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A B S T R A C T   

With the gradual increase of microplastics in the water environment, it is imperative to understand the removal 
characteristics of microplastics in the current treatment process. Electrocoagulation (EC) is an effective water 
treatment technology. The purpose of this study is to investigate the removal performance, mechanism and 
influencing factors of microplastics in wastewater treatment by EC. The impacts of wastewater properties, 
including initial pH, electrolyte concentration, applied voltage density, anode materials, microplastic type and 
microplastic concentrations, on the removal efficiency of microplastics by EC were systematically investigated. 
The findings showed that aluminum anode was better than iron anode in the removal of microplastics, and the 
removal rate of was above 80% in all experiments, which indicates that aluminum anode EC is an effective 
method to remove microplastics in wastewater. The removal rate of four microplastics by EC can reach more than 
82% in the range of pH 3–10, and the best removal rate was 93.2% for PE, 91.7% for PMMA, 98.2% for CA and 
98.4% for PP at pH 7.2. The removal efficiency of fiber microplastics by EC is better than that of granular 
microplastics. The microplastic removal efficiency increased with the increase of electrolyte concentration and 
applied voltage density. Additionally, microplastics undergo flocculation and charge neutralization at the same 
time during EC. The economic evaluation of the reactor operation cost showed that the optimal EC reaction 
conditions were: 0.05 M of electrolyte concentration, pH 7.2, 10 V of applied voltage density and Al anode. 
Further research should focus on the possible reactor design and improvement to optimize the process and realize 
the replication and transfer from the laboratory to the sewage treatment plant.   

1. Introduction 

Nowadays, microplastic pollution has attracted more attention from 
the public, and has evolved into a global environmental problem [1–3]. 
Evidence has shown that microplastics may be stable in the aquatic 
environment for thousands of years due to their chemical stability [4]. In 
recent years, microplastics, considered as an emergent pollutant, have 
caused serious economic losses in marine ecosystem [5]. Because of the 
large specific surface area, persistence and fluidity, microplastics are 
easier to adsorb organic chemical pollutants, heavy metals and harmful 
bacteria, resulting in the increasing impact of microplastics on the water 

environment and harm to human health [6–9]. In particular, because of 
its light density and small volume, microplastics are easy to be intake by 
aquatic organisms after entering the water body, resulting in intestinal 
abrasion and blockage [2,10]. The toxic chemicals attached to the 
plastic particles also have great harms to aquatic organisms, and even
tually pass to human through the food chain, causing serious health 
problems. 

In view of the increasingly serious pollution of plastics and micro
plastics in the world, governments have taken measures to reduce the 
entry of plastic products into the environment [11]. The municipal 
wastewater treatment plant has been proved to be a major contributor of 
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microplastics in the environment [12–14]. Although most of the 
wastewater treatment plants have effectively removed the microplastics, 
the municipal wastewater treatment plant is still an important source of 
microplastics in the environment [15]. In the process of land-based 
input, a large number of plastic particles (such as plastic beads in 
daily chemical products, fibers in laundry wastewater, car tire wear 
debris and other fragmented plastic waste) enter into the sewage pipe 
network, and then are treated by the sewage treatment plant and dis
charged into the environmental water body, and finally into the sea. At 
present, microplastics have not been included in the treatment scope of 
sewage treatment plants, and the research on the treatment efficiency 
and discharge of microplastics in the existing process is still in the initial 
stage. Although most of the microplastics (>90%) can be removed in the 
sewage treatment plant according to the existing treatment devices, 
some microplastics can still bypass the sewage treatment plant and enter 
the water environment with the wastewater [16]. This obviously needs 
an innovative, cheap and energy-saving solution, which can replace the 
existing three-stage treatment process to solve the removal of micro
plastics in sewage. Electrochemical technology, electrocoagulation, 
provides a cheap three-stage wastewater treatment process, which does 
not rely on the chemicals or microorganisms used in general chemical 
coagulation and traditional activated sludge process [17]. Electro
coagulation is a complex process in which metal electrodes produce 
cations under the action of electric field. The benefits of electrochemical 
processes include environmental compatibility, low capital cost, energy 
efficiency, sludge minimization, ease of automation and cost- 
effectiveness, and have been used to remove other pollutants from 
water [18,19]. 

There are three consecutive stages from the generation of ions to the 
formation of flocs: (1) under the action of electric field, metal cations are 
separated from anode to form “micro coagulant”; (2) they are combined 
with suspended particles in water and sink together by colliding flocs; 
and 3) coagulant forms a sludge layer for retaining suspended solid 
particles. The research on the removal of microplastics in wastewater by 
electrocoagulation is still in its infancy. Perren, Wojtasik and Cai [17] 
studied the removal of microplastics from simulated wastewater by 
electrocoagulation with Al anode, and the effects of pH value, current 
density and conductivity on the removal efficiency of microplastics were 
studied. The results show that the removal efficiency of microplastics in 
water by electrocoagulation was above 90%, especially 99.24% under 
neutral condition. However, the removal performance of microplastics 
by electrocoagulation needs to be further optimized and improved. 
Anode materials, types and shapes of microplastics, and the concentra
tion of microplastics in wastewater all affect the removal of micro
plastics by electrocoagulation process. 

