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Abstract
Waste activated sludge in China are mostly subjected to dewatering process before final disposal without stabilization. This study
investigated the feasibility of organics degradation and H2 production from non-stabilized dewatered sludge (DS) by microbial
electrolysis cells (MECs). Alkaline pretreatment was used to disintegrate sludge matrix and solubilize organic matters in DS.
Then, the treatment performance of DS supernatant in a single-chamber MEC at various applied voltages was investigated. The
COD (chemical oxygen demand) removal rate increased with increasing voltage, which ranged from 26.35 to 44.92% at 0.5–
0.9 V. The average coulombic efficiency was 75.6%, while the cathodic hydrogen recovery was not satisfied (15.56–20.05%)
with H2 production rates of 0.027–0.038 m3 H2/(m

3 day). The reasons could be ascribed to the complexity of the substrate, H2

loss, and the confinement of configuration in scale-up. The organic matter degradation was influenced by the composition of DS.
The carbohydrates could be readily used; meanwhile, the major component of the DS supernatant, i.e. proteins, was difficult to be
utilized, which resulted from the low biodegradability of the transphilic fractions during the MEC operation.
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Introduction

The growing amount of sewage sludge was generated by
wastewater treatment plants (WWTPs) to be handled. From
consideration of sustainable development, sewage sludge is
regarded as a Bbiosolid^ rather than a Bwaste,^ which can be
explored as raw material to produce energy. Although anaer-
obic digestion is efficient in stabilizing sludge and producing
biogas, alternative technologies are demanded to recover en-
ergy from biosolids.

MEC (microbial electrolysis cell) is a bioelectrochemistry
process which could degrade organic matter in wastewater
by microorganisms and at the meantime produce hydrogen/
methane gas (Logan et al. 2008). To date, most MEC stud-
ies used acetate and other low-molecular-weight organics as
substrates (Kadier et al. 2014). However, the organics in
sludge mainly existed as extracellular polymeric substances
(EPS) and/or intracellular biopolymer. These materials
showed a slow hydrolysis rate and cannot be readily de-
graded by microorganisms, which limited the biological
treatment performance including MEC. Therefore, it is nec-
essary to apply disintegration techniques. These techniques,
including alkaline treatment, sonication, ozonation, and mi-
crowave treatment, were used to accelerate the hydrolysis
rate of waste activated sludge (WAS) in order to enhance
anaerobic digestion and dewatering efficiency (Tunçal 2011;
Kim et al. 2009; Cano et al. 2015; Zhen et al. 2017).
Among them, alkaline treatment was extensively applied
because of simpleness, effectiveness, and low energy con-
sumption (Weemaes and Verstraete 1998). In the study of
MEC process, alkaline pretreatment has been proved to in-
crease H2 production rate from 5.67 ± 0.61 mg/g VSS (vol-
atile suspended solids) to 15.08 ± 1.41 mg/g VSS for WAS
(Lu et al. 2012a).
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In developing countries, such as China, most WWTPs did
not built or run anaerobic digesters for the technical and eco-
nomic reasons. For these WWTPs, sewage sludge was only
subjected to concentrating and dewatering treatment process-
es. The non-destabilized dewatered sludge (DS) posed a threat
to the environment and human health during the subsequent
sludge disposal. To solve this problem, one possible solution
is via centralized sludge treatment plants. Like the centralized
WWTPs which used pipelines to collect and transfer the
wastewater sourced from different areas, a centralized sludge
treatment plant collected non-destabilized DS from various
WWTPs and safely disposed gathered DS in plant.
Meanwhile, this method provides an opportunity to realize
sludge recycling. The DS treatment process depends on its
characteristics, which featured in high suspended solids (SS)
in comparison with WAS. The high content of insolubilized
organics in DS is more difficult to be used by microorganisms
and therefore required a hydrolysis pretreatment to disrupt
sludge matrix and extract the organics into soluble forms.
Moreover, the high-solid sludge was unable to obtain uniform
mixing and high rate of mass and heat transfer, which could be
diluted during the biological treatment.

