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• The correlation between ED rate and PN,
PS is weakened with the in-depth of
EPS.
• Anodic oxidation promoted the reconstruction of the protein secondary structure.
• Anodic oxidation and acidiﬁcation
destroyed the hydrophilic groups of PN
and PS.
• ED is more effective on waste activated
sludge than anaerobically digested
sludge.
• The ED efﬁciency is more correlated
with aromatic protein than tryptophan
protein.

a r t i c l e

i n f o

Article history:
Received 18 May 2021
Received in revised form 8 August 2021
Accepted 15 August 2021
Available online 19 August 2021
Editor: Huu Hao Ngo

Keywords:
Anaerobically digested sludge
Electro-dewatering
EPS
Pearson correlation
Waste activated sludge

a b s t r a c t
Electro-dewatering (ED) is an attractive technology for enhancing dewaterability of waste activated sludge
(WAS), and the distribution and composition of EPS and secondary structure of extracellular protein in sludge
has a great inﬂuence on the sludge dewaterability. Therefore, in order to optimize and regulate sludge ED process,
it is necessary to study the inﬂuence of EPS components and composition on the efﬁciency of sludge ED. In this
study, the effects of distribution and composition of EPS and the structure of extracellular proteins on the ED
rates and performance were analyzed using eight sludges from different sewage treatment process. The results
showed that ED rates at both electrodes were signiﬁcantly negatively correlated with the concentration of soluble
EPS (S-EPS) and loosely bound EPS (LB-EPS), and this correlation was gradually weakened with the in-depth
structure of layered EPS structure. High concentration of S-EPS and LB-EPS decreased the initial current and
the pH gradient, deteriorating the anodic oxidation and acidiﬁcation, which affect the release and degradation
of EPS. Additionally, the proteins secondary structure can be destroyed and transformed by anodic oxidation
and acidiﬁcation, which can impact the protein water-holding capacity and ED performance.
© 2021 Published by Elsevier B.V.

1. Introduction
⁎ Corresponding authors.
E-mail addresses: caobingdi@126.com (B. Cao), wgds@rcees.ac.cn (D. Wang).
1
Co-ﬁrst authors contributed equally to this work.

https://doi.org/10.1016/j.scitotenv.2021.149753
0048-9697/© 2021 Published by Elsevier B.V.

The activated sludge process is used in wastewater treatment across
the world (Sun et al., 2017; Vaxelaire et al., 1999). However, this
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2. Materials and methods

biochemical wastewater treatment process commonly produces
large quantities of WAS that contains over 90% water (Mahmoud
et al., 2011). Finding a wastewater treatment that is harmless to
humans and safely disposing of the remaining sludge are technical
problems commonly faced by the Chinese environmental protection
community (Qi et al., 2011). Mechanical dewatering is widely used
but it has the disadvantage of requiring additional thermal drying
to reduce moisture content, which increases the cost of disposal
and affects future use of the sludge. If mechanical dewatering is
augmented by the introduction of an ancillary electric ﬁeld, the
dewatering becomes more effective (Barton et al., 1999; Mahmoud
et al., 2018; Mahmoud et al., 2010).
ED requires an electrical charge to be applied horizontally or vertically across the sludge being mechanically dewatered to accelerate
sludge kinetics and increase the sludge dewatering rate (Cao et al.,
2020; Saveyn et al., 2005; Saveyn et al., 2006). During ED, sludge ﬂocs
with negative charge move toward the anode and water in ﬂocs
moves toward the cathode (Citeau et al., 2011; Citeau et al., 2016;
Citeau et al., 2012b). Complex electrochemical activities (ohmic thermal
effects, electrochemical redox, and pH gradient effects) in ED cause the
release, degradation and conversion of macromolecules in EPS in ﬂocs
(Cao et al., 2018).
EPS accounts for 60%–80% of activated sludge biomass (Mikkelsen
and Keiding, 2002), with three layers: S-EPS, LB-EPS and tightly
bound EPS (TB-EPS) (Cao et al., 2016), which plays an important
role in ED process. According to the research of (Guo et al., 2017),
the concentration of EPS has an effect on the ED performance, and
the compression of LB-EPS and TB-EPS was conductive to the ED.
However, in this study, the relationships between EPS concentration
and the ED rates and efﬁciency were not investigated. Moreover, (Li
et al., 2018) found that the reduction of the tyrosine and tryptophan
in S-EPS of WAS can improve the sludge dewaterability and the ED
performance, but the speciﬁcity of sludge has an effect on the universality of ED performance. Additionally, (Sha et al., 2021) found that
the high concentration of PN content in S-EPS and LB-EPS hindered
the ED treatment. However, the mechanism of EPS composition on
the ED was not clear in these studies.
Therefore, the major objectives of this study are thus to systematically study the inﬂuence of EPS distribution, composition and
the structure of extracellular proteins on the effect of ED. At the
same time, the changes of EPS and extracellular protein in ED process were also investigated in order to explore the mechanism of
the inﬂuence of EPS distribution on the ED effect. Sludge ﬂocs
from 4 wastewater treatment plants (WWTPs), including WAS
and anaerobically digested sludge (ADS), were obtained to clear
the effect of EPS distribution and components on the ED process.
The universality of sludge and expanding samples were conductive
to the optimization of sludge ED process by regulating EPS distribution and components.