In this paper, the feasibility of removing different types and shapes of 
microplastics in wastewater by electrocoagulation technology was sys
tematically explored. Two granular microplastics (polyethylene, PE; 
polymethylmethacrylate, PMMA) and two fibrous microplastics (cellu
lose acetate (CA) from cigarette butts; PP from disposable surgical 
masks) were chosen in this study due to their large proportion in sewage. 
The addition of cationic surfactant can not only increase the water sol
ubility of microplastics, but also increase the negative charge on the 
surface of microplastics. The effects of initial pH value of influent, 
electrolyte concentration (Na2SO4), applied voltage intensity, anode 
material (Al and Fe), and type, shape and concentration of microplastics 
on the removal of microplastics by electrocoagulation were studied. The 
feasible operation parameters of electrocoagulation technology in 
wastewater treatment were put forward according to the removal rate 
and energy consumption. The application prospect of this method in the 
three-stage treatment system of sewage treatment plant was evaluated, 
which provides a powerful support for the transfer and replication from 
theory to practice. 

2. Materials and methods 

2.1. Materials and regents 

Two granular microplastics (polyethylene, PE; poly
methylmethacrylate, PMMA) and two fibrous microplastics (cellulose 
acetate (CA) from cigarette butts; PP from disposable surgical masks) 
were chosen in this study. PE and PMMA are two common plastics in the 
daily life and obtained fromAladdin Chemical Company (Shanghai, 
China). Evidence has shown that more than 0.28 million tons of 
microplastic fibers are entering the aquatic environment from cigarette 
butts. Comparing this value with known sources of microplastic fibers 
from textile and laundries, it is expected to release about 0.28 million 
tons of microplastic fibers into the aquatic environment each year [20]. 
The popularity of COVID-19 has greatly increased the consumption of 
disposable masks, and has also increased its chances of entering the 
environment. It is estimated that there are about 129 billion masks used 
every month in the world during COVID-19, most of which are dispos
able masks made using microplastic fibers. A fully aged mask could 
release several billions of microplastic fibers into the aquatic environ
ment once these fragile fragments enter the water without reservation 
[21]. Cigarette butts were collected from the environment, and masks 
were placed on the roof for two months of weathering treatment to 
obtain fiber microplastics [21]. The masks are placed in a transparent 
glass cover to prevent the interference of other environmental pollutants 
and the environmental pollution caused by weathered PP fiber. After 
two months of natural weathering, the materials were carefully recy
cled. Two kinds of anode materials, aluminum (Al) and iron (Fe), were 
obtained from the Aladdin Chemical Company (Shanghai, China). 
Anionic surfactant sodium dodecyl benzenesulfonate (SDBS) was pur
chased from the Aldrich (USA) and anhydrous sodium sulfate (Na2SO4), 
nitric acid (H2SO4) and sodium hydroxide (NaOH) were obtained from 
the Aladdin Chemical Company (Shanghai, China). The water used in 
the experiments was ultrapure water extracted by Milli-Q pure water 
mechanism. 

2.2. Preparation of microplastic solution 

In order to better understand the impact of wastewater properties, a 
wastewater simulator generates simulated domestic wastewater condi
tions while allowing full control variables. Evidence has shown that the 
particle size of microplastics found in wastewater was greater than 50 
μm [15]. In view of the high concentration of microplastics in waste
water with smaller particles, the representative microplastics in gran
ular and fibrous form were emphatically studied, which represent the 
greatest possibility of escaping from the treatment process such as 
flocculation, coagulation and sand filtration. The average particle sizes 
of PMMA and PE granular microplastics were measured to be 6.3 μm and 
286.7 μm, respectively, while those of CA and PP fibrous microplastics 
were about 1–2 mm (Fig. S1). The concentration of microplastics used in 
this study was controlled at 0.05, 0.1, 0.2, 0.5, 0.8 and 1 g L− 1, 
respectively. PE microplastics are hydrophobic, so to ensure that the 
microspheres are completely dispersed in water, 20 mg L− 1 of SDBS 
surfactant was added to the solution. The surfactant can simulate the 
average surfactant concentration of domestic sewage and help the 
microplastics to form a uniform suspension [22]. This concentration did 
not necessarily represent the concentration of microplastics in real 
sewage and effluent, but it had a directional effect. 

2.3. Microplastic removal experiments 

One liter of uniform suspension of microplastics with different con
centration was used for each experiment, and the experiment was car
ried out immediately after preparation. During the reaction, the Al 
electrode (4 cm × 6 cm) or Fe electrode (4 cm × 6 cm) was used as 
anode, Cu electrode as cathode, a thickness of 0.1 cm, inserted into the 
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electrolytic cell as anode, and the plate spacing was 2 cm (Fig. S2). 
Anhydrous Na2SO4 was added to the solution as an electrolyte, and then 
a voltage was applied to conduct the electrocoagulation experiment. To 
explore the effect of different current intensity on the electrocoagulation 
process, the concentration of Na2SO4 was controlled at 0.01, 0.02, 0.05 
and 0.1 M, respectively. The effect of applied voltage density on 
microplastic removal was performed under the conditions of 5 V, 10 V 
and 15 V. The sampling time was 1, 2, 3, 4, 5, and 6 h. The initial pH 
value (3–10) of simulated wastewater was adjusted by adding H2SO4 (1 
M) or NaOH (1 M) solution to study its effect on the removal of micro
plastics by electrocoagulation process. With the development of elec
trocoagulation, the wastewater solution became more turbid, which is 
due to the formation of polymer flocs. All the experiments were carried 
out at room temperature with magnetic stirring speed of 150 rpms. 
These flocs were relatively easy to disperse in the whole container, and 
some beads can be seen attached to the flocs. All the solutions can 
effectively participate in the electrocoagulation reaction. After the 
electrocoagulation experiment, the solution was evenly stirred with a 
glass rod, and then the beaker was placed on a clean and closed oper
ating platform and allowed to settle for 16 h [17]. All experiments were 
repeated three times, and all glass instruments were cleaned with ul
trapure water and alcohol three times before use. After each test, the 
reactor vessel was washed with ultrapure water and ultrasonic assis
tance, and the electrode was soaked in 1 M H2SO4 solution for 30 min. 
This is to remove most of the oxide layer formed during the experiment, 
so as to prevent electrode passivation from affecting the removal 
efficiency. 