So far, the substrate of MEC was confined to either single
substrate or biodegradable wastewater. The performance of
composite substrate had been sparsely studied and the utiliza-
tion of these mixed substrates from municipal and industrial
sources represented the practical potential of MECs.
Especially, no report was found to investigate the organic
transformation characteristics of DS in MEC. In this study, a
combined process of alkaline pre-hydrolysis and MEC was
examined using DS as a substrate. Firstly, the alkaline pre-
treatment was adopted to solubilize DS organics into the su-
pernatant as much as possible. Then, the DS supernatant was
fed into a single membraneless MEC operated under various
applied voltages. The electrochemical parameters, such as cur-
rent and coulombic efficiency, effluent quality, and gas pro-
duction were comprehensively tracked aiming at investigating
the biodegradation ability of pretreated sludge. Finally, the
variations of proteins and carbohydrates and the changes of
various DOM (dissolved organic matter) fractions in the or-
ganic matters extracted from DS under a typical batch opera-
tion of MEC were determined for better interpretation of the
involved mechanism.

Materials and methods

Materials

The DSwas collected from anA/O (anoxic/oxic)WWTPwith
capacity of 64 × 104 m3/day in Nanjing, China. The sludge
treatment process in the plant was gravity sedimentation

followed by centrifugal dewatering. The moisture content of
DS was 82.5% and the ratio of VSS/SS was 51.8%.

The sewage sludge with SS and VSS contents of 31,543
and 14,237 mg/L, respectively, was collected from the aera-
tion tank in the same WWTP for the inoculation of MEC.

Alkaline pretreatment

DS of 100.0 g was mixed with NaOH solution (0.5 mol/L) of
400 mL. Then, the mixture was placed in a rotary shaker at a
speed of 100 rpm and temperature of 25.0 °C for 24 h to
perform the hydrolysis. Finally, the mixture was settled for
1 h and the supernatant was withdrawn and acidified to pH
of 7.0 ± 0.2 to feed the MEC.

MEC startup and operation

MEC startup

MEC anodes were enriched in two-chamber MFCs (microbial
fuel cells) as follows: sewage sludge was fed into the anode
chamber (269.3 mL) of MFC, which contained a carbon fiber
brush (length of 50 mm, diameter of 50 mm, Toray T700
24K). The cathode chamber (269.3 mL) of MFC contained a
carbon cloth (50 mm× 50 mm, WOS1002 CeTech, Taiwan)
coated with 0.5 mg/cm2 of Pt (JM Hispec3000). The two
chambers were separated by a proton exchange membrane.
Sewage sludge was used as inoculum, and the volume ratio
of sludge to culture medium was 1:2. The culture medium
contained NaAc of 1.5 g/L, KH2PO4 of 2.4145 g/L,
K2HPO4·3H2O of 7.3539 g/L, NH4Cl of 0.31 g/L, and KCl
of 0.13 g/L. The phosphate buffer solution (PBS, 50 mM at
pH 7.0) was dosed in the cathode chamber. A 1-kΩ external
resistor was placed in series to determine the current by mea-
suring the voltage drop. All experiments were carried out at
25 °C. The electrolyte in the chambers was replaced when the
voltage of resistance reached maximum value and started to
decline. When the maximum voltage of resistance was
reproduced three times, the exoelectrogenic microbes were
colonized on the anode surface. Then, this anode was moved
to the MEC. The size of cuboid MEC was 60 mm× 70 mm×
110 mm with effective volume of 462 mL (Fig. 1). The anode
chamber was carbon fiber brush taken from anode chamber of
MFC. The cathode chamber was carbon cloth coated with Pt.