2.1. Materials
2.1.1. Collection of sludge samples
Eight different sludge samples used in this experiment were collected from four wastewater treatment plants in Beijing. The samples
were transported to the laboratory within 1.5 h and stored at 4 °C for
seven days, and all the tests were analyzed within this period (Cao
et al., 2018; Mahmoud et al., 2016; Mahmoud et al., 2011). Each experiment was conducted four times, and the quality assurance and quality
control (QA/QC) was shown in Text S1.
2.1.2. Sludge characteristics and symbol
The characteristics of sludge samples were shown in Table 1 and the
sludge symbol can be found in the Text S2. In addition, the dry solids
content of sludge was adjusted to 1.68% as described by (Mahmoud
et al., 2018) using Eq. (1), the sludge was ﬁltered using a laboratory
batch drainage apparatus, and the ﬁltrate was added to the sludge sample. The equation for adjusting the dry solids content of sludge is:
DSc ¼

DSi  ðV−X Þ
V

ð1Þ

where DSc is the dry solids content after adjustment (%), DSi is the dry
solids content before adjustment of the sludge samples (%), V is the volume of ﬁltered sludge (ml), and X is the volume of the added ﬁltrate.
2.1.3. Apparatus
The experimental conﬁguration for pressurized ED, which is based
on ED equipment developed by Citeau et al., is shown in Fig. S1
(Citeau et al., 2012a; Citeau et al., 2012b). The equipment consists of a
cylindrical laboratory ﬁlter press cell (cake cross section 25 cm2, volume
62.5 cm3) made of polypropylene, a DC power supply (MAISHENG-603,
0–3 A, 0–60 V), a thermometer, and two precision balances. The electrodes are mounted at both ends of the ﬁlter press cell, behind the ﬁlter
cloth, and connected to the power supply. The electrodes were made of
a mixed metal oxide (AO 2023, DSA electrodes, Zhi Heng Industry,
China), and both were titanium-plated to prevent corrosion (Cao
et al., 2019).
2.2. Methods
2.2.1. Procedures for electro-dewatering
A quantity of 180 ml of sludge was poured into the ﬁlter press. Two
beakers were placed on the precision balance at each end of the ﬁlter
press to collect the ﬁltrate, and the volume of the ﬁltrate was recorded
by a computer connected to the balances every 10 s. Current and temperature in the medium were monitored simultaneously during ED

Table 1
Main characteristics of the eight sludge samples used in this study.
WWTPs

Gaobeidian

Xiaohongmen

Gaoantun

Huaifang

Reactor typea
Wastewater treatment capacity (104 m3/d)

A/O
100

A/A/O
60

A/A/O
20

MBR
60

General characteristics
Symbol

I1

I2

P1

P2

S1

S2

Y1

Y2

pH
Moisture content (%)
VSS/TSS
CST (s)
Zeta potential (mV)
D0.5 (μm)
Conductivity (μS/cm)

6.78 ± 0.03
97.17 ± 0.25
0.4 ± 0.04
54.4 ± 1.1
−12.43 ± 0.59
57.31 ± 3.43
2.6 ± 0.58

7.48 ± 0.01
95.62 ± 0.18
0.57 ± 0.03
2677 ± 231
−19.4 ± 1.27
57.73 ± 5.71
12.96 ± 2.56

6.63 ± 0.03
97.8 ± 0.23
0.41 ± 0.021
86.8 ± 1.8
−12.87 ± 0.79
36.76 ± 2.88
2.54 ± 0.51

