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Abstract: The pollutant content in initial rainwater is very high, so the treatment and research of
initial rainwater has become an engagement issue in controlling non-point source pollution and
realizing sustainable development in Chinese cities. This study explores the best flow pattern suitable
for treating initial rainwater by electrocoagulation (EC), and a pilot-scale experiment is conducted to
analyze the effect of the EC process on the treatment of initial rainwater. The findings indicate that the
latter enhances the turbulent flow effect and the EC process treatment effect better under the two flow
modes of parallel perforation flow and dislocation perforation flow. For the dislocation perforated
flow pattern, the removal rates of suspended matter (SS), chemical oxygen demand (COD), and
phosphorus (TP) are 94.00%, 81.95%, and 98.97%, respectively, which reach the expected treatment
targets. Using the electrocoagulation–filtration (ECF) process to treat initial rainwater, the final
effluent exhibits high quality and could be used as urban circulating cooling water. Specifically, SS,
COD, and TP concentrations are 15.00 mg/L, 21.06 mg/L, and 0.11 mg/L, respectively. The hydraulic
retention time of the process is short, only 30 min, and the energy consumption is low, 0.57 kWh. This
study provides a reference for the sustainable treatment of early urban rainwater and the design of
the flow pattern of the EC process.

Keywords: initial rainwater; electrocoagulation; rainwater resource utilization; COMSOL; flow
pattern simulation; dislocation perforated flow; parallel perforated flow

1. Introduction

Urban water environment protection and resource utilization are critical for sustain-
able urban development. In recent years, with the continuous deepening of the battle
against water pollution prevention and control, the quality of China’s water environment
has significantly improved, urban non-point source pollution is gradually becoming a
significant factor influencing urban water environments, and the water pollution problems
faced by most cities have also changed from point source pollution to non-point source
pollution caused by initial rainwater [1,2]. Initial rainwater refers to the runoff that occurs
within a certain period after the formation of surface flow during rainfall, with the specific
definition varying by region. Generally, it refers to the runoff that occurs within 10–30 min
or the first 3–5 mm of rainfall [3,4]. Compared to the runoff in the middle and late stages
of rainfall, the water quality of initial rainwater is more complex, approaching or even
exceeding the levels of domestic wastewater [5–7]. If initial rainwater is discharged directly
without treatment into receiving water bodies, such as urban rivers and lakes, it affects
water quality and aggravates urban non-point source pollution [8–10]. The treatment of
initial rainwater and control of surface pollution sources are receiving increasing attention.
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In recent years, research on the treatment of early rainwater has been carried out
in different areas at home and abroad. Governance methods mainly include source gov-
ernance [11–13], process governance [14,15], and end governance [16,17]. Each method
has a certain treatment effect. However, in high rainfall intensity, the treatment effect of
source governance and process governance diminishes, and the treatment pressure of the
sewage treatment plant at end governance is immense, making it difficult to treat initial
rainwater promptly. The existing sewage treatment plants in China take little account of
the initial rainfall of the locals. Therefore, it is necessary to consider the treatment of initial
rainwater separately and design a targeted treatment process to ensure timely treatment
and discharge. This will help alleviate water pollution problems effectively [18,19].

Relevant studies indicate that suspended solids (SS), chemical oxygen demand (COD),
and total phosphorus (TP) constitute the primary pollutants in the initial contamination of
urban rainwater runoff in China [1,3,20–22]. The precipitation–filtration process is widely
employed for the treatment of rainwater. Nevertheless, traditional precipitation–filtration
techniques prove inadequate in effectively mitigating elevated levels of SS, COD, and TP.
These methods necessitate prolonged treatment durations, rendering them unsuitable for
initial rainwater treatment. Moreover, the substantial sludge concentration produced by this
process further escalates treatment expenses and operational complexities in subsequent
stages [23,24]. In contrast, the electrocoagulation (EC) process offers a faster flocculation
rate due to its electrochemical effect, enabling the water treatment process to be completed
quickly. This process efficiently removes suspended matter and microorganisms, generates
less sludge, and is environmentally friendly with low operating costs [25–27]. Numerous
studies have shown the effectiveness, reliability, and environmental friendliness of the
EC process in eliminating SS, COD, and TP [25,28–32]. It is noteworthy to mention that
an effective flow pattern holds the potential to enhance the flocculation effect in the EC
device and improve its efficiency. This aspect serves as a significant influencing factor [33].
Consequently, the present study employed the EC process to treat initial rainwater and
established various flow patterns to conduct the investigation.

In this study, we initially determined the optimal conditions for plate combination,
electrolytic time, plate spacing, current density, and plate number, among other param-
eters, in the EC process. The results lay the foundation for subsequent flow simulation
experiments. Subsequently, we designed various flow patterns by altering the board
layout and employed COMSOL 5.5 software to simulate these patterns. The simulation
results were then validated through experimental verification. Finally, to enhance the
relevance of the experimental findings, we conducted a pilot-scale experiment. The com-
bined electrocoagulation–filtration (ECF) process was applied to treat initial rainwater,
thereby confirming the feasibility and economic viability of employing the EC process for
the rapid treatment of such water. The outcomes of this research provide concrete evidence
for optimizing the design of EC board layout and serve as a valuable reference for the
expeditious treatment of initial rainwater.