2.4. Determination 

After settling for 16 h, the sludge blanket formed sunk into the 
bottom of the reactor, taking away most of the microplastics. Compared 
with the original sample, the remaining liquid volume was significantly 
clearer. The removal efficiency of microplastics in the process of elec
trocoagulation was determined after each experimental operation. 
Briefly, the supernatant after settling was poured into a new clean glass 
beaker. The sludge was centrifuged at 3000 rpm for 10 mins at room 
temperature, and the supernatant was collected. All supernatants 
collected from each sample were filtered by 0.45 μm microporous 
membrane, and 1 M H2SO4 solution was added during the filtration to 
prevent flocs carried on the surface of microplastics from blocking the 
membrane. Then the filter membrane was dried at 40 ◦C for 24 h, and 
the mass of microplastics of the dried sample was measured by calcu
lating the mass of each filter membrane before and after filtration. 
During the test, three parallel samples were taken at a time, and the 
average values of three samples were recorded. The total removal effi
ciency of microplastics in the electrocoagulation process at each time 
point was calculated by the following formula: 

η =
min − mend

min
× 100% (1)  

where η is the removal efficiency of microplastics during the electro
coagulation (%); min is the mass of microplastics in the solution at the 
beginning of electrocoagulation process (mg); mend is the mass of 
microplastics in the supernatant after electrocoagulation process (mg). 

The centrifuged sludge was further observed by metallographic mi
croscope and scanning electron microscope to investigate the removal 
mechanisms. The concentrations of Fe3+ and Al3+ in the final effluent 
were also measured. 

2.5. Quality assurance and quality control 

Some quality assurance and quality control measures were used 
during the experiment. All the experimenters wore cotton clothes in the 
process of the experiment. All solvents were analytical grade (>95%), 

and all glassware were pre-cleaned with 30% ethanol solution, thor
oughly rinsed with ultrapure water, then heat treated at 400 ◦C to 
remove organic impurities. By avoiding the use of any plastic equipment 
and using only cleaned glassware and metal items, the potential sources 
of microplastic contamination were minimized. All filters have been 
cleaned with ultrapure water before use to reduce the external micro
plastic pollution and its own microplastic pollution. During the experi
ment, the number of people in the laboratory was controlled. All 
filtration processes are carried out in a clean and enclosed operating 
platform. 

3. Results 

3.1. Variable study on microplastic removal 

3.1.1. Effect of anode material 
In all the studies in this research, a large number of different 

microplastics was removed by the electrocoagulation process, and the 
highest removal efficiency was measured to be >95%–100%. Statistical 
analysis indicated that the concentration of different microplastics in 
treated samples was always significantly lower than that in untreated 
control samples at each sampling time (p < 0.01). Different electrode 
materials have different electrochemical characteristics, so it is crucial 
to choose suitable electrode materials for improving the efficiency of 
electrocoagulation. The impact of anode materials on microplastic 
removal was thoroughly explored by using Al electrode and Fe elec
trode. The experimental conditions were as follows: the concentration of 
four microplastics (PE, PMMA, CA and PP) was 0.5 g L− 1, the concen
tration of electrolyte (Na2SO4) was 0.05 M, the pH of solution was not 
adjusted (pH = 7.2), and the applied voltage density was 10 V, respec
tively. Fig. 1 illustrated the effect of Al and Fe electrode on microplastic 
removal during electrocoagulation. It can be clearly seen that in the 
process of electrocoagulation, microplastic removal efficiency of Al as 
anode material was significantly better than that of Fe as anode material. 
The flocs produced by Fe electrode have dense precipitation and fast 
sedimentation, while the flocs produced by Al electrode have fast speed, 
colorless degree and strong adsorption capacity. With the increase of 
reaction time and floc concentration in the solution, the removal rate of 
microplastics was also increasing. When the reaction time continued for 
4 h, the removal rate was basically unchanged (Fig. 1). The finally 
removal efficiency was 93.2% (Al) and 71.6% (Fe) for PE, 91.7% (Al) 
and 58.6% (Fe) for PMMA, 98.2% (Al) and 85.4% (Fe) for CA, and 
98.4% (Al) and 82.7% (Fe) for PP fiber, respectively, which was similar 
to the results of previous study [17]. 