7.87 ± 0.01
95.23 ± 0.34
0.47 ± 0.04
2538 ± 51
−18.63 ± 1.22
17.24 ± 1.77
13 ± 1.04

6.68 ± 0.02
98.32 ± 0.17
0.29 ± 0.08
49.3 ± 1.0
−11.11 ± 1.25
68.8 ± 2.56
1.56 ± 0.22

7.92 ± 0.02
95.41 ± 0.22
0.43 ± 0.01
2898 ± 110
−20 ± 2.18
19.42 ± 1.55
15.5 ± 0.87

6.67 ± 0.02
97.69 ± 0.25
0.3 ± 0.01
64.1 ± 3.9
−12.9 ± 1.04
45.97 ± 2.55
1.4 ± 0.10

7.78 ± 0.01
95.32 ± 0.21
0.46 ± 0.01
3013 ± 222
−19.67 ± 0.99
19.11 ± 0.59
14.39 ± 0.55

a

A/O: anaerobic/aerobic; A/A/O: anaerobic/anoxic/aerobic; MBR: membrane bioreactor.
2
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21

n

VA ¼

V 1 þ V 2 þ . . . þ V n ∑i¼1 V i
¼
n
n

ð2Þ

where VA is the average ED rate, Vi is the rate for interval i, and n is the
number of intervals. The electro-osmotic coefﬁcient is calculated as
the difference between the dewatering rates at the two electrodes after
the voltage was applied.
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and the constant voltage was 45 V. The sludge samples in the control groups were dewatering under the 0.6 MPa, but the electrodes
were not applied voltage. The volume of ﬁltrate was recorded
every 10 s.
Filtration time for ED was set to 1–9 h and ﬁltration ended when the
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was calculated using the equation (Cao et al., 2018):
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2.2.2. Analytical methods
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2.2.2.1. Assessment of sludge characteristics. Capillary suction time (CST)
was measured by a CST analyzer (model 319, Triton, UK) (Niu et al.,
2013). Zeta potential was determined using a Zetasizer 3000 (Malvern
Instruments, UK). The pH was detected by a pH meter (pHS\\3C, Shanghai, China). Particle size was measured by a Mastersizer 3000 laser diffraction particle size analyzer (Malvern Instruments, UK). Other sludge
characteristics, such as total suspended solids, volatile suspended solids
and conductivity were measured according to APHA-AWWA-WEF
(1998).
2.2.2.2. Assessment of EPS characteristics. The EPS layering and extraction method were given in Text S3. The protein, humic acid (HA)
and polysaccharide concentrations were determined by the method
given by (Xu et al., 2018) and the extraction yield of EPS and the PN,
PS and HA can be found at the Table S1. The organic matter in EPS
was determined using a total organic carbon (TOC) analyzer
(Shimadzu, Japan). The 3D-EEM analysis was performed using a
varian eclipse ﬂuorescence spectrophotometer (Hitachi F7000,
Japan), and the EEM ﬂuorescence spectrum and actual spectrum
can be distinguished by the parallel factor (PARAFAC) method
using Mat Lab 9.1 software (Zhang et al., 2020). The proteins and
polysaccharides in EPS of different samples were analyzed using confocal laser scanning microscopy (CLSM); the method is based on (Xu
et al., 2018). The results of CLSM were analyzed by ZEN software
(Germany). Details of the FTIR spectra of EPS were given in Text S4.
The amide I region on the spectrum was utilized to extract information on the secondary structure of proteins and the curve-ﬁtting
analysis was based on the research of (Buijs et al., 1996).
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2.2.3. Statistical analysis
The Pearson correlation coefﬁcient (R) was used to evaluate the
linear correlation between the two parameters. The Pearson coefﬁcient is always between −1 and +1, where −1 indicates a perfect
negative correlation, +1 indicates a perfect positive correlation,
and 0 indicates no relationship (Yu et al., 2008). The correlation is
considered valid only when the conﬁdence interval is greater than
95% (p < 0.05).