2. Materials and Methods
2.1. Initial Rainwater Characterization and Analytical Methods

Based on the investigation findings regarding the concentration ranges of different
pollutants in initial rainwater [5,34,35], the research chose effluent from a primary sedimen-
tation tank at a sewage treatment plant in Beijing as the experimental water source. The
water quality conditions were SS concentration from 300 to 310 mg/L, COD concentration
from 190 to 210 mg/L, and TP concentration from 5 to 6 mg/L. There has yet to be a unified
national standard for the effluent quality of pollutants in the initial treatment of rainwater
in China. However, we can combine the relevant local standards as the reference basis of
this study. Therefore, this study refers to the control standards for initial runoff pollution in
the Technical Specifications for Rainwater Utilization Engineering of Shenzhen City [36], and the
final control standards for each pollutant are determined in Table 1 below.
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Table 1. Experimental water quality and effluent concentration.

Pollutant SS COD TP

Initial concentration 300–310 mg/L 190–210 mg/L 5–6 mg/L
Effluent discharge

Concentration 30 mg/L 40 mg/L 0.2 mg/L

Target removal rate 90% 80% 96%

The following formula calculated the target removal rate of the three pollutants:

d =
c0 − ct

c0
× 100% (1)

where d is the removal rate of SS, COD, and TP pollutants, c0 is the concentration of
pollutants in the effluent, and ct is the concentration of pollutants in the effluent.

The concentration of the SS pollutant was determined by the gravimetric method. A
DIKANG Tech DAR-500 multi-parameter water quality analyzer determined the concentra-
tions of the COD and TP pollutants.

2.2. Reactor Setup
2.2.1. Experiment Equipment of the EC Process and Experimental Pilot-Scale Equipment
for the ECF Process

The continuous flow EC experimental device was designed for this experiment
(Figure 1a), and its production material was acrylic plexiglass. The EC container had
dimensions of 60 cm in length, 15 cm in width, and 25 cm in height. Its total volume was
22.5 L, with a practical volume of 20 L.

The EC reactor was divided into three areas: the influent region, the EC contact
reaction area, and the precipitation reaction area. Raw water was transferred from the
water intake tank to the peristaltic pump at an appropriate flow rate. It was then directed
into the water inlet located in the upper section of the EC contact reaction zone. After
undergoing the necessary reactions, the water exited from the opposite side at the bottom
and proceeded into the precipitation reaction zone.

Metal plates, measuring 15 cm in length and 25 cm in width, were placed within
the contact reaction zone of the EC device. The plate layout was divided into two ways:
parallel placement and staggered placement. The thickness of the plates was 2 mm. A total
of 4–8 plates could be set according to the experimental requirements. There were 49 holes
uniformly distributed on each plate, and the diameter of a single hole was 5 mm. The
height and distance between these plates could be changed by adjusting the plastic threaded
rods and plastic nuts, and the contact area between these plates and the solution could be
changed by adjusting the water entry height of the plates. Generally, the plate spacing could
be adjusted between 10 and 50 mm according to experimental requirements. The power
supply used in the experiment was a voltage-stabilized DC power supply. The current
could be adjusted from 0 to 6 A, and the voltage could be adjusted from 0 to 30 V. During
an experiment, the EC experimental device controlled the flow rate and residence time of
the liquid in the reaction device by adjusting the inlet water pump. The residence time and
settling time of the EC device fluid were 10 to 60 min, and the specific time was determined
according to the experiment. Iron and aluminum are the primary plate materials used in
EC research. On this basis, iron (Fe), aluminum (Al), aluminum–magnesium alloy (Al(Mg)),
and aluminum–zinc alloy (Al(Zn)) were selected for pairwise combinations to form six
plate combination methods: Fe-Fe, Fe-Al, Al-Al, Al-Fe, Al(Mg)-Al, and Al(Zn)-Al.

Figure 1b shows a schematic of the reactor for the pilot-scale EC and filtration com-
bined process. The pilot reactor, consisting of an EC reactor and filter basin, was de-
signed independently.
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Figure 1. Experimental device diagram. (a) Plan view of the EC device: 1. water intake tank; 2. water
inlet pipe; 3. peristaltic pump; 4. electrocoagulation reactor; 5. perforated plate; 6. cathode power line;
7. DC power supply; 8. anode power line; 9. water outlet pipe; 10. sedimentation tank. (b) Plan view
of the pilot-scale ECF reactor: 1. water inlet pipe; 2. lift pump; 3. EC device; 4. DC power supply;
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sedimentation tank; 10. mud pipe; 11. discharge pipe of the electrocoagulation device; 12. filter basin;
13. overflow trough; 14. filter material layer; 15. aeration pipe; 16. filter outlet pipe. (c) Site layout of
the EC device.

The EC reactor was constructed with polypropylene and included a baffle plate in the
middle, separating the device into two areas for preparation and use. The effective size of a
single EC reaction region was L × W × H = 1.8 m × 1 m × 1 m, with an actual effective
volume of 1.8 m3. The metal plate in the reactor used iron as an anode and aluminum
as a cathode, with a plate perforation form providing water flow channels. The plates
were staggered to ensure the formation of staggered perforation flow in the EC device.
An inclined plate settling area was located beneath the metal plate, serving two functions:
increasing surface area for precipitation and preventing settled sludge from floating back
into the water body.

Figure 1c depicts the physical appearance of the EC device. The filter basin was
constructed from stainless steel. Water flowed into the filter basin from above and exited
from below. Internally, the filter basin was divided into three sections: the upper water
distribution area, the middle filter material area, and the lower water discharge area. This
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study selected a novel sponge filter material with high pollution interception efficiency,
resistance to blockage, and easy backwashing. In this study, the filtration tank utilized
a top three-sided overflow channel for water discharge, ensuring a more uniform water
distribution and promoting enhanced filtration efficiency.

