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a b s t r a c t 

The increase of electrical resistance (ER) and energy consumption (EC) during the later stage 

of dewatering is a major problem hindering the development of electro-dewatering (EDW) 

technology. As the variations of sludge characteristics are significant during the EDW pro- 

cess, the relationships between sludge characteristics and ER and EC during EDW remain 

unclear. In this study, the effects of moisture content (MC), thickness, pH, conductivity, zeta 

potential, temperature, and gas volume on the ER and EC during the EDW process were 

statistically investigated using correlation and multiple linear regression analyses. Herein, 

the results showed that the ER of the sludge near the anode was primarily affected by pH, 

whereas the sludge near the cathode was primarily affected by the MC and conductivity. Fur- 

ther, sludge temperature and conductivity were the most reliable indicators to predict the EC 

near the anode and cathode, respectively. The results of this study provide theoretical guid- 

ance useful for solving the increase of ER and EC during the later stage of the EDW process. 

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

Introduction 

Wastewater treatment plants (WWTPs) produce large vol- 
umes of sewage sludge with different characteristics during 
biological processes. As sewage sludge contains water, it has a 
high cost of transport and disposal ( Citeau et al., 2011 ). Thus, 
to reduce costs, it is necessary to remove as much water as 
possible. Currently, in China, sludge with a moisture content 
(MC) higher than 60% is not permitted for further disposal 
( Sheng et al., 2010 ). To date, mechanical dewatering meth- 
ods widely used in WWPTs, such as filtration-compression 

and centrifugation, can only reduce the MC of sludge to 
approximately 80% ( Cai et al., 2016 ). Therefore, even after me- 
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chanical dewatering, sludge must be further dewatered by 
deep dewatering methods ( Sha et al., 2020 ; Guo et al., 2018 ). 

Electro-dewatering (EDW) is considered to be an efficient 
deep dewatering method of sludge. EDW technology can drive 
the liquid with part of positive charges from anode to cathode 
to ultimately decrease the MC of sludge to 30% ( Li et al., 2018 ; 
Yang et al., 2018 ). EDW is attracting increasing attention due 
to its low energy consumption (EC). Mahmoud et al. reported 

that EDW could cut EC by 10% – 25% to achieve a MC of 68% –
40%, as compared with thermal drying ( Mahmoud et al., 2011 ). 

However, there are still some problems regarding the 
development of the EDW process, including the increase of 
electrical resistance (ER) and EC at the later stage of dewater- 
ing ( Citeau et al., 2016 ; Conrardy et al., 2016 ). The EDW 
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system is essentially an electrochemical reactor 
( Mahmoud et al., 2018 ), wherein electrophoresis, elec- 
troosmosis, electromigration, and electrolysis reactions occur 
during its processes ( Mahmoud et al., 2010 ). These reactions 
cause variation in sludge characteristics from the anode 
to the cathode, which can affect the ER and EC. To date, 
many researchers have studied the influence of some sludge 
characteristics on ER and EC during the EDW process. In a 
study regarding ER, Yu et al. reported that the increase in 

ER was mainly due to the decrease of sludge MC near the 
anode ( Yu et al., 2017 ). Citeau et al. pointed out that sludge 
ER was related to ionic concentration ( Citeau et al., 2012 ). 
Moreover, Mahmoud et al. proposed that sludge thickness, 
MC, pH, electro-migration, conductivity, and gas could affect 
the sludge ER near the anode ( Conrardy et al., 2016 ). Regarding 
EC, Lv et al. found that the migration of soluble ions caused 

an excessive EC ( Lv et al., 2020 ). Wu et al. reported that 
EC was proportional to sludge thickness ( Wu et al., 2019 ), 
and Citeau et al. revealed that changes in particle surface 
charge affected the EC ( Citeau et al., 2011 ). Further, Navab- 
Daneshmand et al. proposed that the EC increased rapidly 
due to the large current under conditions of high conductivity 
( Navab-Daneshmand et al., 2015 ). 

While researches on the sludge characteristics, ER, and 

EC are extensive, studies regarding the relationships between 

them are still lacking. Therefore, it is essential for the devel- 
opment of the EDW process to study these relationships. Con- 
ventional correlation and regression analyses are convenient 
and simple approaches used to evaluate these relationships 
( Wu et al., 2020 ). Correlation and multiple linear regression 

analyses have been applied across environmental fields to ex- 
plore the coupling effects and complex interaction amongst 
many physiochemical factors ( Fazeli Sangani et al., 2019 ). Bai 
et al. employed a regression analysis to evaluate the sludge 
properties related to EDW efficiency, showing that the pres- 
ence of extracellular polymeric substances was the most sig- 
nificant deleterious factor ( Bai et al., 2019 ). Wu et al. (2020) 
adopted correlation and multiple linear regression analyses 
to explore the relationship between dewatering performance 
and sludge/sediment properties in EDW. However, scarcely re- 
searches used correlation and multiple regression analyses to 
evaluate the effects of sludge characteristics on ER and EC dur- 
ing EDW process. 

