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a b s t r a c t

Arsenic, classified as a carcinogen, is being subject to high concern due to its high toxicity especially in
drinking water. Electrocoagulation (EC) has displayed a great potential as an effective and environmen-
tally friendly method to remove arsenic from wastewaters. This review summarizes the recent develop-
ment of arsenic removal in EC process including the effects of primary operating parameters,
optimization of the EC performance, as well as the evaluation of EC reactor configurations. Production
and characterization of EC products with respect to different electrodes are systematically discussed.
Besides, this review sheds light on the debate about the mechanism involved in As(III) oxidation and fur-
ther explores the arsenic adsorption behavior in EC process. Moreover, the performance of EC and other
technologies are compared, and future research needs for arsenic removal in EC process are suggested
accordingly. Overall, this review will contribute to deepening the understanding of EC process for arsenic
removal and offer useful information to researchers in this field.

� 2017 Elsevier B.V. All rights reserved.
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 708
2. Theoretical background on arsenic and electrocoagulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 709
2.1. Arsenic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 709
2.2. Electrocoagulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 709
3. Present and future perspectives of arsenic removal by electrocoagulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 710

3.1. Effects of primary operating parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 710
3.1.1. Electrode material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 710
3.1.2. Current density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 710
3.1.3. pH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 711
3.1.4. Coexisting ions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 712
3.1.5. Phosphate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 712
3.1.6. Oxidation state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 713

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2017.02.086&domain=pdf
http://dx.doi.org/10.1016/j.cej.2017.02.086
mailto:yzh@hnu.edu.cn
http://dx.doi.org/10.1016/j.cej.2017.02.086
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej


708 P. Song et al. / Chemical Engineering Journal 317 (2017) 707–725
3.2. Optimization of the EC process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 713
3.3. EC reactor configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 714
3.3.1. Operating mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 714
3.3.2. Reactor geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 715
3.3.3. Electrode connection modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 715
3.3.4. Electrode distance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 715
3.3.5. Electrode area to volume ratio (A/V). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 716
3.4. Operating cost . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 716
3.5. EC products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 717
3.5.1. The amount of EC products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 717
3.5.2. Characteristics of EC products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 717
3.6. Mechanism involved arsenic removal in EC process. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 718

3.6.1. As(III) and As(V) removal in EC process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 718
3.6.2. Adsorption behavior of arsenic in EC process qe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 719
3.7. Compared with other technologies for arsenic removal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 720
3.8. Future recommendations for arsenic removal by electrocoagulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 722
4. Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 722
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 722
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 722
1. Introduction

Arsenic (As), a metalloid element in ⅤA group of the periodic
table, is extensively consumed as semiconductor materials, alloys,
pharmaceuticals, preservatives and so on. Owing to excessive min-
ing and smelting, discharge of industrial wastewaters without
treatment and widespread use of arsenic and its compounds,
arsenic contamination in water becomes more and more serious,
posing a great threat to the lives of more than 140 million people
around the world [1–3]. Arsenic exposure can negatively influence
the skin, liver, bladder, cardiovascular, gastrointestinal, respiratory
and nervous systems. It has been reported that in Bangladesh, mil-
lions of people are suffering from the skin cancer or internal organs
cancers, causing 1 in 5 deaths. 19.6 million people in China are also
at risk of being affected by consumption of arsenic-contaminated
groundwater [1–6]. Consequently, Arsenic removal from water is
an important subject worldwide, and the need for a sustainable
solution to arsenic removal is urgent.

To date, various technologies including chemical coagulation,
adsorption, membrane filtration, reverse osmosis, oxidation and
ion exchange have been proposed to remove arsenic from
wastewaters [7,8]. However, they are subject to several drawbacks
including time consuming, low removal efficiency, additional
Fig. 1. Eh-pH diagram for aqueous As species [1].
consumption of chemical reagents, high operating cost, as well as
a great deal of secondary pollutants. Currently, electrocoagulation
(EC) has attracted increasing attention due to its effectiveness in
rapid removal of arsenic from wastewaters, since it involves not
only electrochemical reactions occurring at the anode and cathode
but also in-situ production of flocs or coagulants [7–10].

With the rapid development of electrocoagulation, it has been a
lot of literatures about arsenic removal from wastewaters [11–14].
Most previous works are focused on the effects of operational
parameters on EC process for arsenic removal, including initial
concentration, pH, treatment time, current density, electrode
material and so on. Some studies are reported to optimize the
operating parameters, explore the potential mechanism, or
evaluate the adsorption behavior involved in arsenic removal by
electrocoagulation. The evaluation of EC reactor design and the
characteristics of EC products which play an important role in
arsenic removal are investigated only in few studies. To the
authors’ knowledge, up to now, none of them systematically sum-
marizes the recent works, existing shortcomings, and future
research of arsenic removal from wastewaters by electrocoagula-
tion. Overall, a review with respect to the subject is still lacking.

Accordingly, the paper aims to outline the developments in the
field of arsenic removal by electrocoagulation during the recent
Fig. 2. The basic principle involved in EC process [13].



Table 1
Electrochemical reaction in EC process.

Anode Cathode

2H2O � 4e� = 4 H+ + O2 (g) (2.1) 2H2O + 2e� = 2OH� + H2 (g) (alkali solution) (2.3)
4OH� � 4e� = 2H2O + O2 (g) (2.2) 2H3O+ + 2e� = 2H2O + H2 (g) (acid solution) (2.4)

2H2O + O2 + 4e� = 4OH� (2.5)
With Fe electrode
Fe(s) � 2e� = Fe(aq) 2+ (2.6) Fe(OH)3 + OH� = [Fe(OH) 4]� (2.11)
Fe2+ - e� = Fe3+ (2.7) [Fe(OH) 4]� + 2OH� = [Fe(OH) 6]3� (alkali solution) (2.12)
Fe(aq)2+ + 2H2O = Fe(OH) 2 + 2 H+ (2.8)
Fe3+ + 3 H2O = Fe(OH)3 + 3 H+ (2.9)
Fe2+ + 3OH� � e� = FeOOH + H2O (2.10)
With Al electrode
Al(s) � 3e� = Al(aq)3+ (2.13) Al(s) + 4OH� = [Al(OH) 4]� + 3e� (alkali solution) (2.15)
Al(aq) 3+ + 3 H2O = Al(OH) 3 + 3 H+ (2.14)
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years, and provides the future prospects of this topic. In this paper,
the chemical and physical phenomena, influencing factors, and
optimization of operating parameters involved in EC process are
comprehensively discussed. Meanwhile, EC reactors at various
configurations and the operating cost of EC process are systemati-
cally evaluated. Besides, the amount, production and transforma-
tion of EC products with different electrodes are deeply explored.
It is noted that several conflicting theories of mechanism involved
in As(III) oxidation do exist, which need to be urgently addressed in
this review. Eventually, recommendations for further research of
EC process for arsenic removal are proposed to inspire more excit-
ing developments.

2. Theoretical background on arsenic and electrocoagulation

2.1. Arsenic

In general, arsenic exists mainly in the forms of arsenite (As(III))
and arsenate (As(V)) in water and wastewaters. As(V) are usually
found under aerobic conditions, and As(III) are prevalent in anaer-
obic environment. The ionic form of arsenic species largely relies
on pH and redox potential of the solution. As shown in Fig. 1, under
reducing conditions, the dominant species of As(III) are neutrally
charged H3AsO3 at pH 3–9, and negatively charged H2AsO3

– at pH
9–11. Under oxidizing conditions, the ionic form of As(V) species
is mainly negatively charged H2AsO4

� at pH 3–7 and HAsO4
2� at

pH 7–11 [1–3,6,9,13]. Under the conditions of extremely high
Fig. 3. Conceptual framework for EC as a ‘synthesis’ technology [23].
reduced S concentration, dissolved arsenic-sulphide species are
obvious in the solution. While As2S3, and other sulphide minerals
containing arsenic appear in acidic and reducing conditions [6].

The toxicity of As(III) is 25–60 times higher than that of As(V).
Long-term exposure to arsenic leads to high risks of skin cancer
or internal organs cancers, even disturbs the cardiovascular and
nervous system, ultimately resulted in death. Taking into consider-
ation of the high toxicity, arsenic and its compounds have been
regarded as the prime pollutant by US Environmental Protection
Agency (USEPA) and Council of European Communities (CEC).
Besides, the maximum allowable level of arsenic is set as 10 lg/L
of drinking water by USEPA and World Health Organization
(WHO) [1–3].

2.2. Electrocoagulation

Electrocoagulation was first reported to treat sewage in England
at 1889, and used for wastewaters treatment in USA at 1946. How-
ever, owing to large capital investment and high power cost, the
application of electrocoagulation was restricted [10]. Until the last
few decades, with the rapid development of power industry and
the increasing complexity of wastewaters components, there has
been renewed interest in the application of electrocoagulation.
As reported, with the continuous and in-depth study, electrocoag-
ulation has been successfully applied to treat various wastewaters,
such as textile industry effluent, restaurant wastewaters, electro-
plating wastewaters, laundry wastewaters, oily wastewaters,
heavy metal contaminated wastewaters and so on [10,15–19].