This study utilizes a regulated DC power supply with an adjustable current range of
0 to 200 A and an adjustable voltage range of 0 to 30 V. The inlet water pump controls the
liquid flow velocity and residence time within the experimental device. The pilot reactor
can be operated and adjusted manually or automatically through a preset PLC-programmed
electric control cabinet.

The conductivity of the solution was measured using a DDS-11A (Shanghai Yueping
Scientific Instrument Co., Ltd., Suzhou, China) conductivity meter. The initial conductivity
of the experimental raw water is about 700–900 µs/cm. In some cases, supporting elec-
trolytes were added to increase the electrical conductivity [37]. The initial pH of raw water
is about 7.2. During the experiment, the pH of the solution remained weakly alkaline.

2.2.2. Principle of the EC Process

The EC process mainly removes various pollutants in the water through flocculation,
oxidation reduction, and partial air flotation [38,39].

The metal electrode is placed in the treated water, and the direct current is applied.
At this time, the metal anode undergoes an electrochemical reaction to generate metal
ions. Metal ions will hydrolyze in water, polymerize to form hydroxides and multi-nuclear
hydroxyl complexes, and finally form polymer flocculants. Thus, coagulation or floccula-
tion occurs. The process and mechanism of electrocoagulation are the same as chemical
coagulation. However, the hydroxides and complexes produced by the electrocoagulation
process show a more substantial adsorption effect than those obtained by general chemical
hydrolysis.

In Fe-Fe electrocoagulation (Fe-Fe-EC) and Fe-Al electrocoagulation (Fe-Al-EC), the
anodic reaction can be seen as Equation (2). In Al-Al electrocoagulation (Al-Al-EC), Al-Fe
electrocoagulation (Al-Fe-EC), Al(Mg)-Al electrocoagulation (Al(Mg)-Al-EC), and Al(Zn)-
Al electrocoagulation (Al(Zn)-Al-EC), the anodic reaction can be seen as Equation (3). The
cathode reaction in each experimental device is shown in Equation (4) [38].

At anode:
Fe(s) → Fe2+

(aq) + 2e− (2)

Al(s) → Al3+
(aq) + 3e− (3)

At cathode:
nH2O + ne− → (n/2)H2(g) + nOH−

(aq) (4)

During the electrolysis process, some O2 and H2 are produced on the surface of the
anode and cathode. They appear in the form of tiny bubbles, adsorb pollutants, such
as suspended solids in water, bring pollutants to the surface of the solution, and then
remove them.

In the case of high current and high voltage, the organic matter in the water will be
oxidized to small molecular organic matter or directly oxidized to CO2 and H2O. The
cathode will also produce new ecological hydrogen with reduction ability due to electron
exchange and reduce the pollutants in the water to degrade various pollutants.

2.3. Model Construction
2.3.1. Introduction to the COMSOL Software Model

COMSOL is a large-scale advanced numerical simulation software package based on
the finite element method. It can simulate actual physical phenomena by solving partial
differential equations (single field) or partial differential equations (multiple fields). It is
called “the first real software for direct coupling analysis of arbitrary multiple physical
fields” by scientists worldwide [40]. Using COMSOL software, numerical solutions, and
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visualizations are employed to quantitatively describe the flow field and its associated
phenomena in time and space. These results can solve various physical problems, including
fluid flow issues with intricate internal structure designs and complex boundary conditions.
Currently, COMSOL software is extensively utilized due to its advantageous features, such
as a user-friendly interface, parameterization, and automation capabilities [40–43].

2.3.2. Establishment of the COMSOL Model

The workflow of the COMSOL software is mainly divided into the following steps:
constructing a simplified geometric model and a grid model, establishing a mathematical
model, determining the boundary conditions and operating conditions, and selecting the
solution method. Finally, the simulation results are obtained and analyzed [44].

First, the geometric model of the board layout is constructed, and the grid is divided.
The results are shown in Figure 2. The EC contact reaction zone was subdivided into
three parts: the uniform water distribution zone, plate reaction zone, and effluent zone,
of which the plate reaction zone was the central part. The experiment takes the form of
water entering from the top of the device and leaving the exit from the bottom. Raw water
was injected into the experimental device from the upper water inlet through a peristaltic
pump. After the water was evenly distributed in the water distribution area, it flowed to
the plate reaction area, where it came into contact and reacted with the metal plate and
metal cations in the solution. The treated water flowed from the bottom of the other side of
the plate reaction zone into the precipitation reaction zone and entered the next stage. As
part of the pre-processing in COMSOL software, the grid division converts the continuous
space of the EC reaction device into a series of finite discrete points [44].
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Second, after simplifying the experimental device, it was necessary to build a suitable
numerical model for simulation. Simulation of the phenomena in an EC process includes
the numerical solution of motion equations (mass, momentum) with other sets of equations
related to the problem. These equations are usually used to explain transport mechanics,
such as the reaction of chemical species, migration, and diffusion in the presence of an
electric field [43]. Referring to the COMSOL user manual and considering the accuracy
of numerical calculation and the turbulent conditions of the average flow of the fluid, the
RNG k-ε model was adopted in this study to simulate the turbulence of the fluid, where k
is the turbulent kinetic energy and ε is the energy dissipation rate. The control equation
mainly refers to the research by Di et al. [44,45].