MEC operation

The supernatant derived from the pre-hydrolyzed DS was
dosed with KH2PO4, NH4Cl, K2HPO4·3H2O, and KCl to the
concentration of 2.4145, 7.3539, 0.31, and 0.13 g/L, respec-
tively, and then fed into MEC (Fig. 1) with 3.6 mL of trace
mineral solution and 1.5 mL of vitamin solution (Balch et al.
1979; Lovley et al. 1984). Resistance (10Ω) and direct current
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power supply were applied between the cathode and anode.
One typical batch operation lasted 10 days. The MECs were
operated using duplicate reactors for over more than three
cycles at room temperature (20–25 °C).

Analytical methods

The COD (chemical oxygen demand) content was measured
using standard methods (APHA 1998). The concentration of
protein was analyzed using coomassie blue staining G-250
(China EPA 2002). The total carbohydrate content was deter-
mined using anthrone-sulfuric acid colorimetric method
(Laurentin and Edwards 2003). The biogas was collected
using gas sampling bag (E-Switch, 200 mL), and the total
volume was measured using a glass syringe.

The performance of the MEC was evaluated in terms of
hydrogen production rate (Q, m3 H2/(m

3 day)), current (I, A),
coulombic efficiency (CE), cathodic hydrogen recovery (rcat),
and energy recovery relative to the electrical input (ηE) as
described (Logan et al. 2008). It was found obviously in the
study that these parameters presented a periodic change with
the addition of the substrates due to the existence of
biocathode. So, each reported curve was reproducible in the
stable cycles.

Fractionation of organic matter from DS

Both the solution extracted fromDS byNaOHwhich regarded
as influent of MEC and the effluent from MEC was fraction-
ated into five classes: hydrophobic acid (HPO-A), hydropho-
bic neutral (HPO-N), transphilic acid (TPI-A), transphilic neu-
tral (TPI-N), and hydrophilic fraction (HPI), using XAD-8/
XAD-4 resin chromatography following the established
methods (Wei et al. 2011).

Three-dimensional excitation-emission matrix (EEM)
fluorescence spectroscopy

EEM spectra of the components (DOM) of the DS supernatant
and the effluent from MEC were measured using a fluores-
cence spectrometer (F7000, Hitachi). Filtrated samples were
diluted to 1 mg/L of DOC (dissolved organic carbon) with
0.01mol/L KCl and were acidified to pH 3with HCl. A xenon
excitation source was used in the spectrometer, and the exci-
tation and emission slits were set to a 10-nm band-pass. The
EEM spectra were obtained by scanning the sample over ex-
citation wavelengths from 200 to 400 nm with 5 nm steps and
emission wavelengths from 280 to 550 nm with 5 nm steps.

Results and discussion

Solubilization performance by alkaline pretreatment

The use of alkaline treatment for disintegration of microbial
cells and solubilizing EPS from WAS is widely accepted at
present (Liu et al. 2016). The distinguish between non-
stabilized DS and WAS lies in the structure of the flocs, as
the former shows a more condensed structure. Therefore, the
effect of alkaline pretreatment on DS solubilization was
examined.

The study by Everett (1974) has shown that during this
process, the sludge is made swelling and the structure is
loosed. The cells in sludge lose the viability and disrupt as
they are unable to maintain an appropriate turgor pressure.
Then, the added alkali reacts with the cell walls through sev-
eral ways, including the saponification of lipids, which leads
to the solubilization of cell membrane. Disruption of sludge
cells results in the release of intracellular biopolymer out of
the cell (Neyens et al. 2003). On the other hand, as stated
(Katsiris and Kouzeli-Katsiri 1987), increment of sludge pH
changed the bacterial surfaces to negative charge and conse-
quently created high electrostatic repulsion to cause desorp-
tion of parts of EPS into the solution. These solubilized or-
ganics, including protein, humic acid, polysaccharides, lipids,
and nucleic acid (Wilen et al. 2003; Dignac et al. 1998), can be
used through MEC. At a liquid to DS ratio of 4 mL/g, the
concentrations of solubilized COD, carbohydrates, and pro-
teins were significantly improved (Table 1). Of these com-
pounds, proteins (Table 1) and humic acid were the primary
constituents, while the others were present in relatively low
levels. The yellow appearance of sludge supernatant is a
strong evidence of solubilization of humic acid. Because hu-
mic acid could be classified as yellow, brown, and black, all of
which could be dissolved in NaOH (Li et al. 2009). This result
was consistent with the finding by Li et al. (2009) and indi-
cated the effectiveness of alkaline pretreatment to disrupt DS
flocs and cells. The released intracellular organic molecules