Metal electrodes, usually aluminum or iron, are used in EC pro-
cess. Electrocoagulation involves many chemical and physical phe-
nomena as shown in Fig. 2, and electrochemical reactions in EC
process are presented in Table 1. With a direct current, metallic
cations such as Fe(II), Fe(III), or Al(III) are produced by anodic oxi-
dation. They are gradually hydrolyzed and polymerized. To be
specific, with Fe electrode, electro-generated ferrous and ferric ions
initially form monomeric ions such as FeOH+, FeOH2+, Fe(OH)2+, and
polymeric species such as Fe(H2O)5OH2+, Fe(H2O)4(OH)2+, Fe
(H2O)8(OH)24+, Fe2(H2O)6(OH)42+. Likewise, with Al electrode,
electro-generated aluminium ions form various monomeric spe-
cies such as AlOH2+, Al(OH) 2

+, Al2(OH)24+, and polymeric species
such as Al6(OH)154+, Al7(OH)174+, Al8(OH)204+, Al13O4(OH)247+, Al13(OH)345+.
According to complex precipitation kinetics, these species subse-
quently form a series of iron or aluminum hydroxides/oxyhydrox-
ides with large surface area such as Fe(OH)2, Fe(OH)3, Al(OH)3,
FeOOH, AlOOH and so on, to aggregate or absorb with the dissolved
pollutants [25]. In polymeric species, Al13 polymer is considered to
be the most active species responsible for coagulation [26]. Mean-
while, hydrogen bubbles are generated by cathodic reduction.
These gas bubbles are extremely fine and uniform, which are able
to capture the suspended substance, leading to additional removal
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of pollutants. These flocs with the characteristics of good stability,
less bound water and large particle size are easily removed by fil-
tration [12,20–24]. Accordingly, the basic principle of EC process
may contain the following three aspects: (1) electrochemical reac-
tions, including anodic oxidation and cathodic reduction; (2) flota-
tion; and (3) coagulation or adsorption, as depicted in Fig. 3 [29].

EC is considered to be designed for any treatment capacity, and
providing better removal performance of pollutants. In EC process,
there is no need to add chemicals, since the electron is the primary
reagent. EC is therefore identified as an environmental friendly
technology. Compared with chemical coagulation, EC process gen-
erates lower quantity and more stable of sludge. However, there
are some limitations in EC process. For example, an oxidation film
which impedes current flow may be formed on the electrodes, and
the operating cost of EC process is relatively high. As a result,
developing an efficient and cost-effective EC treatment technology
to remove pollutants from wastewaters is desirable.
3. Present and future perspectives of arsenic removal by
electrocoagulation

3.1. Effects of primary operating parameters

It has been noted that several operating parameters influence
the EC performance for arsenic removal. For example, pH is
reported to influence the distribution of arsenic species and the
surface charge of the complexes or coagulants generated in EC pro-
cess. Arsenic valence state in aqueous solution seems to affect the
difficulty of arsenic removal. To some extent, the existence of some
anions may give rise to the inhibition of arsenic removal. Conse-
quently, the influence of primary operating parameters on EC pro-
cess for arsenic removal are thoroughly discussed and summarized
in this review.

3.1.1. Electrode material
Different electrode materials have different electrochemical

characteristic [30], selecting the suitable electrode material is vital
to enhance arsenic removal efficiency in EC process [31].

As reported, electrodes applied for arsenic removal in EC pro-
cess mainly refer to aluminium, iron, copper and zinc. With copper,
zinc, iron, and brass plates as anode, the corresponding removal
efficiency of arsenic is in the order of iron � zinc > brass > copper,
which may be due to the electrochemical intrinsic properties and
the electrochemical reactions of metal electrodes [32]. EC process
for arsenic removal with titanium, iron, or aluminum electrode
demonstrate that iron plate as anode is more efficient than others
under the condition of low current density. The plausible reasons
for lower removal efficiency with aluminum electrode might be
associated with higher solubility of aluminum salts, and the lower
adsorption capacity of aluminum complexes in-situ generated in
EC process [20,33,34]. EC process with aluminum electrode is more
suitable for final purification. By comparison, iron electrode is con-
sidered to be more attractive to remove arsenic from various
wastewaters in EC process [33].

In order to improve the EC performance, a range of electrodes
made up of various materials are proposed [35]. It can be con-
cluded that arsenic removal efficiency with combination of copper
electrode is higher than aluminum or iron electrode alone [31].
More than 99% removal efficiency is obtained with hybrid Fe-Al
electrodes as sacrificial electrodes [13,36], which seems to be
promising for arsenic removal during the EC process.

3.1.2. Current density
Current density determines the generation rate of coagulant

and gas bubbles, the size and distribution of flocs during the EC
process. Therefore, current density is an important operation
parameter influencing arsenic removal in EC process.

Almost all of the literatures about arsenic removal by electroco-
agulation have discussed of the effects of current density
[13,24,33–37]. From these studies, it can be concluded that arsenic
removal efficiency is directly proportional to current density at the
early stage of EC process, which can be explained by Faraday’s law
as follow:

Ctheo ¼ ItECM=zFV ð3:1Þ
where Ctheo (kg/m3) is the theoretical amount of ions generated by
anodic oxidation, I (A) is the current passed through the electrodes,
tEC (s) is the treatment time, z is the number of electrons; M (g/mol)
is the atomic weight, F (96485 C/mol) is the Faraday’s constant, and
V (m�3) is the volume of the treated wastewaters.

With the improvement of current density, the amounts of dis-
solved metal ions increase, resulting in more and more hydroxide
cationic complexes. These complexes strongly adsorb or easily
coprecipitate with pollutants. Meanwhile, the production rate of
hydrogen increases and the size of bubbles becomes smaller, which
enhances the flocculation performance and mass transfer in EC
process. As a result, higher removal efficiency is obtained. How-
ever, a stagnation stage occurs in arsenic removal when the current
density is higher than a certain value, which is due to that there are
sufficient metal hydroxides/oxyhydroxides generated by anode
oxidation and hydrolysis to remove arsenic [10,11]. Besides, the
amount of Al13 which is regard as the most active species respon-
sible for coagulation generated in EC process, is negatively corre-
lated with the current density. As current density increases,
higher Al (total) concentration in EC process with Al electrodes
are generated. As a result, it may increase the opportunity of colli-
sion between Al13 polymer units, leading to the promotion of Al
hydrolysis-polymerization as well as the formation of large poly-
mer and Al precipitates [26–28]. Furthermore, with the increase
of current density, it may be followed by electrode polarization
and passivation [13,35], leading to the decline of current efficiency
(CE) and the loss of electrical energy.

CE ¼ ðCelec;exp=Celec;theoÞ � 100% ð3:2Þ
According to Eq. (3.2), CE is calculated as the ratio of the value of

practical electrode consumption to the theoretical value. Celec;exp is
defined as the experimental weight loss of the electrode before and
after the EC process. The calculation of Celec;theo is based on Eq. (3.1).
CE ＜ 100% possibly implies the polarization and passivation of
electrode. However, the phenomenon that the current efficiencies
for Fe and Al electrode are in the range of 106%–116% [21], presum-
ably caused by the corrosion pitting, which refers to the holes on
the surface of electrodes and results in a loss of ions.

It is also clear that the major operating cost in EC process is the
consumption of electrical energy which is associated with current
density and operating time as shown in Eq. (3.3).

Cenergy ¼ UItEC=V ð3:3Þ
where Cenergy (kWh m�3) is the consumption of electricity of per m3,
U (V) is the potential of the EC reactor.

Consequently, a compromise of the operating time and the cur-
rent density is necessary to realize higher arsenic removal effi-
ciency with lower operating cost. According to the literature [21],
longer operating time with constant current density value con-
tributes to higher arsenic removal efficiency and lower electric
energy with iron electrode. Besides, the energy consumption of
iron electrode is reported to be lower than that of aluminum elec-
trode, since a higher value of potential is necessary for aluminum
electrode to reach a certain current density. However, increasing
current density shortened the operating time is beneficial to



Fig. 4. Predominance zone diagrams for (a) Al(III), (b) Fe(II), (c) Fe(III), (d) As(III), and (e) As(V) species in solutions simulated by Visual MINTEQ version 3.0 [13].
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acquire the maximum content of medium polymer species, such as
Al13, in EC process with Al electrodes [26]. As a result, an appropri-
ate selection of current density need to take account for various
factors such as treatment time, pH, or velocity, to ensure that
arsenic removal in EC process is operated at the optimum
conditions.

3.1.3. pH
In wastewaters treatment, pH has an important effect on many

physical and chemical processes, especially for electrochemical
process and chemical coagulation process.

The optimum removal efficiency of arsenic is taken place at pH
of 6.5 with iron electrode and pH of 7.0 with aluminium electrode
[38]. With hybrid Fe-Al electrodes, the optimum pH range is
observed at 5.0–7.0, and arsenic removal efficiency is lower as
pH increases [13]. The influence of pH on arsenic removal effi-
ciency relies on the existing form in aqueous solution of Fe, Al,
and As under different pH values as shown in Fig. 4. Positively
charged colloid particles of ferrous hydroxide and ferric hydroxide
are generated starting from pH about 7.0 and 3.0, respectively.
While when pH is above 12.0, the amounts of ferric hydroxide
decrease. Aluminum hydroxide is produced from pH about 4.0,
and gradually dissolves at pH about 10.0. It is noted that pH 5.0–
7.0 is an ideal pH range for the formation of Al13 polymer which
is in favor of arsenic removal [26–28]. With respect to As(III), when
the pH of solution is below 9.0, As (III) mainly exists in the form of
neutral molecule H3AsO3, with the increase of pH, the amounts of
negatively charged H2AsO3

� increase. That is the reason why higher
pH promotes As(III) removal in EC process, which agrees well with
the data extracted from the model predicted by Li et al. [14]. In
regard to As (Ⅴ), when pH value is lower than 3.0, neutral molecule
H3AsO4 is primarily presented in the solution. At pH ranging from
3.0 to 7.0 and 7.0 to 11.0, the dominant ions in the solution are
negatively charged H2AsO4

� and HAsO4
2�, respectively. With the

increase of pH, the amounts of HAsO4
2� decrease while AsO4

3�

increase. The phenomenon that As(V) removal efficiency with iron
electrode becomes lower as pH increases above 7.0, is associate
with the isoelectric pH of EC products identified as lepidocrocite
in EC process [11]. The isoelectric pH of lepidocrocite is measured
about 7.0. When the pH of solution is lower than the isoelectric



Fig. 5. X-ray diffraction patterns of solids with various coexisting ions in EC process [11].
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value, the surfaces of EC products are positively charged, which is
in favor of chemical contributions and electrostatic contributions
to As(V) adsorption. When the pH of solution is higher than the iso-
electric value, both the surfaces of EC products and As(V) species
are negatively charged, leading to less favorable adsorption. Over-
all, whether electrostatic attraction or chemical contributions, EC
products mainly metal hydroxides/oxyhydroxides with positive
charge and arsenic species with negative charge are the optimum
conditions for arsenic removal by electrocoagulation. Besides, it
is noted that the final removal efficiency of arsenic is close to a
constant value at pH ranging from 5.0 to 8.0 [11,20], which may
be explained by that once sufficient metal hydroxides/oxyhydrox-
ides are generated, very small amounts of dissolved arsenic is
acquired in EC process regardless of the pH of the solution.