For granular microplastics, the removal rate of PE was higher than 
that of PMMA. The particle size of PE microplastic (286.7 μm) was larger 
than that of PMMA (6.3 μm), which made it easier to be trapped when 
the flocs produced by electrode sank and avoided escaping from the gap 
between flocs. This phenomenon was more common in the electro
coagulation test with Fe as anode, because it was difficult for the small 
size of the hydroxides to capture more PMMA microplastics in a large 
range. This also made that the removal efficiency of granular micro
plastics by electrocoagulation with Al anode was better than that of with 
Fe anode (Fig. S4–S7). For fibrous microplastics, the removal rate during 
electrocoagulation was obviously higher than that of granular micro
plastics (Fig. 1). It was because that the particle size of the two fiber 
microplastics (CA and PP) in the experiment was significantly larger 
than that of granular microplastics (PE and PMMA) (Fig. S1). In addi
tion, the density (>1) of the two fiber microplastics was also one of the 
factors affecting the removal rate. The removal efficiency of fiber 
microplastics by electrocoagulation with Al electrode was more than 
98% and 82% with Fe. The findings showed that electrocoagulation with 
Al electrode had better removal effect on microplastics, and micro
plastics with larger particle size and density were easier to be removed. 
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3.1.2. Effect of applied electrolyte concentration 
Electrolyte concentration is a decisive parameter in electrochemical 

water treatment technology, which not only has a significant impact on 
the reaction effect, but also has a crucial impact on electric energy 
consumption and operation costs. The impact of electrolyte concentra
tion on microplastic removal by electrocoagulation process was thor
oughly studied by experiments under the conditions of 0.01 M, 0.02 M, 
0.05 M and 0.1 M Na2SO4. The other experimental conditions were as 
follows: the concentration of four microplastics (PE, PMMA, CA and PP) 
was 0.5 g L− 1, the pH of solution was not adjusted (pH = 7.2), and the 
applied voltage density was 10 V, respectively. Fig. 2 showed the effect 
of different applied electrolyte concentration on microplastic during 
electrocoagulation. As shown in Fig. 2, with the increase of electrolyte 
concentration, the removal rate of microplastics increased significantly. 
In the same electrolysis time, with the increase of electrolyte concen
tration, the amount of Al3+ and Fe3+ dissolved out increased, and the 
effective Al and Fe species produced increased, thereby increasing the 
microplastic removal efficiency. The removal rate was 35.4%, 49.7%, 
56.3% and 72.1% for PE, 39.4%, 48.9%, 53.2% and 68.4% for PMMA, 
51.2%, 56.7%, 66.6% and 70.4% for CA, and 52.2%, 60.1%, 68.8% and 
70.8% for PP with the electrolyte concentration of 0.01 M, 0.02 M, 0.05 
M and 0.1 M, respectively after 1 h electrocoagulation with Al anode. 
When the reaction time was extended to 6 h, these removal efficiencies 
increased to 64.3%, 76.5%, 93.2% and 94.4% for PE, 72.4%, 81.3%, 
91.7% and 93.7% for PMMA, 88.2%, 94.3%, 98.2% and 98.7% for CA, 
and 89.7%, 94.9%, 98.4% and 99.2% for PP with the electrolyte con
centration of 0.01 M, 0.02 M, 0.05 M and 0.1 M, respectively. Addi
tionally, the microplastic removal efficiencies also increased with the 
increase of electrolyte concentration with Fe anode (Fig. 2). 

The impact of electrolyte concentration on the cost and operability of 
electrocoagulation process was also analyzed. The current findings 
demonstrated that when the electrolyte concentration increased from 

0.05 M to 0.1 M, the removal effect of microplastics was not significantly 
enhanced (Fig. S4–S7). However, the flocs produced in the reaction 
process obviously increased and the electrode was seriously damaged. In 
addition, the results showed that the average current density was about 
350 mA, 600 mA, 1.52 A and 2.56 A for electrolyte concentration of 
0.01, 0.02, 0.05 and 0.1 M, respectively with Al anode, respectively. The 
energy consumption analysis implied that energy consumption was 91.2 
Kwh m− 3 and 153.6 Kwh m− 3 after 6 h at 0.05 M and 0.1 M, respec
tively. The consumption of electrolyte in the process of electro
coagulation cannot be ignored. To ensure the stability of the above 
electrocoagulation, the minimum operating cost of microplastic removal 
was 7.1 kg m− 3 Na2SO4 (0.05 M). Consequently, it is necessary to 
comprehensively consider the microplastic removal effect and the en
ergy consumption of electrode in the actual operation process [17,23]. 

3.1.3. Effect of initial pH 
The initial pH is also the main factor to determine the treatment 

efficiency, which can be used for the removal of feed water turbidity in 
the electrocoagulation process. In this study, the experiment was carried 
out in the range of initial pH value of 3–10 to investigate its effect on 
microplastic removal efficiency and the other experimental conditions 
were as follows: the concentration of four microplastics (PE, PMMA, CA 
and PP) was 0.5 g L− 1, the concentration of electrolyte (Na2SO4) was 
0.05 M, and the applied voltage density was 10 V, respectively. Fig. 3 
illustrated the impact of initial pH on microplastic removal during 
electrocoagulation over time. The findings showed that microplastics in 
all pH ranges were successfully removed, and the final removal rate was 
more than 80%, implying that electrocoagulation with Al anode was 
suitable for microplastic removal from wastewater with a wide range of 
pH value. The pH applicability of electrocoagulation process meant that 
it can be effectively used in almost all ordinary domestic wastewater 
containing microplastics without adding more chemicals to adjust the 

Fig. 1. Effect of Al and Fe electrode on removal of microplastics during electrocoagulation.  
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pH value of wastewater, because the pH value of municipal wastewater 
is usually 6–9.2 [24]. The final removal rate of each microplastic at pH 3 
and pH 10 was lower than that of pH 5 and pH 7.2 (Fig. 3). When the pH 
value of initial water was 3, floc formation can hardly be observed in the 
process of Al electrode reaction in a short time, because the pH of Al3+ at 

the beginning of precipitation was higher, and there was little OH− in 
the solution at this time, floc formation was not conducive. For Fe anode 
system, floc formation can be seen almost immediately due to the low 
initial precipitation pH of Fe3+. These same experimental phenomena 
have also been reported in other studies [17,25]. With the increase of pH 

