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• MEC achieved higher COD removal than
AD in high concentration sludge lysate.
• MEC overcame the limit of AD on VFAs
utilization to degrade sludge lysate.
• H2 production was enhanced signiﬁcantly in MEC than AD.
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a b s t r a c t
Waste sludge lysate was produced by dehydration after pyrolysis of waste activated sludge. In addition to dominant components such as protein, polysaccharide, and volatile fatty acids (VFAs), it also contained melanoidins,
which produced from Maillard reaction. The inclusion of melanoidins will lead to poor biological degradation in
conventional anaerobic digestion (AD). While microbial electrolysis cell (MEC) was proved an enhanced degradation of complex organic matter for hydrogen production. The results showed that under high concentration
conditions, conventional AD caused the accumulation of propionic acid and slowed down the use of acetic
acid, but MEC overcame the defects and increased the chemical oxygen demand (COD) removal efﬁciency by
40.33%, and achieved average hydrogen production rate (0.15 ± 0.05 L L−1 day−1), which was 79 times that of
AD system (0.0019 ± 0.0009 L L−1 day−1). Therefore, MEC can enhanced biodegradation of the waste sludge lysate for high hydrogen production.
© 2020 Elsevier B.V. All rights reserved.
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The development of industry and the expansion of human activities
have led to an increase in the amount of sewage produced, and the activated sludge process that regarded as the main wastewater treatment
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melanoidins produced by 200 °C hydrothermal pretreatment of sludge
has a negative effect on anaerobic digestion (Zhang et al., 2020). Peña
et al. found that ozone has a poor removal effect on Maillard reaction
products (Peña et al., 2003). Therefore, waste sludge lysate is difﬁcult
to degrade due to its melanoidins essence. An effective method needs
to be adopted to realize the treatment and utilization of waste sludge
lysate.
AD has small effect on the environment and high potential in the
business. It is a biological process in which the substrate is converted
into biogas through four main steps (hydrolysis, acid production, acetic
acid production and methane production) under strict anaerobic conditions, and realizes the degradation of organic matter and energy recovery (Esposito et al., 2012; van Lier et al., 2001; Edelmann et al., 2005).
Industrial-scale AD has been achieved, however, anaerobic digestion is
a slow process with a relatively long retention time (20-30d) and low
digestion efﬁciency (30–50%), which limits its further development
and utilization (Lin et al., 2009; Tyagi and Lo, 2012). The application of
AD is restricted due to the existence of melanoidins that are difﬁcult
to biodegrade in the waste sludge lysate.
Biohydrogen is a kind of renewable energy, which can be obtained
from biomass or waste organics by dark fermentation. Recently microbial electrolysis cell (MEC) has been well developed to achieve high efﬁciency for biohydrogen from various organics by giving a small applied
voltage (<1.0 V) (Cheng and Logan, 2007). MEC stimulates the growth
of microorganisms and changes the composition of the community,
forming a community of microorganisms with cometabolism (Gao
et al., 2017). Therefore, MEC accelerates the degradation of stubborn
and refractory pollutants and increases the production of biogas
(Holmes and Smith, 2016). Therefore, the purpose of this study is to explore whether using a single-chamber MEC can enhance the AD performance of waste sludge lysate and increase the production of hydrogen.
This study explored the operating effects of traditional AD and MEC
reactors at different waste sludge lysate concentrations. Throughout
the experiment, the production of gas, the concentration of chemical oxygen demand (COD), polysaccharides, proteins and VFAs were
monitored.