(c)

ED coefficient
Anode rate in 45V
Cathode rate in 45V
Average rate in 0V

3
2
1
0
S1

P1

I1

Y1

S2

P2

I2

Y2

Fig. 1. The ED rates at anode (a), cathode (b) and the electro-osmotic coefﬁcient (c) of
different sludges.

from 1.89 ml/min to 2.52 ml/min, while that of ADS range from
0.11 ml/min to 1.34 ml/min. The cathodic ED rates were greater than
that the anode rates, from 0.3 ml/min to 3.92 ml/min, which is consistent with Cao et al. (2018), who found the cathode is the main waterpermeable side in ED process (Cao et al., 2018). Additionally, the
electro-dewatering rates for WAS at both electrodes were higher than
the rates for the ADS, which may be due to the lower concentration of
released EPS in WAS. At the cathode, EPS was dissolved under alkaline
conditions due to deprotonation of anionic functional groups, and the
released EPS can block ﬁlter cloth and increase the resistance to ﬁltration (Zhang et al., 2016). Hence, the effects and mechanisms of concentration and composition of different layers of EPS on the ED rates were
explored in the Sections 3.3 and 3.5.

3. Results and discussion
3.1. Sludge electro-dewatering performance
3.1.1. Dewatering rate of different sludge at anode and cathode
Fig. 1 showed that the cathodic ED rates increased and the anodic
rates decreased after the application of electric ﬁeld, which due to the
different electrochemical reactions at the anode and cathode
(Mahmoud et al., 2010). The anodic ED rates of WAS were higher
3
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EPS. The HA concentration of S-EPS and LB-EPS at the ADS was higher
than that at the WAS might due to the degradation and the conversion
of proteins at the anaerobic digestion (Dai et al., 2013).

3.1.2. Moisture content of sludge cake
The moisture content of the sludge cakes after ED were list in
Table S2, in which the range of moisture content after the application
of voltage was between 40.14% and 61.1%, and the moisture content of
WAS was smaller than that of ADS. Moreover, there were also differences in dewatering time. The operating time of ED for WAS ranged
from 1 h to 1.5 h, while that for ADS was from 2 h to 9 h. These results
implied that WAS were more suitable than other sludge for ED, which
was consistent with previous studies (Citeau et al., 2012b; Visigalli
et al., 2017b). Additionally, Citeau et al. (2011) found that for any initial
values of pH, salt content or polyelectrolyte type, the moisture content
was always around 50% w/w (Citeau et al., 2011). It was worthy to
note that the moisture content after ED in our research was lower
than that in Citeau et al., which was due to the differences of the operating conditions (mechanical pressure and constant voltage) and a
wider range of sludges used in ED process (Table S3 and Text S5).

3.2.2. EPS composition
3.2.2.1. 3D-EEM and PARAFAC analysis. The PARAFAC analysis was performed to investigate the main ﬂuorescent intensity of various components in EPS (Fig. S3). Three ﬂuorescence peaks in the various
ﬂuorescence peaks of different sludges can be found: peak A (λex/
λem = (230,320)/410), aromatic proteins; peak B (λex/λem =
(225,280)/350), tyrosine protein-like and tryptophan protein-like substances; peak C (λex/λem = (270,360)/430), humic acid (Chen et al.,
2016; Wang et al., 2018). The variations of ﬂuorescent intensities in
EPS of different sludges were shown in Fig. S4. Peaks A and C of S-EPS
in ADS were stronger than that in WAS, and for WAS, the peak B was
less than peaks A and C, suggesting that under the anaerobic digestion,
the aromatic proteins, tyrosine and tryptophan protein-like substances
from EPS dissolution increased in S-EPS. Moreover, the highest ﬂuorescent intensities of three peaks of ADS was S-EPS rather than LB-EPS, and
the weakest was TB-EPS, conﬁrming that the digestion promoted the
transformation of EPS. Thus, anaerobic digestion resulted in the transfer
and accumulation of aromatic proteins, tyrosine and tryptophan
protein-like substances and HA from TB-EPS to S-EPS.

3.1.3. Variation of the electro-osmotic coefﬁcient
(Mitchell and Kenichi, 2005) suggested that the difference in
dewatering rates between the two electrodes can be used as an index
of the electro-osmotic effect. During the sludge ED treatment, the
dewatering rates at the two electrodes were differed greatly due to
the applied external electric ﬁeld (Mahmoud et al., 2010). Moreover,
the electro-osmotic transport can be carried out when an external electric ﬁeld was applied to the capillary or porous plug systems, in which
the electric polarization of a solid surface occurs (Cao et al., 2019). In
Fig. 1(c), compared with the WAS, the lower electro-osmotic effect of
ADS showed the sludge digestion reduced the electro-osmotic effect
and hindered the electro-osmotic transport during the sludge ED treatment.

