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Abstract: This study systematically compared the performance of five corrosion-resistant electrode
materials for electro-dewatering. Through a comprehensive analysis of dewatering efficiency, energy
consumption, and corrosion resistance, conductive plastic composite electrodes (EKG) were selected
as the optimal electrode material for experimentation. Additionally, the impact of electric field
strength and electrode spacing on the efficiency and energy consumption of electro-dewatering
(EDW) was investigated. The results showed that the increase in electric field intensity could
improve the solid content and dewatering efficiency of the sediments, but the corresponding energy
consumption also increased. The increased spacing of the plates reduced the dehydration effect and
increased the energy consumption. By employing the Wild Horse Optimization algorithm, empirical
and multifactorial response models for the dewatering solidification process were established, aimed
at predicting the dewatering performance and energy consumption. The study concludes that for the
remediation of heavy metals, the electric field strength should not exceed 10 V/cm to avoid excessive
heavy metal migration and potential adverse chemical reactions.

Keywords: dewatering model; wild horse optimizer; electro dewatering; electric field strength;
horizontal electric field; sludge

1. Introduction

The potential health risks of large amounts of dredged sludge have become an im-
portant worldwide issue. And it receives and then accommodates many contaminants
(e.g., heavy metals, organic xenobiotics, bacteria, and viruses) from communal/industrial
wastewater, agriculture, shipping, and atmospheric deposition [1]. Because of a more
stringent legislation, the cost of disposing of this sludge is increasing [2]. Consequently,
finding an effective method to deal with the sludge is vitally important [3].

Sludge is a highly compressible hydrophilic fluid. Sludge contains four types of
water: free water (about 70%), interstitial water (about 20%), adsorbed water (about 7%),
and binding water (about 3%) [4]. Because of sludge’s complex structure and water
distribution, it is difficult to dewater it using any mechanical method. Conventional
mechanical dewatering equipment can reduce the sludge water content only to about
75% [5].

At present, the treatment approaches for sludge dehydration mainly focus on the
following: physical dehydration, geotextile bag, ultrasonic treatment, chemical dehydration,
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coagulation sedimentation, and biological methods [6]. Additionally, several studies have
shown that electro-dewatering can be an effective method for improving sludge dewatering
efficiency [3]. They used a vertical electric field for sludge electro-dewatering and applied
pressure on the anode plate to perform a pressurized electro-dewatering process [7-9].

The mechanical-electrical dewatering process of sludge can be divided into five pro-
cesses [10]. First, mechanical pressure removes most of the free water in the sludge. Second,
the sludge flocs migrate to the anode. Next, when sludge cake is formed, the sludge flocs
will stop migrating. The electrochemical reaction on the electrodes will then maintain the
sludge system; the charge balance maintains the dewatered state. Finally, when the mois-
ture phase is no longer continuous, the resistance of the entire system increases to generate
a large amount of ohmic heat, and the entire dewatering process ends [11]. However, using
a vertical electric field can lead to two problems. First, the moisture content of the sludge
attached to the anode declines continually while the sludge is being dewatered. Secondly,
the gas generated by the electrode reaction will concentrate between the sludge and the
anode. These two phenomena will greatly increase the resistance of this system, and they
will consume most of the voltage drop of the entire facility. In an attempt to solve this
problem, one study applied an alternating electric field, but this approach failed to achieve
the desired result [12].

Recently, some researchers have explored electro-dewatering in a horizontal electric
field. Compared with widely used electro-dewatering methods operating under a vertical
electric field, this approach had some benefits: simplicity of construction, efficiency, and
ease of operation [13-15].

Previous research has investigated the use of a horizontal electric field with external
pressure for dewatering, such as the study conducted by Citeau et al. [16]. Another ap-
proach, developed by Zhou et al. [17], used a relatively simple device that operates without
external pressure.

The material of the electrode plate and the electric field strength could influence the
electro-dewatering efficiency [18,19]. Some studies have found that inert electrode materials
such as titanium have better corrosion resistance than activated metal electrodes, producing
a more satisfying performance in sludge dewatering [20].

In recent years, a new material—Electro-kinetic Geosynthetics (EKG)—has been pro-
posed for use in electro-dewatering [21]. It has been compared with some other widely
used electrode materials in this field in obtaining a more practical electrode material for
dewatering. Previous studies have also focused on improving the efficiency of electric
power dehydration and reducing energy consumption [22-24]. Clearly, there is a need to
construct a model of the consumption in the dewatering process in order to optimize the
utilization of the electrical energy.

Our research examined the effects of electric field intensity and electrode spacing on
the efficiency and energy consumption of electro-dewatering processes. The findings re-
vealed that increasing the electric field intensity improved the solid content and dewatering
efficiency of sludge, albeit with a proportional increase in energy consumption. Addition-
ally, a greater electrode spacing resulted in decreased dewatering efficiency and higher
energy consumption. Subsequently, leveraging the Wild Horse Optimization algorithm,
introduced in 2021 as a novel swarm intelligence algorithm known for its simplicity [25],
optimization capability, and search precision, we constructed empirical and multi-factor
response models for the dewatering solidification process. Ultilizing Matlab software
(MATLA2018a), we fitted the moisture content curve of sludge over time, enabling the
real-time prediction of sludge moisture content. It was ultimately determined that the
electric field intensity for heavy metal remediation should be maintained below 10 V/cm.
In conclusion, our study effectively addresses the issues of anode corrosion and energy
consumption in electro-dewatering separately.
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2. Materials and Methods
2.1. Sample Collection and Pretreatment

The sludge samples used in this study were sourced from Tanghe Sewage Reservoir,
located in Hebei, China. Four distinct locations were identified for sample collection:
#1 (115.666760° E, 38.796865° N), #2 (115.666791° E, 38.796857° N), #3 (115.666959° E,
38.796930° N), and #4 (115.66777° E, 38.796939° N). The primary characteristics of the
original sludge samples are detailed in Table 1.