Third, we analyzed and determined the boundary conditions and operating conditions.
The boundary conditions refer to the conditions that the solution of the equations should
satisfy on the moving boundary. The setting of the boundary conditions can be applied
to the nodes, edges, or surfaces of the model. The COMSOL model established in this
study set the entrance boundary condition and the exit boundary condition in the free-flow
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physical field interface. The inlet of the EC reactor adopted the velocity inlet; the inlet
velocity was calculated as 0.17 m/s according to the flow rate, the outlet was the pressure
outlet, and the pressure was 101.325 kPa [46]. In addition to the inlet and outlet boundaries
of the experimental device, other boundaries, such as the wall surface and the metal plate
in contact with the liquid, were non-slip boundaries with a concentration gradient of 0 [44].
The EC reactor fed water through a peristaltic pump, and the diameter of the inlet pipe
was DN6. To investigate the influence of different perforation forms on the flow pattern,
two plate layout forms were set up to simulate different flow patterns for the same number
of plates and effective contact area. The first plate layout form was parallel perforations
between adjacent plates, and the second was staggered perforations. The diameter of a
single hole was 5 mm, and each plate had 49 round holes.

Fourth, the solution was determined. This study used the finite volume method
to discretize the equation. The momentum equation was discretized in a second-order
upwind scheme, and the pressure implicit operator splitting algorithm was used to solve
the velocity and pressure coupling [46].

Finally, the flow and velocity cloud diagrams were obtained through simulation
calculations. The flow fields and kinetic energy were analyzed according to the results. EC
experiments further verified the performance and simulation results of the COMSOL model.

3. Results
3.1. Single-Factor Experiments
3.1.1. Material Selection and Combinations of Electrode Plates

Under the experimental conditions of an electrolytic time of 30 min, static settling time
of 30 min, plate spacing of 2 cm, four plates, and current density of 60 A/m2, each plate
combination was used for the experiment to select the best plate combination. Experiments
were carried out under the condition of each plate combination, and the experimental
results are shown in Figure S1a.

Figure S1a shows some differences in the removal rates of pollutants for different
combinations of plates. The difference in the removal rate of SS was the most obvious, and
the differences in the removal rates of COD and TP were minor. Overall, the pollutant
removal efficiencies, from high to slow, were Fe-Al-EC > Fe-Fe-EC > Al(Zn)-Al-EC > Al(Mg)-
Al-EC > Al-Al-EC > Al-Fe-EC. The pollutant removal effect was the best for the Fe-Al-EC,
and the removal rates of SS, COD, and TP were 91.50%, 74.71%, and 99.73%, respectively.
The reason for the highest removal rate of Fe-Al-EC was that studies have shown that for
Fe-Al-EC, metal ions were mainly oligomerized polynuclear polymers that formed dense
and heavy flocculation bodies with pollutants [47]. Moreover, when aluminum serves as
the cathode, the hydrogen evolution reaction is faster than an iron cathode. The hydrogen
evolution reaction will produce many tiny bubbles, which can not only stir the water and
flocs and accelerate material transfer between plates but also help transfer and remove
some tiny flocs that are not easy to settle [48]. However, the EC process with iron as the
anode has apparent shortcomings; that is, the effluent chroma problem, which must be
solved by further processing technology. Therefore, Fe-Al and Fe-Fe are not suitable for
use as plate materials in experimental equipment.

When aluminum was used as the anode, removing Al(Mg)-Al-EC and Al(Zn)-Al-EC
was better than Al-Al-EC. The removal rates of all pollutants by Al(Zn)-Al-EC were the
highest: SS: 86.93%, COD: 71.65%, and TP: 99.21%. The main reason is that the activation
degree of an aluminum alloy is much higher than pure aluminum due to the small amounts
of magnesium, zinc, and other metal elements in aluminum alloy materials. In addition, the
low solubility of these metal elements led to the formation of numerous pits with smaller
pore sizes and shallower depths on the surface of the aluminum alloy plate during the
reaction process, making the dissolution and diffusion of metal ions more uniform and more
conducive to the formation of flocs of various forms [49,50]. In addition, an experimental
comparison showed that Al(Zn)-Al-EC was superior to the other two aluminum ECs in
terms of treatment effect and energy consumption during operation. Throughout the whole



Sustainability 2024, 16, 161 8 of 18

operation, Al(Zn)-Al-EC had the smallest voltage increase and least plate passivation.
Moreover, Al(Zn) was more suitable as an anode material than the other two materials.

Therefore, considering the removal effect, operating energy consumption, and effluent
chromaticity, Al (Zn)-Al was used as the plate combination in this experiment.

3.1.2. Electrolysis Time

The experimental conditions were as follows: Al(Zn)-Al plate combination, 30 min
static settling time, 2 cm plate spacing, four plates, and a 60 A/m2 current density. The
experimental results are shown in Figure S1b.

As shown in Figure S1b, the removal rates of SS and COD were relatively low at
10 min and began to increase sharply at 10–30 min, reaching 80.13% and 72.21% at 30
min, respectively, and the highest values at 40 min, 80.77% and 75.20%, respectively. The
removal rate of TP reached 98.64% at 10 min; that is, the EC process could effectively
remove phosphorus from water in a short time, similar to most researchers’ results [31,51].
Regarding the treatment effect, the best electrolysis time was 40 min, but there was no
significant difference compared with the treatment effect after 30 min. In the case of a
constant current, the electrolysis time determined the energy consumption, and thus, the
comprehensive treatment effect and energy consumption were considered; the electrolysis
time of the follow-up experiment was 30 min.