During the EC process, an obvious increase in final pH occurs
with initial pH ranging from 3.0 to 7.0, which is correlated with
the production of hydroxyl ions (OH�) and hydrogen gas (H2) by
cathodic reduction according to Eqs. (2.3) and (2.4) [13]. However,
when initial pH is higher than 9.0, the values of final pH reduce,
which is possibly caused by hydrolysis reactions and consumption
of hydroxyl ions according to Eqs. (2.8)–(2.12), (2.14) and (2.15)
[11,20,21]. Accordingly, electrocoagulation can act as a pH neutral-
ization technology, which is meaningful to practical application. It
provides an advantage over other treatment methods that need to
adjust pH values of the effluent, such as chemical coagulation
[14,37].

3.1.4. Coexisting ions
There exist some anions such as nitrate, phosphate, silicate, sul-

fate, chloride, carbonate and fluoride in actual wastewaters. Inves-
tigation of the influence of anions on arsenic removal in EC process
is important and meaningful to the practical application.

3.1.5. Phosphate
It has been reported that phosphate plays an inhibitory role in

arsenic removal by electrocoagulation, and the inhibitory effect is
more obvious at pH value of 6.5 or at higher concentration of phos-
phate [11,13,39]. Considering the increasing removal of phosphate
and the decrease of arsenic removal efficiency, it can be inferred
that phosphate probably competes with arsenic for adsorption
sites of metal hydroxides/oxyhydroxides in EC process. Besides，
because of the presence of phosphate in wastewaters, the oxidiza-
tion rate of Fe(Ⅱ) converted to Fe(III) becomes slower, leading to
the decline in the rate at which the complexes is formed [11]. How-
ever, the identity of the metal hydroxides/oxyhydroxides formed
in EC process is not affected, and no peaks for ferrous phosphate
or ferric phosphate precipitates are detected by XRD characteriza-
tion as shown in Fig. 5.

3.1.5.1. Silica. Some studies indicate that no significant inhibitory
effect on arsenic removal efficiency is found when the solution
containing dissolved silica [11][13][11,13]. It is noted that dis-
solved silica are also removed in EC process. This phenomenon is
probably explained by that silica does not have a strong affinity
with the metal hydroxides/oxyhydroxides as arsenic does.
Although XRD analysis as shown in Fig. 5 displays that the pres-
ence of silica affects the identity and prevents the formation of iron
oxides produced in EC process, the complexes namely metal
hydroxides/oxyhydroxides newly generated is also able to be
applied as sorbents for As removal.

However, the opposite phenomenon is taken place in other
studies where 20 mg/L of dissolved silica significantly inhibits
the adsorption of As(V), and the inhibitory effects become more
remarkable as pH increases [40,41]. Plausible reasons for various
observations are the discrepancies in the operating conditions
and inhibitory mechanisms. It is assumed that the pathway associ-
ated with adsorption sites within internal pores of the metal
hydroxides/oxyhydroxides is physically blocked by polymerization
of silica [11]. In EC process with iron electrode, silicate, like phos-
phate, presumably affects the structure of iron hydroxides/oxyhy-
droxides by preventing FeO6 corner-sharing linkages [42]. Besides,
in the solution containing both phosphate and silica, As(V) and
phosphate are firstly adsorbed, indicated by the simultaneous
decreasing concentration of As(V) and phosphate, and then As(III)
and silica begin to be removed at larger amounts of metal hydrox-
ides/oxyhydroxides in-situ generated in EC process [14].

3.1.5.2. Sulfate. Similarly, sulfate is also removed in EC process.
However, no matter what the concentration is, the presence of sul-
fate in the solution almost does not influence the arsenic removal
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efficiency. Since the formation of metal hydroxides/oxyhydroxides
is not affected, and sulfate does not adsorb as strongly as arsenic or
phosphate does in EC process. As a result, it is not surprising that
the performance of EC process is not influenced in the present of
sulfate [11,13].

3.1.5.3. Chloride. Chloride addition slightly improves the arsenic
removal efficiency. It may be due to that Cl� can penetrate the pas-
sivation film formed on the surface of the anode, alleviating the
obstructive effect on anodic dissolution [13,43]. Besides, electrode
dissolution seems to be catalyzed by the pitting corrosion phe-
nomenon in presence of high concentration of chloride ions [44].
Therefore, with the increased amounts of dissolved metal ions
and metal hydroxides/oxyhydroxides coagulant, the presence of
chloride ions enhances the arsenic removal efficiency. Besides,
adding chloride gives rise to an obvious increase of conductivity,
and thus the voltage and the power values reduce, leading to a sig-
nificant decline in energy consumption. Accordingly, chloride addi-
tion avoids the generation of the passivation layer at the anode and
prevents excessive ohmic drop in EC process.

3.1.5.4. Carbonate. The influence of carbonate on As(V) removal is
considered to be dependent on the concentration of As(V). There
is little impact on As(V) removal efficiency in presence of less than
5 mg/L carbonate ions [40,41]. However, when the concentration
of carbonate is higher than 5 mg/L, As(V) removal efficiency signif-
icantly declines, which may be caused by the passivation of anode
generated by large amount of ferrous ions and carbonate, hinder-
ing the process of electrodes dissolution.

3.1.5.5. Fluoride. As the fluoride ions increases from 0 to 5.0 mg/L,
As(V) removal efficiency gradually decreases [40][33]. Like phos-
phate, fluoride is preferentially adsorbed as compared to As(V)
with the increase of fluoride concentration in EC process. Accord-
ingly, fluoride ions compete intensely with As(V) ions for the bind-
ing sites of metal hydroxides/oxyhydroxides during the EC process.

3.1.6. Oxidation state
As(III) is reported to be more toxic than As(V) [20,45], and As

(III) is removed poorly form wastewaters by many conventional
processes. As(V) presents better removal performance than As(III)
during the EC process as observed as Kumar et al. [20]. Accordingly,
converting As(III) to As(V) is priority to recommendation. In the
experiments about As(III) wastewaters treatment [11], the concen-
tration of dissolved As(V) enhances at the first stage and then
reduces as the treatment time increases. The increase of As(V) con-
centration in treatment of wastewaters containing As(III) is
explained by that As(III) is partly converted into As(V), indicating
that oxidizing condition in EC process has a significant role in As
(III) removal. In an aeration EC reactor with iron electrodes, as
the aeration intensity increases from 0 L/min to 0.16 L/min, arsenic
removal efficiency rises from 70% to 97%. While once above
0.16 L/min, arsenic removal efficiency reaches a plateau [13]. As
the aeration intensity increases, As(III) in the solutions is favorably
oxidized to As(V) which is easier to remove. In addition, Fe(II) dis-
solved by anodic oxidation is converted into Fe(III), whose capacity
of forming iron hydroxides/oxyhydroxides and adsorption of
arsenic is stronger. Meanwhile, under aeration environment, the
necessary turbulent current condition is offered for the flocs to
collide and contact with each other, ultimately leading to better
performance of arsenic removal.

3.2. Optimization of the EC process

Experimental design is proved to be a powerful tool to evaluate
the effects of operating parameters on EC performance. The objec-
tive of experimental design is mainly to search for the control fac-
tors influencing the EC performance [46,47]. Owing to the
quickness and accuracy, Response Surface Method (RSM) is
selected to investigate the combined effects of independent vari-
ables on responses, and to confirm the optimum operating condi-
tions of the EC process. RSM is attempted to fit a model by least
square method. Generally, it is divided into three steps: (1) design
and experiments, (2) response surface modeling, and (3) optimiza-
tion [48].

In RSM, the independent variables are denoted by x1, x2,. . ., xk,
and the response is denoted by y. They can be related as follows
[46,48,49]:

y ¼ f ðx1; x2; x3 . . . ; xkÞ þ e ð3:4Þ
where f is the response fuction, e is the experimental error. A
response surface is acquired by plotting the response of y. The form
of f is given as the first and the second-order fuction, and y can be
written as [48] [50] [51][48,50,51]:

y ¼ b0 þ
Xk

i¼1

bixi þ e ð3:5Þ

y ¼ b0 þ
Xk

i¼1

bixi þ
Xk

i¼1

biix
2
i þ

Xk�1

i¼1

Xk

j¼2

bijxixj þ e ð3:6Þ

where y is the response variable, b0, bi, and bii are the offset term, vi

and vj are the independent variables, bij is the term reflecting the
interaction between vi and vj, i is the linear coefficient, and j is
the quadratic coefficient.

According to Eq. (3.7), Xi is coded as xi for statistical
calculations:

xi ¼ ðXi � X x
i Þ=DXi ð3:7Þ

where Xi and xi are the actual and coded value of the ith indepen-
dent variable, respectively. X x

i is the actual value of the ith indepen-
dent variable at the center point, and DXi is the value of step change.
Thus, y is represented by Eq. (3.8) [48–51]:

y ¼ b0 þ b1x1 þ b2x2 þ b3x3 þ b4x4 þ b11x21 þ b22x22 þ b33x23 þ b44x24
þb12x1x2 þ b13x1x3 þ b14x1x4 þ b23x2x3 þ b24x2x4 þ b34x3x4

ð3:8Þ
where b0 is the model constant, b1, b2, b3 and b4 are linear coeffi-
cients,b11, b22, b33, and b44 are the quadratic coefficients, b12, b13,
b14, b23, b24 and b34 are the cross product coefficients.