Table 1. Main characteristics of the original sludge.

Parameters Value
Water content (wt%) 75.55
Organic content (wt%) 31.07
pH 7.27
Conductivity (ms/cm) 9.07
Particle size (Dsg/pum) 219
Permeability coefficient (cm/s) 1.07 x 108

Before initiating the experiments, we undertook a thorough preparation process for
the sediment samples. First, the samples were filtered using a 10-mesh sieve to remove
larger particles, such as stones and plant fibers. Following this, we air-dried the samples for
several hours until no additional water could be drained. This step was crucial to ensuring
the smooth operation of the subsequent electro-dewatering process.

Once dried, the sludge samples were mixed proportionally to maintain consistency
throughout our experiments. As the final step in our sample preparation, the samples were
stored at a temperature of 4 °C until the time of testing.

2.2. Experimental Procedures

In this study, we adopted the latter approach, utilizing a horizontal electric field dewater-
ing facility without external pressure. The schematic of this setup is shown in Figure 1a, and
the structure of the sludge tank is depicted in Figure 1b. The tank was 20 cm long, 10 cm wide,
and 10 cm high. It had 28 round holes, each with a 5 cm radius, located under the cathode
area. A water-receiving funnel was positioned at the bottom of the opening, and electrode
plate slots were arranged every 4 cm along the length of the tank.

To intercept soil particles, a 300-mesh filter cloth was placed at the cathode. An elec-
tronic balance recorded the mass of the water removed, which was collected in a water
storage bottle. Due to the high rate of electrodynamic dewatering, we recorded the water
removal quality, sediment temperature, and current intensity at various intervals: every
1 min during the first 30 min, every 5 min from 30 to 60 min, every 10 min from 60 to
120 min, and every 20 min from 120 to 240 min.

To maintain a consistent contact area between the sample and the electrode plate
across the different electrode plate spacing experiments, we added a consistent amount of
samples—37.5 g per cm of electrode plate spacing.

For the part of the study investigating electrode materials, we set the electrode space
at 4 cm and the voltage at 30 V. We selected the EKG electrode for the studies based on the
influence of electric field strength (which we discuss in detail in Section 3.2). The electrode
plate spacing was fixed at 2 cm, and the voltage gradient was set to four different values:
20V,30V, 40V, and 50 V, corresponding to electric-field strengths of 10 V/cm, 15 V/cm,
20 V/cm, and 25 V/cm, respectively.

Upon completion of the dewatering process, we calculated the water content of the
sludge based on the mass of the water removed. We also calculated the energy consumption
of the electric dewatering of the sludge, based on the change in current.
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Figure 1. (a) Physical picture of electrokinetic dewatering and heavy metal remediation. (b) Three
views of the upper part (left) and lower part (right) of the electro-dewatering tank.

2.3. Analysis Method for Experimental Results

The dependent variables in our study—final dry solid content, energy consumption,
and dehydration yield of electro-dynamic dewatering—are expressed as functions of
independent variables (referred to as response functions) and are described by Equation (1).
The variance evaluation of each dependent variable is segmented into linear, quadratic, and
interactive parts. Furthermore, the responses of all experimental regions were anticipated
using a binary nonlinear fitting function [26,27]:

z=a+bx+cy+dx* +ey? + fxy 1)

In Equation (1), z represents the predicted response (dry solids content, energy con-
sumption, and dehydration yield); a is the intercept; b and c are the linear-term coefficients;
d, e, and f are the quadratic-term coefficients; and x and y represent the voltage and plate
spacing variables, respectively.

Determining the coefficient is essentially a process of solving an optimization problem—that
is, identifying a suitable set of coefficients to minimize the mean square error (MSE) between the
predicted response and the actual value.

This is where the Wild Horse Optimizer [28] plays a pivotal role. Introduced in 2021,
the Wild Horse Optimizer is a novel swarm intelligence algorithm known for its outstand-
ing simplicity, optimization capability, and search accuracy. Its advantages over earlier
particle swarm optimization algorithms and simulated annealing algorithms underscore
its innovative contribution to this field.

In our study, we used the MSE [29] as the fitness function (described by Equation (2)),
and employed the Wild Horse Optimizer to fine-tune the parameters, thereby enhancing

the model’s fitting accuracy. ;
1 A
MSE = -} (Y, - V) @)

=
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In Equation (2), MSE represents the Mean Square Error, 7 is the number of samples, i is
the sum of the errors of all the samples, Y; is the actual value, and 171- is the predicted value.

