4, 70.7, and 92.9 mg L�1 at temperatures
of 15, 35, and 55 �C, respectively, aer the UASB reactor unit
(i.e., the second day aer changing the conditions). Ee reached
1.11, 1.05, and 1.01 times that of the control aer 2, 5, and 8
days of AD, respectively (Table 3). The above results show that
RSC Adv., 2018, 8, 42032–42040 | 42035
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Fig. 3 Influence of the temperature on the sludge degradation
process: (A) characteristics of the sludge in UASB reactor; (B) char-
acteristics of the sludge in the effluent of the system.

Table 3 TCOD removal in the UT reactor and Ee change values

AD time (day) TCOD removal (%) Ee (kJ kg
�1)

2 24.1 95 000
5 57.6 99 000
8 70.3 114 000

Fig. 4 Influence of the voltage on the sludge degradation process:
characteristics of the sludge in the MEC reactor.

Table 4 TCOD removal in the UT reactor and Ee change values

AD time (day) TCOD removal (%) Ee (kJ kg
�1)

2 25.9 88 000
5 60.7 94 000
8 71.1 113 000
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the degradation rate of organic matter rapidly increases with
temperature. Thus, temperature is a key parameter affecting the
AD process in this system.
3.3 Inuence of the voltage on the sludge degradation
process

Zhang et al., 2015 reported that higher voltage values accelerate
the degradation of organic matter during a period of three
days.25 The typical anode potential of a MEC unit as a result of
the oxidation of the organic matter by the bacteria was ca. 0.5 V.
Thus, the inuence of the voltage on the sludge degradation in
the MEC reactor unit was analyzed.

The characteristics of the sludge in the MEC reactor unit are
summarized in Fig. 4 and Table 4. Since the VSS concentration
42036 | RSC Adv., 2018, 8, 42032–42040
in the inow of the MEC unit was hardly measured, Fig. 4 only
showed the VSS concentration in the effluent. The SCOD,
protein and carbohydrate concentration signicantly decreased
downstream the MEC reactor, thereby revealing that this unit
was effective in degrading a large fraction of the organic matter
dissolved from the solid sludge (e.g., aromatic proteins and
soluble microbial byproducts).26 The SCOD, protein, carbohy-
drate and VSS concentrations in the effluent reached 436.5,
403.1, 165.2 and 340.1 mg L�1, respectively, aer 8 days of AD.
These results suggested that electrochemically active microbes
were adsorbed on the surface of the anode and subsequently
reproduced as a result of the oxidation (i.e., loss of electrons) of
the soluble organic matter. Additionally, this degradation
system was a useful technology for the degradation of
proteins.27

SCOD decreased 54.7, 96.6, and 136.1 mg L�1 at voltages of
0.2, 0.5, and 0.8 V, respectively, aer the MEC reactor unit (i.e.,
the second day aer changing the conditions). These results
indicate that the degradation rate of organic matter signi-
cantly increase with voltage. The inuence of the voltage on Ee
was similar to that of temperature, and this might be explained
by a larger electron transfer during the degradation of the
organic matter as a result of the utilization of the anode biolm
(Table 4). Additionally, the application of a micro-electric eld
could result in an increase of the cellular metabolic function of
the microorganisms.11 Thus, the voltage was also a key param-
eter affecting the AD process in this system.

The TCOD removal values for various methods are compared
in Table 5. Remarkably, the TCOD removal of the MFC unit was
greater than that of conventional AD, while the utilization of the
UT unit (i.e., UT-MFC) increased the sludge TCOD removal as
compared to the single MFC. TCOD removal of the UT-MFC
This journal is © The Royal Society of Chemistry 2018
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Table 5 Comparison of TCOD removal values for different reactor configurations

No. Operation method AD time (day) TCOD removal (%) Ref.

1 MFC 15 40.8 Zhang et al., 2012
2 Conventional AD 6 13.8 Jiang et al., 2010
3 MFC 6 19.2
4 Conventional AD 5 11.3 Jiang et al., 2011
5 MFC 5 19.2
6 UT-conventional AD 5 25
7 UT-MFC 5 57
8 Conventional AD 6 25.8 Jiang et al., 2009
9 UT-MFC 6 36.7
10 UASB 5 12.5 This study
11 MEC 5 22.6
12 UT-UASB 5 31.7
13 UASB-MEC 5 23.1
14 UT-UASB-MEC 5 61.3
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coupled system was greater than that of conventional UT-AD.
Herein, TCOD removal of the MEC unit was greater than that
of UASB, and, again, the UT unit increased the TCOD removal of
UASB. TCOD removal reached 61.3% for the UT-UASB-MEC
integrated system upon intermittent UT of the sludge (total
energy of 360 kJ L�1) aer 5 days of AD. TCOD removal reached
57% for the UT-MFC system aer ultrasound treating the sludge
(total energy > 720 kJ L�1) for the rst 5 days of AD.9 Thus, the
electrodes installed in the liquid phase of this anaerobic hybrid
system can explain these results since this system showed lower
resistance as compared to other congurations.28 The low
molecular weight substrate derived from the UASB reactor unit
was efficiently degraded. Thus, the UT-UASB-MEC integrated
degradation system was an effective technology for the degra-
dation of solid organic matter.
3.4 Comparative analysis based on pyrosequencing of
bacterial communities

3.4.1 Richness and biodiversity of bacteria phylotypes. The
richness and diversity of the bacterial communities are shown in
Table 6. The number of operational taxonomic units (OTU) ob-
tained by pyrosequencing of raw sludge, treated sludge, biological
cathode, and cathode were 480, 850, 829, and 882, respectively.
New bacterial phylotypes continued to emerge even aer 15 000
sequences sampling (i.e., pyrosequencing was based on the OTU at
a 3% distance, Fig. 5). Simultaneously, richness estimates (Ace and
Chao 1) and diversity (Shannon) index measurements indicated
that the microbial community of the anaerobic sludge (i.e., bio-
logical cathode and anodic) was richer than that of raw sludge.
Since high biodiversity increases the ecological stability,29 this
system has a higher capacity to resist environmental stress.
Table 6 Richness and diversity of bacterial communities

