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Abstract

Every year, a large amount of wastewater is discharged
from various industries into the environment, and various
methods are used to treat wastewater to reduce the amount
of pollutants. Electrocoagulation (EC) is an electrochemi-
cally based technique that generates coagulant species in
situ from the electrodissolution of sacrificial anodes, usually
made of iron or aluminum destabilizes suspended,
dissolved, or emulsified pollutants by using an electric cur-
rent. It has a potential in removing various kinds of pollut-
ants including organic and inorganic contaminants for
various types of wastewater. The effectiveness of EC pro-
cess depends on various parameters including pH, elec-
trode, operation time, and current density. The goal of this
study is to review the most relevant literatures that were
published recently. The main challenges associated with the
EC process are electrode passivation and energy con-
sumption. EC compared with other common methods has
advantages such as reducing energy consumption and
reducing operating costs.
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Introduction

The negative impact through the contaminated water
and wastewater and limitation of hydric sources is
nowadays an irrefutable worldwide issue. Thus, water
recycling and pollution are considered as the most
important environmental problems of the current cen-
tury [1]. Definition of the industrial wastewater is very
wide and different from the domestic one. Owing to the
different types of industries and various applied pro-
cesses, the resulting composition and characterization of
the effluent is totally different and very complex. Based
on the harm caused by industrial effluent for environ-
mental contamination is different, it can be divided into
organic pollutants, solid pollutants, toxic pollutants, oil
pollutants, acid—base pollutants, biological contami-
nants, nutritional pollutants, acrobic pollutants, thermal
pollution, and sensory pollutants. Although certain types
of the contaminants are as same as to the municipal
wastewater, its numerical value or concentration is
usually very different from urban effluent. The partition
of harmful substances existed in industrial wastewater,
and their probable sources are presented in Table 1 [2].

It could be mentioned that water treatment techniques
appear as the main important solution to decrease the
pollution effect in aqueous phase and aquatic systems.
All wastewater and water treatment plants try to resolve
the aforementioned environmental problems. Among
the treatment methods, physicochemical methods are
the most prevalent process because these have been
applied and known since centuries to produce potable
water for human consumption. However, recently due to
the industrial activities and the technological develop-
ment, the contaminants existed in wastewater are
totally different and complex. Therefore, the water
treatment methods have been an important topic of
investigation to treat the emerging pollution [3]. Ac-
cording to the literature, wastewater treatment methods
could be classified into three main categories including
physical, chemical, and biological processes (Table 2). A
conventional wastewater treatment plant includes a
combination of the three aforementioned processes to
eliminate various types of pollutants. Physical processes
usually eliminate contaminants from wastewater with no
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Table 1
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Main contaminants and probable sources in industrial wastewater [2].

Harmful contaminants

The probable sources

Alkali

Acid

Cadmium and its compounds

Mercury and its compounds

Arsenic and its compounds

Hexavalent chromium and its compounds
Cyanide

Phenol

Qil

Sulfide

Lead and its compounds

Caustic soda, chemical fiber, paper, leather, printing and dyeing, oil
refineries, and electroplating industry.

Mining, chemical, steel, machinery, electroplating industries, and
nonferrous metallurgy.

Smelting, metal mining, electroplating, batteries, metal processing, and
chemical, and so on.

Explosives, mercury refining industry, cholor alkali, mercury pesticides,
chemicals, instruments, electroplating, and so on.

Pharmaceutical, chemical, metallurgical, ore processing, pesticides, paint,
fertilizers and other industrial activities

Specialty glass industry, smelting, mining, electroplating, chemical, metal
processing, batteries, and so on.

Coal gas, coking, electroplating, acrylic, metal cleaning, synthesis, the gold
industry and acrylonitrile refining industry, and so on.

Coal gas, coking, synthetic resins, oil refining, chemicals, dyes,
pharmaceuticals and other industries

Machinery, oil refining, food processing, natural gas processing and oil
industry

Leather, chemicals, gas, dyeing, coking, oil refining, gas and oil processing
industry, and so on.