3. Results and Discussion
3.1. Effect of Different Electrode Materials on Dewatering Efficiency

The changes in dehydration mass over time during the electroosmotic dewatering
process with different electrode materials are shown in Figure 2a. Based on previous
research [14], the electroosmotic dewatering process can be divided into three stages: rapid
dehydration, slow dehydration, and minimal dehydration. As can be seen from Figure 2a,
in this experiment, Stage I (0-30 min) corresponds to the rapid dehydration phase, Stage II
(30-140 min) represents the slow dehydration phase, and Stage III (140-240 min) indicates
the minimal dehydration phase, except for the Ti electrode.
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Figure 2. (a) Change in water mass with time during the dewatering of the different electrode materials;
(b) Variation of sediment temperature with time during the electro-dewatering of the different electrode
materials; (c) Current over time for the different electrode materials; (d) Energy consumption per unit
mass of water removed for electro-dewatering of the different electrode materials.

This anomaly with the Ti electrode can be attributed to the characteristic nature of Ti
as a threshold metal. When an electrical field is present, a dense metal oxide film rapidly
forms on its anode, hindering further corrosion of the inner metal layer. Simultaneously,
its resistance quickly increases, resulting in a rapid rise in the anode voltage drop. Conse-
quently, the voltage drop used for the sludge cake decreases rapidly—an occurrence not
conducive to dehydration.

After a comprehensive comparison of the dehydration effects of the five electrode
materials, the final water removal quality was ranked as follows: EKG > Ir,O3 /TapOs-Ti
> RuO, /Ir,O3-Ti > Graphite > Ti. Compared to metal oxide-coated electrodes, the EKG
electrode demonstrates a comparable, and slightly superior, dehydration performance. The
Graphite electrode ranks next in efficiency, while the Ti electrode exhibits the least effective
dehydration results.

Figure 2b illustrates the time-dependent changes in sludge temperature during the
dehydration process with different anode materials. Irrespective of the material type,
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the sludge temperature saw a rapid rise within the initial 30 min after power activation,
peaking between 15 and 25 min—a phase that aligns with earlier studies.

Following this initial phase, a consistent decrease in temperature was observed.
This can be attributed to the low resistance of the sediment at the onset, leading to high heat
production rates and a rapid temperature rise. As dehydration proceeded, the sediment’s
moisture content dropped, resistance increased, and the rate of heat production slowed,
causing a consequent decrease in sludge temperature.

Interestingly, the peak temperature for the electrode with the Ti-based coating occurred
earlier and was higher than for the other materials. Conversely, the graphite electrode
displayed the lowest peak temperature, accompanied by significant fluctuations around
the peak. The EKG electrode’s peak temperature was slightly delayed compared to those
observed for the other electrodes, with the highest temperature lower than that of the
Ti-coated electrode.

Prior research suggests that even though a temperature rise in the sediment can lead
to greater energy consumption, it facilitates water removal [30]. The increased temperature
reduces soil viscosity to a certain extent, accelerating water molecule movement.

During the slow dehydration phase following the initial 30 min, the sludge tempera-
ture under the EKG electrode was consistently higher than that under the other electrodes.
Upon examining Figure 2a, it can be seen that the EKG electrode also maintained a higher
dehydration rate than the other electrodes during this stage, and it achieved the greatest
volume of water removal by the end of the slow dehydration stage. These findings not only
reaffirm that an increase in temperature facilitates water removal; they also demonstrate
the superior effectiveness of the EKG electrode in electroosmotic dewatering.

Figure 2c presents the variation in current during the dewatering process for the four
types of electrodes. Notably, barring the Ti anode, an initial brief increase in current was
observed in the process, followed by a swift decline after peaking.

This initial surge in current can be primarily attributed to the fact that the voltage was
predominantly applied to the sludge cake at the process’s inception. At this stage, polar
water molecules and electrolyte ions were moving rapidly. Concurrently, moisture was
accumulating on the cathode, while it had not yet dissipated at the anode.

Such conditions led to a decrease in the resistance between the electrode plate and the
soil. Consequently, the sludge cake’s temperature skyrocketed, and the thermal motion
of water molecules and other ions accelerated. This, in turn, reduced the sludge cake’s
resistance, causing a short-term increase in the current [31,32].

As the process continued, the moisture content of the mud cake decreased. This led to a
drastic increase in resistance near the anode within the sludge, and the current consequently
dropped significantly.

Figure 2d illustrates the energy consumption per unit mass of water removed after
electroosmotic dewatering using the different electrode materials. The energy consump-
tion for the Ti, RuO,/IryO3-Ti, EKG, IrpO3/TapOs-Ti, and Graphite electrodes per unit
mass of water removed were 0.299 kWh/kgH,0, 0.359 kWh/kgH,0O, 0.346 kWh/kgH,O,
0.359 kWh/kgH,O, and 0.379 kWh/kgH,O, respectively. A lower energy consumption
indicates a higher energy utilization efficiency.

Therefore, the relative energy utilization efficiencies of the five types of electrodes during the
electroosmotic dewatering process are as follows: Ti > RuO, /IrpOs-Ti > EKG > TayOs-Ti > Graphite.
Excluding the Ti electrode, the RuO, /Ir,O3-Ti and EKG electrodes demonstrated superior perfor-
mance, followed by the Ir,O3/TayOs-Ti electrode, with the Graphite electrode performing the worst.

In the present study, we conducted a fitting of the energy consumption and water
removal quantity during the dehydration process for the different electrode materials.
This resulted in obtaining both actual change curves and fitting curves for dehydration
energy consumption and dehydration quality for each electrode material.