Therefore, this study systematically investigated the ef- 
fects of sludge characteristics on ER and EC during the EDW 

process using correlation and multiple linear regression anal- 
yses. Herein, theoretical guidance for solving the high ER and 

high EC at the later stage of the EDW process was provided. 
The objectives of this study were: (1) to explore the effects of 
sludge characteristics on ER and EC; (2) to explore the relation- 
ship between sludge characteristics and ER and EC; and (3) to 
determine the primary factors that affect ER and EC during the 
EDW process. 

1. Materials and methods 

1.1. Sludge 

The raw sludge used in this study was obtained from the cen- 
trifugal dewatering units of the Xianyang Road Wastewater 

Table 1 – Main characteristics of raw sludge. 

Parameters Measured values 

MC 85.76% ±0.13% 

VS/TS 51.04% ±1.03% 

pH 7.22 ±0.05 
Zeta potential -17.00 ±0.28 mV 

Conductivity 641.50 ±28.99 μS/cm 

Temperature 17.30 ±0.85 °C 

Treatment Plant in Tianjin (China). The sludge samples were 
stored at 4 °C before testing, and all the tests were completed 

within a week. The main characteristics of raw sludge are 
summarized in Table 1 . 

1.2. Experimental set-up 

As shown in Fig. 1 a, the experimental set-up for EDW mainly 
included a dewatering unit and a direct current (DC) stabilized 

power unit. The reactor of the dewatering unit was made of 
polytetrafluoroethylene (PTFE) (75 mm inner diameter and 50 
mm height), and the reactor had three slits (1 mm width) from 

top to bottom. A PTFE external jacket was added at the top of 
the cylinder to guarantee the mechanical resistance. An up- 
per circular anode was made of ruthenium coated titanium 

and was placed against the piston head. A lower circular cath- 
ode was placed under a filter cloth (40 μm thickness and 44 
μm pore size), both of which were stainless steel. The cathode 
and filter cloth were held by a hollow circular tray made of 
PTFE that could be fixed to the cylinder. The anode and cath- 
ode electrodes were connected to a DC stabilized power source 
(maximum 60 V and 20 A, DH1716A-10, China). The filtrate was 
collected in a beaker and an electronic balance was set under 
the beaker to monitor the quality of the filtrate. 

1.3. EDW tests 

A series of EDW tests using 160 g raw sludge were conducted 

under a constant voltage (40 V) and pressure (1 bar). The ini- 
tial thickness of the sludge cake was 32 mm. As shown in 

Fig. 1 b, the sludge cake was evenly divided into four horizon- 
tal layers. The initial weight and thickness of sludge cake in 

each layer were 40 g and 8 mm, respectively. A movable tita- 
nium circular grid used as an extra electrode and a movable 
thermocouple were located in the PTFE cylindrical chamber 
to measure the voltage and temperature ( Fig. 1 c). They were 
connected to an external monitoring device by soft connec- 
tors via the slits of the reactor. The operation steps for placing 
sludge into the reactor are summarized in the Supporting in- 
formation, and the ER calculation methods of each layer were 
derived from Conrardy et al. (2016) . During the EDW process, 
voltage, current, filtrate quality, and sludge temperature were 
measured. When the filtrate flow rate was less than 0.05 g/min 

for 5 min, the dewaterability limit of sludge was considered to 
be reached ( Yu et al., 2017 ). In this study, it took approximately 
46 min to reach the dewaterability limit. At intervals of 2, 4, 6, 
8, 10 , 14, 18, 22, 30, 38, and 46 min, the dewatered sludge cake 
of each layer was taken from the reactor to measure other in- 
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Fig. 1 – The schematic of EDW experimental procedures: (a) the EDW experimental set-up, (b) schematic of sludge layers and 

(c) reactor using the movable measurement electrode and the movable thermocouple. 

dicators (e.g., MC, thickness, pH, conductivity, and zeta poten- 
tial). 

1.4. Analysis methods 

The MC and volatile solid (VS) were determined by heating 
the sludge samples to 105 °C for 24 hr and 550 °C for 4 hr, 
respectively ( Sha et al., 2019 ). The thickness of sludge cake 
was measured using a Vernier caliper (accuracy: 0.1 mm), 
and the pH and conductivity were determined as reported by 
Li et al. (2018) . The digital pH meter (PHBJ-260, Rex, China) and 

the conductivity meter (DDB-303A, Rex, China) were used to 
measure the pH and conductivity values in the supernatant 
suspension with a sludge to water ratio of 1:10. For the zeta 
potential analysis, 5 g sludge samples were mixed in 50 mL 
deionized water for 24 hr to prepare a suspension. Then, the 
zeta potential was determined by zeta potential analyzer (ze- 
tasizer nano ZS90, Malvern, UK). 

1.5. Governing equations 

The ER ( R, �) of the sludge during the EDW process was calcu- 
lated using Ohm’s law: 

R = 

U 

I 
(1) 

Where U (V) is the voltage drop of sludge, and I (A) is the cur- 
rent intensity. 