Fig. 1 Schematic diagram of MEC reactor
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did not undergo further degradation by alkaline treatment (Liu
et al. 2016). Thus, the supernatant containing solubilized or-
ganics was fed and degraded via the MEC.

Effect of applied voltage on COD removal

In MECs, organic matters are oxidized by anodic
exoelectrogenic bacteria like Geobacter or Shewanella spe-
cies capable of extracellular electron transfer. The produced
electrons by the oxidation of biodegradable organic matters
are transferred to the anode and consumed at the cathode to
generate H2 (Logan and Regan 2006; Liu et al. 2006; Zhao
et al. 2016). It has been reported that exoelectrogenic bacteria
are utilizing various kinds of substrates as electron donors
such as short-chain fatty acids (SCFAs), glucose, aromatic
hydrocarbons, and proteins (Chaudhuri and Lovley 2003;
Lovley et al. 2011). This implies the possibility of utilization
of complex organic matters as substrates, such as WAS and
DS, in the MECs. Therefore, in this study, the MECs were fed
with sludge supernatant from alkali-treated DS as substrates. It
has been proved that the kinetics of bioelectrochemical reac-
tion depends considerably on the electrode potentials (Feng
et al. 2015; Villano et al. 2010), which are determined by the
applied voltage between the anode and cathode. So, the influ-
ence of applied voltages on the effluent CODwas investigated
and the results are shown in Fig. 2.

The activity of exoelectrogen in the MEC relies on the
electrical potential of the electrodes (Ding et al. 2016). At
room temperature (20–25 °C), the effluent COD decreased
with an increase in applied voltage. At 0.5 V, MEC removed
26.35% COD. When the voltage increased to 0.7 V, the COD
removal rate increased to 39.14%. However, the removal rate

slowed down at 0.9 V, at which condition the COD removal
rate was 44.92%. Increment of applied voltage resulted in
augmentation of degradation of organic matter. The result
was similar to that reported by Escapa et al. (2012). This
phenomenon was more obvious at low applied voltage.

Effect of applied voltage on energy recovery

The changes of electrochemical parameters and gas produc-
tion of MECs at various applied voltages are presented in
Fig. 3 and Table 2.

Figure 3 shows the current changes reflecting the degree of
electrochemical reaction on the electrode surface and accumu-
lation of exoelectrogenic microbes during a cycle at various
voltages/potentials. The current reached peak value quickly in
1–2 days, and then gradually decreased. The increment in
current at first is attribute to the feeding which provides suffi-
cient biodegradable organics for the microorganisms. The mi-
croorganisms were stimulated to degrade the newly added
substrates. In the study conducted by Zhao et al. (2016), the
hydrolysis of intracellular organicmatters ofWAS took 7 days,
and until then, these organic matters could be utilized by an-
odic oxidation of MEC, which resulted in the current produc-
tion. Owing to the effectiveness of pre-hydrolysis by alkaline
treatment to release more organics into the solution, the cur-
rent in this study generated rapidly.