Figure 3 presents these findings. Impressively, the curves for all five test groups
demonstrate a linear relationships, which can be expressed as (Equation (3)):

y=ax+b 3)
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where “a” and “b” are fitting coefficients. These coefficients are influenced by the electrode
material and the physicochemical properties of the underlying mud.
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Figure 3. Curves and fitting curves of energy consumption and dewatering water mass of different
electrode materials.

In the context of this study, the voltage applied directly to the two sides of the soil
for electrical dehydration is defined as the effective voltage (Ve). Given the existence of an
interface resistance between the polar plate and the soil, the expression for the effective
voltage is given by (Equation (4)):

Ve=Vy— V. —Vy4 4)

Here, Vj, V, and V4 represent the power supply output voltage, the anode potential
drop, and the cathode potential drop, respectively.

During the electrical dehydration process, the slope of the fitted curve is inversely
proportional to the energy consumption utilization rate. According to Equation (2), if
the effective voltage (V) increases while the power supply output voltage (Vo) remains
unchanged, a smaller anode potential drop (V) would indicate a more stable electrode.
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The fitting results shown in Figure 3 reveal that the order of the slopes of the curve
is RuOy /IrpO3-Ti < EKG < IryO3/TayOs-Ti < Graphite < Ti. Therefore, the RuO, /Irp O3-Ti
and EKG electrodes exhibited the greatest stability.

Figure 4 provides a visual representation of the corrosion observed in several anode
anti-corrosion electrodes after being energized for 240 min. Notably, the Ti electrode un-
derwent a considerable color change on its surface. This alteration was attributed to the
formation of an oxide film [33], which effectively prevented internal corrosion. In con-
trast, the RuO, /Ir,O3-Ti- and Ir,O3 / Tay Os-Ti—coated electrodes demonstrated negligible
corrosion. This observation underscores the superior anti-corrosion properties of these
electrodes, a characteristic that has earned them frequent use in the field of electrochemistry.
However, the graphite electrodes displayed a significantly higher degree of corrosion.
Evidence of extensive pitting was apparent, likely due to fluctuating current during the
dehydration process. Last but not least, the EKG materials showed no discernible corrosion
on the electrode. These electrodes are made of polymers such as polyethylene (PE) and
polypropylene (PP) to make a grooved substrate on both sides, and materials such as
graphite and carbon black are added to the polymer to make it conductive. They will not
corrode as fast as regular electrodes since they are coated with an inert polymer. Though
covering the metallic filaments in a somewhat inert polymer might increase resistance, the
difference is not significant.

Figure 4. Corrosion of the different electrode materials: (a) Ti electrode, (b) RuO, /Ir,O3-Ti electrode,
(c) Ir;O3/TayOs-Ti electrode, (d) Graphite electrode, (e) EKG electrode.

3.2. Influence of Electric Field Strength on EDW

Analysis of Figure 5 suggests a tripartite division of the dewatering process into dis-
tinct stages of rapid dehydration, slow dehydration, and minimal dehydration. The rate
of dehydration, denoted by the curve’s slope, progressively diminishes, culminating in a
plateau of water removal and a stabilization of the final dehydration effect. Concurrently,
the electric current exhibits a transient initial increase followed by a swift decrease, eventu-
ally tapering off to zero. The temperature profile is characterized by a rapid ascendancy,
subsequent decline, and ultimate stabilization around ambient conditions.
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Figure 5. Curves of water quality, current, and temperature over time under different voltages;
(a) Change of water mass, current and temperature with time during dewatering at 20 V, (b) Change
of water mass, current and temperature with time during dewatering at 30 V, (¢) Change of water
mass, current and temperature with time during dewatering at 40 V, (d) Change of water mass,

current and temperature with time during dewatering at 50 V.

A close examination of the trend across these three parameters reveals a noteworthy
alignment between the rapid dehydration stage and the periods of swift temperature surge
and current decline in the sludge. The transition to the slow dehydration phase coincides
with the temperature peaking, mirrored by a slower decrement in the electric current.
As dehydration enters the negligible stage, both the temperature and the current approach
a state of stability. The primary factor contributing to sludge cracking is the removal of
moisture from the sludge. As the dewatering process enters its final stage, the sludge
undergoes rapid and slow dewatering phases. Following electrolysis and heating, the
inherent water content of the sludge is significantly reduced. The cracking of the sludge
results in increased cake resistance, leading to a decrease in current and a slower rate of
heat generation.

We can see from Figure 6a that with an increase in voltage, the initial rate of the
electrodynamic dehydration stage also rose. When the voltages were 20 V, 30 V, 40 V, and
50V, the times required to reach the basic non-dehydration stage were 100 min, 80 min,
55 min, and 100 min, respectively. The final moisture contents of the four groups of
experimental samples were 60.3%, 50.16%, 48.05%, and 47.12%. It can be seen that as
the voltage increased, the final moisture content of the sediment decreased, indicating
that larger electric field strength contributed to the final electrodynamic dehydration and
curing effect. As the voltage increased from 20 V to 30 V, the rate of dewatering increased
by 10.14%. However, when the voltage increased from 30 V to 40 V and from 40 V to
50V, the rate of dehydration increased by 2.11% and 0.93%, respectively. According to the
experimental results depicted in Figure 6a, during the dewatering process, if the voltage
continued to increase at the higher voltages, the improvement in dehydration rate gradually

decreased, perhaps because the sludge layer near the anode dried and cracked under the
large electric field strength. One possible explanation for this result is that a high voltage
could lead to excessive current, which might cause a large amount of gas near the anode
drying electrode to increase the resistance. Another possibility is that the cracking of the
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sludge near the anode led to a reduction in the contact area between the sludge cake and
the electrode plate.
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Figure 6. (a) Change in water content with time during dewatering at different voltages; (b) Change

in sediment temperature with time during dewatering at different voltages; (c) Change in current
with time during dewatering at different voltages.