The EC ( P, kWh/kg dewater ) at each layer was calculated as 
follows: 

P = 

∫ 
IR 

2 d t 
m dewater 

(2) 

where m dewater (kg) is the mass of filtrate removed. 
The electrochemical reactions occur at the electrode 

surface. The possible electrode reactions are as follows 
( Mahmoud et al., 2010 ): 

At the anode: 

2H 2 O − 4e − → O 2 ↑ +4H 

+ E 0 = 1 . 229V (3) 

At the cathode: 

2H 2 O + 2e − → H 2 ↑ +2OH 

− E 0 = −0 . 828V (4) 

According to the principle of charge conservation, a rela- 
tionship between oxygen production of layer 1 ( Q gas ) and the 
electricity quantity of the EDW process was calculated as fol- 
lows ( Yang et al., 2018 ): 

Q gas = 

Q e 

4e N A 
(5) 
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Table 2 – Summary of correlation analysis of electrical resistance and sludge characteristics. 

Sludge characteristics ( x ) Fitting equations Layer Coefficient a Coefficient b Coefficient c Adj. R 2 P 

MC R = a e ( 
b 
x ) + c 1 0.038 3.661 0.169 0.018 > 0.05 

2 0.656 1.384 0.342 0.990 < 0.01 
3 1.521 × 10 −12 14.869 5.060 0.986 < 0.01 
4 1.863 × 10 −8 12.158 3.617 0.860 < 0.01 

Thickness R = a e ( 
b 
x ) + c 1 3.709 × 10 −8 52.765 8.372 0.996 < 0.01 

2 0.306 5.939 3.438 0.991 < 0.01 
3 6.608 × 10 −5 19.786 5.192 0.990 < 0.01 
4 9.916 × 10 −6 40.343 3.814 0.878 < 0.01 

pH R = a e ( 
b 
x ) + c 1 2.207 × 10 −5 46.862 7.212 0.984 < 0.01 

2 2.406 × 10 −12 187.001 4.044 0.993 < 0.01 
3 3.072 × 10 −14 237.553 2.854 0.676 < 0.01 
4 1.489 × 10 12 -253.264 3.786 0.917 < 0.01 

Conductivity R = a e ( 
b 
x ) + c 1 4.762 × 10 10 -26780.761 8.064 0.972 < 0.01 

2 3.141 × 10 6 -10378.701 4.784 0.991 < 0.01 
3 1.742 × 10 −5 2996.080 4.971 0.924 < 0.01 
4 6.225 × 10 −7 4569.134 3.966 0.936 < 0.01 

Zeta potential R = ax + b 1 3.308 53.810 - 0.372 < 0.05 
2 -20.540 364.143 - 0.396 < 0.05 
3 -0.495 -0.621 - -0.099 > 0.05 
4 -0.904 -13.195 - 0.585 < 0.01 

Temperature R = ax + b 1 0.576 -8.026 - 0.054 > 0.05 
2 0.264 -3.271 - 0.073 > 0.05 
3 0.071 4.040 - -0.040 > 0.05 
4 0.047 2.892 - -0.018 > 0.05 

Gas volume R = a e ( 
b 
x ) + c 1 1.567 × 10 22 -9299.418 9.017 0.797 < 0.01 

where Q gas (mol) is the oxygen production, N A (6.02 × 10 23 ) 
is Avogadro’s constant, e (1.60 × 10 −19 C) is the elementary 
charge, and Q e (C) is the electricity quantity of the EDW pro- 
cess as given by: 

Q e = 

∫ t 

0 
Id t (6) 

where t (sec) is the dewatering time, and I (A) is the current. 
The theoretical oxygen emission volume (V o 2 ) was calcu- 

lated as follows: 

V o 2 = 

Q gas RT 

P 
(7) 

where V o 2 (m 

3 ) is the theoretical oxygen emission volume, T (K) 
is the thermodynamic ideal gas temperature, R (8.314 J/(mol 
K)) is the gas constant, and P (Pa) is the gas pressure. 

According to the Helmholtz-Smoluchowski equation, the 
electroosmotic flow rate ( v ) is as follows ( Mahmoud et al., 
2010 ): 

→ 

v = 

Dζ

4 πμ
∇ϕ (8) 

where D (F/m) is the dielectric constant of liquid, ζ (mV) is the 
zeta potential, ∇ϕ is (V/m) the electric field intensity, and μ

(Pa •sec) is the fluid viscosity. 
As shown in Figs. 3 and 4 a-i, the ER ( R ) has a good correla- 

tion with the MC, thickness, pH, conductivity, and gas volume. 
This correlation can be expressed as follows: 

R = a e 
(

b 
x 

)
+ c (9) 

where a, b , and c are coefficients ( Table 2 ), and x is the MC, 
thickness, pH, conductivity, or gas volume. 

The correlation between the ER ( R ), zeta potential, and tem- 
perature is expressed as: 

R = ax + b (10) 

where a and b are coefficients ( Table 2 ) and x is the zeta po- 
tential or temperature. 

In addition, a linear relationship was also observed be- 
tween the EC (P) and sludge characteristics, including MC, 
thickness, pH, conductivity, zeta potential, temperature, and 

gas volume ( Figs. 4 b and 5 ). This relationship is represented 

as: 

P = ax + b (11) 

where a and b are coefficients ( Table 3 ) and x is the MC, thick- 
ness, pH, conductivity, zeta potential, temperature, or gas vol- 
ume. 