To test the accuracy of the model, various parameters are criti-
cally examined in RSM. The adequacy of the RSM is justified
through the analysis of variance (ANOVA) to evaluate the ‘‘good-
ness of fit”. Terms regarded as statistically significant can be
included while the non-significant terms are reduced by the way
of reselecting the significant terms of the model. Among various
parameters, larger magnitude of t-value indicates the importance
of corresponding coefficient terms. Large F-values indicate that
the regression model can describe the variation of the response.
P value is used to estimate the model term. The term is deem to
be statistically significant when P value is lower than 0.05, whereas
P value higher than 0.10 is recognized as non-significant terms.
Besides, the adequacy of the model can be checked by R2 or Adj R2.

Box Behnken Design (BBD), a three-level four factorial of RSM,
can be employed to find the relationship between the independent
variables and responses. In the study of Balasubramanian et al.
[46], BBD was applied to evaluate the influence of operating
parameters (current density, concentration, treatment time and
pH) on the response (arsenic removal efficiency) with iron and alu-
minum electrode. Compared to the coefficients in the quadratic
term, the linear coefficients of three variables including current
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density, electrolyte pH, and concentration were significant. A
higher value of R2 (0.89) was obtained, indicating that the response
can be explained successfully by this model. In accordance to
ANOVA, the second-order polynomial model acquired by BBD
was adequate to represent the relationship between the variables
and the response in EC process.

Central Composite Design (CCD), a 23 full factorial design of
RSM with addition of six repetitive experiments of central point,
is also conducted to evaluate the individual and combined effects
of variables on the responses, and to optimize the operating vari-
ables. Three important independent variables (current density,
concentration, and treatment time) along with responses of arsenic
removal efficiency and the operating cost were systematically
designed in EC process with Fe electrode by Kobya et al. [48]. R2

(0.963 for arsenic removal efficiency and 0.965 for operating cost)
and Adj R2 (0.931 and 0.930) indicated that the model was signif-
icant and fitted well with experimental data. Prob > F values
revealed that the individual and combined three independent vari-
ables were considered to be statistically significant for the
response of arsenic removal efficiency, while only the individual
and combined effects of two variables including treatment time
and current density were highly significant for the response of
the operating cost. Moreover, The model predicted that the maxi-
mum removal efficiency of arsenic (93.86%) and the minimum
operating cost (0.0664 /m3) were acquired in EC process at the
optimum operating conditions of 112.3 lg/L initial concentration,
5.64 A/m2 current density and 5 min treatment time. Song et al.
[51] also established CCD design to investigate the influence of
operating parameters (current density, aeration intensity, treat-
ment time, and pH) on arsenic removal efficiency and the cell volt-
age, and determine the optimization of the EC performance with
hybrid Fe-Al electrodes. Resulted showed that a second-order
regression model fitted well with experimental data. Besides, the
maximum amount of As (99.94%) was removed and the minimum
cell voltage (3.23 V) was obtained at the optimum conditions of
Fig. 6. Schematic diagram of different EC reactor designs. (a) Tall vertical-plate reactor
reactor and Perforated tube reactor, (e) Perforated plate reactor, (f) Up-flow EC reactor,
0.47 A/dm2 current density, 0.32 L/min aeration intensity, 20 min
treatment time, and 7.0 pH. Experiments were also conducted to
further verify the validity of the optimum conditions obtained
from the proposed model.

Overall, it is clearly confirmed that RSM can be regarded as a
suitable method to evaluate the individual and combined effects
of variables on the responses, and to acquire the optimum operat-
ing conditions of arsenic removal during the EC process.
3.3. EC reactor configuration

EC reactor configuration significantly affects the EC perfor-
mance, including the formation of flocs, the effectiveness of flota-
tion, mixing/settling characteristics, bubble path, fluid flow
regime and so on. It is noted that there is little discussion of the
improvement of EC reactors in previous studies. Accordingly, it is
crucial to design of the EC reactor for a specific process. In EC reac-
tors, the following physical factors can be considered in the design
phases: (1) operating mode; (2) reactor geometry; (3) electrode
connection modes; (4) electrode distance; and (5) surface area to
volume ratio [10,52].
3.3.1. Operating mode
The operating mode in EC process can be divided into batch and

continuous operation.
The behavior in a batch EC reactor seems to be inherent

dynamic, leading to a difficult mathematical modeling. Neverthe-
less, investigation and optimization of influencing factors in a
batch EC reactor, such as the variation of pH, concentration, treat-
ment time, the amounts of coagulation, current density and so on,
are easier and relatively more accurate than that in a continuous
reactor [10,48,51,53]. Furthermore, parametric optimization in
the batch system can be also served as guidelines to operate a
continuous EC reactor [54].
, (b) Long horizontal plate reactor, (c) Short horizontal plate reactor, (d) Solid tube
and (g) Horizontal-flow EC reactor [32,51–58].



Fig. 7. Different electrode connection modes in EC process: (a) MP-P, (b) MP-S, and (c) BP-S [31].
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The behavior in a continuous EC reactor seems to be stable in
performance and inherently dynamic in operation. Moreover, it is
easy to check the pollution load at different effluent flow rates.
Electrode behaviors including the dissolution in the liquid and flocs
generation or deposition, are additional benefits in a continuous
reactor. The passivation and corrosion levels of electrodes in EC
process can also be monitored with operating time [10,55]. A con-
tinuous system is considered to be more economical and stable
than a batch system. Among three different continuous EC reactors
including a turbulent flow reactor, a modified flow continuous
reactor, and an airlift reactor, the airlift and modified flow reactor
are more efficient in arsenic removal, and the lowest iron to arsenic
ratio is obtained in turbulent flow reactor [56].

3.3.2. Reactor geometry
According to the different geometric configurations, EC reactors

can be designed into a variety of forms with various degrees of
treatment capacity [29,58–65]. Several common types of EC reac-
tors are shown in Fig. 6.

Among these types of EC reactors, tall vertical-plate reactor
usually produces large amount of scale with the requirement of
acid wash, resulting in generation of additional wastes. The elec-
trodes in long horizontal plate reactor are impossible to remove
once corrosion occurred. Short horizontal plate reactor is suitable
for treatment high concentrations of pollutants. However, it is dif-
ficult to stop fluid leaks. In comparison to the horizontal flow reac-
tor, the up-flow reactor generates more metal hydroxides/
oxyhydroxides and provides higher flow residence time, resulting
in the higher arsenic removal efficiency in EC process. Compared
with the solid plates, perforated plates present better mass trans-
fer, while they are subjected to be plugged causing electrical short
circuits, and usually operated at high pressure. The parallel flows
through abundant tubes in perforated tube reactor results in ero-
sion and changes in flow rate [58–63].

In brief, the design of EC reactor geometry should be aim at
enhancing the performance of EC process, cost-effective, and easily
operable [10,29].

3.3.3. Electrode connection modes
According to different connection modes of electrodes, EC

reactor can be divided into three configurations: monopolar serial
(MP-S), monopolar parallel (MP-P), and bipolar-serial (BP-S). The
electrode configuration scheme is presented in Fig. 7. In MP-P con-
nection mode, the current is divided because of the parallel con-
nection between anodes and cathodes. As a result, the total
current is the sum of all the sub-current distributed in each unit
while the voltage of each unit is equal in this configuration.
Accordingly, in comparison with serial connection, the parallel
connection mode requires a lower potential difference. In MP-S
configuration, internal connection occurs in each pair of anodes.
The cell voltage is divided by each unit, while the current is the
same. Consequently, a given current is provided by a higher poten-
tial difference. In BP-S configuration, no connection occurs
between inner electrodes, and only outermost electrodes are con-
nected to the power supply. With a constant current passing
through the inner plates, the neutral side is converted to the
charged side by electrode polarization, which presents different
polarity in comparison with the parallel side next to it. As a result,
outer electrodes are monopolar plates while inner ones are bipolar
plates. Each adjacent electrode pair can be regarded as a single
unit. The cell voltage in BP-S arrangement is divided by each unit.
BP-S connection mode provides a simple setup and requires less
maintenance in EC application. The cost of BP-S connection mode
is proved to be lower than that of MP-P connection mode with
the same total output power. However, electric current in BP-S
connection mode is easier to bypass the bipolar plates and flow
in the solution of EC reactor, leading to the current loss [38,66–69].

With the enhancement of current density, arsenic removal
efficiency increases for all types of electrode connection modes.
Compared with MP-P and BP-S electrode connection mode, MP-S
connection mode displays lower energy consumption [38]. Al elec-
trode in bipolar mode facilitates the formation of monomeric and
Al13 species, while monopolar mode has a higher yield of larger
polymer or Al(OH)3(s) [26]. Besides, iron electrode connected in
MP-S mode is regard as the most efficient connection in terms of
removal efficiency and operating cost as compared to the rest for
arsenic removal in EC process, which may be attribute to the better
chemical coprecipitation performance and lower anodic over
potential.
3.3.4. Electrode distance
Since electrode distance can affect the water motion, turbu-

lence, mass transfer, size of EC reactor, and energy consumption,



Table 2
Operating costs of arsenic removal by electrocoagulation in published studies.

Water type Electrode Reactor R.E. (%) C.D. (A/m2) Time (min) O.C. ($/m3) Reference

C0 (As(III)) 150 lg/L, pH 6.5 Fe Batch 93.5% 2.5 12.5 0.02 [21]
C0 (As(III)) 150 lg/L, pH 7.0 Al Batch 95.7% 2.5 15 0.017 [21]
C0 (As(III)) 500 lg/L, pH 7.0, Aeration intensity 0.32 L/min Fe-Al Batch 99.94% 4.7 20 0.078 [51]
C0 (As) 150 lg/L, pH 7.0 Fe-Al-Al-Fe Batch 96% 2.5 1 0.0026 [54]
C0 (As) 150 lg/L, pH 7.0, Flow rate 0.05 L/min Fe-Al-Al-Fe Continuous flow 96.07% 2.5 3 0.0118 [54]
C0 (As) 150 lg/L, pH 6.5 Fe Batch 98.3% 7.5 2.5 0.022 [38]
C0 (As) 150 lg/L, pH 7.0 Al Batch 96.1% 7.5 4 0.028 [38]
C0 (As) 25–50 lg/L, Flow rate 30 L/min, pH 5.5–7.1,

Conductivity 600–4000 lS
Fe Continuous flow ＞99% 5 1 0.002 [81]

C0 (As) 25–50 lg/L, pH 6.8–7.1 Fe Continuous flow 96.19%–99.92% – – 0.11 [11]
C0 (As) 112.3 lg/L, pH 6.5 Fe Batch 93.86 5.64 5 0.0797 [48]

R.E. Removal efficiency; C.D. Current density; O.C. Operating cost.