method produces a large amount of sludge as a by-product, and the cost
of sludge disposal has accounted for 50–60% of the operation investment in wastewater treatment plants (Barr et al., 2008; Campos et al.,
2009; Ucisik and Henze, 2008). The sludge contains a large amount of
organic matter (e.g., polysaccharide, protein and lipids, etc.), nitrogen,
phosphorus and other nutrients, indicating that it has great potential
for changing waste into resource and energy (Morgan-Sagastume
et al., 2011). However, the sludge also contains heavy metals (zinc,
lead, copper, etc.), synthetic organics (polychlorinated biphenyls, polycyclic aromatic hydrocarbons, endocrine disruptors, etc.) and pathogenic microorganisms, which restrict the use of waste sludge, causing
environmental pollution and affect human health (Appels et al., 2008;
Guo et al., 2014). The method that realizes the effective treatment and
utilization of sludge for resource recovery or renewable energy production needs to be found to solve the urgent problem.
Traditional sludge treatment methods, such as incineration, landﬁll
and ocean disposal, have been gradually abandoned due to high investment costs and serious secondary pollution (Tyagi and Lo, 2013). The
new approach treats sludge as an available resource, and the recovery
of nutrients (N, P) and energy (C) is both technically and economically
feasible (Campbell, 2000). As an effective means of resource recovery,
pyrolysis has been extensively studied in the ﬁeld of solid waste treatment and has been popular in business. Pyrolysis that occurs at temperature ranging from 180 °C to 1000 °C can be divided into low, medium
and high temperature pyrolysis, and it is a complex chemical reaction
in which organic substances are thermally decomposed to produce
gas, oil and charcoal with an oxygen-free or oxygen-deﬁcient environment (Bridgwater et al., 1999; Aden et al., 2010; Kim and Parker,
2008). Pyrolysis is considered to be one of the most promising processes
for sewage sludge treatment, which can reduce the amount of waste by
up to 50%, in order to save costs and recover biofuels or chemicals from
sewage sludge to achieve sustainable management. At the same time, it
also realizes the immobilization of heavy metals and other harmful substances, and eliminates pathogenic microorganisms (Abe et al., 2013;
Alvarez et al., 2015; Kosov et al., 2015).
In addition to producing biochar during low temperature pyrolysis,
part of organic matter is transferred into the aqueous phase to form a
dark brown waste sludge lysate, which is produced by Maillard reaction.
Maillard reaction is a non-enzymatic browning reaction that can occur
in a wide range of temperature. Melanoidins are heterogeneous,
nitrogen-containing brown pigments produced by the Maillard reaction, in which carbonyl compounds (reducing sugars) and amino compounds (amino acids, peptides, proteins, amines, etc.) undergo
condensation and polymerization (Hellwig and Henle, 2014; Wang
et al., 2011). Dwyer et al. studied the Maillard reaction during the thermal hydrolysis of sludge under different temperature conditions
(140–160 °C) (Dwyer et al., 2008b). Usman et al. also found that
Maillard reaction occurred when using hydrothermal conversion
(175–350 °C) to treat the sludge (Usman et al., 2019; Usman et al.,
2020). In addition, Alimoradi et al. also reported that Maillard reactions
also took place in the hydrothermal liquefaction (207–345 °C) of
microalgal biomass (Alimoradi et al., 2020).
The temperature range of low-temperature pyrolysis (180–500 °C)
and the properties of sludge (20–40% polysaccharide and 30–50% protein) are consistent with the conditions under which Maillard reaction
occurs, which makes melanoidins become an important component of
waste sludge lysate (Jimenez et al., 2013). However, conventional physical, chemical and biological methods have poor degradability for
melanoidins. The research of Usman et al. showed that 18.9% of colored
components in Maillard reaction products can be degraded by anaerobic digestion (AD) (Usman et al., 2020). Pant et al. exhibited that anaerobic or aerobic treatment alone cannot achieve effective removal of
Maillard reaction products in the brewery wastewater (Pant and
Adholeya, 2007). Penaud et al. indicated that heat treatment produces
Maillard reaction products that were difﬁcult to degrade and inhibit anaerobic organisms (Penaud et al., 2000). Zhang et al. proved that the

2. Materials and methods
2.1. Source of waste sludge lysate
The waste sludge lysate was gained from a sewage treatment plant
(Shanxi, China), it was obtained by dehydration after lowtemperature pyrolysis of sludge under the conditions of low temperature (<300 °C) and pressure (<10 MPa). The main parameters are listed
in Table 1. The collected waste sludge lysate was stored at 4 °C and diluted with tap water to the required concentrations before being
added to the reactors.