1.6. Statistical analysis 

A regression analysis was conducted using SPSS 21.0 (IBM, 
USA). With a backward elimination procedure, the analysis ob- 
tained statistically significant variables ( p < 0.05). A stepwise 
multiple linear regression (SMLR) was used to determine the 
most reliable factors. The regression equation is shown as fol- 
lows ( Wu et al., 2020 ): 

Y = 

G ∑ 

G =1 

X G βG + ε (12) 
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Table 3 – Summary of correlation analysis of energy consumption and sludge characteristics. 

Sludge characteristics (x) Fitting equations Layer Coefficient a Coefficient b Adj. R 2 P 

MC P = ax + b 1 -3.221 2.689 0.980 < 0.01 
2 -0.650 0.677 0.380 < 0.05 
3 -1.281 1.123 0.849 < 0.01 
4 -2.167 1.813 0.891 < 0.01 

Thickness P = ax + b 1 -0.177 1.177 0.688 < 0.01 
2 -0.070 0.519 0.560 < 0.01 
3 -0.083 0.579 0.772 < 0.01 
4 -0.116 0.772 0.737 < 0.01 

pH P = ax + b 1 -0.249 1.740 0.906 < 0.01 
2 -0.233 1.878 0.351 < 0.05 
3 -0.424 3.381 0.272 < 0.05 
4 0.223 -1.675 0.796 < 0.01 

Conductivity P = ax + b 1 0.002 -1.327 0.900 < 0.01 
2 -2.348 × 10 −4 0.107 -0.053 > 0.05 
3 -8.812 × 10 −4 0.625 0.872 < 0.01 
4 -0.001 0.826 0.893 < 0.01 

Zeta potential P = ax + b 1 0.050 1.007 0.866 < 0.01 
2 0.197 3.633 0.299 < 0.05 
3 -0.213 -3.525 0.237 > 0.05 
4 -0.058 -0.937 0.813 < 0.01 

Temperature P = ax + b 1 0.013 -0.230 0.983 < 0.01 
2 0.007 -0.133 0.924 < 0.01 
3 0.007 -0.143 0.876 < 0.01 
4 0.009 -0.211 0.802 < 0.01 

Gas volume P = ax + b 1 0.005 0.064 0.974 < 0.01 

where the independent variable, X , is the sludge characteristic, 
Y denotes the dependent variable of ER ( R ) or EC ( P ), β repre- 
sents the regression coefficients, and ε is the intercept. 

The performance of these developed equations were as- 
sessed using an adjusted coefficient of determination (adj. R 

2 ) 
( Zheng et al., 2020 ). The adj. R 

2 is a modified version of R 

2 , 
which indicates the goodness of fit of a developed equation. 
Differences with p values of less than 0.05 were considered 

significant. 

2. Results and discussion 

2.1. ER and EC 

As shown in Fig. 2 a, the sludge ER of each layer stayed be- 
low 15 � during the initial 30 min. Then, the ER increased 

across the cake from cathode to anode. When the dewater- 
ability limit was reached, the ER of layers 1, 2, 3, and 4 were 
138.29 ± 2.23 �, 56.30 ± 1.13 �, 28.38 ± 0.91 �, and 15.96 ± 0.91 
�, respectively. These results indicate that the ER near the an- 
ode increased sharply at the later stage of the EDW process. 
Conrardy et al. (2016) pointed out that this could be due to the 
migration and interaction of ions (mainly H 

+ ), the decrease of 
MC, and presence of gas. 

As shown in Fig. 2 b, the EC of layer 1 increased sharply with 

increasing time and reached 1.06 ± 0.08 kWh/kg dewater at 30 
min. The EC of layers 2, 3, and 4 showed a fluctuating increas- 
ing trend when the dewatering time increased to 22 min. After 
22 min, the EC of the layers 3 and 4 remained relatively flat, 
and the EC of layer 2 decreased significantly in the last 8 min 

of dewatering. These results indicate that the EC of layer 1 was 
higher than that of other layers during the EDW process. 

2.2. Correlation analysis 

2.2.1. ER and sludge characteristics 
As shown in Fig. 3 a-i, the ER of the sludge was less than 20 
� when the MC of the four layers decreased from 85.76% ±
0.13% to 60%, and then the ER increased across the cake from 

cathode to anode. The ER of layers 2, 3, and 4 increased with 

decreasing MC, showing good correlations between ER and MC 

(layer 2: adj. R 

2 = 0.990, p < 0.01; layer 3: adj. R 

2 = 0.986, p < 0.01; 
layer 4: adj. R 

2 = 0.860, p < 0.01) ( Table 2 ). These results are con- 
sistent with previous reports ( Wu et al., 2019 ). Note that layer 
1 differed from the other layers as the MC of layer 1 increased 

slightly after 30 min ( Fig. 3 a-ii). However, the ER of layer 1 still 
increased sharply and became the greatest of the four lay- 
ers ( Fig. 2 a). Notably, the MC of layer 1 had a bad correlation 

with the ER (adj. R 

2 = 0.018, p > 0.05), indicating that the de- 
crease of MC was not the main factor influencing the ER of 
layer 1. 