Figure 6b shows the temperature variation curve for the sediment in the electric
dehydration process. The times required to reach the highest temperature, for the four
groups of experimental samples, were 17 min, 14 min, 10 min, and 7 min. The highest
temperatures reached were 84.3 °C, 93.9 °C, 99.1 °C, and 99.5 °C. It can be seen that it
took more time to reach the peak temperature when the voltage was higher. The peak
temperature itself also rose with the voltage. When the voltage increased from 20 V to
30 V, the peak temperature increased by 9.6 °C, while when the voltage increased from
30 V to 40 V and from 40 V to 50 V, the peak temperatures increased by 5.2 °C and 0.4 °C,
respectively. It can be concluded, then, that “40 V” was the extreme point in this experiment.
After this point, the temperature increased less as the voltage rose. As mentioned above,
dewatering occurred mainly in the rapid dehydration stage, as expected for the rapid
temperature rise. The increase in temperature was beneficial to the removal of water.
The experiment also showed that as the voltage increases, the temperature drops more
sharply from its peak value, and the improvement in the dehydration rate decreases.
The higher voltage improves the dehydration effect as the water content decreases, but the
drying out of the anode then causes the soil to crack, increasing the resistance [24,32].

Figure 6¢ outlines the variation in the loop current over time under different voltage
settings. The initial currents for the voltages of 20 V, 30 V, 40 V, and 50 V were 1.34 A, 2.50 A,
3.35 A, and 3.38 A, respectively. This indicates a direct relationship between voltage and
initial current, with the latter escalating as the voltage increases. In the first 60 min of the
experiment, a rapid decrease in the current was observed across all groups, particularly in
the first half hour. Beyond the 60 min mark, the currents for all four groups was stabilized,
gravitating toward 0.01 A. However, a deviation was observed during the initial 60 min
period at different voltages. The initial current values were higher at 40 V and 50 V, but
these also experienced a sharper decline. This rapid decrease was especially pronounced at
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50 V, where the accelerated dewatering process caused the sediments around the anode
to dry out quickly, leading to significant soil cracking. This soil cracking increased the
sediment resistance, which subsequently resulted in a decrease in the loop current. Thus, it
can be concluded that as the voltage increased, the current decayed more quickly.

We employed MATLAB software (MATLAB2018a) and incorporated the Wild Horse
Algorithm to fit the curve representing the change in sediment moisture content over time
in the electrodynamic sediment dewatering test. After several iterations, an effective fit
was achieved using both exponential and Gaussian functions. The results of this fitting
process are shown in Table 2.

Table 2. Fitting curve of moisture content and time under different voltages.

Exponential Guassian
Voltage Strength (v) " N "
f(x) = aeP +cedx R? f(x) = a1 —bD/eD? | 50 ,(x—b2)/c2) R?
20 f(x) = 18 41~ 008116% | 5g 47,0.0001685x 0.9857 F(x) = 78.62¢+102.3)/89 057 4 60.82¢(x—1713)/569)° 0.9912
30 f(x) = 28.67¢ —0.07742x + 49.560-00007798x 0.9860 f(x) = 25. 71e(x+4.607)/16. 89)% + 54'56e(x+700.1)/3061)2 0.9983
40 F(x) = 317 009031x | 46 8600000146 09815 f(x) = 26.79¢(x+2336)/13. 36)° | 51 1¢(r+6168)/3201)? 0.9966
50 F(x) =27, 23~ 01175% | 4g 55,-0.0002632¢ 0.9952 F(x) = 105.1¢(+27:61)/23. 34) + 54.09¢(x+5312)/1938) 0.9925

Upon analysis, it was evident that the degree of fit (R?) for the two-dimensional
Gaussian function was higher than the exponential function across all groups in the de-
watering experiment tests conducted at various voltages. This observation suggests that
the relationship between water content and time during the process of the electrodynamic
dehydration of the sediment better aligns with the two-dimensional Gaussian function.
The empirical model for this relationship is presented in Equation (5), where a1, by, a5, and
by are empirical constants.

T-by) 2 T—by 2
(( Cll)) +a2€7( sz)

Water content =aje (5)

Leveraging this equation, we were able to obtain real-time predictions of the sediment’s
water content. These findings not only highlight the effectiveness of our approach but also
provide useful insights for future investigations in this area.

Several previous studies have found a linear relationship between the dehydration
rate and the current [33,34]. Consistent with this, [35] discovered that the electrodynamic
dehydration effect was more pronounced at higher applied current densities.

In our study, the observation of Figure 7 reveals an obvious trend: the degree of
curve fitting increases with the voltage. A closer look at the four fitting curves demon-
strates that the actual flow rate near the current 0.5 A exceeds the midpoint of the fitting
curve. When we juxtapose this with Figure 5, it becomes apparent that a current of 0.5 A
corresponds to the peak temperature of the sediment.

Based on these observations, we conjectured that the dehydration rate is influenced
not just by the current density, but also by the temperature of the sediment.