Pesticides, smelting, lead paint, gasoline explosion, chemicals, enamel
industry.

Organic phosphorus, organic chlorine

Chemical industry, pesticides, and so on.

Free chlorine Textile bleaching, papermaking, chemical industry, and so on.

Radioactive substances

Polychlorinated biphenyls (PCBS)

Radioisotope laboratories, nuclear industry, hospitals, and other weapons
production
Plastics, electricity, lubricants and other industrial activities

significant change in the biological or chemical forms of
the aimed pollutants. Chemical methods are categorized
as additive methods, as they need the reactants to
eliminate aimed pollutants. However, the addition of
reactants makes these processes unattractive in com-
parison with other techniques as they increase the net
dissolved substances in wastewater and make it not
reusable in other applications. Biological methods apply
microorganisms for the biodegradation of pollutants in
wastewater, and the main goal of these methods is to
decrease the nutrients and organic content in water
bodies. Biological processes are categorized into anaer-
obic and aerobic according to the existence of dissolved
oxygen in aqueous phases [4].

Typical wastewaters and natural waters are hetero-
dispersions, having various types of solid materials with
different particles sizes. Presence of particles in aqueous
phase is generally encountered in a wide range of in-
dustrial processes. They can have a broad range of sizes
from millimeters to nanometers that lead to difficulty in
the elimination process. A summary of typical particle
size ranges, as well as some related information and the
relationship of type of separation process for special
particles is presented in Figure 1. As it could be seen, a
distinction has been presented between suspended
particles and colloidal, with the former taken as having

at least one dimension with a size less than about 1 um

[5].

The purpose of this article is to investigate the param-
eters affecting the efficiency of the electrocoagulation
(EC) method and the possibility of increasing elimina-
tion efficiency by combining with other methods. The
innovation of this article is to evaluate the efficiency of
the EC method in comparison with common methods in
terms of efficiency, power consumption, and operating
costs.

A review of wastewater treatment methods
Different methods are used to treat industrial effluents.
Each of them has its own advantages and disadvantages.
In the following section, the main treatment methods
and their advantages and disadvantages will be
discussed.

Precipitation

Precipitation includes three precipitation methods such
as chemical precipitation, hydroxide precipitation, and
sulfide precipitation. In this process, the added chem-
icals react with heavy metal ions to reduce their solu-
bility. The solid phase created is easily separated from
the solution by filtration or precipitation. Advantages of
using this method are as follows: inexpensive, ease of
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Table 2

Classification of conventional operations unit in wastewater
treatment plants [4].

Treatment level Treatment method

Sedimentation
Screening
Flotation
Sedimentation
Chemical
Chemical precipitation
Aerated lagoon
Activated sludge
Rotating biological
contactors
Trickling filters
Biological nutrient
removal
Anaerobic digestion
Pond stabilization
lon exchange
Activated carbon
adsorption
Reverse osmosis
Gas stripping
Membrane filtration
Chlorination
Advanced oxidation
UV irradiation
Ozonation

Preliminary Physical/mechanical

Primary Physical/mechanical
Chemical

Secondary Biological

Tertiary or
advanced

Physical

Chemical

operation, and most of the metals can be removed.
Disadvantages of using this method include the
following: large sludge generation and its management.

lon exchange

The purification process begins with ion exchange, and
complexes are formed after heavy metal ions are absor-
bed by the surface. At the end, hydration occurs at the
surface of the solution or pores of the adsorbent. In this
way, the ions are removed from the electrolyte solution
by the resins and enter the solution in front of the ions
with the same load. Advantages of using this method are
regeneration of materials and its selective property for
metal ions, whereas being available for less number of
metal ions and its cost are its disadvantages.

Adsorption

The philosophy of adsorption is based on the transfer of
mass between the liquid phase and the adsorbent with
the solid phase. Three key steps to absorb contaminants
on the adsorbent are as follows: (i) contamination
penetration from the solution to the adsorbent surface,
(i1) adsorption of the pollutant on the adsorbent surface,
and (ii1) infiltration into the adsorbent structure. One of
the most popular adsorbents is activated carbon that is
widely used. Advantages of using this method are as
follows: high performance and low treatment time.