As shown in Fig. 3 b-i and Table 2 , the thickness of the four 
layers and the ER correlated well during the EDW process (adj. 
R 

2 : 0.878 – 0.996, p < 0.01). When the thickness decreased be- 
low 3 mm, the ER began to increase. Note that thickness de- 
creased with dewatering time ( Fig. 3 b-ii) due to the decrease 
of MC. This decreasing MC could gradually change the passing 
paths of electrical current from liquid to solid phases. When 

the low conductivity solid path became the main passing path 

of electrical current, the ER increased ( Mahmoud et al., 2018 ). 
As shown in Fig. 3 c-i and Table 2 , the pH of the four lay- 

ers had a significant influence on ER (adj. R 

2 : 0.676 – 0.993, p < 
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Fig. 2 – Variations of (a) electrical resistance and (b) energy consumption of four layers during EDW process. 

0.01). In layers 1, 2, and 3, the pH decreased with dewatering 
time ( Fig. 3 c-ii), and the ER clearly increased with the decrease 
of pH after 30 min ( Fig. 3 c-i). Particularly, the ER of layer 1 in- 
creased sharply when the pH was less than 3.58 ± 0.05. The pH 

of the three upper layers decreased because the rate of H 

+ dif- 
fusion toward the cathode was 1.8 times that of OH 

− towards 
the anode ( Wu et al., 2020 ). Compared with the obvious de- 
crease in pH of layers 1 and 2, the pH of layer 3 changed slightly 
until it became neutral, which occurred as most of the H 

+ and 

OH 

− reacted in layer 3. The H 

+ near the anode tended to in- 
teract with the anionic chemical groups present on the solids 
surface to constitute non-ionic chemical systems, which were 
poor electric conductors ( Conrardy et al., 2016 ), leading to the 
increase of ER. Conversely, the ER of layer 4 began to increase 
obviously with increasing pH after 30 min, which was a result 
of the OH 

− combining with substances, such as Ca, Mg, and 

Fe, to constitute a non-ionic chemical system. 
As shown in Fig. 3 d-i and Table 2 , the ER of the layers were 

strongly correlated to the sludge conductivity (adj. R 

2 : 0.924 –
0.991, p < 0.01). Note that, after 30 min, the ER of layers 1 and 2 
increased significantly with increasing conductivity, whereas 
the ER of layers 3 and 4 increased with decreasing conductiv- 
ity. At the anode side, the increased conductivity of layers 1 
and 2 at the later stage of the EDW process ( Fig. 3 d-ii) is due to 
the formation of H 

+ in according to Eq. (3) ( Deng et al., 2020 ). 
However, as previously mentioned, H 

+ tended to interact with 

the anionic chemical groups to constitute non-ionic chemical 
systems, thereby increasing the ER. At the cathode side, the 
decrease in conductivity of layers 3 and 4 meant a decrease 
of ion concentration in the solution ( Tafti et al., 2015 ), which 

could increase the ER. 
As shown in Fig. 3 e-i and Table 2 , the ER had poor corre- 

lation with the zeta potential for all four layers. This indi- 
cates that the zeta potential had little direct bearing on the 
ER. According to Eq. (8) , the zeta potential affected the direc- 
tion and speed of electroosmotic flow. When the zeta poten- 
tial was below 0 mV, the direction of electroosmotic flow was 
from the anode to the cathode ( Yeung et al., 1997 ). After 30 
min, the zeta potential of layer 1 changed from negative to 
positive ( Fig. 3 e-ii), which reversed the electroosmosis driv- 

ing force close to the anode causing the electroosmotic flow 

of layer 1 to move toward the anode, which led to the increase 
of MC in layer 1 after 30 min. The sludge of layer 2 continued 

to dewater without the moisture supplement from layer 1, re- 
sulting in the lowest MC of layer 2 at the dewaterability limit 
( Fig. 3 a-ii). 

As shown in Fig. 3 f-i and Table 2 , there is no evident regu- 
larity between the temperature due to Joule heating and the 
ER. This suggests that temperature was not the main factor 
influencing the ER. Moreover, it could be seen in Fig. 3 f-ii that 
the temperature of the layers increased during the initial 30 
min and then decreased. The maximum temperature of lay- 
ers 1, 2, 3, and 4 reached 96.10 ± 3.25 °C, 91.10 ± 1.70 °C, 88.50 
± 7.78 °C, and 82.20 ± 5.37 °C, respectively. This is consistent 
with previous reports as temperature at the anode side was 
higher than that at the cathode side during the later stage of 
the EDW process ( Zhang et al., 2017 ). Increasing temperatures 
(more than 40 °C) could destroy microbial cells and cause the 
disintegration of extracellular polymeric substances (EPS) to 
release water ( Deng et al., 2019 ; Lv et al., 2019 ). Further, in- 
creasing temperature could decompose the thermally labile 
samples and form gas bubbles ( Tang et al., 2004 ), which are 
detrimental to conduction. 