3.1.3. Static Settling Time

The experimental conditions were as follows: Al(Zn)-Al plate combination, 30 min
static settling time, 2 cm plate spacing, four plates, and a 60 A/m2 current density. The
experimental results are shown in Figure S1c.

As seen in Figure S1c, the effluent from the EC process achieved a higher removal rate
during the initial 10 min. After that, the removal rates of various pollutants still increased,
but the trends gradually slowed. After 60 min of static sedimentation, the final removal
rates of SS, COD, and TP reached their maximum values of 83.33%, 73.55%, and 99.57%,
respectively. However, in terms of treatment efficiency, the static sedimentation efficiency
in the early stage (0–30 min) was significantly higher than in the later stage (30–60 min).
The length of settling time affected the removal of various pollutants. For the sedimentation
tank, once the treatment scale was determined, the longer the settling time was, the larger
the area of the sedimentation tank and the greater the capital construction cost. Therefore,
considering the removal efficiency and financial cost, the static settling time of the follow-up
experiment was 30 min.

3.1.4. Spacing of the Electrode Plates

The experimental conditions were as follows: the combination of plates was Al (Zn)-
Al, the electrolysis time was 30 min, the settling time was 30 min, the number of plates
was four, and the current density was 60 A/m2. The experimental results are shown in
Figure S1d.

Different plate spacings have a particular impact on the actual treatment effect, and the
voltage changes further affect the energy consumption level [52]. As shown in Figure S1d,
when the plate spacing was 2 cm, the removal rates of SS, COD, and TP were 86.62%,
71.29%, and 99.27%, respectively, and the removal effect was the best. Proper plate spacing
can effectively improve the mixed mass transfer effect of the solution, prevent many metal
ions and their flocs from accumulating between the plates, and improve the treatment
efficiency of pollutants. When the distance between electrodes is too large, the effect of EC
on pollutant removal becomes worse. Too large or too small of a plate spacing reduces the
efficiency of removing pollutants and leads to increases in plate voltage, operation energy
consumption, and financial cost. Thus, after careful consideration, the plate spacing of the
follow-up experiment in this study was 2 cm.
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3.1.5. Current Density and Number of Plates

The experimental conditions were as follows: the plate combination was Al (Zn)-
Al, the plate spacing was set to 2 cm, the electrolysis time was 30 min, and the static
sedimentation time was 30 min. The experiment was divided into three series. The number
of plates in the three series was 4, 6, and 8. The current densities of the series were 20 A/m2,
40 A/m2, 60 A/m2, 80 A/m2, and 100 A/m2. The experimental results are shown in
Figure S1e.

As shown in Figure S1e, in the experimental device with four plates, with the con-
tinuous increase in current density, the removal rate of each pollutant showed a gradual
upward trend. When the current density increased to 100 A/m2, the removal rate of each
pollutant reached a maximum. Under the condition of six plates, the removal rates of SS
and COD increased at first and then decreased with increasing current density, and the
removal rates of pollutants reached optimal values when the current density was 60 A/m2.
The removal rates of pollutants reached optimal values when the current density was
60 A/m2. Table S1 shows that when the total current was constant, compared with the
large current density of the few plates, the pollutant removal rate was faster, the operating
voltage was smaller, and the energy consumption and financial cost were less under the
condition of the low current density of the multi-electrode plate.

In summary, considering the pollutant removal effect and financial cost, the number
of plates was eight, and the current density was 40 A/m2 in the follow-up experiment.

From the single-factor static experiments, Al (Zn)-Al was taken as the plate combi-
nation; the optimal ranges of the other parameters are shown in the Table 2 below. For
the optimal values, the SS, COD, and TP removal rates were 91.25%, 84.38%, and 99.68%,
respectively. The SS, COD, and TP concentrations in the effluent were 26 mg/L, 30 mg/L,
and 0.02 mg/L, respectively, and all concentrations reached the expected targets.

Table 2. The optimal values of different parameters.

Experimental
Parameter

Experimental Value
Range

Recommended Value
Range

Optimal Value of
This Time 1

Reaction time 10–60 min 20–40 min 30 min
Settling time 10–60 min 20–40 min 30 min
Plate spacing 1–5 cm 2–3 cm 2 cm

Number of plates Four to eight pieces Six to eight pieces eight pieces
Current density 20–100 A/m2 40–60 A/m2 40 A/m2

1 The optimal value was a comprehensive selection considering removal effect, operation energy consumption,
and construction cost.

3.2. Flow Simulation Analysis

This study used COMSOL flow simulation software to simulate flow patterns for two
plate layouts, and the corresponding flow lines and kinetic energy diagrams were obtained.