Disadvantages of using this method include the
following: limited regeneration, costly, and efficiency
depends on adsorbent.

Membrane filtration process

One of the easiest ways to purify water is to use a
membrane. By passing the solution containing the con-
taminants through the physical pores of the membrane
with different sizes, which is performed under high
pressure, the solution passes through the pores and
leaves the contaminants on the membrane. Membrane
filtration technology includes the following five major
types: reverse osmosis, ultrafiltration, microfiltration,
nanofiltration, and electrodialysis. These processes are
basically the same but have some major differences in
the pore structure (pore size, pore size distribution, and
porosity), membrane permeability, and applied oper-
ating pressures. Advantages of using this method are as
follows: high separation selectivity, low pressure, low
space requirement, high efficiency, reliability, and easy
operation. Disadvantages of using this method include
the following: high operation cost and low anti-
compacting ability.

Photocatalysis process

This method uses nontoxic semiconductors that harness
light with appropriate wavelength instead of chemical
compounds. It is preferred over chemical processes
because of not using toxic materials as catalysts.

In general, the photocatalytic process takes place in five
stages as follows:

I. Transfer of contaminants from solution to solid
surface
II. Absorption by semiconductor surface
ITI. Photocatalytic reactions
IV. Product decomposition
V. Transfer products from interface region to solution

Advantages of using this method are as follows: simple
design, low-cost operation, high stability, and high
removal efficiency. Disadvantages of using this method
include electrochemical treatments with long time du-
rations and limited applications.

Electrochemical process

Three major electrochemical treatment technologies are
EC, electroflotation (EF), and electrode position. Pol-
lutants such as heavy metal ions are retained in the
wastewater by their surface electrical charges or
hydrogen bonds. After introducing the electric field, the
electrostatic charges holding the suspended or emulsi-
fied pollutants together are neutralized and they will
then be coagulated from the aqueous phase. Heavy
metal particles bond together similar to small magnets

Current Opinion in Electrochemistry 2020, 22:154—169

www.sciencedirect.com


www.sciencedirect.com/science/journal/24519103

Wastewater treatment via electrocoagulation Shahedi et al. 157

Figure 1
Approximate < ST Microscope < Scanning Electron Microscope ‘< Optical Micr < Visible to Naked Eye
Molecular Weight & |jonjc Range MolecularRange  Macro Molecular Range  Micro Particle Range Macro Particle Range
Size Molecular Wt. 100 200 1,000 10,000 20,000 100,000 500,000
] T ]
Aqueous Salts Humic, Tannic, Folic Acids Beach Sand
Na, Ca, Mg, K, Cl, F, ‘
NO3, S04 Endotoxin/Pyrogen Bacteria Granular
| | I Activated Carbon
o Atomic | Sugars | \ Virus Suspended Solids
Relative Radius : , ‘
. f T Synthetic Colloids Whey Proteins / Yeast Cells | lon Ex,
Slze 0 Metal lons Dye | | [ | Sl
Common plbese, Clay | silt Bead
Mn, As, Cu, | ‘
Particles Pb'N?dz'an' Silica ‘ | Glacial Till / Rock Flour |
& It [
NORM Pesticide Water - Oil Emulsions
Particles i . L " ! | ‘
Ce. lir Ra Herbicide \ ‘ Gelatin ‘ | ‘ | Parasres ‘ |
! l I [ ‘ f I [
Process For ‘ ' ‘ ‘ ‘
: | | |
Separation | ’ i !
1 ‘ I} 1} 1
Electrocoagulation
Current Opinion in Electrochemistry

Size distribution of particulate material and conventional treatment methods [5].

to form a mass that is called sludge or floc. The flocs
produced through EC compared with those of other
techniques are large with less bound water and are more
stable. Flocs are easily removed from the solution at the
lowest cost. EF separates pollutants by floating them to
the surface of the liquid phase.