As shown in Fig. 4 a-i and Table 2 , the ER had a good 

correlation with the theoretical gas emission volume (adj. 
R 

2 = 0.797, P < 0.01), increasing sharply when the gas vol- 
ume increased to 188.62 ± 5.60 mL. Fig. 4 a-ii show how the gas 
volume increased with time. As gas accumulated between the 
sludge cake and the plate anode, a gas barrier layer formed at 
the later stage of the EDW process, thereby increasing the ER 

of layer 1( Yang et al., 2018 ). 

2.2.2. EC and sludge characteristics 
As shown in Fig. 5 a and Table 3 , the EC of layers 1 (adj. 
R 

2 = 0.980, p < 0.01), 3 (adj. R 

2 = 0.849, p < 0.01) and 4 (adj. 
R 

2 = 0.891, p < 0.01) showed significant correlations with MC, 
and the EC increased with the decrease of MC. The MC of 
sludge cake decreased with the removal of moisture. Gener- 
ally, low MC made dewatering more difficult. The decrease 
of MC could lead to poor dewaterability and increase the EC 
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Fig. 3 – Correlations between the electrical resistance and sludge characteristics: (a-i) MC, (b-i) thickness, (c-i) pH, (d-i) 
conductivity, (e-i) zeta potential and (f-i) temperature; variations of sludge characteristics during EDW process: (a-ii) MC, 
(b-ii) thickness, (c-ii) pH, (d-ii) conductivity, (e-ii) zeta potential and (f-ii) temperature. 

( Wu et al., 2020 ). However, the EC decreased when the MC of 
layer 2 was less than 60%. The results were related to the rapid 

decrease of MC in layer 2 ( Fig. 3 a-ii). The rapid decrease of MC 

meant the increase of the dewaterability, which led to the de- 
crease of EC. 

As shown in Fig. 5 b and Table 3 , the EC exhibited middle 
coefficients of correlation with sludge thickness of four layers 
(adj. R 

2 = 0.560 – 0.772, p < 0.01). The sludge thickness was 
related to MC, therefore a decreasing sludge thickness meant 
decreasing MC. As previously mentioned, a decreasing MC led 

to increasing EC. In addition, Wu et al. found that during the 
EDW process, the sludge thickness decreased, and the elec- 

tric field strength increased, resulting in the increase of EC 

( Wu et al., 2019 ). 
As shown in Fig. 5 c and Table 3 , the EC had a significant 

positive correlation with the pH of layers 1 (adj. R 

2 = 0.906, p 
< 0.01) and 4 (adj. R 

2 = 0.796, p < 0.01), respectively, and small 
correlations with the pH of layers 2 (adj. R 

2 = 0.351, p < 0.05) 
and 3 (adj. R 

2 = 0.272, p < 0.05), respectively. The pH of layer 1 
decreased during the EDW process, and this lower pH inhib- 
ited dehydration which caused it’s a decline of the dewatering 
performance and an increase in EC ( Wei et al., 2020 ; Wu et al., 
2020 ). The pH of layers 2 and 3 did not change significantly dur- 
ing the EDW process ( Fig. 3 c-ii), which suggests that it might 
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Fig. 4 – (a-i) Correlation between the electrical resistance and gas volume; (a-ii) variation of gas volume during EDW process; 
(b) correlation between the energy consumption and gas volume. 

not be the main factor increasing the EC. With the dewater- 
ing time increased, the pH of layer 4 increased ( Fig. 3 c-ii) and 

gradually moved away from the isoelectric point, which corre- 
sponds to a zeta potential of 0 mV, was between 3.58 and 3.88 
in this study. Navab-Daneshmand et al. (2015) reported that 
at pH values far from the isoelectric point, high charge densi- 
ties enhanced repulsion and therefore, expanded the matrix. 
The resultant expanded structure would present a higher re- 
sistance to flow, thereby decreasing the dewatering efficiency 
and increasing the EC. 

As shown in Fig. 5 d and Table 3 , the EC significantly corre- 
lates with the conductivity of layers 1 (adj. R 

2 = 0.900, p < 0.01), 
3 (adj. R 

2 = 0.872, p < 0.01), and 4 (adj. R 

2 = 0.893, p < 0.01). The 
EC increased with increasing conductivity in layer 1 ( Fig. 3 d-ii), 
where a higher conductivity of sludge caused a higher current 
density, which led to a greater EC ( Wei et al., 2020 ; Wu et al., 
2020 ). Conversely, the low conductivity of layers 3 and 4 made 
it difficult for the EDW process hard to remove water ( Lv et al., 
2018 ), resulting in an increase of EC. Note that the EC had no 
significant effect from the conductivity of layer 2 (adj. R 

2 = - 
0.053, p > 0.05), indicating that conductivity had no influence 
on EC in layer 2. 