3.2.2.2. CLSM. CLSM analysis was used to identify the spatial distribution
of sludge ﬂoc and the organic fractions (PN and PS) in EPS. (Zhang et al.,
2019) measured the distribution of the protein-like substances under
sludge conditioning. In Fig. 3, the green ﬂuorescence represents the location of proteins in EPS and the red indicates polysaccharides. The
overlap and discontinuity of the locations of green and red suggested
that the proteins and polysaccharides constitute compounds with discontinuities, in which polysaccharides were skeletons, proteins were
combined with polysaccharides in the outer layer (the WAS in Fig. 3).
The EPS structure of ADS in ﬁgure showed that the sludge ﬂocs were irregularly shaped and loose after sludge digestion. (Yu et al., 2020)
suggested that the relatively higher hydrophobicity of the surface EPS
layer and the degradation of the out layer of EPS can cause the exposure
of the inner hydrophilic functional groups, which can inﬂuence the
dewaterability (Yu et al., 2020). Hence, the analysis of the proteins
secondary structure in EPS was of great signiﬁcance in sludge ED
treatment.

3.2. EPS concentration and composition
3.2.1. EPS concentration
The EPS concentrations of different sludges were investigated by
TOC. Fig. 2 displayed obvious variations of EPS concentrations before
and after sludge digestion. The TB-EPS concentration in WAS were
higher than that in ADS, but the LB-EPS and S-EPS concentration of
WAS were lower than ADS, indicating that the anaerobic digestion can
result in the disintegration of ﬂoc and loosen of EPS bound and promote
the transformation from TB-EPS to the outer layer of EPS. In addition,
the PN, PS and HA concentration of different EPS fractions (Fig. S2)
showed that the PN and PS in S-EPS and LB-EPS was increased while
that in TB-EPS was decreased after anaerobic digestion, suggesting
that the PN and PS was degraded and accumulated in outer layer of

3.3. Correlations between EPS distribution and composition on the effect of
sludge ED
3.3.1. Correlation between EPS distribution and ED rate
Fig. 4 presented the Pearson correlations between average ED rates
and the concentrations of different layer of EPS. It can be seen that average cathodic ED rates correlated with the concentrations of S-EPS
(R2 > 0.87, ρ < 0.01) and LB-EPS (R2 > 0.81, ρ < 0.01), while not correlated with the TB-EPS (R2 < 0.61, ρ < 0.02). The similar correlation could
be found in the anodic ED rates and the EPS concentrations, suggesting
that S-EPS and LB-EPS was the important layer which affects the sludge
ED performance. Moreover, the correlations between ED rates at both
electrodes and EPS concentrations decreased in the following order: SEPS > LB-EPS > TB-EPS, suggesting that the outermost layer of EPS adversely affect the ED performance than the inner layer. Meanwhile, the
Pearson correlations between the average ED rates at both electrodes
and the concentration of PN, PS and HA were analyzed (Fig. S5). The correlations of PN in the S-EPS and LB-EPS with the ED rates at both electrodes were stronger than the PS and HA, which indicated that the ED
efﬁciency was mainly inﬂuenced by the protein or the protein-like substances in the S-EPS and LB-EPS. Additionally, Fig. S6 showed that the
correlations between ED coefﬁcient and EPS concentration, it can be
seen that the ED coefﬁcient correlated with the concentrations of LB-

Fig. 2. The concentrations of different layer of EPS in different sludge.
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WAS

ADS
(b) S2

(a) S1

(c) P1

(d) P2

(e) I1

(f) I2

(g) Y1

(h) Y2
500 µm
Fig. 3. CLSM presentation of sludge ﬂocs: PN (green) and PS (red).

EPS (R2 > 0.75, ρ < 0.01), which suggesting that the LB-EPS has an obvious effect on the electro-osmotic transport.