Fig. 2. Effect of different applied electrolyte concentration on removal of microplastics during electrocoagulation.  
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value of water, the flocs formed in the reaction gradually increased, 
which was more conducive to the formation of Al(OH)3 flocs and 
improved the removal rate of various microplastics. When the pH value 
of water was 10, the removal efficiency of microplastics showed a 
downward trend, which was due to the amphoteric nature of aluminum 
hydroxide. When the initial pH was 7.2, the final removal rate was 
93.2% for PE, 91.7% for PMMA, 98.2% for CA and 98.4% for PP, 
respectively, and the pH value of simulated wastewater was similar to 
that of real municipal sewage. In addition, the zeta potential of four 
microplastics used in this study was shown in Fig. S8. Under neutral 
conditions, all the microplastics are negatively charged, which is more 
conducive to combine with the positively charged flocs to remove the 
microplastics from the water. The findings suggested that neutral pH 
value was expected to provide better removal effect of microplastics in 
real sewage treatment because it was conducive to the production of 
coagulants at neutral pH value during electrocoagulation. 

3.1.4. Effect of applied voltage intensity 
Applied voltage density is a key parameter in the application of 

constant voltage electrocoagulation, because it is an operating param
eter, which can be directly controlled by DC power supply with different 
test voltage strength. The effect of applied voltage density on micro
plastic removal was performed under the conditions of 5 V, 10 V and 15 
V, respectively, and the other experimental conditions were as follows: 
the concentration of four microplastics (PE, PMMA, CA and PP) was 0.5 

g L− 1, the pH of solution was not adjusted (pH = 7.2), and the con
centration of electrolyte (Na2SO4) was 0.05 M. Fig. 4 showed the 
removal effect of each microplastic over time under different applied 
voltage density by electrocoagulation. The removal rate was 34.3%, 
56.3% and 64.5% for PE, 29.6%, 53.2% and 61.8% for PMMA, 42.6%, 
66.6% and 71.2% for CA, and 44.4%, 68.8% and 73.8% for PP with the 
applied voltage density of 5 V, 10 V and 15 V, respectively, after 1 h 
electrocoagulation with Al anode. When the reaction time was extended 
to 4 h, these removal efficiencies increased to 62.4%, 92.3% and 95.8% 
for PE, 58.6%, 88.6% and 94.5% for PMMA, 76.3%, 94.5% and 98.6% 
for CA, and 78.5%, 95.8% and 97.6% for PP with the applied voltage 
density of 5 V, 10 V and 15 V, respectively. However, at prolonged time 
of 6 h, these efficiencies have not increased significantly (Fig. 4). 
Clearly, flocculation and precipitation seemed to be the main mecha
nisms for microplastic removal when excess flocs have produced during 
electrocoagulation. This showed that the increase of voltage (from 10 to 
15 V) and metal ions would not lead to the increase of microplastic 
removal in the range of studied voltage density. The dominant time of 
coagulant excess and flocculation mechanism seemed to be within 4 h, 
because the voltage density seems to have a more important effect on the 
removal of microplastics during this period. As shown in Fig. 4, the 
gradient of the removal efficiency line decreased after 4 h. The findings 
suggested that compared with the precipitation after 4 h, the excess flocs 
have been produced when the reactor ran for more than 4 h, which has 
little impact of the microplastic removal efficiency. At the same time, the 
long-term operation of the electrocoagulation device would increase the 
sludge in the system, and increase the consumption of electrode and 
electric energy [17]. Additionally, based on these results, it was 
concluded that the increase of voltage intensity would increase the 
removal efficiency of microplastics. However, when voltage increased to 
a certain intensity, voltage density did not affect the removal efficiency 
of microplastics. Therefore, operation under appropriate voltage in
tensity can not only improve the removal efficiency of microplastics, but 
also save energy consumption. The start time of excess sludge produc
tion in the reaction system would depend on the conditions of the 
reactor, especially the current density, and can be used to determine the 
optimal operation time of the reactor concerned. 

3.1.5. Effect of microplastic concentration 
The concentration of microplastics in wastewater is also an impor

tant factor affecting the removal efficiency of electrocoagulation. Evi
dence has shown that the occurrence of microplastics in the influent 
varied from tens to tens of thousands, which was closely related to the 
local lifestyle and conditions [15]. Therefore, the concentration range of 
each microplastics was chosen from 0.05 to 1 g L− 1 in this research. This 
concentration did not necessarily represent the concentration of 
microplastics in real sewage and effluent, but it had a directional effect. 
Fig. 5 illustrated the impact of microplastic concentration on removal 
efficiency during electrocoagulation. As shown in Fig. 5, generally, the 
removal rate of microplastics was decreasing with the increase of the 
concentration of microplastics. When the concentration of microplastics 
was selected at 0.05, 0.1 and 0.02 g L− 1, the removal rate was 89.7%, 
92.7% and 88.6% for PE, 93.4%, 87.8% and 79.8% for PMMA, 86.9%, 
85.6% and 83.7% for CA, and 89.2%, 87.3% and 86.5% for PP, 
respectively, after 2 h electrocoagulation with Al anode, which is similar 
to that of previous study [17]. The final removal rates of each micro
plastic at these three concentrations were all more than 97% (Fig. 5), 
implying that electrocoagulation process with Al anode has excellent 
removal effect for microplastics with lower concentrations. When the 
concentration of microplastics increased to 1 g L− 1, the final removal 
rates decreased to 87.5% for PE, 87.1% for PMMA, 91.8% for CA, and 
94.3% for PP, respectively. For electrocoagulation with Fe anode, the 
highest removal rates of microplastics were 84.3% for PP, 68.8% for 
PMMA, 95.6% for CA, and 94.5% for PP, respectively, when the con
centration of microplastics was 0.05 g L− 1. The results showed that the 
removal efficiency of electrocoagulation with Al anodewas much better 