Table 1
Characteristics of the waste sludge lysate (pH=7.02) used in this study (mean values).
Parameters

Waste sludge lysate (mg L−1)

COD
Polysaccharide
Protein

17,388
1004
8979
346
215
0
326
1448
0
1420
0
66
1872

VFAs

NH+
4 − N
NO−
2 − N
−
NO3 − N
TN
2

Acetic acid
Propionic acid
Butyric acid
Iso-butyric acid
Valeric acid
Iso-valeric acid
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Coulombic efﬁciency (CE) was calculated as previous described
(Wang et al., 2020b). Cathodic H2 recovery (Rcat) and the average hydrogen production rate of MEC were calculated by the method of Li
et al. (Li et al., 2014).

2.2. Reactor startup and operation
The laboratory-scale MEC reactor was a cylindrical chamber made of
polycarbonate as previously described (Liu et al., 2010). The reactor was
composed of a chamber and a gas collection tab. The chamber was 4 cm
long and 3 cm in diameter (empty bed volume was 28 mL), and gas collection tube was 1.6 cm diameter and 8 cm length (empty volume was
16 mL), so the total volume of the reactors was 44 mL. In this study, the
anodes and cathodes used were described previously (Liu et al., 2012).
The anode was a graphite brush and sizes were 25 mm diameter and
25 mm length (surface area was 0.22 m2, ﬁber type: PANEX 33160 K,
ZOLTEK). The material of cathode was carbon cloth (YB-20, YiBang,
Taiwan), with a surface area of 7 cm2 and a Pt catalyst layer
(0.5 mg cm−2) on one side. The anode and the cathode were on opposite sides. Each reactor had one gas sampling port and one media sampling port. The same reactors without applied voltage were used for
the AD as control group. All reactors operated in a sequencing batch
mode. Three reactors were used for the experiments under each
condition.
In the reactor start-up stage of MECs, the reactors were inoculated
with suspended bacteria from an acetate-fed MEC reactor that had
been operating for about 12 months (Wang et al., 2020b), and fed a
50 mM phosphate buffer solution (PBS) nutrient medium that
contained (per liter): 1.50 g acetate, 11.55 g NaH2PO4·12H2O, 2.77 g
Na2HPO4·2H2O, 0.31 g NH4Cl, 0.13 g KCl, 1 mL metal salts and 1 mL vitamins (pH = 7.07, conductivity = 8.20 mS cm−1) (Wang et al., 2020a).
Connecting a 10 Ω resistor into the circuit and recording the current
data through Data Acquisition System (Model 2700, Keithley Instruments, USA), once the reactors produced current > 0.0010 A during a
fed-batch cycle, the inoculum was omitted and the reactor was considered to be started successfully (Chen et al., 2018). Operating cycle time
was 5 days. During the ofﬁcial operation of the reactors, the waste
sludge lysate diluted 10 times (<2000 mg COD L−1) and 4 times
(<5000 mg COD L−1) was used as inﬂuent respectively, and the experiments were carried out under two different applied voltage conditions
(Eapplied = 0.8 V and 1.0 V).