3.2.1. Flow Field Analysis

A fluid streamline diagram is a diagram used to describe the operation of the fluid at a
certain time; this was very important for the analysis of the flow pattern in the reactor. This
was because keeping a good flow pattern in the reactor improved the effect of mass transfer
between fluids and enhanced the collision probability between metal flocs and all kinds
of pollutants. In this flow pattern simulation, the flowcharts of parallel and dislocated
perforated flows are shown in Figure 3.
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As seen in Figure 3, after reaching a stable operation state, the fluid first underwent a
certain degree of cyclic mixed flow in the front area of the device (uniform water distribution
area) and then entered the EC reaction zone and finally accumulated at the outlet. In the
front and outlet areas of the device, the streamline density was more significant for the
dislocation perforated flow than the parallel perforated flow. This proved that for the flow
pattern of dislocation perforation flow, the velocity between the plates changed rapidly
and created a more excellent disturbance, which enhanced the formation of colloidal
complexes and flocculation reactions. In the EC reaction zone, the fluid was turbulent,
and the turbulent motion could be regarded as the result of the superposition of vortex
motion on different scales and the average velocity. The shear force and centrifugal inertia
force produced by the vortex motion were the main forces for the contacts and collisions
of flocculating particles, and the vortex shear force was the main driving force of the
flocculation reaction [53]. According to the change in streamlines, in the parallel perforated
flow state, the fluid flowed parallel along the orifice between the plates, and upward or
downward flow rarely occurred. The shear force produced by the vortex motion was
relatively small. To a certain extent, this led to insufficient contact between the fluid and
the metal cations precipitated from the plates and the lack of dominant power of the
flocculation reaction, which affected the treatment of pollutants by EC. In the case of the
staggered perforated flow state, the distribution and change in the streamlines showed that
each fluid flow through a plate had an upward or downward dislocation flow, and the shear
and centrifugal inertial forces generated by such vortex motion were large. This could not
only enhance the contact degree with the plate and metal cations and strengthen the contact
flocculation effect but also effectively produce a significant degree of disturbance between
the plate metal ions, preventing their accumulation on the plate surface and passivation of
the plate.

The effect of the fluid on flocculation could be reflected indirectly by the fluid flowchart;
the effect of the fluid on the dislocation flow pattern was better and had a more direct impact
on the load of the subsequent water treatment process and the final effluent quality [54,55].
Therefore, it was preliminarily determined that the pollutant removal effect of the EC
process with a staggered perforation flow pattern was better than the EC process with a
parallel perforation flow pattern.

3.2.2. Kinetic Energy Analysis

A velocity cloud diagram was used to describe the magnitude of the fluid velocity
in the device at a particular time. When the fluid velocity changed significantly at some
points, there was more incredible turbulent kinetic energy at those points, and the mixed
mass transfer effect of the fluid improved.
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As seen in Figure 3, similar to the fluid flowchart, for the parallel perforated flow
pattern, there was only a change in kinetic energy among the perforated water channels
between the plates. In contrast, the kinetic energy was low in other parts of the flow,
and the change was small. This showed that the turbulent effect of the fluid in this flow
state was not good, and the effect of mass transfer in most areas was poor, which was not
conducive to the diffusion of metal cations and the contact reaction between metal cations
and pollutants. In the dislocation perforated flow pattern, the flow direction changed every
time the fluid passed through each plate due to the different orifice heights between the
adjacent plates. Thus, there was more velocity variation and more turbulent kinetic energy.
This change further affected the area outside the orifice. As depicted in Figure 3, the lighter
the blue shade, the higher the kinetic energy and the stronger the impact of turbulence.
Compared with the parallel perforated flow, the light-colored area in the velocity cloud
image of the dislocation perforated flow was more extensive, which indicated that the mass
transfer effect of fluid mixing in this flow pattern was better.

The turbulent kinetic energy quantitatively described the mass transfer effect of the
fluid. The greater the kinetic energy was, the greater the turbulence intensity and the
better the mass transfer effect [44]. The calculation of the turbulent kinetic energy at
the orifice showed that the turbulent kinetic energy in the parallel perforation flow was
8.25 × 10−6 m2/s2, which was less than the dislocation perforation flow, 9.80 × 10−6 m2/s2.

According to the overall results in the flowcharts, velocity cloud diagrams, and kinetic
energy comparison, the effect of the EC process on pollutant treatment should be better for
the dislocation perforated flow pattern than the parallel perforated flow pattern.

3.3. Analysis of the Pollutant Removal Effect for Different Flow Patterns

To verify the accuracy of the simulation results for flow patterns and considering
the interaction of the experimental parameters, flow pattern experiments were performed
consecutively, and the removal of SS, COD, and other pollutants was measured under
the following experimental conditions: the anode material was a Al-Zn alloy, the number
of plates was eight, the current density was 30 A/m2, the distance between plates was
2 cm, the electrode connection mode was a monopole parallel connection, the residence
time was 20 min, and the precipitation time was 30 min. The sampling times were 20 min,
40 min, 60 min, 80 min, and 100 min. Continuous flow experiments were conducted with
parallel and dislocation perforation flows to verify the final experimental results, as shown
in Figure 4 below.
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As shown in Figure 4a, in the parallel perforated flow pattern, the removal rates of
pollutants by the EC process gradually increased with time in the early stage of treatment
and then remained stable. In the first treatment cycle (20 min), the removal rates of SS,
COD, and TP were 81.78%, 62.35%, and 90.03%, respectively, and the treatment rate was
relatively low. To ensure the regular operation of the EC device, we filled the device with
raw water. Therefore, in the first operating cycle, the mixing of raw water in the pool
affected the device, resulting in the treatment rate of pollutants not reaching the highest
state. With the continuation of the reaction, the raw water that was injected into the pool
before the reaction gradually reacted and was discharged. After the water flow pattern
reached a stable state, the removal rates of pollutants gradually increased and remained
stable. The diagram showed that after 40 min, the removal rates of SS, COD, and TP by the
EC process fluctuated slightly around 91.00%, 73.00%, and 97.00%, respectively. Finally, the
effluent concentration of pollutant SS was 27 mg/L, the effluent concentration of TP was
0.15 mg/L, and the effluent concentration of COD was 54 mg/L, which did not meet the
expected treatment target.