716 P. Song et al. / Chemical Engineering Journal 317 (2017) 707–725
it is also an important factor to be investigated in arsenic removal
by electrocoagulation.

At the optimum electrode distance, the flotation of hydrogen
bubbles is more stable and the flocs are easier to be floated [71].
With larger electrode distance, there is a decrease in mass transfer
and the movement of participant species, leading to the decline of
the reaction rate. However, when the electrode distance is lower
than the optimum value, arsenic removal efficiency also decreases,
which is related to the obstructive mass transfer in EC reactor,
causing an increase of electrolyte resistance and instability of
arsenic removal [10].

Electrical resistance (IR drop) significantly affects the electro-
chemical measurements as shown in Eq. (3.9) [70–73].

gIR ¼ Id=Ak ð3:9Þ
where gIR (U) is the electrical resistance (IR drop), I (A) is the cur-
rent, d (m) is the electrode distance, A (m2) is the electrode active
surface, k (mS/m) is the conductivity of the solution.

From the above equation, it is known that IR drop is propor-
tional to the electrode distance. It enhances with the improvement
of electrode distance, further leading to the increment of energy
consumption as shown in Eq. (3.10).

U ¼ EA þgA � EC þgC þgIR ð3:10Þ
where U (V) is the voltage in EC reactor, EA (V) is the reversible ano-
dic potential, EC (V) is the reversible cathodic potential,gA (V) is the
anodic overvoltage,gC (V) is the cathodic overvoltage, and gIR (V) is
the electrical resistance (IR drop).

Usually, a smaller distance between anode and cathode is desir-
able, which not only favors the reduction of the operating time but
also reduces the energy consumption of EC process. Accordingly,
providing just sufficient turbulence, mass transfer within the elec-
trodes, and lower energy consumption in EC reactor can be applied
as the criterion to select the optimal electrode distance value for EC
process.

3.3.5. Electrode area to volume ratio (A/V)
The ratio of electrode surface area to EC reactor volume (A/V),

an important parameter for scale-up systems, has significant
effects on the amount of EC products such as metal hydroxides/
oxyhydroxides, and the generation or path length of bubbles. It
has been reported that the appropriate A/V ratio of EC reactors
applied for arsenic removal in scale up is in the range of 6.5 to
50 (m2/m3) [57,64]. When A/V is higher or lower than the magni-
tude, arsenic removal efficiency declines [59].

Besides the parameters mentioned above, other dimensionless
parameters taken into account for appropriate proportion and sizes
of the EC reactors in scale-up systems are as follows: (1) Reynolds
number, indication of the fluid flow regime; (2) Froude number,
indication of buoyancy; (3) Weber criteria, indication of the surface
tension; (4) Gas saturation similarity; and (5) Geometric similarity
[74].

In conclusion, there are so many parameters to be considered in
design phases of EC reactor to ensure the better EC performance for
different types of wastewaters. These parameters are more or less
lack of assessment of the processes such as electrochemical reac-
tions or hydrodynamic process involved in electrocoagulation, fur-
ther limiting more efficient EC reactor design. Consequently, it is
urgent to establish a more consistent and rigorous approach to
evaluate the design characteristics of EC reactors, which will be
discussed later in this review.

3.4. Operating cost

Operating cost (OC) is also another important factor influencing
the practical application of arsenic removal by electrocoagulation
[75]. Table 2 summarized the operating costs of arsenic removal
in EC process with different conditions in published studies. Vari-
ous direct and indirect cost items of EC process include utility
(mainly electrical energy) costs, materials (mainly sacrificial elec-
trodes) costs, chemicals costs, as well as sludge treatment, mainte-
nance, labors, and depreciation costs [54] Among these, electrode
costs, energy consumption, and chemicals costs are considered as
major cost items, as shown in Eq. (3.11) [21,38,76].

Operatingcost ¼ aCenergy þ bCelectrode þ cCchemicals ð3:11Þ
where Cenergy calculated by Eq. (3.12) is the consumption in kWh
energy per m3. Celectrode calculated by Eq. (3.1) is the consumption
in kg electrode per m3, and Cchemicals is the consumption in kg chem-
icals per m3 of treated wastewaters. a, b, and c stand for the unit
prices of electrical energy (€/kWh), electrode material (€/kg), and
chemicals (€/kg), respectively.

Celectrode ¼ ItECM=Z ð3:12Þ
where CECreactor is calculated by Eq. (3.3), Cpump is calculated by Eq.
(3.13).

Cpump ¼ qgQht=V ð3:13Þ
where q (kg/m3) is the density of solution, t (h) is the treatment
time, g (9.81 m/s2) is the gravitational constant, h (m) is the pump
height, and V (m3) is the volume of treated wastewaters.

Obviously, it can be inferred that the consumption of energy
and electrode are in direct proportion to the current and treatment
time as shown in the Eqs. (3.12) and (3.1), respectively. Under the
same arsenic removal efficiency, improvement of the cell current
in EC reactor causes a corresponding reduction of the reaction
time, and an increase in reaction time implies the decrease of the
cell current. Therefore, a compromise of the treatment time and
cell current is the key to reduce the consumption of energy and
electrode in EC process. CCD can be established to optimize the



Fig. 8. Possible inner-sphere coordination geometries of AsO4 tetrahedra bound to
a cluster of FeO6 octahedra [35].
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treatment time and current density to obtain the highest removal
efficiency of arsenic and the lowest energy consumption in EC pro-
cess [51].

Various factors are observed to influence the operating cost. It
has been reported that high conductivity is in favor of reducing
energy consumption and improving EC performance, although it
causes a small increase in chemicals consumption [13,43,44,77].
With the enhancement of initial arsenic concentration, the operat-
ing cost increases. Unit operating cost for aluminum electrode is
calculated to be less expensive than that of iron electrode [21]. It
has revealed that the electrode connection modes significantly
affect the operating cost of EC process in the sequence of MP-
P > BP-S > MP-S for both Fe and Al electrodes [38]. The effects of
four factors (electrode distance (d), electrode area to volume ratio
(A/V), liquid motion driving mode (LM), and current density (I)) on
energy and electrode consumption are in the sequence of
d > LM > A/V > I and I > A/V > d > LM, respectively, for arsenic
removal from groundwater in EC process[70].

Therefore, the operation cost of arsenic removal in EC process is
not only related to the types of arsenic contaminated wastewaters
and the operating parameters of EC process, but also associated
with the configuration of EC reactors.

3.5. EC products

The characteristics of EC products are dependent on the compo-
sition of wastewaters and operating conditions in EC process.

3.5.1. The amount of EC products
With the increase of current density or treatment time, anodic

dissolution is favored, resulting in higher amount of EC products
as shown in Eq. (3.1). Under the influence of electrode connection
mode, the lowest amount of EC products is achieved in MP-S con-
nection mode for ion or aluminum electrode [38]. For various
hybrid Fe-Al electrodes in MP-S connection mode, Fe-Al-Al-Al
hybrid electrode pair displays the lowest amount of EC products,
while the highest amount of EC products is generated with Al-
Fe-Fe-Al connection mode [54].

3.5.2. Characteristics of EC products
Analysis of EC products is not only beneficial to acquire the

identity of the EC products, but also in favor of further understand-
ing the mechanism involved in arsenic removal by electrocoagula-
tion. EC products can be identified by Fourier transform infrared
spectroscopy (FT-IR), Scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD), X-ray
absorption spectroscopy (XAS) or Extended X-ray absorption fine
structure (EXAFS), Transmission mossbauer spectroscopy (TMS),
Raman spectroscopy and so on. Characteristic of EC products in
arsenic removal varies depending on the electrode material.

3.5.2.1. Al electrode. With Al electrode, SEM image displays that EC
products are of irregular shape with 150– 500 lm size when cur-
rent density is ranging from 4 to 6 mA/cm2. Low standard devia-
tions of EDS imply that the samples are homogeneous [73]. The
chemical speciation of FT-IR analysis involved in EC products
includes aluminum hydroxide and/or aluminum oxyhydroxide,
which is similar to the aluminum oxide film reported in the previ-
ous studies [36,78,79]. The alumina of the oxide film is identified
as c-alumina, whose property lies between crystalline and amor-
phous alumina [36]. It has been revealed that H and H2O during
the generation of EC products are tend to together with the cyclic
compound composed of oxygen and aluminum atoms, leading to
the formation of cyclic aluminic acid trihydrate [36,78–80]. XRD
analysis of EC products displays completely shallow and broad
peak diffraction peaks. The phase of EC products is regarded as
amorphous or very poorly crystalline in nature indicated by Bragg
reflections in the form of low intensity and broad humps. Besides,
aluminum hydroxide flocs are proved to bound more water, chem-
ically or physically, than iron hydroxide flocs [21]. Additional stud-
ies are required to explore the clear arsenic transformation in EC
process with Al electrode.
3.5.2.2. Fe electrode. With Fe electrode, the structure of EC products
is proved to be mainly amorphous with 20–50 lm size by the anal-
ysis of SEM image [38]. EDS analysis of EC products indicates that
the surface of EC products is partially covered with arsenic, con-
firming arsenic removal from the solution. According to FT-IR anal-
ysis, OH stretching, hydroxyl bending, magnetite, Fe-O vibration
band, lepidocrocite, and overtones of hydroxyl bending are identi-
fied in EC products, which is consistent with the result of Raman
bands. Both amorphous phases represented by lepidocrocite and
well crystalline phases represented by magnetite are detected by
XRD pattern [36,38,81], and the predominant phase in EC products
is identified as lepidocrocite (c-FeOOH) [11,82]. EXAFS analysis can
be applied to explore the local coordination environment and
determine the short-ranged structure of iron and arsenic [42].
Regardless of various values of current density, iron and arsenic
K-edge EXAFS spectra seem to be similar. Shell-by-shell fits of
the Fe K-edge EXAFS spectra suggests that the edge-sharing FeO6

octahedra is the main phase in EC products, and the corner-
sharing FeO6 octahedra is absent, indicating that EC products are
able to make effective combination with arsenic. Shell-by-shell fits
of As K-edge EXAFS spectra reveals that arsenic, originally in exis-
tence of both As(III) and As(V), becomes corner-sharing As(V) sur-
face compounds with mainly binuclear structure on EC products.
The specific coordination geometry as shown in Fig. 8 prevents
the formation of FeO6 corner-sharing linkages [42]. Accordingly,
EXAFS analysis provides insights into the reactivity and structure
of EC products, and offers a better understanding of arsenic
removal with iron electrode in EC process [42,83,84].