Figure 8a illustrates the total energy consumption and the specific energy consumption
for the removal of a unit mass of water during 240 min of dewatering at different voltages.
At a voltage of 20 V, the total energy consumed is 9.32 Wh; at 30 V, it is 11.64 Wh; at 40 V,
it rises to 16.31 Wh; and at 50 V, it reaches 20.49 Wh. It is apparent that the total energy
consumption for dewatering is greatly influenced by the applied voltage, indicating that
the electric field strength is a critical factor affecting the energy consumption of electro-
dewatering processes.
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Figure 7. Fitting curve of filtrate flow rate and loop current during dewatering at different voltages;
(a) Fitting curve of filtrate flow rate and loop current during dewatering at 20 V, (b) Fitting curve of
filtrate flow rate and loop current during dewatering at 30 V, (c) Fitting curve of filtrate flow rate and
loop current during dewatering at 40 V, (d) Fitting curve of filtrate flow rate and loop current during
dewatering at 50 V.
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Figure 8. (a) Change in energy consumption over time during dewatering at different voltages;
(b) Energy consumption for electro-dewatering (EDW) and thermal drying (TD) at different voltages.

Given a constant plate spacing, an increase in voltage benefits the dehydration process.
However, it also results in elevated energy consumption. Thus, in line with the findings
of [33], the selection of an appropriate voltage requires a careful balance between energy
consumption and the effectiveness of dehydration.

Scholars have determined that the minimum energy consumption for thermal dry-
ing corresponds to the latent heat of evaporation of water [33], which is approximately
0.617 kWh/kgH,O. In industrial equipment, the energy consumption for thermal drying
can reach 1.2 kWh/kg [36,37].

Observing Figures 4-8, the specific energy consumption for the removal of a unit mass
of water by electrode watering at voltages of 20 V, 30 V, 40 V, and 50 V are 0.32 kWh/kgH,O,
0.30 kWh/gH,0, 0.41 kWh/kgH,0O, and 0.51 kWh/kgH,O, respectively. The energy
consumption for electrode watering is lower at low and medium voltages. When comparing
the operational costs of electro-dewatering and thermal drying processes, the energy cost
of the electro-dewatering process is significantly lower than that of the thermal drying



Water 2024, 16, 545

13 of 19

process. From 20 V to 50 V, the energy consumption for electro-dewatering is 17.34-51.38%
lower than the minimum energy consumption for thermal drying processes.

3.3. Influence of Inter-Plate Distance on EDW

Figure 9a depicts the variation of sludge moisture content over time during the electro-
dewatering process at different plate spacings. It can be observed from the graph that,
under the same electric field strength of 5 V/cm, varying plate spacings result in distinctly
different dewatering outcomes. After a dewatering duration of 240 min, the final moisture
contents of the sludge at plate spacings of 4 cm, 6 cm, and 8 cm were 59.24%, 67.42%, and
68.07%, respectively. It is evident that larger plate spacings correspond to higher final
moisture contents, indicating a decline in dewatering efficiency. The times taken for the
sludge to reach a moisture content of 70% in the three experimental setups were 55 min,
100 min, and 160 min, respectively. Therefore, at a constant electric field strength, increasing
plate spacing leads to a slower dewatering rate and a reduced final dewatering efficiency.
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Figure 9. (a) Variation of sediment water content with time during dewatering with different plate
spacings. (b) Variation of sediment temperature with time during dewatering with different plate
spacings. (c) Variation of loop current with time during dewatering with different plate spacings.
(d) Energy consumption of electro-dewatering and thermal drying under different plate spacings.

Figure 9b illustrates a consistent temperature trend for sludge at different electrode
spacings, where the temperature initially increases before decreasing, with peak temper-
atures for all test groups reached within 60-80 min. Under an electric field strength of
5 V/cm, the peak temperatures corresponding to electrode spacings of 4 cm, 6 cm, and
8 cm were 58.1 °C, 66.5 °C, and 78.8 °C, respectively. In general, during the dewatering
process at a constant electric field strength, a larger electrode spacing results in a higher
sludge temperature, indicating increased heat generation and consequently higher thermal
energy consumption.

An observation of Figure 9c reveals that irrespective of the electrode spacing, there is
an initial transient increase in current at the onset of electrification, followed by a de-cline,
and, eventually, the current stabilizes. The graph indicates that larger electrode spacings
correspond to higher initial current values, with spacings of 4 cm, 6 cm, and 8 cm associated
with initial currents of 0.72 A, 0.79 A, and 0.96 A, respectively. During the first 100 min,



Water 2024, 16, 545

14 of 19

the larger the electrode spacing, the higher the current value observed. After 100 min,
the current values for spacings of 4 cm and 6 cm show minimal differences, and beyond
200 min, the current values for the three electrode spacings are approximately consistent.
The times taken for the current to drop to 0.1 A for electrode spacings of 4 cm, 6 cm, and
8 cm are 90 min, 100 min, and 180 min, respectively.

Figure 9d presents a bar chart depicting the specific energy consumption for the
removal of a unit mass of water and the thermal drying energy consumption at the end of
the dewatering process for different electrode spacings. At an electrode spacing of 4 cm, the
energy consumption after 240 min of dewatering is 0.25 kWh/kgH,O. This value increases
to 0.32 kWh/kgH,O for a spacing of 6 cm and further to 0.44 kWh/kgH,O for an 8 cm
spacing. It is evident that the specific energy consumption for sludge dewatering escalates
with increasing electrode spacing, with the effect becoming more pronounced at larger
spacings. For instance, an increase in electrode spacing from 4 cm to 6 cm results in a 28%
rise in energy consumption, while a further increase from 6 cm to 8 cm leads to a 37.5%
increment, equivalent to a 0.34-fold increase. Nevertheless, these values remain below the
minimum energy consumption for thermal drying, with the three experimental setups
exhibiting 28.7-59.5% lower energy consumption compared to thermal drying.