3. Results and discussion
3.1. Current variation and hydrogen production
The variation of current was an important indicator to evaluate the
operation of MEC, which reﬂects the effect of microorganisms on the
substrate utilization and gas production efﬁciency (Wang et al.,
2020b). During the formal operation of the reactors, the maximum currents were 1.32 mA (0.8 V) and 1.67 mA (1.0 V) at low concentrations,
and 2.57 mA (0.8 V) and 3.48 mA (1.0 V) at high concentrations (Fig. 1).
Higher current meant more electrons passing through the circuit. It can
also be considered that more substrate was reduced at the anode and
more H+ was oxidized to hydrogen at the cathode. The current dropped
below 1 mA after the reactors were operated for 2–4 days, which was
also consistent with the change in hydrogen.
The total hydrogen production and daily changes were shown in
Fig. 2. Under the two conditions, the total production of hydrogen in
the AD reactors were 0.047 ± 0.036 mL (Low concentration) and 0.29
± 0.14 mL (High concentration), respectively. In MEC with 0.8 V applied
voltage, the volume became 0.17 ± 0.053 mL and 7.3 ± 3.8 mL, and at
1.0 V, it became 4.9 ± 2.3 mL and 22 ± 7.3 mL. It can be seen that compared with AD, as the voltage increased, MEC produced more hydrogen.
Rcat is the efﬁciency of current conversion to H2. The Rcat values of
MECs were 0.43 ± 0.15% (Low concentration, 0.8 V), 8.38 ± 3.35%
(Low concentration, 1.0 V), 10.47 ± 0.00% (High concentration, 0.8 V)
and 17.68 ± 6. 21% (High concentration, 1.0 V), it also showed that as
the voltage increased, more electrons were used by the cathode to generate hydrogen. Under high concentration conditions, the result was
that the corresponding average hydrogen production rate of the MEC
system (0.15 ± 0.05 L L−1 day−1) was 79 times that of the AD system
(0.0019 ± 0.0009 L L−1 day−1). And under low concentration conditions, the result was that the corresponding average hydrogen production rate of the MEC system (0.033 ± 0.015 L L−1 day−1) was 106
times that of the AD system (0.00031 ± 0.00024 L L−1 day−1). In the
study of Lu et al., waste active sludge was used as a substrate, hydrogen
production rate was 0.068 L L−1 day−1 (Lu et al., 2012). Escapa et al.
used Municipal wastewater as a substrate, hydrogen production rate
was 0.015 L L−1 day−1 (Escapa et al., 2009). Meanwhile, the CE were
86.25 ± 7.72% (0.8 V) and 122.35 ± 14.22% (1.0 V) at low

2.3. Analyses and calculations
Sampling tests were carried out every day to evaluate the operation
of the reactor. The samples were ﬁltered through a 0.22 μm membrane
ﬁlter before testing indicators. COD of samples were determined by the
COD reagent tube (20–1500 ppm, HACH, USA) that heated for 2 h at
150 °C in a heater (DRB 200, HACH, USA). Soluble polysaccharides
were measured by Anthrone Method using glucose as a standard
(Dreywood, 1946). Absorbency was detected by spectrophotometer
(DR 6000, HACH, USA). Soluble proteins were measured using Modiﬁed
BCA Protein Assay Kit (Sangon Biotech, China) and absorbency was detected by Multiskan FC (Thermo Scientiﬁc, USA). VFAs concentrations in
samples were measured via a high-performance liquid chromatography
(HPLC) (DGU20A3R, Shimadzu, Japan) with an Animex column
(300 mm×7.8 mm, Aminex HPX-87H Ion Exclusion Column, USA). The
mobile phase is 0.027% H2SO4 (volume ratio), and the ﬂow rate is
0.6 mL/min. The temperature of the detector was 60 °C and the injection
volume was 50 μL. The composition and content of gas was analyzed by
a gas chromatography (GC) (Agilent 7892, USA) with using nitrogen as
carrier gas. The gas generated in the reactor was collected by the Delin™
gas-sampling bags. The total volume of gas was measured by using a
glass syringe.
Color and UV-quenching are distinct characteristics of melanoidins
(Higgins et al., 2017). In this study, spectrophotometry (DR 6000,
HACH, USA) was used to measure UVA254 at the wavelength of
254 nm as the indicator of variations of melanoidins (Dwyer et al.,
2008a; Dwyer et al., 2008b; Liu et al., 2018; Svennevik et al., 2020;
Zhang et al., 2020).

Fig. 1. Daily variation of current in a cycle.
3

Z. Yu, W. Liu, Y. Shi et al.

Science of the Total Environment 767 (2021) 144344

Fig. 3. Average values of inﬂuent and efﬂuent and the removal efﬁciencies of efﬂuent in
groups. (A) Concentration, (B) UVA254 (low concentration represents dilution 10 times
inﬂuent, and high concentration represents dilution 4 times inﬂuent).
Fig. 2. Hydrogen production. (A) Average total volume. (B) Daily variation.