Figure 4b shows that for the flow pattern of dislocation perforation, the trend of the
removal rate of pollutants by the EC process with time was approximately like the parallel
perforation flow pattern, first rising and then stabilizing. The difference was that for the
dislocation perforation flow pattern, the pollutant removal rate at each time point was
2–8 percentage points higher than the parallel perforation flow pattern. At 20 min, the
removal rates of SS, COD, and TP were 83.67%, 69.90%, and 90.69%, respectively, which
were 1.89%, 7.55%, and 0.66% higher than the parallel perforated flow patterns. After
the stable operation, the optimal treatment rates of various pollutants (SS, COD, TP) for
the dislocation perforation flow pattern were 94.00%, 81.95%, and 98.97%, respectively,
which were 1.96%, 10.1%, and 1.07% higher than the parallel perforation flow pattern.
Among them, the improvement of the removal rate of COD was the most obvious because
in the state of dislocation perforation flow, the contact time between water and plate was
sufficient, and the contact degree was more uniform. The delicate particle COD in water
more easily contacted metal flocs; however, some soluble COD decomposed into small
molecules through direct redox reactions and was easily removed by flocculant adsorption.
The final effluent concentrations of SS, COD, and TP in the dislocation perforation flow were
18 mg/L, 35 mg/L, and 0.05 mg/L, respectively, which met the expected treatment targets.

In addition, in terms of operating energy consumption, the per ton waterpower
consumption of the parallel perforated flow EC device was 1.33 kWh. In contrast, the
dislocation perforated flow EC device was less, 1.27 kWh. This was because the effect
of mass transfer was better for the dislocation perforated flow EC device; tiny bubbles,
such as hydrogen and oxygen, did not easily gather between the plates, and metal ions
were evenly distributed, which reduced the solution resistance; thus, the required plate
voltage was slightly lower for the same current. The combination of the results of flow
pattern simulations and experiments showed that the treatment effect was better for the
dislocation perforation flow pattern EC device. The pollutant removal rates reached the
expected targets, and the operating energy consumption was lower.

3.4. Pilot-Scale ECF Process Performance Analysis for Simulated Rainwater Treatment
3.4.1. Analysis of the Trial Operation Results of the Pilot Experiment under Four
Working Conditions

According to Section 3.1.1 of this study, combining iron as the anode material and
aluminum as the cathode material has shown the best treatment effect for pollutants under
the same experimental conditions. However, this combination leads to a pale-yellow
color in the effluent due to the presence of iron ions or unprecipitated metal flocs. This
discoloration is a challenging issue in the EC process [28]. After adding the filtration
process, on the one hand, in terms of the EC process, a reduction in the current density
means that the outflow of iron ions will be relatively reduced. On the other hand, the
filtration stage will also intercept the iron ions or iron flocs in the water, thus solving the
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problem of effluent chromaticity when iron is used as an anode. Therefore, the ECF process
was tested using a combination of Fe-Al plates.

In the pilot experimental study, four working conditions were set up for trial operation,
as shown in Table 3. By adjusting the residence time, the number of plates, the current
density, and the optimal experimental parameters for the pilot experiment were determined.

Table 3. The specific experimental parameters corresponding to the four working conditions.

Working
Condition

Combinations of
Electrode Plates

Number of Metal
Anode Plates

Current Density
(A/m2)

Residence Time in EC
Reactor (min)

Spacing of the
Electrode Plates

(cm)

I Fe-Al 16 13.89 30 2
II Fe-Al 16 13.89 45 2
III Fe-Al 10 22.22 30 2
IV Fe-Al 10 22.22 45 2

Figure 5a and Table 4 show the pilot test results under different working conditions.
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Table 4. Comparison table of the pollutant removal effect of the two stages of the ECF process under
different working conditions.

Working
Condition

Water Treatment
Reactor Time (min) Removal Rate of

Pollutant SS (%)
Removal Rate of

Pollutant COD (%)
Removal Rate of
Pollutant SS (%)

I
EC 240 62.12 58.57 92.58

filtration 240 69.70 65.50 93.96

II
EC 300 77.04 65.66 89.49

filtration 300 88.89 73.46 93.64

III
EC 300 54.73 53.48 79.12

filtration 300 83.78 78.22 96.47

IV
EC 300 74.89 74.02 94.03

filtration 300 93.01 80.51 95.81

As can be seen in Figure 5a, under the four working conditions, the EC device reached
a stable operation state after a certain period. The EC process operated basically stable at



Sustainability 2024, 16, 161 14 of 18

180 min of working condition I and basically stable at 240 min of the remaining working
conditions. Compared with working condition I, working condition II increased the
residence time in the EC Reactor and partially improved the SS and COD removal rate;
working condition IV reduced the number of plates, increased the current density and the
residence time, and significantly improved the SS, COD, and TP removal effect. However,
working condition III reduced the number of plates and increased the current density for
working condition I, which worsened the removal effect of various pollutants. The reason
was that the effective contact time between the flocculants and pollutants was reduced,
and the pollutants could not be effectively removed with the flocculants flowing out of the
EC device.

By and large, the EC process had the best comprehensive removal effect on pollutants
under working condition IV, and the EC device had a basically stable operating state after
4 h of operation. It can effectively remove pollutants in a short time. After the EC process
ran stably, working condition IV had the best removal effect on COD and TP, and the
removal effect on SS was second only to working condition II. Working condition I had
poor removal effects on COD and SS, working condition II had poor removal effects on TP,
and working condition III had an overall poor removal effect on pollutants.