3.4. Electrical characteristics of different sludges in ED
3.4.1. Current change
Many studies have suggested that conductivity greatly inﬂuences
the electrical characteristics of sludge during ED (Cao et al., 2018;
Visigalli et al., 2017a; Visigalli et al., 2017b). Sun et al. (2017) showed
that the increase in conductivity reduced ED duration and increased energy consumption (Sun et al., 2017). Hence, in order to eliminate the effects of differences in conductivity on ED, the conductivity of each
sludge sample was adjusted to 14.9 μS/cm with the addition of Na2SO4.
The current apparently increased in the initial stage of ED and then
quickly decreased (Fig. S9), corresponding well with our previous
study (Cao et al., 2018). Moreover, the maximum ED currents of WAS,
appearing in 4–13 min after the beginning of ED, were always >2 A,
while that of ADS were in the range 1–1.6 A and reached within
1–2 min and then slowly decreased. Olivier et al. (2015) demonstrated
that the ED current was signiﬁcantly negatively correlated with the initial ED rate (Olivier et al., 2015). The initial ED rate of ADS was much
lower than that of WAS due to the release of EPS in ADS, which decreased both the current and ohmic heating of ADS. In addition, Yuan
and Wang (2012) manifested that the apparent viscosity of EPS decreased with the increase of temperature (Yuan and Wang, 2012).
Hence, the lower current and ohmic heating was not conducive to the
decrease of EPS viscosity and the dewatering environment. Meanwhile,
the current can reﬂect the intensity of electron transfer, and the increase
of current enhanced the electrochemical reaction (Cao et al., 2018).

3.3.2. Correlation between EPS composition and ED rate
Fig. 5 depicted the Pearson correlations between the ED rates at both
electrodes and the ﬂuorescence intensity of different EPS fractions.
Strong correlations were found between both the cathodic and anodic
ED rates and the aromatic proteins, tyrosine or tryptophan proteinlike substances and humic acid in S-EPS, but less so in LB-EPS, and no
correlation of the tyrosine or tryptophan protein-like substances in
TB-EPS can be found. Moreover, the aromatic proteins were better correlated than tyrosine or tryptophan protein-like substances with the ED
rates at both electrodes, and the correlation weakened with the increasing bounding degree of EPS. Moreover, the correlation of the ED coefﬁcient with EPS composition (Fig. S7) showed that the aromatic proteins
in S-EPS (R2 > 0.67, ρ < 0.01) and LB-EPS (R2 > 0.71, ρ < 0.01) were signiﬁcantly negatively correlated with ED coefﬁcient, which indicating
that the aromatic proteins can signiﬁcantly hinder the electro-osmotic
transport during the sludge ED process.
To further understand the effects of the minor differences in
proteins on the sludge ED, the secondary structure of protein was
analyzed by the curve-ﬁtted amide I region in EPS (Fig. S8) and
(Table S4) (Badireddy et al., 2010). Antiparallel β-sheets
(1695–1680 cm −1), 3-turn helices (1666–1659 cm −1 ), α-helices
(1657–1648 cm −1 ), β-sheets (1645–1630 cm −1 ) and aggregated
structure (1625–1610 cm −1 ) were the main structure of proteins
(Zhang et al., 2020). After digestion, α-helices was increased, while
β-sheets and 3-turn helices was weakened. Hou et al. (2015) showed
that the decrease of α-helices and the increase of β-sheets leads to
looseness of proteins structure and the reduce of the protein's
water holding capacity (Hou et al., 2015). Thus, the reduction of αhelices reﬂects the improvement of sludge dewaterability.
Sludge ED was associated with the release of EPS and electrokinetic
phenomena (electrophoresis and electro-osmosis) caused by electrochemical reactions (Mahmoud et al., 2010). In the following sections,
in order to further investigate the mechanism of EPS on the effect of
sludge ED, the variation of EPS in ED process and the slight change of
the proteins secondary structure at both electrodes were evaluated by
analyzing the content and composition of DOM in the ﬁltrate.

3.4.2. Electrochemical reaction
Under the application of the electric ﬁeld, the electrochemical reactions at both electrodes are:
At the cathode:
2H2 O þ 2e− ! H2ðgÞ" þ 2OH−

ð3Þ

At the anode:
2H2 O ! O2ðgÞ" þ 4Hþ þ 4e−
−

Cl þ 2e− ! Cl2ðgÞ"
5

ð4Þ
ð5Þ
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Fig. 4. Pearson correlation of the cathodic ED rates with EPS concentration: S-EPS (a), LB-EPS (b), TB-EPS (c), and the anodic ED rates with the EPS concentration: S-EPS (d), LB-EPS (e), TBEPS (f).