(0.8 V), 60.41 ± 1.01% (1.0 V), 43.11 ± 3.18% (AD), respectively. Compared with the control group (AD), the COD removal efﬁciency of MEC
was increased by 40.33% under the condition of 1.0 V applied voltage.
By comparison of the two voltages, the COD removal was increased
about 100 mg L−1 at the higher voltage. A higher applied voltage can
further enhance the degradation ability of microorganisms and improved the removal effect of complex organic matters.
Studies have shown that higher UVA254 values are related to the
presence of melanoidins (Dwyer et al., 2008b; Gupta et al., 2015; Liu
et al., 2018; Svennevik et al., 2020). The results of Svennevik et al.
showed that the value of UVA254 reached 21 ± 8 a.u. cm−1, after the
waste sludge used the thermal hydrolysis process (Svennevik et al.,
2020). In the study of Gupta et al., UVA254 of the thermal hydrolysis liquor that contained melanoidins was 37.7 ± 1.7 a.u. cm−1, which became 32.6 ± 2.8 a.u. cm−1 after biological treatment, COD changed
from 7225 ± 70 mg L−1 to 5250 ± 45 mg L−1, and the removal efﬁciency was close to 28% (Gupta et al., 2015). All these studies indicated
that melanoidins had a higher UV absorption in 254 nm. In this study,
the UVA254 values of all efﬂuent were above 5, which also proved this
conclusion. UVA254 measurements were compared in Fig. 3(B). In the
low concentration inﬂuent, there were 15.73 ± 2.15% (0.8 V), 16.10 ±
2.26% (1.0 V), and 9.54 ± 2.52% (AD) of UVA254 reduction, respectively,
and in the high concentration inﬂuent, the results were 18.64 ± 1.02%
(0.8 V), 20.07 ± 1.30% (1.0 V), and 15.51 ± 1.29% (AD). The results
showed that compared with the control group (AD), the applied voltage
resulted in a lower UVA254 value of efﬂuent, indicating that the applied
voltage promoted the degradation of melanoidins. And the improvement of removal effects may be caused by the electrochemical process

concentrations, and 115.61 ± 26.00% (0.8 V) and 106.49 ± 12.53%
(1.0 V) at high concentrations. The higher the CE meant that more organics participated in the anode reaction. And when the CE was greater
than 100%, it meant that part of the hydrogen produced from cathode
may be involved in the reduction reaction of the anode, which may
meant that the actual hydrogen production was greater than the collected hydrogen production. So, it showed that high concentration
waste sludge lysate can be used as a resource for effective hydrogen
recovery.
3.2. COD removal and melanoidins degradation
The average COD concentrations and removal efﬁciencies of efﬂuent
in each group were compared in Fig. 3(A). The COD concentrations of inﬂuent that was diluted 10 times and 4 times were 1669 ± 30 mg L−1
and 4348 ± 19 mg L−1, respectively. Under low concentration inﬂuent
conditions, the efﬂuent concentrations of the MEC groups (0.8 V and
1.0 V) and the control group (AD) were 686 ± 45 mg L−1, 649 ±
24 mg L−1 and 698 ± 49 mg L−1, respectively, and the removal efﬁciencies were 58.86 ± 3.14%, 61.08 ± 1.96% and 58.20 ± 2.84%. By applying
a voltage of 1.0 V, the COD removal efﬁciency of MEC was increased by
5.05% in a short term. And it could be found that the applied voltage led
to an increase in COD removal efﬁciency.
Under high concentration loading conditions, the efﬂuent CODs
were 1826 ± 87 mg L−1 (0.8 V), 1721 ± 39 mg L−1 (1.0 V), 2476 ±
143 mg L−1 (AD) and removal efﬁciencies were 59.16 ± 1.31%
4