Electrodeposition is advantageous because no further
reagents are necessary; no sludge will be produced
during the process, and it is highly selective and of low
cost as well. It transforms dissolved metal ions into solid
particles by deposition on ionic conductors (cathode and
anode) to protect them from corrosion. Advantages of
using this method are that most of the metals can be
removed, no consumption of chemicals, and its selec-
tivity for metal ions. Disadvantages of using this method
include are its current density and high operational and
capital cost [5]. Additional merits and demerits of
common methods to eliminate heavy metals from
wastewater are given in Table 3 [6].

Theory and history of EC

Although using electricity for water treatment applica-
tions returns to the nineteenth century, when EC was
applied for the drinking water treatment in the USA,
they were reported impractical because of high elec-
tricity and capital cost required [7]. During the previous

decade, electrochemical wastewater treatment pro-
cesses initiated to grow as an environmentally friendly
technique that produces minimum footprint without
compromising the quality of the treated water, mini-
mum sludge generation, and requires no chemical ad-
ditives. EC is an electrochemical process that uses a low
electrical current to eliminate heavy metals from
aqueous phase. The EC system is also useful in elimi-
nation of tannins, dissolved metals, dyes, and suspended
solids. The pollutants existing in wastewater are main-
tained in solution by electrical charges. When charged
particles and ions are neutralized with ions of opposite
electrical charges provided by the EC process, they
precipitate in a stable form after being destabilized.
Electrochemical methods are fast, simple, cheap, eco-
friendly, and easily operable. Moreover, the produced
purified water is odorless, colorless, clear, and potable
with low sludge generation. There is also no chance of
secondary water pollutants in these processes [8]. EC
has been successfully used to eliminate heavy metals
and soluble ionic contaminants from aqueous phase by
various researchers [8,9]. Similar behavior to traditional
coagulation could be expected during the EC process
[10,11]. This method applies a low current to dissolve
aluminum, iron, or other metals as sacrificial anodes
immersed in the contaminated wastewater. The elec-
trodissolution raises an increase on the ion contents in
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Table 3

Prevalent processes to eliminate heavy metals from wastewater [6].

Process

Advantages

Disadvantages

Bioadsorption using
modified biopolymers
Adsorption using mineral

substances or

by-products
Adsorption process

by activated carbon
Chemical precipitation
Chemical coagulation
Photocatalysis

Electrochemical methods
Electrodialysis

lon exchange
Membrane filtration

Nanofiltration

Selectivity and good adsorption capacity

High performance, low cost

High performance (99%)

Inexpensive, ease of operation

Ease of sludge dewatering and settling

Less harmful by-products, simultaneously elimination
of organic pollutants and metals

Most of the metals can be removed, no chemical
consumption, selectivity for metal ions

High selectivity

Regeneration of materials, selective for metal ions

High separation selectivity, low pressure, low space
requirement

High efficiency, reliability, easy operation

Challenges concerning optimizing the operating
conditions and the proper synthetic methods
Reservation, production, and regeneration of the

applied adsorbent

Limited regeneration, costly, efficiency depends on
adsorbent

Large sludge generation and its management

High chemicals consumption, costly

Limited applications, long time duration

Current density, high operational and capital cost

High operation cost due to energy consumption and
membrane fouling

Available for less number of metal ions, costly

High operation cost

Low anticompacting ability

aqueous phase or their complexed species with OH™
depending on the sacrificial anode used and the pH
conditions [12—14]. These species act as destabilization
agents or coagulants and lead to the separation of con-
taminants from the aqueous phase [15]. Overall, the
following mentioned mechanisms occur during an EC
process [16—18]:

(1) Reactions occurred near the electrodes that
generate metal ions from
anode electrodissolution and hydrogen gas at the
cathode.

(2) Destabilization of the suspended particulate matter,
pollutants, and breaking emulsions.

(3) Generation of aggregates of the destabilized phases
and its coagulation in the aqueous phase as flocs.