The decreasing rate of current varied from a rapid drop to a
slow drop. This result was owing to the utilization process of
organic matters by biofilms. The biofilms on the anode of
MECs readily degraded low-molecular-weight organics, such
as acetic acid, at a high speed. The degradation rate slowed
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Fig. 2 Variations of COD at various voltages through a typical operation
cycle

Table 1 Characteristics of sludge
supernatant solubilized by NaOH pH Conductivity

(mS/cm)
Alkalinity (CaCO3,
mg/L)

COD
(mg/L)

Protein
(mg/L)

Carbohydrates
(mg/L)

NH3-N
(mg/L)

7.03 29.5 3780 2481.7 677.3 262.6 411.5
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Fig. 3 Variations of current under various voltages through a typical
operation cycle
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down as the consumption of low-molecular-weight organics,
thus led to the current decrement. Then, the relatively high-
molecular-weight organics, which were difficult to be
biodegraded, such as protein, were utilized at a low speed.
The relevant current value was low and became stable. The
current was proportional to the biogas production as shown in
Table 2. The same result was obtained in the earlier study (Lu
et al. 2012a). When the applied voltage increased, the time for
current to reach peak value advanced, which was a proof of
stimulation effect of microorganisms.

A slight increase inCE from 71.91 to 78.89% can be seen in
Table 2 as the voltage increased. The average CEwas 75.60%,
which suggested that the electrons from the substrates could
be easily accessed by the microorganisms in MECs. Due to
the anaerobic environment of MEC and the complexity of
substrate, methanogens were unavoidably enriched on the an-
ode than in raw WAS (Lu et al. 2012b). H2-oxidizing
methanogens are expected to be the major pathway of H2 sink
in this study (Lu et al. 2012b). Methane production in MEC
consumes H2 directly or causes a loss of electron donors. The
CE values were reported to range from 17 to 48% generated in
single-chamber MEC at 0.5 V via complex substrates, such as
domestic and swine wastewater (Ditzig et al. 2007; Wagner
et al. 2009). The highCE in this study was partially ascribed to
that most of the electron donors from DS supernatant were
metabolized by exoelectrogens, which outcompeted fermen-
tative bacteria. Another possible reason for the high CE was
that the substrate adopted in this study was DS supernatant,
which avoided accumulation of inert materials on electrodes
caused by a mixture of solid and liquid, such as WAS.
Furthermore, the NH3-N in MEC increased from initial con-
centration of 412 mg/L to effluent concentration of 471–
485 mg/L (Fig. 4). In anaerobic bioreactor, the activity of
methanogens decreased with increasing NH3-N (Chen et al.
2008). The high NH3-N concentration in MEC during the
operation time inhibited the methanogen activity and therefore
increased the accumulation of intermediate products to en-
hance the hydrogen production and resulted in a high CE.

However, the rcat value showed a declining trend. The dis-
agreement of high CE with relatively low rcat was probably
attributed to two reasons: one reason was that the hydrogen
production rate was low and the hydrogen loss through the
reactor to the environment was possible (Logan et al. 2008;
Rozendal et al. 2006); another reason was likely the reactor
configuration. Single-chamber MEC without membrane has

attracted more attention as a result of high hydrogen recovery
and simple structure (Call and Logan 2008). The major prob-
lem encountered in this configuration was the limitation of
reactor scale-up. The large reactor volume in this study result-
ed in high internal resistance (Cusick et al. 2011). Besides, the
relative area of carbon cloth (and carbon brush) was small
compared with the whole reactor and the conversion of H2

to CH4, which also led to the descending performance.
The hydrogen production rate showed modest improve-

ment at low voltage. The low hydrogen production rate even
at high voltage of 0.9 V (Table 2) was as a result of character-
istics of substrate and was relevant to the low rcat. DS was a
complex biomass with high SS (17.5% in this study). At pres-
ent, few studies were reported using DS directly as substrate in
MEC. This study, however, adopted NaOH solution to solu-
bilize the insoluble part of DS and then fed into the MEC. The
sludge supernatant contained complex organics (Table 1).
When feeding complex organics, such as swine and food
wastewater, the hydrogen production rates in MEC were as
low as 0.9–1.0 m3 H2/(m

3 day) (Wagner et al. 2009) and 0.15
± 0.03 m3 H2/(m

3 day) (Tenca et al. 2013), respectively, much
lower than the values obtained using SCFA (Call and Logan
2008; Jeremiasse et al. 2010). Besides, the high concentration
of sludge supernatant (2481mgCOD/L) from this study could
generate high resistance, resulting in overpotential and ohmic
loss problems (Gajaraj et al. 2017) to minimal the difference in
gas production at applied voltages.