3.4. Construction of Prediction Model

In the field of sludge dewatering, controlling and optimizing operational conditions is
essential to enhance efficiency and achieve desirable results. In this context, we established a
response model that accounts for two key variables: electric field strength and plate spacing.

The electric field strength, in our model ranges from 0 to 25 V/cm, and the plate
spacing varies from 2 to 8 cm. These ranges were determined based on our experimental
setup and the constraints of our equipment.

We implemented the Wild Horse Algorithm in our model to predict the response
interval. This algorithm, known for its robustness and accuracy, helps us understand
the impact of changing operational conditions on the final solid content capacity and
dewatering yield.

To ensure the validity of our model, we conducted a model verification process.
This involved comparing the model’s predictions against actual experimental results in
order to ascertain the model’s predictive capability.

We also carried out a significance analysis to ascertain the statistical significance of
our findings and to help us ensure that the observed effects were not merely due to chance.

Drawing on insights from the response model, we can optimize the operational
conditions for electrodynamic sediment dewatering. By adjusting the electric field strength
and plate spacing according to the model’s predictions, we can maximize the final solid
content capacity and dewatering yield.

This approach not only improves the efficiency of the dewatering process but also
provides a methodological framework that other researchers can use to optimize similar
systems. Beyond its immediate application, this model serves as a valuable contribution to
the broader field of sediment management and environmental engineering.

Figure 10a illustrates the variation curve of the final solid content and the electric-field
intensity at different plate spacings. It becomes evident that with a specific plate spacing,
the final solid content of the sediments undergoing electrical dewatering increases with the
electric field intensity. This relationship, however, is not linear.

In the initial stages, substantial increases in final solid content are observed with
increments in electric field intensity. For instance, when the electric field intensity is
increased from 10 V/cm to 15 V/cm, the dry solid content is boosted from 39.7% to 49.84%,
marking an increase of 25.54%.
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Figure 10. Construction of multi-factor response model; (a) Dry soilds content changes with electric
field strength at different plate spacings, (b)The final dry solids content is a function model of the
mutual influence of electric field strength and plate spacing, (c) Water productivity changes with
electric field strength at different plate spacings, (d) Dewatering productivity is a function model of
the mutual influence of electric field strength and palte spacing, (e) Energy consumption changes
with electric field strength at different plate spacings, (f) Energy consumption is a function model of
the mutual influence of electric field strength and plate spacing. Red dot shows all the results.

However, beyond an electric field intensity of 10 V/cm, further increases in the field
intensity result in relatively smaller increments in the final solid content. As an example,
a rise in electric field strength to 20 V leads to a mere 4.23% increase in dry solid content
(49.84% to 51.95%).

This indicates, as supported by [15], that the impact of increasing electric field strength
on the final solid content is significant at a low electric field strength but diminishes as
the field strength increases beyond a certain point. It reaffirms the necessity of optimizing
electric field intensity to achieve efficient sediment dewatering.

Figure 10b shows the response model of the final solid content affected by the electric
field intensity and plate spacing, and its functional relationship is shown in Equation (6):

(R? = 0.9286947, MSE = 3.7321915) ©

where x and y represent plate spacing and electric field strength, respectively, and Z repre-
sents the final solid content. From Equation (6), it can be found that without considering
the expression of quadratic and interaction terms, Z is negatively correlated with x and pos-
itively correlated with X, indicating that the final solid content is negatively correlated with
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plate spacing and positively correlated with electric field intensity. Therefore, increasing
plate spacing is not conducive to improving the final solid content, but increasing electric
field intensity is.

As depicted in Figure 10c, the relationship between energy consumption per unit mass
of water and electric field intensity is demonstrated at different plate spacings. For a given
plate spacing, the energy consumption of electro-dynamic dehydration for sediment escalates
with increasing electric field intensity. Similarly, at a constant electric field intensity, the energy
consumption of electro-dynamic dehydration rises with an increase in plate spacing.

The practicality of electro-dynamic dehydration predominantly hinges on the cost of
power. When energy consumption becomes too high, the technology loses its practicality,
rendering it an inefficient solution. Consequently, the application of a low electric field intensity
holds practical significance for enhancing the cost efficiency of electrodynamic dehydration.

This observation aligns with the findings of [37], who established that the appropri-
ate application of electric fields can result in significant energy savings. Therefore, by
optimizing the electric field intensity and plate spacing, we can strike a balance between op-
erational efficiency and energy consumption, thereby improving the overall cost efficiency
of sediment dewatering processes.

Figure 10d shows the response model of dehydration energy consumption affected by
electric field intensity and plate spacing, and its functional relationship is shown in Equation (7):

Z =0.00102 + 0.07226473x + 0.0098334y — 0.0045783x> + 8.1675 x 10~°y? + 0.0016057xy

(R? = 0.7174657, MSE = 0.0012978) @

where x and y represent plate spacing and electric field intensity, respectively, and Z
represents the energy consumption per unit mass of water removed. From Equation (7), it
can be found that without considering the expression of quadratic and interaction terms, Z
and x are positively correlated, indicating that the final solid content is positively correlated
with plate spacing and electric field intensity. Therefore, increasing plate spacing and
electric field intensity will increase energy consumption, which is not conducive to energy
saving or consumption reduction.