Fig. 3. Effect of initial pH on removal of microplastics during 
electrocoagulation. 
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than that of electrocoagulation with Fe anode for microplastic removal. 
Moreover, compared with granular microplastic PE and PMMA, the 
removal efficiency of fiber microplastic CA and PP by electrocoagulation 
process was more obvious. Even when the concentration of micro
plastics has reached 0.8 g L− 1, which does not exist in the real sewage, 

and the final removal efficiency was still more than 95% (Fig. 5). These 
findings indicated that electrocoagulation with Al anode has a bright 
future in wastewater treatment, especially in the removal of 
microplastics. 

Fig. 4. Effect of different applied voltage intensity on removal of microplastics during electrocoagulation.  
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3.2. Removal mechanism 

The mechanism and process of microplastic removal by electro
coagulation were well investigated. Firstly, Al3+ and Fe3+ were 

produced by anodic dissolution (Equation (2)), and with the increase of 
pH in the reaction process, Al3+ and Fe3+ would react with OH−

generated by cathode to from different hydroxides. For Al anode, Al3+

produced by electrolysis rapidly exists in the form of hydrated ion Al 

Fig. 5. Effect of microplastic concentration on removal of microplastics during electrocoagulation.  
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(H2O)6
3+ in water and then quickly hydrolyzes to lose H+, forming a 

series of mononuclear complexes, such as Al(H2O)5OH2+, Al 
(H2O)4OH2+, Al(H2O)3OH2+, etc. The retention time of Al3+ in water is 
long, the hydration of Al3+ with OH− is sufficient to form AlOH2+, Al 
(OH)2

+, Al(OH)3 and Al3(OH)4
5+, and the degree of polymerization and 

yield of polyaluminum are large, which is conductive to the subsequent 
decontamination (Fig. 6). Due to the increase of hydroxyl aluminum 
ions, the remaining lone pair electrons and the unsaturation of hydroxyl 
coordination ability, the hydroxyl group can polymerize with another 
Al3+ gradually to form a hydroxyl bridge structure, forming two hy
droxyl bong bridges. As a result, the complex of mononuclear aluminum 
(Alm(H2O)x(OH)n

(3m− n)+) can be slowly polymerized into a network of 
nuclear polymers with rich hydroxyl groups on the surface, and finally 
transformed into amorphous flocculant ([Al(OH)3]n). The low degree of 
polymerization flocculant can remove the microplastics by adsorption, 
while the high degree of polymerization flocculant can capture and 
sweep microplastic particles by netting because of its large surface area 
and many surfaces groups [26]. Fig. 7 illustrated the morphology of Al 
flocs and Fe flocs after coagulation with different microplastic particles. 
It can be seen from the figure that aluminum flocs are distributed in 
flakes, while iron flocs are distributed in granules. The removal ability of 
aluminum flocs is better than that of iron flocs. Fig. 7 showed that the 
aluminum flocculant with high degree of polymerization is formed in 
the process of electrocoagulation, and the microplastics in the water are 
removed by net catching and sweeping. The results of flocculation 
experiment showed that the reactor was completely covered by flocs and 
there were obvious microplastics adsorbed on flocs. 

Aluminum flocculant can polymerize rapidly under weak alkaline 
conditions, but due to the amphoteric characteristics of aluminum hy
droxide, it is easy to dissociate into Al(OH)4

− when pH is too high. When 
there is sulfate in water, SO4

2− adsorbed on Alm(H2O)x(OH)n
(3m− n)+ can 

promote the connection of more network polymers due to the attraction 
of hydrogen bond and charge. For Fe anode, Fe3+ mainly exists in the 
form of hydrated Fe(H2O)6

3+ in water. When encountering with OH− in 
water, it will be hydrolyzed into a series of mononuclear hydrolysates, 
such as Fe(H2O)5OH2+, Fe(H2O)4OH2+, etc. Similarly, these mono
nuclear hydrolysates can polymerize into macromolecular polymers and 
finally form γ-FeOOH precipitates due to the unsaturation of hydroxyl 
groups. 

Anode: 

M→M3+ + 3e− (2) 

Cathode: 

3H2O+ 3e− →
3
2
H2↑ + 3OH− (3)  

M3+ + 3H2O→M(OH)3 + 3H+ (4) 

In addition, AlOH2+, Al(OH)2
+, Al(OH)3 and Al3(OH)4

5+ formed in the 
reaction process are positively charged, which can adsorb negatively 
charged ion microplastics. The addition of anionic surfactant can 
enhance the negative charge on the surface of microplastics in suspen
sion solution [22], which also makes co-precipitate with microplastics in 
the process of forming Al(OH)3. This is also an important mechanism for 
the removal of microplastics in the process of electrocoagulation. 