The ηE decreased when the voltage increased, which was
partially as a result of the low rcat. The maximum ηE was
achieved at 0.5 V, which was much less than 100%. This

Table 2 Electrochemical
performance and gas production
of MECs

Applied voltage (V) Cumulative hydrogen
production (mL)

CE (%) rcat (%) Q (m3 H2/(m
3 day)) ηE (%)

0.5 66.7 71.91 20.05 0.027 5.52

0.7 90.2 75.99 17.28 0.035 3.43

0.9 96.8 78.89 15.56 0.038 2.38
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indicated that more energy was required in the case of sludge
supernatant than treating other substrates like sodium acetate
and suggested an improvement in treatment efficiency to re-
alize positive energy production in the further study.

Variations of proteins and carbohydrates in MECs

The treatment efficiency of MEC is affected by the influent
COD (Sasaki et al. 2011; Sasaki et al. 2013). Using sodium
acetate as substrate, the COD removal in a single-chamber
MEC increased with the increasing influent COD (Teng
et al. 2015). At influent COD of 1000–1350mg/L and applied
voltage of 0.5 V, the COD removal rate reached 72.5–75.3%
(Teng et al. 2015). In our study, at influent COD of 2482 mg/
L, the obtained COD removal rate was only 26%. The differ-
ence in the COD removal rates lied in the influent qualities.
The DS supernatant contained complex organics, including
macromolecular compounds. In the study by Lu et al.
(2012a), the COD removal rate for WAS was 20–28%, which
was comparable with our result. In order to determine the
variations of macromolecular organic matters in MEC, the
concentrations of proteins and carbohydrates during a typical
operation cycle under different voltages were investigated.
The results are shown in Figs. 5 and 6.

The MEC can easily utilize the carbohydrates in WAS to
generate H2 through two pathways. One way is through me-
tabolizing the carbohydrate directly by the exoelectrogens.
The other way is through using the fermentative products of
carbohydrates such as alcohols and VFAs (volatile fatty acids)
to produce electrons by the exoelectrogens (Logan 2009). The
removal of carbohydrates could be illustrated by the example
of glucose. In the case of anaerobic degradation, glucose re-
duction results from several possible reactions via fermenta-
tion, acetoclastic methanogenesis, and hydrogenotrophic pro-
cesses (Eqs. (1) and (2)). The produced hydrogen could be
consumed by hydrogenotrophic methanogenesis (Eq. (3)), or
acetogenesis to produce acetate (under higher hydrogen pres-
sure, Eq. (4)), which can be eventually converted to methane

through acetoclastic methanogenesis (Gajaraj et al. 2017;
Zinder and Anguish 1992).

C6H12O6 þ 2H2O→2CH3COOH þ 4H2 þ 2CO2 ð1Þ
CH3COOH→CH4 þ CO2 ð2Þ
4H2 þ CO2→CH4 þ 2H2O ð3Þ
4H2 þ 2CO2→CH3COO

− þ Hþ þ 2H2O ð4Þ

Whereas in the case of MEC, the fermentation by-products
of glucose, mainly acetate (Selembo et al. 2009), are oxidized
at the anode through Eq. (5).