Various conditions for the generation and transformation of EC
products generated in Fe(0) EC process are summarized in Fig. 9



Fig. 9. Schematic diagram of the formation pathways of mixed-valent Fe hydr(oxide) phases generated by Fe(0) electrocoagulation [78].
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[85]. In the present of dissolved oxygen (DO), EC products initially
form as lepidocrocite (c-FeOOH) within seconds and minutes, and
the transformation from lepidocrocite to goethite (a-FeOOH) is
observed with aging time. When DO is absent or very low,
mixed-valent EC products, including magnetite and green rust
(GR), generate in Fe(0) EC process. The production of magnetite
as a primary product is detected in the absence of DO and interme-
diates such as CO3

2�, SO4
2�, and PO4

3�. In the presence of intermedi-
ates, GR generates as a precursor for lepidocrocite formation in
aerobic environment and for magnetite formation in anaerobic
environment. The transformation of GR with a smaller crystallite
size into magnetite is slower and complicated depending on some
parameters including electrolyte composition, pH, as well as aging
conditions, which probably results in a loss of surface area. Addi-
tional studies are required to explore arsenic removal involved in
the transformation of GR into magnetite, which is essential to opti-
mize arsenic removal.
3.5.2.3. Hybrid Fe-Al electrode. With hybrid Fe-Al electrode, primar-
ily amorphous and ultrafine structure at lm scale on the surface is
observed by SEM image. EDS analysis of EC products confirms
arsenic removal from the solution and reveals that the mass ratio
between Fe and Al is about 5:4 [36]. XRD analysis verifies that
the predominant phases of iron and aluminum hydroxide/oxyhy-
droxides are lepidocrocite (c-FeOOH), magnetite (Fe3O4), diaspore
(c-AlOOH), and bayerite (Al(OH)3) respectively [13]. Some studies
also confirms the formation of mansfieldite and symplesite [36,54].
XPS analysis indicates that Fe2p peaks are usually broad and pre-
sumably contain a mixture of iron species. With the concentration
of arsenic increases, a slight shift to lower binding energy is taken
place in Al2p peaks. There are two different peaks at 44.5 eV and
46.7 eV in As3d signal, which are identified as As(III) and As(V),
respectively. It implies that at higher concentration (1000 ppm
arsenic solution), As(III) is not only partly oxidized to As(V) in EC
process for As(III) removal, but also removed by adsorption onto
the flocs without transformation into As(V) [36].

Compared with Fe electrode, the crystallinity of lepidocrocite
and magnetite significantly reduces, which is characterized by
the diffractogram of EC products with hybrid Fe-Al electrodes,
and several hydroxyl groups between aluminum and iron hydrox-
ide/oxyhydroxides phases appear according to FT-IR analysis. It is
probably attribute to the ionic replacement of iron by aluminum,
confirming by Mossbauer spectroscopic analysis. Due to smaller
ionic radius of aluminum, isomorphous substitution seems to dis-
rupt the crystallization and leads to a larger surface area, which
provides an alternative mechanism of arsenic removal with hybrid
Fe-Al electrodes in EC process [36,86,87].
3.6. Mechanism involved arsenic removal in EC process

3.6.1. As(III) and As(V) removal in EC process
3.6.1.1. As(III) removal. Opinions are varied with regard to the
mechanism involved in As(III) removal by electrocoagulation
[88]. Some studies propose that As(III) is removed by adsorption
onto metal hydroxides/oxyhydroxides and no significant As(III)
oxidation is observed in EC process [39]. While some studies indi-
cates that As(III) oxidation followed with As(V) adsorption onto the
metal hydroxides/oxyhydroxides occurs in As(III) removal by elec-
trocoagulation [11,20]. Besides, there is also an argument on the
pathways of As(III) converted into As(V) in EC process. Some stud-
ies assume the possible generation of Cl2 which is potential to oxi-
dize As(III) [39,89–91], and some researchers propose the
intermediate iron-containing species [11,92,93]. As we all know,
As(III) is of higher mobility and solubility, and more toxic than
As(V) [1]. Moreover, As(V) adsorption capacity is 3–20 times than
that of As(III) in EC process [39]. Therefore, pre-oxidation of As
(III) and subsequent adsorption of As(V) are the best way to
remove As(III) by electrocoagulation [14,89]. Thus, it is urgent to
shed light on the debate concerning the mechanism involved in
As(III) oxidation during the EC process.

(1) As(III) oxidation in EC process
In comparison of As(III) and As(V) adsorption capacities based

on the study of Lakshmanan et al. [39], no As(III) oxidation
occurs in As(III) removal during the EC process. Contrary to the
above phenomenon, some researches show that the concentra-
tion of As(V) initially improved and then reduced with the
increase of treatment time in As(III) removal by electrocoagula-
tion, which implies that more than 25% of As(III) are transformed
into As(V) in EC process [11]. The declining concentrations of
both As(V) and the total arsenic are attribute to the adsorption
by metal hydroxides/oxyhydroxides in-situ generated in EC pro-
cess [11,21]. In the absent of chloride and DO, As(III) is assumed
to convert to As(V) by the electrodes or an intermediate as the
oxidant [11,21,88]. Whereas studies shows that significantly less
As(III) (<20%) is oxidized even at higher current density in EC
process without chloride and dissolved oxygen, indicating As
(III) oxidation by electrodes is not the main oxidative pathway
[39]. It is also proposed that Fe(II) together with Fe(III) oxyhy-
droxides, form an Fe(IV) intermediate as rate enhancing species.
However, detailed researches are recommended to further deter-
mine the feasibility of As(III) oxidation by Fe(IV) intermediate or
explore the clear mechanism involved in As(III) oxidation during
the EC process. In order to accelerate the oxidation rate, oxida-
tion mediums such as dissolved oxygen (DO) or chlorine (Cl2)
are explored.
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(2) As(III) oxidation with DO in EC process
DO may be produced as a result of the possible side reaction at

the anode. However, the amount of oxygen is so small that it is not
sufficient to oxidize As(III), especially in the presence of Fe(II).
Accordingly, DO is supplied with pure oxygen or air injection. As
expected, As(III) is favorably converted to As(V) with increasing
aeration intensity [13]. It is also assumed that the oxidation rate
is promoted by reactive intermediates represented as Fe(IV) gener-
ated in the oxidation of Fe(II). It plays a significant role in the rapid
oxidation of As(III) as shown in Eq (3.14)(3.19) [92–95].

FeðIIÞ þ O2 ! O:�
2 þ FeðIIIÞ ð3:14Þ

FeðIIÞ þ O:�
2 þ 2Hþ ! FeðIIIÞ þH2O2 ð3:15Þ

FeðIIÞ þH2O2 ! intermediateðINTÞ ð3:16Þ

ðINTÞ ! FeðIVÞ ð3:17Þ
That is to say,

3FeðIIÞ þ O2 ! FeðÞ þ 2FeðIIIÞ ð3:18Þ

FeðIVÞ þ AsðIIIÞ ! FeðIIIÞ þ AsðVÞ ð3:19Þ
As(III) oxidation with DO is considered to be highly dependent

on the iron/charge dosage rate in EC process using iron electrode. A
lower iron/charge dosage rate is proved to be beneficial to As(III)
oxidation, because the amount of DO required for the oxidation
of Fe(II) is low. Nonetheless, the lower iron dosage rate results in
a smaller number of iron hydroxides/oxyhydroxides and longer
treatment time for arsenic removal. Conversely, with the iron/
charge dosage rate increases, the oxidation behavior of As(III) dur-
ing the EC process is analogous to chemical coagulation, where Fe
(II) is added at one time, leading to lower As(III) oxidation. It is also
reported that the intermediate oxidant relies on the pH of the solu-
tion, with the most likely oxidant being Fe(IV) at near-neutral pH
[42,96]. When the pH value is lower than 6.8, nearly 90% of total
iron are in the presence of Fe(II), and the oxidation rate of Fe(II)
is slower, causing stronger competition for the intermediate oxi-
dant. However, when pH value is higher than 7.8, almost complete
oxidation of Fe(II) are obtained, and a large number of As(III) are
oxidized to As(V) owing to the relatively weak competition from
Fe(II) [14,94,95].

Overall, Fe(II) and reactive intermediates in continuous supply
during the EC process with DO is better than the disposable dosing
of Fe(II) salt. DO addition not only improves the reaction rate of As
(III) oxidation, but also offers a necessary turbulent current condi-
tion for flocs to be in full collision and contact, finally resulting in
better As(III) removal performance.