Electrostatic adsorption: 

AlOH2+ + 2Microplastics− →AlOH2+ − 2Microplastics− (5)  

Al(OH)
+

2 +Microplastics− →Al(OH)
+

2 − Microplastics− (6)  

Al3(OH)
5+
4 + 5Microplastics− →Al3(OH)

5+
4 − 5Microplastics− (7) 

In order to ensure the complete and efficient hydration and poly
merization of metal ions and flocculation process, the water flow of 
batch or circulating flow is usually used in electrocoagulation. However, 
the hydrogen evolution reaction of cathode will produce microbubbles, 
and the addition of surfactant will make the bubble production more 
intense [27]. When the formation rate is very high, the polymerization 
of metal ions will be disturbed, the formation of flocculant will be slow, 
and the degree of polymerization and density will be small. 

3.3. Comparison with other studies 

Electrocoagulation provides a simple wastewater treatment process, 
which does not rely on the chemicals or microorganisms used in general 
chemical coagulation and traditional activated sludge process [28]. The 
electrocoagulation process has been successfully applied to remove 
pollutants from sewage. The research on the removal of various pol
lutants in sewage by electrocoagulation process was shown in Table 1. 
Significantly, the available research on the removal of microplastics 
from wastewater by electrocoagulation process was very limited. 
Consequently, unquestionably, the comparison between this study and 
related literature was pale. A research done by Perren, Wojtasik and Cai 
[17] investigated the removal performance of PE microplastic from 
simulated wastewater by electrocoagulation. The results showed that 
the removal rate of PE microplastic was measured to be > 90% under all 

Fig. 6. Mechanism of microplastic removal from water by electrocoagulation process.  
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simulated conditions, and the best removal rate could reach 99.24% 
under neutral condition (pH = 7.5). In this study, four microplastics 
were selected, and the removal efficiency was 98.6% for PE, 99.1% for 
PMMA, 99.9% for CA and 99.9% for PP under the same experimental 
conditions (Table 1, Fig. S4–S7). In addition, the removal efficiency of 
fiber microplastics was obviously higher than that of granular micro
plastics. This is mainly due to the type of pollutants. The microplastics 
experienced rapid charge neutralization, which can remove 70% of the 
initial microplastics. In the remaining operation period, flocculation 
mechanism played a leading role in purifying wastewater and removing 

residual microplastics in wastewater. Compared with iron, fluoride, dye, 
and bleaching effluent (Table 1), this combined mechanism allows the 
removal of a large number of microplastics. Despite some limitations of 
this study, considering the removal efficiency and operating costs of 
microplastics, electrocoagulation technology is transferable and repli
cable in laboratory and industry. It is also necessary to optimize the 
working method and operation time to further minimize the power and 
electrode consumption. 

Fig. 7. Morphology of Al flocs and Fe flocs after coagulation with different microplastic particles (PE, PMMA, CA and PP).  
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4. Discussion 

Electrocoagulation technology has been successfully applied in 
water/wastewater treatment. Charge neutralization and scavenging 
flocculation are two main flocculation mechanisms, and pH value and 
current density are also key parameters. It is well known that Al3+ and 
Fe3+ show positive charge during hydrolysis, therefore, the character
istics of flocs play an important role in the removal of microplastics in 
the coagulation process [29]. This study has revealed the removal effi
ciency and mechanisms of four common microplastics by electro
coagulation with Al and Fe anode. The current findings showed that the 
removal effect of aluminum anode electrocoagulation technology on 
microplastics was very obvious (>98.6%), respectively. The average 
particle sizes of Al flocs and Fe flocs were measured to be 174.6 ± 24.3 
μm and 243.8 ± 36.4 μm, respectively (Fig. 7). Small floc size means 
large specific surface area, and the results showed that Al anode elec
trocoagulation technology has a high removal rate of microplastics in 
the coagulation process. Compared with iron anode, aluminum anode 
was more suitable for water/wastewater treatment. The pH value of 
wastewater has a significant effect on the removal efficiency of micro
plastics by electrocoagulation, but the pH value of urban domestic 
sewage is 6.2–9 [24], which is just in the best pH range for the removal 
of microplastics by electrocoagulation. 

In addition, interestingly, the current findings indicated that elec
trocoagulation technology has better removal effect on fiber micro
plastics in wastewater (>99%). Before that, fiber microplastics were 
often neglected in the research field of microplastics [30]. The fiber 
microplastics in wastewater mainly come from synthetic fiber in laundry 
wastewater, discarded cigarette butts and washable wet tissue, etc. 
Cigarette butts are usually made of cellulose acetate plastic, and one 
filter is usually consists of 15,000 strands of fibers, which can increase 
the accumulation of microplastic fibers in the environment in a short 
period of time [31]. Recently, a study done by Briain, Marques Mendes, 
McCarron, Healy and Morrison [32] investigated the material compo
sition of various white fibers obtained from intertidal sediments near 
sewage treatment plants, as well as microplastics in in the sediments 
from repeated washing of real domestic waste. The findings suggested 
that the microplastic fibers extracted from these wastes were similar to 
those extracted from intertidal sediments near the wastewater treatment 
plant, and the wet wipes and sanitary towels flushed down the drain 
were an underestimated source of white microplastic fibers in the 
environment. Nowadays, the consumption of disposable masks has 
increased sharply with the global outbreak of COVID-19, which also 
increases the chances of discarded masks entering sewage treatment 
plants. Evidence has shown that the material of disposable mask is 
polypropylene [33]. When these plastic fibers enter the water, the 
plastic fiber strands will gradually separate and release micro plastic 
fibers. A completely aging mask releases billions of microplastic fibers 
into the environment, which is a great challenge to the sewage treatment 

system. The results of this study show that the electrocoagulation 
technology seems to be able to complete the removal of fiber micro
plastics in wastewater. 