The H+ and OH− produced by the reactions (3) and (4) generated
the pH gradient which cause the anodic acidiﬁcation and the cathodic
alkalization (Larue and Vorobiev, 2004), and the active oxidants (O2,
Cl2) resulted in the oxidation at the anode. As shown in Fig. S10,
compared with the ADS, the lower pH values of WAS indicated that
the anodic acidiﬁcation of the ED treatment for WAS higher than that
for ADS. Moreover, high peak current during the ED process for WAS
reﬂected the high intensity of electron transfer, and thus reﬂected the
intensity of electrochemical reaction, which was associated with the
gain and loss of electrons. It was further inferred that the anodic oxidation of WAS was more effective than that of ADS, resulting in stronger
degradation of the EPS at the anode in the WAS, and reducing the hydrophilic functional groups of organics and the water-holding capacity
of protein, which were of great importance to the ED.

3.5. Variation of EPS in ED process
3.5.1. EPS concentration
The EPS concentrations in the ﬁltrate of different sludges at both
electrodes were provided in Fig. 6. It can be seen that the EPS concentrations in cathodic ﬁltrate were lower than that in anode due to the anodic
oxidation which promoted the dissolution of EPS and the migration of
the sludge ﬂoc caused by the electro-osmotic and electrophoresis
(Cao et al., 2018). The EPS concentrations at both electrodes of ADS
were higher than that of WAS because of the release of S-EPS on the
sludge digestion. At electrodes, the anodic acidiﬁcation and oxidation
and the cathodic alkalization led to the dissolution of EPS and the shift
and dispersion of the LB-EPS to S-EPS (Cao et al., 2018). For the WAS,
the contents of released EPS were low because that most EPS was
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Fig. 5. Pearson correlation between cathodic ED rate and the ﬂuorescence intensity of EPS fractions: S-EPS (a), LB-EPS (b) and TB-EPS (c), the anodic ED rate and the ﬂuorescence intensity:
S-EPS (d), LB-EPS (e) and TB-EPS (f) (pressure: 0.6 MPa; voltage:45 V).

concentrated in TB-EPS. Compared with the WAS, the EPS in ADS was
mainly concentrated in the LB-EPS due to the sludge digestion, and
thus the concentration of the released EPS was higher than that of
WAS. Additionally, the Pearson correlations between the dewatering
rate at the electrodes and the EPS concentrations at the ﬁltrate also suggested that the EPS concentration has an adverse effect on the ED rate at
both electrodes (Fig. S11). Thus, the electrochemical reactions weaken
the bonding strength of EPS, causing the dispersion of LB-EPS to the
out layer, which seriously affects the ED efﬁciency.
3.5.2. EPS composition
3.5.2.1. 3D-EEM. Fig. S12 depicted the ﬂuorescence intensity of organic
matter in the ﬁltrate of different sludges at both electrodes. It can be
seen that the ﬂuorescence intensity of all three peaks at the anode
were lower than that at the cathode, indicated that the proteins and
the humic acid was degraded under the oxidation effect at the anode.
Moreover, the ﬂuorescence intensity of aromatic proteins, tyrosine
protein-like and tryptophan protein-like substances in the ADS was
higher than that in the WAS at both electrodes.

Fig. 6. The EPS concentration in the ﬁltrate of different sludges at both electrodes.
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Investigation of the Pearson correlations between the ﬂuorescence intensity of different EPS compositions and the dewatering
rates at both electrodes (Fig. 7) revealed that the cathodic ED rates
negatively correlated with the aromatic proteins (R 2 > 0.76, ρ <
0.01), weakly with the tyrosine or tryptophan protein-like substances (R 2 < 0.59, ρ < 0.01), and no with the humic acid (R 2 <
0.14, ρ < 0.2). Similar correlations were obtained at the anodic
ﬁltrate. Moreover, the increased of aromatic proteins and tryptophan
protein-like substances in EPS showed the negative effect on sludge
dewaterability (Wei et al., 2020). In ED process, the aromatic proteins and tyrosine or tryptophan protein-like substances were
dispersed from LB-EPS to the slime fraction, and released into the
suspension due to the acidiﬁcation and alkalization at both electrodes. The released proteins cannot be degraded by the alkalization,
and were absorbed on the surface of sludge particles or suspended in
the water phase. Compared with ADS, lower protein-like substances
were released in WAS because most of proteins were in TB-EPS, and
the decrease of released proteins content weakened the colloid suspensions environment produced by the hydration layers and improved the sludge dewaterability.