As shown in Fig. 5 e and Table 3 , the EC significantly cor- 
related with the zeta potential of layers 1 (adj. R 

2 = 0.866, p < 

0.01) and 4 (adj. R 

2 = 0.813, p < 0.01). The zeta potential of layer 
1 showed a fluctuating increasing trend with time ( Fig. 3 e-ii). 
According to the Eq. (8) , the increase of the zeta potential of 
layer 1 decreased the electroosmotic flow rate and the amount 
of water removed, resulting in an increase in EC. Moreover, the 
decreasing zeta potential of layer 4 could increase the elec- 
troosmotic flow rate and promote the EDW, however, the EC 

also increased. This increase could be due to other factors hav- 
ing a greater influence than zeta potential on EC. The EC had 

low coefficients of correlation with the zeta potential of layer 
2 (adj. R 

2 = 0.299, p < 0.05), and no correlation with the zeta 
potential of layer 3 (adj. R 

2 = 0.237, p > 0.05). These results 
indicate that the zeta potential of layers 2 and 3 had little in- 
fluence on the EC. 

As shown in Fig. 5 f and Table 3 , the EC significantly corre- 
lated with the temperature of the four layers (adj. R 

2 = 0.802 
– 0.983, p < 0.01), increasing with increasing temperature. 

The Joule heating generated during the EDW process signif- 
icantly increased the temperature of the sludge cake and con- 
sequently decreased the liquid viscosity, forcing the water out 
of the solid capillaries ( Mahmoud et al., 2018 ). However, with 

decreasing MC, the dewatering process becomes more diffi- 
cult, and the EC could increase. 

As shown in Fig. 4 b and Table 3 , the EC also significantly 
correlated with the theoretical gas emission volume (adj. 
R 

2 = 0.974, P < 0.01). The gas barrier layer formed between the 
flat anode plate and the sludge of layer 1 hindered the con- 
tact with each other, thereby reducing the EDW efficiency and 

thus increasing the EC. This indicates that the gas volume had 

a great influence on the EC. 

2.3. Multiple linear regression analysis 

Backward elimination multiple linear regression (BEMLR) and 

SMLR were used to assess the quantitative relationships for 
ER ( R ) and EC ( P ) by establishing regression equations. 

2.3.1. ER 

Sludge characteristics with a high adj. R 

2 (MC, thickness, pH, 
conductivity, and gas volume) were selected for the BEMLR 

and SMLR analyses of the ER ( R ). Note that the non-linear 
equations were converted into linear equations before BEMLR 

and SMLR analysis. The regression equations of BEMLR were 
outlined as follows: 

Layer 1: 

R = 8 . 7926 −
(
5 . 4819 × 10 −9 

)
× e 

52 . 765 
H + 

(
4 . 6572 × 10 10 

)

× e −
26780 . 761 

C + 

(
3 . 4494 × 10 21 

)
× e −

9299 . 418 
V (13) 

Layer 2: 

R = 4 . 1365 + 0 . 1512 × e 
5 . 939 

H + 

(
1 . 5978 × 10 10 

)
× e −

10378 . 701 
C (14) 

Layer 3: 

R = 5 . 0904 + 

(
1 . 1572 × 10 −12 

)
× e 

14 . 869 
MC − 0 . 0031 × e 

19 . 786 
H 

+ 

(
6 . 3007 × 10 −15 

)
× e 

237 . 553 
pH + 

(
4 . 0815 × 10 −6 

)
× e 

2996 . 080 
C 

(15) 
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Fig. 5 – Correlations between the energy consumption and sludge characteristics: (a) MC, (b) thickness, (c) pH, (d) conductivity, (e) zeta potential and (f) temperature. 
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Table 4 – Summary of standardized coefficient (SC) deter- 
mined by SMLR analysis of ER. 

Variable Layer 1 Layer 2 Layer 3 Layer 4 

MC - - 0.8001 - 
pH 2.6504 0.9982 - - 
Conductivity -1.6552 - 0.2036 0.9788 

Layer 4: 

R = 3 . 9519 + 

(
6 . 2431 × 10 −7 

)
× e 

4569 . 135 
C (16) 

where MC is the moisture content, H is the thickness, C is the 
conductivity, and V is the gas volume. 

The results of the aforementioned regression equations in- 
dicate a variety of significant effects on the ER (layer 1: adj. 
R 

2 = 0.999; layer 2: adj. R 

2 = 0.997; layer 3: adj. R 

2 = 0.998; 
layer 4: adj. R 

2 = 0.954). In addition, the regression equations 
of SMLR were outlined as follows: 

Layer 1: 

R = 7 . 4851 + 

(
5 . 7857 × 10 −5 

)
× e 

46 . 862 
pH 

−
(
7 . 8568 × 10 10 

)
× e −

26780 . 761 
C (17) 

Layer 2: 

R = 4 . 0591 + 

(
2 . 4106 × 10 −12 

)
× e 

187 . 001 
pH (18) 

Layer 3: 

R = 5 . 1585 + 

(
1 . 2217 × 10 −12 

)
× e 

14 . 869 
MC 

+ 

(
3 . 6460 × 10 −6 

)
× e 

2996 . 080 
C (19) 

Layer 4: 