Table 4 demonstrates that incorporating the filter basin greatly improved the quality
of the effluent during the treatment process. Among them, under working conditions I
and II, the improvement effect of adding the filter on water quality was not as good as
under working conditions III and IV, mainly because the backwashing time during the
experiment was short, and the backwashing effect was not good. It is important to note
that only when operating under condition IV did the pollutant removal effect meet the
anticipated objective. The final removal rates of SS, COD, and TP by the ECF process were
93.01%, 80.51%, and 95.81%, respectively.

Consequently, the experimental parameters of condition IV were selected as the
parameters of the subsequent continuous operation experiment of the pilot plant.

3.4.2. Analysis of the Results from the Continuous Operation Experiment of the Pilot Plant

Considering the frequent rainfall in the rainy season, continuous processing of initial
rainwater intercepted by multiple rainfalls may be needed. To verify the stability of the
device under long-term operation, the total operation time was set to 7 days, and the
remaining experimental parameters were consistent with the fourth working condition.
The experimental results are shown in Figure 5b.

Based on Figure 5b, it is evident that the effluent water quality deteriorated signifi-
cantly after the EC device operated continuously for 24 h, with a mere 27.50% removal
rate of SS. Because in the actual operation process of the EC device, the air flotation effect
was noticeable, and the tiny flocculant in the water was carried to the surface of the water
by the floating bubble to form a scum layer. If the scum at the bottom of the scum layer
was not promptly cleaned, it could easily be carried away by the water flow, leading to
a significant increase in pollutant concentration in the effluent. During the 24th hour of
detection of effluent pollutant concentration, it was observed that despite the deteriorating
effluent effect of the EC device, the effluent quality of the filter basin was relatively good. It
achieved a 69.38% removal rate for SS, 76.67% for COD, and 96.5% for TP. This indicated
that it is necessary to use the filter tank as the subsequent deepening treatment stage, which
further improves the impact resistance of the overall device and can effectively ensure the
final effluent concentration, even when the effluent quality of the EC tank becomes worse.

Scum was cleaned before sampling on the second day, and water samples were taken
for testing half an hour after scum cleaning. On the second day, the concentration of
pollutants in the effluent from the EC device was still high. It was considered that the water
body was stirred violently during slagging, which caused the metal flocculants in the water
body to break and disperse into the water body and run out with the water flow, resulting
in poor effluent effect in the initial period after slagging and further affecting the effluent
effect of the filter.
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In this study, the slag removal treatment was also carried out on the third day, but the
sample was taken one hour after slag removal. The sampling time was delayed to ensure
that the water flow inside the device reached a stable state again and provided a specific
time for the further growth of the metal flocculant. The test results showed that the effluent
pollutant concentration was effectively reduced, and the final removal rates of SS, COD,
and TP reached 84.38%, 88.71%, and 98.33%, respectively.

On the fourth day, the removal efficiency of all pollutants reached the highest level;
the removal rates of SS, COD, and TP were 95.00%, 89.47%, and 98.33%, respectively,
and the effluent concentration was 15.00 mg/L, 21.06 mg/L, and 0.11 mg/L, respectively.
After the long-term continuous operation of the ECF experimental device, the removal
rate of each pollutant stayed stable at more than 90%, meeting the expected treatment
target. According to the Technical code for rainwater management and utilization of building
and sub-district [56], the water treated by the ECF process in this study could be used as
industrial circulating cooling water, and the recovery and utilization of rainwater can be
realized. It is also worth saying that the device’s water and electricity consumption was
about 0.57 kWh. Combined with the research results of researchers, the device in this study
had low energy consumption and economic feasibility and meets the goal of sustainable
urban development [37,41,57].

In short, in the actual project, initial rainwater can be quickly pretreated by the EC
process to reduce the treatment pressure of the sewage treatment plant, the filtration process
can be used as a deep treatment process, and the water body treated by the ECF process
can be reused to realize the resource utilization of rainwater.

4. Conclusions

The innovation of this study is that initial rainwater was treated separately, and
the electrocoagulation–filtration process was applied to the treatment and recycling of
initial rainwater. The pilot-scale experiment was carried out to verify the feasibility of the
process in the actual project. In addition, two flow patterns of parallel perforation flow and
dislocation perforation flow were set up. The flow pattern of the fluid in the EC device was
simulated by COMSOL software. The main results are as follows:

(1) The analysis of fluid flowcharts and velocity cloud images showed that for the dislo-
cation perforated flow pattern, the fluid flow condition was more complex, and the
turbulent effect of the fluid was more substantial. The actual experimental verification
of parallel and dislocation perforation flows was performed, and the results showed
that under the same experimental conditions, the removal rates of pollutants by the
EC process were more significant in the case of dislocation perforation flow, which
verified the results of the flow pattern simulations. The SS, COD, and TP removal
rates were 94.00%, 81.95%, and 98.97%, respectively.

(2) The pilot-scale ECF experiment effectively treated initial rainwater, producing high-
quality effluent water. The final effluent had an SS of 15.00 mg/L, a COD of 21.06
mg/L, and a TP of 0.11 mg/L, making it suitable for use as urban industrial water.
In addition, the energy consumption during operation was low, with an electricity
consumption of approximately 0.57 kWh per ton of water. These results confirmed
the reliability of the EC process for initial rainwater treatment and demonstrated the
stability of continuous long-term operation. Furthermore, it highlighted the practical
applicability of the EC process for rainwater treatment in real-world projects.

In this study, the EC process is used to treat initial rainwater quickly with low energy
consumption and realize the reuse of the rainwater, reducing the urban non-point source
pollution and alleviating the urban water resource demand. It has a specific value and
significance for the city’s sustainable development.
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