3.5.2.3. FT-IR. The secondary structure and the functional groups of
proteins were analyzed by the FT-IR (Fig. S14) and the curve ﬁt
(Fig. 8). The FT-TR showed that the band at 3865, 1900, 1850, 1485
and 1195 cm−1 represent functional groups, such as -OH, C_O, C-O-C,
-COO-, band at 2365 cm−1 was the interference of CO2 (Comte et al.,
2006), and 400–900 cm−1 was mostly composed of nucleic acid groups.
The peak intensity of 1850, 1720, 1425 cm−1 at the anode were
decreased suggesting that the -COO- was released due to the anode oxidation, which weakened the protein water holding capacity. The band
at 1425,1590 and 1350–1250 cm−1 were amide C\\H bending vibration, C\\H stretching vibration and protein C_O, C\\N vibration, respectively (Zheng et al., 2007), and the weakening of amide vibration
band at the anode indicated the decrease in peptide bonds and negatively charged groups, which decreased the protein hydrophilicity.
Additionally, the peaks at 1195–921 cm−1 were associated with
polysaccharide (Comte et al., 2006), and the decreased of these peaks
owing to the anode oxidation and acidiﬁcation suggested the decrease
in the polysaccharide stability and concentration. Thus, the oxidation
and acidiﬁcation at the anode changed the functional groups of proteins
and polysaccharides and reduced the surface charge and EPS hydrophilicity.
Fig. 8 presented the curve ﬁtting of the amide I groups. It can be seen
that the α-helices at the anode was signiﬁcantly weaker than that at the
cathode, and the 3-turn helices, β-sheets and aggregated strands were

3.5.2.2. CLSM. Fig. S13 showed that the variation of the PN and PS structure of the sludge cake at both electrodes after ED. The particles at the
anode region were more tightly bound than that of the cathode, and
the cathodic ﬂocs were discontinuous and loose. The electrochemical
reaction and the electrokinetic phenomena (electrophoresis and the
electro-osmosis) promoted the migration and the accumulation of the
sludge ﬂoc at the anode. The roughness of the PN and PS at the cathode
indicated the quantity of the water channels in EPS and the roughness at
the cathode region of the ADS was weaker than that of WAS, because
the released EPS absorbed on the surface of sludge particles and cause
the blockage of the sludge pore structure, consistent with the 3D-EEM.
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Fig. 7. Pearson correlation between the ﬂuorescence intensity of different EPS
compositions and the dewatering rate at both electrodes: cathode (a), anode
(b) (pressure: 0.6 MPa; voltage:45 V).

Fig. 8. The curve-ﬁtted analysis of protein secondary structure.
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slightly enhanced. Xu et al. (2006) demonstrated that the application of
electric ﬁeld promoted the transformation of α-helices to β-sheets and
aggregated strands, which made the protein loose and conducive to the
dewatering (Xu et al., 2006). Thus, in the ED process, the anodic oxidation and acidiﬁcation causes the reconstruction and transformation of
the protein secondary structure, promoting the destruction of molecular structure and enhanced the hydrophobicity in the protein surface,
which reduced the water-holding capacity of proteins, and thus improved the ED performance.
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3.6. Environmental implication

Appendix A. Supplementary data

This study evaluated the effects of the EPS distribution and components and the secondary structure of extracellular proteins on the
sludge ED performance and efﬁciency. The results showed that the concentrations of S-EPS and LB-EPS can signiﬁcantly affect the ED rates and
performance. The high concentration of S-EPS and LB-EPS reduce the
initial current and the pH gradient, which weakened the electrochemical reaction and the acidiﬁcation at the anode, and thus impact the degradation and release of the EPS. Additionally, many researches have
reported that dehydrating agents have little effect on the TB-EPS, and
the compression on the S-EPS and LB-EPS was conductive to the sludge
dewatering (Chen et al., 2015; Xu et al., 2018). Therefore, the combination of sludge condition (chemical conditioning, thermal, magnetic etc.)
with sludge ED can enhance the ED performance by regulating the concentration of S-EPS and TB-EPS before sludge ED treatment. In addition,
as for the proteins secondary structure, the anodic oxidation and the
acidiﬁcation can promote the transformation and reconstruction of αhelices, which can reduce the water-holding capacity of extracellular
proteins. The reduction of α-helices can form a loose molecular structure and decrease electrostatic repulsion of sludge (Hou et al., 2015;
Peng et al., 2021). During the ED process, the decreased oxidation and
acidiﬁcation at the anode due to the high concentration of S-EPS and
LB-EPS hindered the reduction of α-helices. Hence, it is important to
regulate the concentration of S-EPS and LB-EPS and the secondary structure before sludge ED.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.149753.
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