CH3COO
− þ 4H2O→2HCO3

− þ 9Hþ þ 8e− ð5Þ

Exoelectrogens at the cathode are capable of producing
hydrogen too or even methane through direct electron trans-
ferring (Gajaraj et al. 2017), as shown in the following equa-
tions:

2Hþ þ 2e−→H2 ð6Þ
CO2 þ 8Hþ þ 8e−→CH4 þ 2H2O ð7Þ

In Fig. 5, the concentration of carbohydrates decreased
sharply at the initial period, and then declined slowly. At
voltages of 0.5, 0.7, and 0.9 V, the removal rates of car-
bohydrates at the end of a cycle were 48.43, 58.85, and
64.27%, respectively, whereas these values reached 37.67,
37.67, and 55.86% at only half of the cycle. The results
indicated that carbohydrates were preferred for degradation
in MEC, which was proved by Catal (2016) and Lu et al.
(2012a). These matters could be directly used by
exoelectrogens to produce hydrogen. Besides, certain
end-products of fermentation of these matters, such as
VFAs and alcohols, could also be utilized (Catal 2016;
Logan 2009). Consequently, most carbohydrates were re-
moved in a short time.

The fate of proteins in MEC is presented in Fig. 6. Protein
reduction was increased by using higher voltages. The result
was consistent with the finding by Nam et al. (2014).
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Although the concentration dropped with time, the removal
rate was relatively low. The maximum protein removal rate of
33.73% was obtained at voltage of 0.9 V, only half of the
maximum carbohydrates removal rate. Because most known
exoelectrogens prefer simple substrates (like organic acids,
alcohol, monosaccharide) for extracellular electron transfer,
the direct oxidization of polymeric and complex materials
generally requires cooperation of exoelectrogens with
polymer-degrading bacteria, often fermenters (Lu and Ren
2016). Besides, the intermediates formed during the hydroly-
sis of largemolecular weight protein may not be a good proton
source for hydrogen generation (Lu et al. 2010). The low
performance of COD reduction is certain for the proteins in
MECs. The reason for the observed differences of COD re-
moval between proteins and carbohydrates may result from
the biodegradability and electron loss to competing
mechanisms.

In the study conducted byWang et al. (2013), theMECwas
fed with a synthetic dairy wastewater, which contained 10.6%
protein, while the DS supernatant adopted in this study
consisted of 27.3% protein. The COD removal rates were
comparable in the two studies; however, the removal rate of
protein in synthetic dairy wastewater was more than 70% at
0.8 V (Wang et al. 2013), which almost doubled the value
achieved in our study. The reason was likely the complex
compositions of influent and various bacteria on the anode.
Although protein had been reported to be directly used to
produce hydrogen in MEC (Lu et al. 2010), the complexity
of proteins and the presence of degradation byproducts, such
as VFAs, may result in different hydrogen production perfor-
mance (Lu et al. 2012a; Sasaki et al. 2011). For example, the
BSA (bovine serum albumin, a kind of pure protein)-fedMEC
had a better performance than that those fed peptone (complex
protein) in terms of hydrogen production in MEC.

Table 3 Removal rates of organic matter obtained in this study and other literatures in single-chamber MECs

Substrate Influent quality (mg/L) Applied voltage (V) Removal rates (%) Reference

COD Proteins Carbohydrates COD Proteins Carbohydrates

Alkaline-treated DS 2482 677 263 0.5 26 24 48 This study
0.7 39 34 59

0.9 45 37 64

Synthetic dairy wastewater 1089 115 – 0.4 45.5 67 – Wang et al. (2013)
0.8 58 72

1.2 56 74.1

Alkaline-treated WAS 4071 2708 291 0.6 28 20 26 Lu et al. (2012a)

Sodium acetate 700 – – 0.5 47.5 – – Teng et al. (2015)
1000 75.3

1350 72.5

(a) DOM (b) (c)HPI HPO-A

(d) HPO-N (e) TPI-A (f) TPI-N

Fig. 7 Fractional fluorescence
EEMs of the organic matter in DS
solution before MEC treatment
(MEC influent)
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In terms of WAS (Lu et al. 2012(a)), the removal rate of
COD was comparable with our study, which proved the fea-
sibility of DS in MEC. The performances of MECs under
different types of influent were summed in Table 3. The ob-
served differences of removal rates between carbohydrates
and proteins at various applied voltages proved the above
discussion on the decreasing trend of ηE. At high voltage,
the reduction of ηE had nothing to do with the activity of the
microorganisms. Otherwise, the same decreasing trend of car-
bohydrates and proteins would be found.