(3) As(III) oxidation with Cl2 in EC process
Cl2 production and As(III) oxidation in EC process are related to

the electrode material when chloride ions exist in the solution.
With iron electrode as anode, It is not surprising that there is no

occurrence of Cl2 considering the existence of Fe(II) in outlet of EC
reactor. Even if it is, it is used up attribute to Cl2 demand of the Fe
(0) and Fe(II) in EC process [39]. With graphite electrode as anode,
Cl2 generation is observed in the solution containing 71 mg/L chlo-
ride ions. Although the amount of Cl2 generated by anodic oxida-
tion in EC process is only 2%–5% of theoretical amount calculated
according to Faraday’s law, complete oxidation of As(III) is possi-
ble. With a combination of iron and graphite electrodes as anodes
in the same EC reactor, no significant As(III) oxidation occurs due
to approximately the same removal efficiency of both As(III) and
the total arsenic. Besides, no Cl2 generation is detected in the outlet
of EC reactor, which is presumed due to the fact that Cl2 once pro-
duced is immediately consumed by Fe(0) and Fe(II) during the EC
process. However, the two-stage EC process is a result of almost
complete As(III) oxidation in the first stage where Cl2 is generated
by anodic oxidation with graphite electrode, and subsequent As(V)
removal by iron hydroxides/oxyhydroxides produced at iron anode
in the second stage, which is highly recommended for As(III)
removal during the EC process [39].

3.6.1.2. As(V) removal. When the concentration of As(V) is low
(lg/L level), no As(V)-Al/Fe precipitates such as mansfieldite or
symplesite are expected to form. As(V) is proposed to be removed
by ligand exchange in EC process as reported in most previous
studies [11]. As(V) substitutes for hydroxyl group of iron or
aluminum hydroxides/oxyhydroxides, contributing to insoluble
surface compounds as expressed in Eqs. (3.20)(3.23).

2FeOOHðSÞ þH2AsO
�
4 ! ðFeOÞ2HAsO�

4 þH2Oþ OH� ð3:20Þ

3FeOOHðSÞ þHAsO2�
4 ! ðFeOÞ3AsO4ðSÞ þH2Oþ 2OH� ð3:21Þ

mAl3þðaqÞ þ ð3m� nÞOH� þ nHAsO2�
4ðaqÞ ! AlmðOHÞð3m�nÞðHAsO4ÞnðsÞ

ð3:22Þ

� Al� OHðSÞ þHAsO2�
4ðaqÞ !� Al� OAsðOÞ2ðOHÞ�ðSÞ þ ðOHÞ�ðaqÞ

ð3:23Þ

AlðOHÞ3ðSÞ þ AsO3�
4ðaqÞ ! ½AlðOHÞ3AsO3�

4 �ðSÞ ð3:24Þ

where the symbol of � is applied to indicate the bonding of cations
to the surface of metal hydroxides/oxyhydroxides [21,39,54].

Although few As(V)-Al/Fe precipitates such as mansfieldite or
symplesite are found in EC process containing higher As(V) con-
centration (1000 ppm) [36,81], adsorption onto iron or aluminum
hydroxides/oxyhydroxides is still the dominant removal mecha-
nism of As(V) during the EC process.

3.6.2. Adsorption behavior of arsenic in EC process qe

As mentioned above, arsenic is assumed to be mainly adsorbed
onto the surface of iron or aluminum hydroxides/oxyhydroxides
in-situ generated in EC process. Therefore, arsenic removal is anal-
ogous to conventional adsorption method except the production of
flocs. As a result, adsorption kinetics, adsorption isotherms, and
adsorption thermodynamics are recommended to further explore
the adsorption behavior of arsenic removal by electrocoagulation.

According to Faraday’s Law, the amount of flocs or coagulants
mostly being iron or aluminum hydroxides/oxyhydroxides can be
calculated stochiometrically as the following equations [97,98]:

qe ¼ ðC0 � CeÞV=W ð3:25Þ

W ¼ ItM=ðzFÞ ð3:26Þ
where (mg/g) is the amount of arsenic adsorbed at equilibrium, C0

(mg/L) is the initial concentration, Ce (mg/L) is the equilibrium con-
centration, V (L) is the volume of the solution, and W (g) is the mass
of adsorbent [98].

The suitability of the adsorption models is tested by chi-square
(v2) [98,99]:

v2 ¼ ðqexp
e � qcal

e Þ2=qcal
e ð3:27Þ

where qexp
e (mg/g) is the adsorption capacity of experimental equi-

librium, and qcal
e (mg/g) is the adsorption capacity of calculated

equilibrium by Eq. (3.24). v2 is used to measure the goodness of
fit between qexp

e and qcal
e . Generally, the most suitable model should

possess a higher linear regression correlation coefficient of R2 and a
lower chi-square of v2 [100].



Table 3
Parameters of pseudo second order kinetic model in published studies.

Electrode C0 (mg/L) qeexp (mg/g) qe
cal (mg/g) k (g/(mg min)) R2 Reference

Al alloy 1.0 0.948 0.899 0.450 0.9997 [41]
Fe 0.15 – 5.2 0.1431 0.99 [21]
Al 0.075 – 12.8 0.0242 0.98 [21]
Mild steel 1.25 1.186 1.186 0.3881 0.9994 [40]

Table 4
Parameters of Langmuir isotherm model in published studies.

Electrode C0 (mg/L) qmax (mg/g) kL (L/mg) RL R2 Reference

Al alloy 0.5 55.959 0.0171 0.9831 0.9995 [41]
Mild steel 5–70 1937.5 0.0032 – 0.998 [107]
Al 25–75 4800 0.002 – 0.992 [46]
Mild steel 0.5–1.5 30.844 0.0895 0.9889 0.9992 [40]
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3.6.2.1. Adsorption kinetics. To investigate the possible rate-limiting
steps in adsorption process, chemical reactions as well as mass
transport in EC process, adsorption kinetic models widely used as
pseudo first order kinetic model, pseudo second order kinetic
model, Elovich model, and intra-particle diffusion model are
employed.

Under different initial concentrations with iron or aluminum
electrode, the correlation coefficient value of R2 is in the order of
pseudo second order kinetic > pseudo first order kinetic > intra-
particle diffusion > Elovich model, and qexp

e agrees well with qcal
e .

Therefore, experimental data follows better with pseudo second
order kinetic model than others [21,40,101]. The relationship of
t=qt vs t exhibits a linear behavior derived from pseudo second
order kinetic model. As the initial concentration increases, the
adsorbent capacity rises. While when the amounts of the dissolved
metal ions enhance, the value of qt declines [21,101]. Table 3 sum-
marizes parameters of pseudo second order kinetic model in pub-
lished studies. A good fitting with the empirical model of pseudo
second order kinetic model suggests that chemisorption involving
valence forces through the sharing or exchange of electrons
between the adsorbent of metal hydroxides/oxyhydroxides and
arsenic ions is the main rate-limiting step [100,102–106].

3.6.2.2. Adsorption isotherms. Langmuir, Freundlich, Dubinin-
Redushkevich, and Frumkin isotherm models are employed to
evaluate the correlation for adsorption isothermal equilibrium
curves in arsenic removal during the EC process [46,77,107].

It can be concluded that under different initial arsenic concen-
trations, the regression coefficient values of R2 decline in sequence
of the Langmuir, Freundlich, Dubinin- Redushkevich, and Frumkin
isotherm model, indicating that Langmuir isotherm model pro-
vides a good fit to experimental data with iron or aluminum elec-
trode [46,101,107]. Table 4 summarizes parameters of Langmuir
isotherm model in published studies. Namely, the adsorption
behavior of arsenic on metal hydroxides/oxyhydroxides electro-
chemically generated in EC process follows a monolayer adsorp-
tion reaction. RL, the equilibrium constant of Langmuir isotherm
model, between 0 and 1, confirming the favorable arsenic adsorp-
tion during the EC process [46,100,107,108].

3.6.2.3. Adsorption thermodynamics. To assess the effects of temper-
ature on adsorption behavior of arsenic during the EC process,
thermodynamic parameters including Gibbs free energy change
(DG), enthalpy change (DH), as well as entropy change (DS) are
explored at various temperatures [100,108].

During the EC process, arsenic adsorption on metal hydroxides/
oxyhydroxides is spontaneous and thermodynamically favorable
indicated by the negative value of DG. The positive values of DH
and DS, deriving from the slope and intercept of the van’t Hoff lin-
ear plots of lnKC vs 1=T, respectively, implies that the adsorption
process is endothermic in nature, and confirms the increased ran-
domness of the solution interface during arsenic adsorption on the
adsorbent [109,110]. Besides, the adsorption capacity increases as
the enhancement of the temperature, which is possibly due to the
activation of adsorbent surface or the enlargement of pore size
[100,101,107,108].

3.7. Compared with other technologies for arsenic removal

Numerous remediation methods based on conventional tech-
nologies (eg. chemical coagulation, reverse osmosis, adsorption,
bioflocculation, oxidation and ion exchange) and advanced tech-
nologies (eg. modified adsorption, biological process, electrocoagu-
lation, DCMD, RO + MD) have been applied for arsenic removal
from wastewaters [122–144]. These technologies are systemati-
cally and critically reviewed in this paper with attention to their
performance, advantages as well as disadvantages as displayed in
Table 5.

Either As(III) or As(Ⅴ) is removed directly in most of the conven-
tional technologies. Obviously, compared with others, chemical
coagulation is considered to be more effective and economical
[39,111,7]. The common coagulants as iron salts and aluminum
salts are used for arsenic removal in chemical coagulation process.
As reported, As(V) removal efficiency can be achieved up to 99%
while As(III) removal efficiency is only up to 40–50%. As a result,
chemical coagulation is beneficial to As(V) removal but inefficient
for As(III) removal [8,34,39,112]. Moreover, continuous require-
ment of chemicals, pH adjustment, large volumes of sludge, as well
as the generation of the secondary pollutants have hampered the
practical application of chemical coagulation [20].