(4) Elimination of coagulated contaminants through EF
by evolved H; and sedimentation (EF could be
applied to scatter the coagulated solids through the
produced bubbles of hydrogen gas at the cathode
during water electrolysis, transporting the particles
to the top of the reactor).

(5) Chemical and electrochemical reactions raising the
cathodic reduction of metal ions and organic pol-
lutants onto the cathode surface (Figure 2).

EC combined with other treatment methods is an
effective and safe way for the elimination of contami-
nants. It is considered as an effective method, due to the
higher adsorption of OH™ on mineral surface in in situ
compared with preprecipitated hydroxides when metal
hydroxides are applied as coagulants [19]. Because the
produced flocs by EC are relatively large which are more

stable and consist less bound water, thus, they could be
easily separated by filtration. EC can be schemed for
wide capacity range of effluent treatment plants and
requires simple equipment. Because no chemical addi-
tion is needed in this method, it decreases the genera-
tion of secondary contaminants. It requires low current
and, hence, can be operated by green processes
including fuel cells, solar cells, and windmills [20]. It is
considered as an environmental friendly process because
it does not require addition of the chemicals/reagents,
and the electron is the main reagent. This will eventu-
ally remove some of the toxic substances applied as
coagulants in the traditional wastewater treatment
methods and reduce the sludge production to a great
extent. The EC method can generate lower quantity of
sludge compared with other processes and effectively
destabilize small colloidal particles. The generated
sludge from the EC process is less as compared with the
chemical coagulation and also the performance EC is
10—15% higher than that of the chemical coagulation
process. Moreover, one of the main advantages of the EC
method is that it could be scaled up to pilot and in-
dustrial scales [21—23]. Additional disadvantages and
benefits of the EC method are presented in Table 4. In
general, the versatility, environmental compatibility,
energy efficiency, selectivity, safety, cost-effectiveness,
and amenability to mechanization are the add-on ben-
efits of the EC method [24].

Principles of EC process

The main fundamental of EC was derived from elec-
trolysis of water formulated by Michael Faraday [25]. It
happens when the direct electric current passes through
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Interactions occurring within an electrocoagulation reactor [18].

the electrolyte, leading chemical reactions at electrodes.
The mechanisms of electrochemical phenomena in
aqueous phase have been described by Lin et al. [22]. Tt
is mentioned that three main processes including elec-
tro-oxidation, EE and EC are responsible for elimination
removal [22].

The EF and EC processes are particularly important for
the treatment of water and wastewater. During EC, the
main chemical reactions include the formation of OH™
ions and H; gas at the cathode and the dissolution of
metal cations at the anode (Figure 3). The anode ma-
terials play a significant role in the oxidation reactions
that occur on the sacrificial electrodes. The majority of
research studies apply anodes made of stainless steel

Table 4

Benefits and disadvantages of the EC method [24].

Advantages

Disadvantages

Solar power can be used
Low energy requirements
Without moving parts
Coagulation and precipitation
(results in lower capital costs,
combines oxidation)
Low sludge production
Reduced risk of secondary pollution
Address drinking water and wastewater
Nonspecific method

Lack of systematic
reactor design

Electrode passivation
Over time

Need for maintenance

(SS), Fe, and Al or Al alloy [23]. Some studies applied
Mn [26] or Mn-based alloy anode [27] Cu [28] and Zn
[29]. Hence, the following oxidation reactions (for irons,
Fe or SS electrodes) could have occurred [30]:

Anode:
Fe(s)—Fet?(aq) + 2¢~
4Fe(s) —4Fe™?(aq) + 8¢~
Al(s) > Al (aq) + 3¢
Cathode:
2H,0(1) + 2¢~ — Hy(g) + 20H™ (aq)
8H ™ (s) + 8¢~ —4H;(g)
Overall:

Fe(s) + 2H,0O(l) = Fe(OH),(s) | + Hz(g)

3H,0(1) + 3¢~ — 1.5H;(g) + 30H ™ (aq)

3H,0(1) + Al(s) = 1.5H2(g) + AI(OH);(s) |

4Fe(s) + 10H,O(1) + 100;(g) — 4Fe(OH);(s) + 4Hz(g)