R = 3 . 9519 + 

(
6 . 2431 × 10 −7 

)
× e 

4569 . 135 
C (20) 

where MC is the moisture content and C is the conductivity. 
Eq. (17) shows that pH and conductivity can predict the ER 

in layer 1. However, Table 4 summarized that the standard- 
ized coefficient (SC) of pH (SC: 2.6504) was higher than that of 
conductivity (SC: -1.6552). Thus, pH was the most reliable in- 
dicator to predict the ER in layer 1. Eq. (18) shows that pH is the 

most reliable indicator to predict the ER in layer 2. Meanwhile, 
Eq. (19) and Table 4 reveal that the MC (SC: 0.8001) was more 
reliable than conductivity (SC: 0.2036) to predict the ER of layer 
3. Finally, Eq. (20) reveals that conductivity is the most reliable 
indicator to predict the ER in layer 4. These results indicate 
that the decrease of pH is the main factor affecting the ER of 
the upper layer (layers 1 and 2), whereas that of the bottom 

layers were primarily affected by decreasing MC (layer 3) and 

conductivity (layer 4). As shown in Fig. 2 a, the ER of the upper 
layer was much higher than that of the bottom layer during 
the later stage of EDW process. Therefore, controlling the pH 

of the upper layer was the most effective way to decrease the 
sludge ER. 

2.3.2. EC 

The regression coefficients of the BEMLR and SMLR analyses 
for EC ( P ) are listed in Table 5 . The regression equations of the 
BEMLR are as follows: 

Layer 1: 

P = −0 . 4019 + 0 . 0006 C + 0 . 0038 V (21) 

Layer 2: 

P = −0 . 4725 + 0 . 3467 MC + 0 . 0089 T (22) 

Layer 3: 

P = 0 . 4285 − 0 . 6020 MC + 0 . 0041 T (23) 

Layer 4: 

P = −0 . 1205 − 0 . 1389 pH − 0 . 0595 ζ + 0 . 0066 T (24) 

where MC is the moisture content, C is the conductivity, ζ is 
the zeta potential, T is the temperature, and V is the gas vol- 
ume. 

The EC regression equations indicate a variety of signif- 
icant effects on EC (layer 1: adj. R 

2 = 0.990; layer 2: adj. 
R 

2 = 0.967; layer 3: adj. R 

2 = 0.912; layer 4: adj. R 

2 = 0.955). In 

addition, four regression equations of the SMLR were outlined 

as follows: 
Layer 1: 

P = −0 . 2296 + 0 . 0130 T (25) 

Table 5 – Summary of regression coefficients determined BEMLR and SMLR of EC. 

Variable Layer 1 Layer 2 Layer 3 Layer 4 

BEMLR SMLR BEMLR SMLR BEMLR SMLR BEMLR SMLR 

USC USC SC USC USC SC USC USC SC USC USC SC 

ε -0.4019 -0.2296 - -0.4725 -0.4725 - 0.4285 -0.1425 - -0.1205 0.8258 - 
MC - - - 0.3467 0.3467 0.3526 -0.6020 - - - - - 
pH - - - - - - - - - -0.1389 - - 
Conductivity 0.0006 - - - - - - - - - -0.0012 -0.9503 
Zeta potential - - - - - - - - - -0.0595 - - 
Temperature - 0.0130 0.9924 0.0089 0.0089 1.2505 0.0041 0.0069 0.9422 0.0066 - - 
Gas volume 0.0038 - - - - - - - - - - - 

USC: unstandardized coefficient; SC: standardized coefficient. 
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Layer 2: 

P = −0 . 4725 + 0 . 3467 MC + 0 . 0089 T (26) 

Layer 3: 

P = −0 . 1425 + 0 . 0069 T (27) 

Layer 4: 

P = 0 . 8258 − 0 . 0012 C (28) 

where MC is the moisture content, C is the conductivity, and 

T is the temperature. 
Eqs. (25) and (27) reveal that the temperature due to Joule 

heating was the most reliable indicator for the EC in layers 1 
and 3. Meanwhile, Eq. (26) and Table 5 show that temperature 
(SC: 1.2505) was more reliable than MC (SC: 0.3526) to predict 
the EC of layer 2. Finally, Eq. (28) reveal that conductivity was 
the most reliable indicator for the EC in layer 4. Therefore, the 
temperature of the sludge cake was the most reliable indicator 
for the EC in layers 1, 2, and 3, whereas that of layer 4 was 
conductivity. 

3. Conclusions 

In this study, a sludge cake was divided into four horizontal 
layers, numbered 1 through 4 from the anode to the cathode. 
The effects of the sludge characteristics on the ER and EC of 
each layer during the EDW process were systematically evalu- 
ated using correlation and multiple linear regression analyses. 
Thus, the results provide theoretical guidance for reducing 
both the ER and EC at the later stage of the EDW process. No- 
tably, the ER and EC were significantly affected by the sludge 
characteristics. A decreasing pH was the main factor for the 
increasing ER in layers 1 and 2, while layers 3 and 4 had an 

increase in ER as a result of the decreasing MC and conductiv- 
ity, respectively. In addition, the sludge temperature was the 
most reliable indicator to predict the EC in layers 1, 2, and 3, 
whereas in layer 4, it was conductivity. 
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