The rate of water yield is defined as the mass unit of filtrate (kgH,O/(kg-h) per
kilogram of solid content per hour. The relationship between water yield and electric field
strength under different plate spacings is shown in Figure 9e, which is similar to Figure 10a.
It can be seen that the higher the electric field strength, the higher the rate of dehydration.
After the electric field strength rose above 10 V/cm, the dehydration yield grew more
slowly with the increase in electric field strength. Therefore, increasing the electric field
strength at a low electric field intensity (<10 V/cm) was more effective for improving the
dehydration yield.

Figure 10f shows the response model of water loss rate affected by electric field
intensity and plate spacing, and its function relationship is shown in Equation (8):

Z=0.5 — 0.0763388x — 0.0042212y + 0.0023774 x> — 3.361 x 10> y? + 0.0066174xy

(R? = 0.9304939, MSE = 0.0009287) ®

where x and y represent plate spacing and electric field intensity, respectively, and Z is the
dehydration rate. It can be found from Equation (8) that when quadratic and interactive
expressions are not considered, Z is negatively correlated with x and positively correlated
with y, which indicates that the water removal rate is negatively correlated with plate
spacing and positively correlated with electric field intensity. Therefore, neither increasing
plate spacing nor reducing electric field intensity is conducive to improving the water
removal rate.

3.5. Discussion on Material and Energy Consumption of Electro-Dewatering

The application of electro-dewatering on river sediment was investigated using a cake
thickness of 4 cm and a voltage of 30 V. This procedure involved five types of electrode
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materials: EKG, Ti, RuO, /Ir,O3-Ti, Graphite, and IrpO3/TayOs-Ti, all tested over a period
of 4 h. The experimental findings demonstrate that the EKG electrode performs excep-
tionally well in terms of stability during the dewatering process and energy consumption.
Zhang, Mahmoud et al. [37,38] have also researched materials for electro-dewatering, uti-
lizing active electrodes such as iron, copper, and aluminum. During the electro-dewatering
process, the electrolysis of water occurs at both the anode and cathode, with oxygen evolv-
ing at the anode, leading to a lower pH near the anode. This acidic environment tends
to cause corrosion of the metal electrodes, resulting in the formation of oxides with high
electrical resistance, which increases energy consumption and decreases dewatering effi-
ciency. Additionally, the corrosion may lead to secondary contamination with metal ions.
Furthermore, metal electrodes are comparatively expensive, adding to the cost. Therefore,
EKG electrodes offer significant advantages in terms of dewatering rate, energy consump-
tion, and corrosion resistance, showing promising prospects for development in the field of
electro-dewatering research.

To further explore the impact of electric field strength and electrode spacing on sludge
dewatering parameters, a predictive model using EKG electrodes was established and
detailed studies were conducted. Experimental results indicate that an increase in electric
field strength can enhance the solid content and dewatering efficiency of the sludge, but
it also increases energy consumption. Increasing the electrode spacing decreases the
dewatering effectiveness and additionally increases energy consumption. Wu, P et al.
reviewed the influence of process parameters and their interactions on electro-dewatering
performance, but they did not pinpoint a specific threshold for electric field intensity.
Apparently, there is a need to construct a model of the consumption in the dewatering
process in order to optimize the utilization of the electrical energy. Using sludge cake
samples with thicknesses of 2 cm, 4 cm, 6 cm, and 8 cm, treated under electric fields of
20V,30V,40V, and 50 V, we constructed a response model for electric field strength and
electrode spacing using the Wild Horse Optimization algorithm. The findings revealed
that the models for final solid content, energy consumption, and dewatering yield had
R-squared values of 0.9286947, 0.7174657, and 0.9304939, respectively, indicating high
model significance. The final solid content and energy consumption are more influenced by
electric field strength, whereas the dewatering yield is affected more by electrode spacing.
To enhance dewatering effectiveness and reduce energy consumption, the electric field
strength should be <10 V/cm.

4. Conclusions

In our study, four conventional electrode materials—titanium (Ti), titanium coated with
a mixture of ruthenium dioxide and iridium oxide (RuO, /Ir,O5-Ti), graphite, and titanium
coated with a mixture of iridium oxide and tantalum pentoxide (Ir,O3/TayOs-Ti)}—were
evaluated against expanded graphite (EKG) electrodes in electro-dewatering applications.
The comparative experiments substantiated the superior dewatering efficiency and energy
consumption profile of the EKG electrodes. Further experiments utilizing EKG as the electrode
material investigated the influence of electric field strength and electrode spacing on the
efficiency of electro-dewatering. The results indicated that electric field strength is a critical
parameter affecting electro-dewatering efficiency.

Subsequently, a response function modeling the influence of electric field strength and
electrode spacing on the final solids content was developed using the Wild Horse Optimiza-
tion algorithm within the MATLAB software (MATLAB2018a) environment. This model
identified a critical operational threshold for electric field strength at 10 V/cm to maximize
dewatering effects without incurring unnecessary energy expenditure.

In summary, EKG electrodes have emerged as the material of choice for electro-
dewatering applications, offering an optimal balance between dewatering performance
and cost efficiency.
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