Applications of EC

Applications of EC were divided into six main categories
(Figure 4). Heavy metals could be discharged from
various anthropogenic sources and industries and are
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Figure 3
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Mechanisms of electrocoagulation process [22].

challenging to treat as they are toxic and nonbiode-
gradable. Heavy metals include arsenic, cadmium, zinc,
nickel, copper, chromium, manganese, lead, mercury,
silver, iron, boron, and many others. It is evident that the
EC technique has been successfully examined to elim-
inate the most toxic and abundant heavy metals existed
in wastewater (Table 5). According to Table 5, it could
be declared that the EC process is an effective treat-
ment technique for elimination of heavy metals, which
are difficult to be eliminated by other conventional
techniques.

Furthermore, Table 5 presents that Al—Al, Fe—Fe, or
Fe—Al are the most used pairs of electrodes in the
previous studies. It could be related to the fact that both
Al and Fe with high electrical conductivity are nontoxic
and inexpensive [32]. Moreover, application of the EC
treatment method to remove organic pollutants is given
in Table 6.

Operational parameters affecting the
removal of contaminants from effluent

Many parameters affect the efficiency of elimination of
pollution by the EC method, the most effective of which
can be conductivity of the solution, type of power
supply, pH of the solution, distance between the elec-
trode, electrolysis time, and current density.

Effect of initial pH

One of the key parameters for removing contaminants in
the EC method is pH. By creating alkaline conditions
and changing the pH, metal hydroxides are produced,
which increases the efficiency of removing
contaminants.

Bener et al. [70] investigated the effect of the different
pH values (5, 8, and 10) of the TOC removal. The
maximum TOC elimination at pH = 5 was 65%. Test
results showed that the elimination efficiency decreased
with increasing pH. The reason for this can be attrib-
uted to the production of hydrogen gas in the cathode
[70].

Irdemez et al. [80] investigated the effect of pH on
phosphate removal from effluent using the EC method.
The results showed that when there is no control over
pH, low pH is suitable for reducing energy consumption,
and when the pH of the system is controllable, the
optimal value is between 6 and 7 because Fe(OH);
solubility is minimal in this range [80].

Electrolysis time

The next parameter to eliminate contamination and
increase efficiency is to eliminate electrolysis time. By
increasing the electrolysis time, the efficiency of
removal is increased to a maximum and then led to a
constant rate. The number of generated metal hy-
droxide increases with an increase in the electrolysis
time.

In this regard, Esfandyari et al. [74] used the EC process
to remove cefazolin and COD from hospital wastewater.
The tests were performed in three specific voltages (15,
30, 50 v) and time periods (10, 30, 50 min). Result
showed that the maximum efficiency of contamination
removal in 50 min was more than 92% [74].

Bazrafshan et al. (2012) used EC to remove COD, TSS,
and BODj from dairy effluent. This research was con-
ducted at different times (15—60 min) and voltages (10,
20, 30,40,50,60 v). The results showed that the highest
removal efficiency of COD, TSS, and BODs5 at 60 min
and 60 V was obtained at 98.84%, 97.75%, and 97.95%,
respectively Bazrafshan et al. [81].