Characterization of DS solution in MEC by EEM spectra

The five fractions fromDS supernatant organic matter extract-
ed by NaOH revealed fluorescence peaks in regions I and II,
and region IV by Chen et al. (2003), referring to the redun-
dancy of aromatic proteins and soluble microbial by-product-
like materials, respectively (Fig. 7b–f). The fulvic acid-like
components were detected at Ex/Em = 250/415 in the raw DS
supernatant (DOM, Fig. 7a) extracted by NaOH, while the
humic acid-like substances were not detected. The HPO-A
fraction showed the highest fluorescent intensity in Regions
I and II among the DOM fractions, followed by HPO-N, HPI,
TPI-N, and that of the TPI-A was the lowest. Therefore, the
NaOH-extracted DS supernatant was dominated by hydro-
phobic materials, followed by hydrophilic materials, with the
lowest content for the transphilic materials. The fulvic acid-
like components in the NaOH-extracted DS supernatant were
mainly composed of HPO-N fraction.

The fluorescent intensity of DS supernatant (DOM) de-
creased after MEC treatment (Fig. 8a), which proved the
COD reduction, although the aromatic proteins and soluble
microbial by-product-like materials were still the principal

components. Previous study showed that the fulvic acid-
like components in the HPO-N and TPI-A fractions of
WAS could be readily degraded by MFC treatment
(Jiang et al. 2010), which was consistent with our study
(Fig. 8d, e). Results showed that the MEC operation pref-
erentially degraded HPI, HPO-A, and HPO-N fractions in
the NaOH-extracted DS supernatant (Fig. 8). HPI is
consisted of polar compounds of low molecular weights,
presenting the most readily degradable compounds. While
the HPO-A fraction generally has the least polarity and
the highest molecular weight, which should have a more
complex characteristic (Maurice et al. 2002; Namour and
Müller 1998). The degradation of hydrophobic fractions
(HPO-A and HPO-N) was likely through the anaerobic
fermentation, during which generated transphilic fractions
of TPI-A and TPI-N.

Conclusions

In this study, DS was successfully treated by a combined pro-
cess of alkaline pre-hydrolysis andMEC. The effect of applied
voltage on the performance of MEC was investigated. Results
showed that the removal rate of COD increased with an in-
crease in applied voltage. This increasing effect was more
obvious at low voltage. At voltage of 0.9 V, the maximum
COD removal rate for the pre-hydrolyzed DS supernatant
attained 44.92%.

At various applied voltages, the current reached peak value
in 1–2 days after feeding and then decreased. The biogas pro-
duction increased with increment of the current. The average
coulombic efficiency was 75.60% with average recovery rate
of hydrogen conversion of 17.63%.

(a) DOM (b) HPI (c) HPO-A

(d) HPO-N (e) TPI-A (f) TPI-N

Fig. 8 Fractional fluorescence
EEMs of the organic matter in DS
solution treated by MEC (MEC
effluent)
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At voltages of 0.5, 0.7, and 0.9 V, the hydrogen production
rates were 0.027 m3/(m3 day), 0.035 m3/(m3 day), and
0.038m3/(m3 day), respectively. The reason for the low rates
was likely substrate types and low cathodic hydrogen recov-
ery, which resulted in low energy recovery. This result implies
the direction of further studies.

The removal rate of organic matter in MEC was influenced
by the composition of DS. The carbohydrates could be readily
used with removal rates of 48.43, 58.85, and 64.27% at volt-
ages of 0.5, 0.7, and 0.9 V, respectively. However, the proteins
were difficult to be utilized, which resulted in low COD re-
moval rate. The TPI-A and TPI-N fractions of the proteins
extracted from the DS showed low biodegradability during
the MEC operation.
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