In the past decades, efforts have been in direction of enhancing
the removal efficiency of As especially As(III) and reducing the
operating cost by modified traditional methods represented by
modified adsorption or exploration of new methods with accelera-
tion of As(III) oxidation [7]. For example, a novel adsorbent of Fe-
Mn binary oxide (FMBO) material, combination of manganese
dioxide with oxidation property and iron oxides with high adsorp-
tion capacity, is developed [113]. It is proved to be an attractive
adsorbent for As(III) removal. However, cyclic utilization of FMBO
becomes more difficult especially when FMBO is well dispersed
into the water as nanoparticles, which need to be further modified
[114–116]. A native As(III)-oxidizing bacterium named as As7325
is used to remove As(III) from groundwater [118]. 2300 lg/L As
(III) are completely oxidized within 1 d under aerobic
environment, and 1000 lg/L As(V) are removed at 6 d by As7325
cell pellets. The process is so time-consuming and strict with the



Table 5
Overall performances of technologies for As removal.

Technologies Performance Advantage Disadvantage Reference

Chemical coagulation R.E. of As(V) achieved up to
99%, while R.E. of As(III) is
only 40–50%.

R.E. for As(V) is high;
Effective for the system with hard
water and applicable for large
water volume;
Simple and low operating costs.

Poor As(III) removal;
Continuous requirement of chemicals; pH
adjustment;
Large volumes of sludge

[34,7,112]

Reverse osmosis ＞90% As(V)can be removed
from wastewaters.

Higher water quality;
Treatment of a wide range of
dissolved salts;
No generation of toxic sludge.

R.E. for As(III) is very low;
Higher operating costs;
Requirement of membrane monitoring;
Complicated pretreatment steps are often
required;
R.E. is low for high As contaminated wastewater.

[7,122,123]

Ion exchange ＞90% As can be removed
from wastewaters.

R.E. is not dependent on the pH
and initial As concentration;
As removal is moderately effective.

As(III) is removed with prior oxidation;
Interferences from other anions;
It is easy to be blocked.
Higher operating costs;

[7,124,125]

Adsorption ＞90% As(V) can be removed
from wastewaters.

Comparatively cheap and
commercially available;
High R.E. of As(V).

Poor As(III) removal;
Interferences from competitive anions;
Adsorbent is difficult to remove and further
environmental contamination may be possible

[7,126–129]

Bioflocculation R.E. of As(V) is more than 90%. Low operating costs;
No secondary pollutants
generation.

Low R.E. of As(III);
Complicated and time-consuming process.

[130,132]

Oxidation (eg. O3,
H2O2, TiO2)

Higher oxidation of As(III) to
As(V) is achieved.

Simple process;
Low operating costs;
Applicable for large water volume.

Additional technology is essential for As(V)
removal;
Toxic chemicals or carcinogens may be produced
as by-products

[119,134–139]

Advanced adsorption
(eg. FMBO, ZVI)

Higher R.E. for both As(III)
and As(V).

Modified adsorbent possesses
higher surface area and pore
volume;
Simultaneous oxidation of As(III)
and adsorption of As(V);
Low operating costs.

Cyclic utilization is more difficult especially when
the adsorbent is well dispersed into the water as
nanoparticles.

[113–117,140]

Electrocoagulation ＞99% As can be removed
from wastewater.

High R.E. of As;
Easy to automatic control and Low
maintenance costs;
No addition of chemicals;
No generation of the secondary
pollutants;
Low operating costs;
Treatment of various wastewaters.

Oxidation film formed on the electrode hinders
the flow of electric current;
Sacrificial anodes need to be replaced periodically;
In operating costs, the energy consumption is
relatively high.

[9,13,14,20,21,31]

Direct contact
membrane
distillation (DCMD)

> 99% removal of As from
groundwater

High R.E. of As(III) and As(V);
No need for chemicals treatment
and high pressure requirement;
No generation of sludge;

Increasing concentration has an adverse effect on
the process and As removal;
High energy consumption;
Polarization effect occurs.

[141–143]

Biological process(eg.
As7325)

Higher R.E. for As removal. As(III) is oxidized to As(V) with
less toxicity and more affinity;
Effective biosorptive capacity for
As(V);
Low operating costs.

The stability of the retained As(V) in the biomass
in a more complicated water system requires
further investigation;
It is time-consuming and strict with operating
conditions

[118,120,131,144]

Reverse osmosis
+ membrane
distillation (RO
+ MD)

> 99% of As are removed. High R.E. of As(III) and As(V);
No generation of sludge;
Compared with other RO process,
he process is relatively costly.

Feed water flow rate significantly affects As
removal;
The process requires high energy consumption;
Not suitable for treatment of wastewaters
containing high As concentration.

[121]

R.E. Removal efficiency.
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operating conditions although it provides a potential alternative
for As(III) removal from groundwater [119,120]. Effective removals
of both As(V) and As(III) without oxidant agents occurs by reverse
osmosis followed with membrane distillation (RO + MD) technol-
ogy. However, the process is significantly affected by the flow rate,
and requires high amount of energy. Besides, it is not suitable for
treatment of wastewaters containing high As concentration
[8,121].

Among these advanced technologies, electrocoagulation dis-
plays its specific advantages. With oxidizing medium such as DO
or chloride ions, As(III) are rapidly converted into As(V), and more
than 99% As(III) removal efficiency is obtained in EC process with
hybrid Fe-Al electrodes [13]. Accordingly, whether As(III) or As
(V) removal, electrocoagulation presents better treatment
performance [11]. Besides, additional advantages including lower
quantity of sludge, no addition of the chemicals, no requirement
of pH adjustment, easy to automatic control and so on, give rise
to widespread application of electrocoagulation in treatment of
various wastewater.

Recent work on arsenic removal by electrocoagulation are con-
centrated on batch scale of evaluation of EC performance at various
operating conditions or investigation of arsenic adsorption behav-
ior in EC process, but lack of application in larger scales. It also suf-
fers from some limitations or drawbacks such as passive oxide
films formed easily on the electrode and high energy consumption
hindering its development in extensive application. Besides, mod-
eling of multiphysics field in EC process is necessary to systemati-
cally estimate the feasibility of EC reactor design, and to enhance
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the configuration of EC reactors for future applications. Extensive
studies are therefore carried out to overcome the above limitations
and design a more efficient EC reactor, providing a deep under-
standing of EC process.

3.8. Future recommendations for arsenic removal by
electrocoagulation

Based on this review, the primary aspects of future researches
on arsenic removal in EC process are proposed as follows:

(1) Among the factors limiting widespread application of elec-
trocoagulation, electricity consumption, as one of the major oper-
ating cost in EC process, should be given priority. Since large
scales and continuous operation of EC process for arsenic removal
from wastewaters require considerable power. With the rapid
development of green energy, application of renewable energy
sources such as solar energy, biochemical fuel cell, as well as wind
energy for continuous EC operation is considered to be cost effec-
tive and environmentally friendly [88]. As a result, the technology
of green energy coupling with electrocoagulation seems to be
promising in large scale of arsenic removal from wastewaters by
electrocoagulation.

(2) In order to solve the problems such as passivation encoun-
tered in operation of EC process, the configuration of EC reactor
is required to be optimized. In EC systems, a range of physical phe-
nomena are related to the interaction of multiphysics field includ-
ing flow field, electric field as well as temperature field, which can
be mathematically described by partial differential equations
(PDEs). On the basis of the finite element method, COMSOL Multi-
physics provides solutions by solving PDE or PDEs for one type of
physics or multiphysics modeling.

Among a series of physical interfaces, Computational fluid
dynamic (CFD) module, on the basis of conservation laws of mass,
momentum and energy, turns out to be accurate to describe the
hydrodynamics of EC process by defining specific initial values
and boundary conditions. Electrochemistry module, on the basis
of Faraday’s law, Nernst-Planck equation, and current conservation
equation in the electrolyte, can accomplish the simulation of
potential and current distributions, and the transport of chemical
species in the electrolyte. Heat transfer module, on the basis of
the law of conservation of energy, is able to perform computations
with respect to conduction or convection in EC process. Unparal-
leled capability in COMSOL Multiphysics is that the physical inter-
faces of CFD module, electrochemistry module, and heat transfer
module can be seamlessly coupled for a full multiphysics simula-
tion, which simplifies the assessment of the impacts of EC reactors
configurations. This approach is not only beneficial to design an
efficient and energy-saving EC reactor, but also in favor of further
understanding of the EC performance [145–148].

(3) In EC process with Al electrode, Al13 polymer has been con-
sidered to be the most active species responsible for coagulation.
However, the effects of Al13 polymer formation and distribution
on arsenic removal, as well as arsenic transformation in EC process
have been not yet clear, which requires further investigation. In EC
process with hybrid Fe-Al electrodes, although some studies have
been carried out to improve arsenic removal efficiency, little
research has been focused on production and transformation of
EC products with hybrid Fe-Al electrodes, which is associated with
the removal mechanism of arsenic. Besides, the electrochemical
pathways in EC process and the influence of primary factors on
the phase and morphology of EC products with hybrid Fe-Al elec-
trodes are not well documented. Accordingly, it is necessary to
apply multiple characterization techniques to explore the effects
of Al13 polymer on arsenic removal, and identify arsenic transfor-
mation and the phases of EC products in different chemical
environments.
4. Conclusions

Arsenic removal by electrocoagulation has attracted increasing
attention in recent years. This review outlines the effects and opti-
mization of operating parameters on arsenic removal efficiency
and operation costs, mainly including electrode material, current
density, pH, coexisting ions and oxidation state. The physical fac-
tors such as continuous or batch operation, reactor geometry, elec-
trode connection modes, electrode distance as well as surface area
to volume ratio (A/V) are considered to design an efficiency and
energy-saving EC reactor. Besides, this review summarizes the
characteristics of EC products with various electrodes by multiple
characterization techniques. Furthermore, As(III) oxidation in EC
process at different chemical environments are comprehensively
clarified, and the adsorption behavior of arsenic removal in EC pro-
cess is further explored. Compared with other technologies, elec-
trocoagulation turns out to be an environmentally friendly and
effective method for arsenic removal from wastewaters. However,
it is subject to some limitations such as high energy consumption
in large scales and difficulty of EC reactor design, which seriously
impeding its wide application. As a result, further studies are rec-
ommended to overcome the drawbacks to enlarge the practical
application and deeply explore the EC performance of arsenic
removal.
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