Current density

The next effective parameter in the EC process is cur-
rent density as it determines the coagulant dosage rate,
bubble production rate, and size and growth of the flocs,
which can affect the efficiency of EC. As the current
density increases, the dissolution of the anode, along
with the metal hydroxide flocs, increases, resulting in
increased efficiency in removing contaminants from the
effluent.
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Table 5
Application of the EC treatment method for the elimination of some conventional pollutants and heavy metal ions.
Pollutants Content [mg I7"] Electrodes Current density (A/m?) pH Removal efficiency % References
Zinc, nickel, and chromium - Fe—Fe 30,40,35,43,30 5 98.9%, [33]
5 96.3%
7.4 99.8%
Zn* 50—2000 Al-Al 8.3 5.3 100 [34]
Zn?*, Cd?*, and Mn?* = Fe—Fe 15 6.9 99.93%, 97.15%, [35]
and 85.46%,
As 1 Al-air fuel cell 308 7 100 [36]
Uranium - Fe—-SS 70 - 99.7 [37]
Al-SS 97.7
Phosphate 100 Al-Al 6 6 99 [38]
Chromium (VI)- Pb 55.3-3.5 SS-SS 73.5 3.5 91.7 [39]
91.3
Copper, nickel, and chromium 50-250 Fe—-Fe 0.186 8-10-7 99-92-99 [40]
Mn 360 Al-Al 10V 9 92 [41]
Nitrates 300 Al-Al 1.2 9.8 89.4 [42]
Fluoride and arsenic 80 Fe—Al 4.5 5 85.68 [43]
10 100
Cadmium 50 Al-Al 20V 7 90 [44]
Thallium (1) 10 Al-Al 10 9 86.4 [45]
Sb(V) and Co(ll) 60-29 Fe—Fe 5 5 below 0.1 mg/L [46]
Arsenic and silica 4-600 Fe—Fe 29A 8.6 below 0.1 mg/L [47]
Al-Al below 100 mg/L
Boron 10 Fe—Ni 3.75 8 99 [48]
Ammonia, Zn, and Fe 2226 Al-Al 5A 8 93 [49]
362 93
128 83
Saline (TDS, CI-, Br, and SO3") 26.263 Al-Al 2 8 91 [50]
8.498 93
6 92
6562 90
Selenium 0.3 Fe—Fe 1.68 A 5 90 [51]
Mercury 1.02 Fe—Fe 4.93 7 82.72 [52]
Cyanide 100 Fe—Fe - 12 100 [53]
Al-Al 100 60
Cu, Ni, Zn, and Cr and cyanide 20 Fe-Al 4 mA 11 >95% [54]
100

EC, electrocoagulation; COD: Chemical oxygen demand; BOD: Biological oxygen demand; TOC: Total organic carbon; TDS: Total dissolved solids.
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Table 6

Application of the EC treatment method for organic pollutants.

Pollutants Content [mg I""] Electrodes Current density pH Removal efficiency % Ref
COD, oil and grease 1019 Cu (anode) —Al 25 6.5 95.1 [55]
200 (cathode) 92.5
99
Phenolic, turbidity, and color - Al-Al 15 A 5.5 45.7 [56]
99.9
70.4
Phenolic compounds - Al-Al 0V 5 40 [57]
COD 10 Al-Al 15V 4.1 51 [58]
Natural organic matter 38.3 Fe—SS 4 A 6.61 79 [59]
(NOM)
Organic compounds - Fe—Fe 30V 3 87.1 [60]
COD, oil and grease 1250+ 50 SS-MS 0.634 A/dm? 7.26 99.7 [61]
96.43
Lignin 1155 (mg phenol/L) Fe—Al 0V 5 78.5 [62]
COD 657 85
Color 100
COD = Fe—SS 22 mA/cm? 7 87 [63]
COD 3400—-3840 Al-Al 28V - 91.9 [64]
Turbidity 728 NTU 92.3
Particulate phosphorus Carbon electrodes 1A - 40.75 [65]
(PP), 33.00
polyphosphate (POz"), 32.83
(P20s), 25.83
(COD) -87.88
(DO) 34.3
Turbidity 202 Al-Al 02A 7 99.5 [66]
Phosphates 4.75 96.69
Organic matter 23 43.57
COD 5803 Al-Al 10.75 8.7 94.88 [67]
Color 78.65
COD - Al-Al 25V 85 [68]
Fe—Fe 20V 45
COD - Al-Al 6V & 72 [69]
Color 97
TOC 220-260 Al-Al 25 mA/cm? 5 425 [70]
COD 280-295 18.6
Turbidity 15-35 83.5
TSS 34 64.7
Color 436-620 90.3-94.9
COD 25,500 Steel wool 25 A 5 95 [71]
BOD 15,600 94
SS 12,300 96
COD 1250 Fe—Al 1 8.79 55 [72]
Total organic carbon 600 60
Total nitrogen 41 90
Turbidity 310 100
Turbidity - Al-Al 65V 5.5 99.9 [73]
Phenolic compounds 45.7
Color 70.4
Cefazolin (ppb) 42.3 Fe—Al 50 V 7 94 [74]
COD 528 85
Turbidity (NTU) 269 94
Color 3000 Al-Al 166.7 mA/cm? 5.5-6 100 [55]
COD 50
Humic acid = Fe—Fe 50 V 5 92.69 [75]
Norfloxacin antibiotic - Fe—Fe 50 V 5 92.69 [76]
Perfluorobutane sulfonate - Al-Zn 12V 7 87.4 [77]
(PFBS) Perfluorohexane 95.6
sulfonate (PFHxS) 100
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Table 6 (continued)