Furthermore, the coexistence of different types of microplastics and 
other pollutants in the sewage will complicate the removal efficiency in 
the wastewater treatment process. The relationship between the oper
ation cost and the removal efficiency of pollutants by electrocoagulation 
technology should be considered. In addition to the advantages of in-situ 
no secondary pollution, high content of active ingredients, less sludge, 
simple device and easy to realize automatic control, electrocoagulation 
also shows the characteristics of wider range of pollutants, higher 
pollutant removal efficiency and lower energy consumption. Electro
coagulation technology also has some problems that cannot be ignored, 
which may limit the further development of the technology in micro
plastic removal, mainly for the following four points: (1) High conduc
tivity requirements. In electrochemical technology, to maintain the 
electrochemical reaction, that is, the flow of current, the solution must 
have high conductivity. Therefore, the conductivity of the solution will 
directly affect the microplastic removal efficiency and operation cost of 
the whole process. (2) The anode needs to be replaced regularly. Due to 
the electrochemical dissolution of the anode, it will consume a lot of 
energy for a long time. If the anode is replaced irregularly, it will easily 
lead to the destruction of the plate and further cause pollution to the 
water body. (3) Residual metal ions. The metal ions dissolved in the 
process of electrocoagulation have a spontaneous hydrolysis process. In 
addition to the electrocoagulation effect, some metal ions will dissolve 
in water. For example, the residues of Al3+ and Fe3+ will lead to high 
chroma of water and toxic accumulation of human body, so the post- 
treatment process is generally needed to ensure that the iron and 
aluminum residues in the effluent meet the standard. (4) Anode 
passivation: anode passivation is the main factor limiting the application 
of electrocoagulation technology. The existence of passive film will slow 
down the dissolution rate of anode, reduce the current efficiency and 
increase the power consumption. Based on the good removal perfor
mance of microplastics, the current electrocoagulation process has good 
economic benefits and market prospects. However, the surface charac
teristics of various microplastics, the diversity of wastewater and its 
impact on the subsequent treatment process need to be further studied. 
At present, the research of enhanced electrocoagulation is still in the 
laboratory stage with small scale, and most of the water is synthetic 
wastewater, which is still a long way from engineering application. In 
the future, researchers need to pay more attention to the scale-up of the 
reactor, the treatment efficiency of the actual wastewater, and the 
economic problems, so as to ensure the early and wider application of 
the electrocoagulation technology. 

5. Conclusion 

Recently, with the continuous attention to the behavior and fate of 

Table 1 
Removal effect of different pollutants by electrocoagulation process.  

Pollutant Electrode material Removal rate COD removal TSS removal Optimuminitial pH Reference 

Domestic wastewater Al 98.6% 84% 98.6% – [34] 
Iron Al 98.5% – – 6.0 [35] 
Paint manufacturing sewage Al – 94% 89% 6.95 [36] 
Strontium Fe 93% – – 5.0 [19] 
Bleaching effluent Al – 90% 94% 7.0 [37] 
PE microplastic Al 99% – – 7.5 [17] 
PE microplastic Al 98.7% – – 7.2 this study 
PMMA microplastic 99.1% – – 
CA microplastic 99.9% – – 
PP microplastic 99.9% – – 
PE microplastic Fe 84.6% – – 
PMMA microplastic 69.5% – – 
CA microplastic 96.8% – – 
PP microplastic 93.8% – –  
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microplastics in the environment, it is urgent to understand their 
removal characteristics in the current water/wastewater treatment 
process. This study systematically explored the removal performance 
and mechanism of four microplastics (PE, PMMA, CA and PP) in 
wastewater by electrocoagulation process. The effects of anode material 
(Al and Fe), pH value, electrolyte concentration, applied voltage and 
microplastic concentration on the reaction were studied in an electro
coagulation reactor. The findings suggested that electrocoagulation 
technology is an effective method to remove microplastics from simu
lated wastewater. Compared with the process with Fe anode, Al anode 
system has better removal effect on all microplastics (>98.6%). When 
the initial pH of the influent was neutral (pH 7.2), the removal effect of 
microplastic reached the highest with the final removal rate of 93.2% for 
PE, 91.7% for PMMA, 98.2% for CA and 98.4% for PP, respectively. The 
removal efficiency of fiber microplastics (CA and PP) by electro
coagulation is better than that of granular microplastics (PE and 
PMMA). The microplastic removal efficiencies increased with the in
crease of electrolyte concentration and applied voltage density, while 
the flocs produced in the reaction process obviously increased and the 
electrode was seriously damaged. The consumption of electrolyte and 
other energy consumption in the process of electrocoagulation should be 
considered. In addition, in the process of electrocoagulation, micro
plastics undergo flocculation and charge neutralization at the same time. 
Flocs can capture and sweep microplastics by charge attraction and 
adsorption and the results of flocculation experiment showed that the 
reactor was completely covered by flocs and there were obvious 
microplastics adsorbed on flocs. By improving the electrocoagulation 
reactor, the operation cost of the reactor can be reduced by using these 
two mechanisms. It is suggested to further study the effect of reducing 
electrolyte concentration and current density on electrocoagulation 
operation efficiency and cost. Further research should focus on the 
possible reactor design and improvement to optimize the process and 
realize the replication and transfer from the laboratory to the sewage 
treatment plant. 
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