Sample OTUs Ace Chao 1 Shannon

Raw sludge 480 498 504 4.95
Treated sludge 850 921 925 5.35
Cathode 829 883 892 5.44
Anodic 882 933 956 5.33

This journal is © The Royal Society of Chemistry 2018
3.4.2 Bacterial community comparisons. The principal
component (PCA) and Venn analyses were used to identify the
differences among the bacterial community structures (Fig. 6). The
principal components 1 (PC1) and 2 (PC2) were extracted and
accounted for 55.17 and 31.22% of the total community variations,
respectively (Fig. 6a). These results suggested clear distinctions
among these four samples despite they shared the same source of
microbial consortia. The sumof total observedOTU in the samples
was 1015, although only 277 OTU were shared among these tests
(Fig. 6b). The majority of the shared OTU were Proteobacteria
(49.4%), Bacteroidetes (17.6%), Actinobacteria (11.5%), and Firmi-
cutes (6.1%). This result revealed that the raw sludge changed
signicantly as a result of the ultrasonic disintegration and AD
processes. The shared OTU between the treated sludge, and the
biological cathode and anode of the MEC unit were 710 (i.e., the
sum of the total observed OTU was 962). This result revealed
a selective enrichment of the anode and cathode from the anaer-
obic sludge, this leading to extremely high similarity.

3.4.3 Bacterial taxonomy analyses. The analyses of the
microbial community structures comprising the system were
quite necessary to understand the sludge degradation process.
Fig. 7 shows the taxonomic classication of the dominant
Fig. 5 Rarefaction curves based on pyrosequencing of bacterial
communities.
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Fig. 6 Comparative analysis of the bacterial communities based on pyrosequencing of the 16S rRNA gene: (a) PCA analysis; (b) Venn analysis.

Fig. 7 Taxonomic classification of the dominant phylogenetic groups at the phylum level: (a) raw sludge; (b) treated sludge; (c) cathode; and (d)
anode. Phyla groups with a relative abundance of less than 1% of the total composition were defined as “other”.
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phylogenetic groups from raw, treated sludge, biological
cathode, and biological anode. The dominant species in the raw
sludge were Proteobacteria, Bacteroidetes, and Firmicutes,
accounting for 68.44, 16.14, and 5.97% of the sample, respec-
tively. This result was consistent with Yang30 who used PCR-
denatured gradient gel electrophoresis technology. Aer 8
days of operation, the dominant species in the sludge were
Proteobacteria (31.47%), Firmicutes (22.86%), and Bacteroidetes
(20.18%). The increase of abundances of Firmicutes and Bac-
teroidetes maybe contributed by applying power supply. Firmi-
cutes and Bacteroidetes have been reported to be a major group
inmany reportedmicrobial fuel cell.31 The above results showed
that UT,19 AD32 and applying power supply led to the signicant
changes in the bacterial community structure of sludge. Aer
applying power supply, the anode biolm had signicantly
increased abundances of Firmicutes and Bacteroidetes. Bacter-
oidetes were found oen in many bioelectrochemical system.15

The signicant increase in Firmicutes might be attributed to its
potential ability for electron transfer processes in MFC, as
conrmed by Wrighton.29 Additionally, Firmicutes were known
to play a critical role in the anaerobic hydrolysis and acidica-
tion process.33 Chloroexi, Spirochaetae, and Synergistetes also
signicantly increased with operation time. Chloroexi might
42038 | RSC Adv., 2018, 8, 42032–42040
have specialized in polysaccharide and protein degradation,
while Spirochaetae and Synergistetes might obligate anaerobes
to be introduced by vaccination and then proliferated over time.
Thermotogae signicantly increased on the bioelectrodes of the
MEC unit, and this might accelerate the degradation efficiency
of the treated sludge in this system. Cathode and anode bacteria
accounted for 6.6 and 3.7% of the total, respectively. Bacteria
mutation and rapid proliferation under micro electric elds and
uneven heating conditions (i.e., heater band) might explain this
result.
4. Conclusions

This study proposed aMEC-coupled UASB reactor provided with
a UT system. UT effectively promoted sludge disintegration,
although it deteriorated the quality of the reactor effluent. The
UASB reactor unit was used to degrade the disintegrated sludge,
and temperature was found to be a key parameter during sludge
degradation. VSS concentration in the effluent was maintained
at 320–380 mg L�1 (ca. 0.08 times of the raw sludge concen-
tration), thereby showing that the three-phase separator in the
UASB reactor could be replaced with a MEC unit composed of
graphite ber brush and titanium. MEC achieved further
This journal is © The Royal Society of Chemistry 2018
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degradation of the disintegrated sludge, and the inuence of
the voltage on the sludge degradation process was signicant.
The TCOD removal of the UT-UASB-MEC integrated system
reached 61.3% when the sludge was intermittently ultrasound
treated (total energy of 360 kJ L�1) during 5 days of AD. Thus,
this system could be used to effectively degrade solid organic
matter.

The bacterial community structure of the raw sludge
changed signicantly in this system. Thus, the observed high
biodiversity of this system could increase the ecological
stability. Since ultrasound achieved sludge disintegration while
accelerating its degradation, the AD and anodic oxidation
processes in combination with an installed electric eld
improved the sludge degradation process. This study has
a noticeable signicance as it could increase the efficiency of
the sludge anaerobic degradation process in engineering
applications.
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