Z. Yu, W. Liu, Y. Shi et al.

Science of the Total Environment 767 (2021) 144344

In the inﬂuent, acetic acid (Ace), propionic acid (Pro), iso-butyric
acid (Iso-But) and valeric acid (Val) were the main components of volatile fatty acids, and most of them can reduce the concentration to close
to zero in the ﬁrst two days (Fig. 5). In MEC, more acetic acid was removed than propionic acid, which indicated that acetic acid was easier
to be used, which was consistent with the results of Yang et al. (Yang
et al., 2015). However, in the process of high concentration inﬂuent
being treated with AD, propionic acid accumulated and the maximum
concentration reached 283.55 ± 73.80 mg L−1 (Fig. 5(B)). In addition,
the acetic acid content peaked at 361.88 ± 16.40 mg L−1 on the second
day and then decreased slowly (Fig. 5(A)). These showed that in the
degradation process of the waste sludge lysate, the acceleration effect
of the applied voltage on the degradation of polysaccharide was not obvious, and the main acceleration effect was reﬂected in the utilization of
protein and VFAs. No accumulation of propionic acid was found in low
concentration inﬂuent, which showed that the higher content of
melanoidins in high concentration inﬂuent may limit the use of
propionic acid in traditional AD, and the MEC broke this limit. The accumulation of acetic acid at high concentrations inﬂuent indicated that it
had no obvious effect on the production of acetic acid that produced
by proteins, but affected the utilization of acetic acid. Yin et al. studied
the effect of different doses of melanoidins on the production of volatile
fatty acids (VFA), and the results showed that the presence of
melanoidins can inhibit protein degradation and VFA production was
reduced by 12% in large doses of melanoidins(Yin et al., 2019). This
was different from our results, which may be caused by different
substrates.

that stimulated microorganisms and enhanced the ability of microbial
degradation to improve the efﬁciency by cometabolism.
3.3. Degradation and variation of polysaccharides, proteins and VFAs
Polysaccharides and proteins were the main components of sludge.
Maillard reaction occurred during the pyrolysis process, and then entered into the waste sludge lysate after dehydration. Except existing in
waste sludge lysate previously, VFAs were also produced during the
degradation of polysaccharide and protein.
In the conditions of low concentration inﬂuent, the removal efﬁciency of polysaccharide in the control group (AD: 54.16 ± 4.18%)
was higher than that of MEC group (0.8 V: 48.10 ± 3.21%, 1.0 V: 50.60
± 2.91%). In high concentration condition, the removal efﬁciencies
were similar, and close to 45% (AD: 45.57 ± 5.03%, 0.8 V: 45.25 ±
2.45%, 1.0 V: 45.76 ± 4.12%) (Fig. 4(A)). It seemed to indicate that
MEC did not accelerate the degradation of polysaccharide.
Under conditions of two different inﬂuent concentrations, the MEC
could enhance the removal of protein, from 24.64 ± 4.87% (Low concentration) and 33.63 ± 2.94% (High concentration) to 27.70 ± 5.02%
(0.8 V), 28.74 ± 5.01% (1.0 V) and 35.35 ± 5.93% (0.8 V), 36.70 ±
1.86% (1.0 V), respectively(Fig. 4(B)). Lu et al. used protein to generate
hydrogen in a single-chamber MEC, and the protein removal efﬁciency
could reach 87 ± 6–97 ± 2% (Lu et al., 2010). But, treatment of a cellulosic fermentation wastewater using an MEC only resulted in 29% of
protein in the wastewater (Nam et al., 2014). These results seemed to
indicate that the presence of other complex organics in the substrate
could inhibit the use of protein in MECs.

4. Conclusions
MEC can promote the production of hydrogen in waste sludge lysate.
Under the condition of high concentration inﬂuent with 1.0 V applied
voltage, MEC obtained average hydrogen production rate of 0.15 ±
0.05 L L−1 day−1, which was 79 times that of the AD system (0.0019
± 0.0009 L L−1 day−1). Under high concentration inﬂuent conditions
of waste sludge lysate, COD removal had signiﬁcant improvement, especially under the applied voltage of 1.0 V. The removal efﬁciency was increased by 40.33%. The UVA254 value reduced, and some melanoidins
were removed. In the degradation of protein and polysaccharide, the removal ability of MEC was slightly improved with higher applied voltage.
Compared to conventional AD reactors, MEC overcame the defects of
the accumulation of propionic acid, leading to an accelerated utilization
of acetic acid.
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Fig. 5. Daily variation of VFAs in a cycle. (A) Acetic acid (Ace), (B) propionic acid (Pro), (C) iso-butyric acid (Iso-But), (D) valeric acid (Val).
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