Wastewater treatment via electrocoagulation Shahedi et al. 163

Pollutants Content [mg I""] Electrodes Current density pH Removal efficiency % Ref
Perfluorooctane sulfonate 100
(PFOS)
Perfluoroalkanesulfonic
acids (PFSAs)
Oil and grease = Fe—Al 20 mA/cm? 7.8 98.1 [78]
Polycyclic aromatic - Fe—Fe 40 mA/cm? 7.75 86 [79]

hydrocarbons (PAHSs)

SS, stainless steel; DO: Dissolved oxygen; NTU: Nephelometric Turbidity Unit; TSS: Total suspended solids.

In this regard, Bener et al. (2019) [82] investigated the
effect of current density (12.5, 100 mA/cm®) on the
TOC removal efficiency. The maximum efficiency of
elimination of these pollutants was obtained in the flow
density of 100 mA/cm?. In contrast, the lowest efficiency
of pollution elimination was related to density at

12.5 mA/cm?.

They showed a doubling of current density, removal
efficiency improved from 10% to 22.5% after 120 min.
When the current density increased from 50 to 100 mA/
cm?, the results showed that the efficiency of TOC
removal increased from 28.5% to 34.42%. In addition,
first and second-order kinetic models were investigated
on EC. With the increasing current density reaction rate
increasing for both models, the second-order kinetic
model was found more suitable with the R? values be-

tween 0.962 and 0.986 [82].

Nasrullah et al. [83] used high current densities (605,
908, 1211, 1513, and 1816 A/mz) in the EC process to
treat sewage wastewater. The test results showed that at
the highest current density and pH = 7, the removal
efficiency of COD, BOD, and SS was 98.07, 98.07, and
97.64, respectively [83].

Distance between the electrodes

The distance between the electrodes and their surface
area are important parameters, the optimization of
which directly affects the operating costs.

When the effluent has a high electrical conductivity and
a constant current density is used to reduce energy
consumption, the distance between the electrodes must
be increased. Conversely, when the effluent has a weak
electrical conductivity, the distance between the elec-
trodes must be reduced to reduce the power
consumption.

Attour et al. [84] investigated the effect of electrode
distance to remove phosphate from wastewater using
EC. They used aluminum electrodes at different dis-
tances in the effluent with a specific electrical con-
ductivity. The results showed optimal operating

conditions are an electrode gap of 5 mm, an initial pH of
3, and a conductivity of 3.2 mS [84].

Effect of applied voltage on metal removal
The voltage applied, similar to other parameters,
directly affects the elimination efficiency and costs.

In this regard, Bhagawan et al. [85] examined the effect
of the amount of voltage (4 and 8 V) used on the effi-
ciency of heavy metal removal using the EC method.
The result at 8 V showed that the maximum removal of
metals was found to be 96, 96.4, 99.9, 98, and 99.5% for
Cr, Ni, Zn, Cu, and Pb, respectively [85].

Comparison with other treatment methods
In recent years, many researchers have conducted to
compare the EC method with other treatment tech-
niques. Akyol et al. [86] compared the two methods of
EC and electro-Fenton (EF) to treat effluents from the
liquid organic fertilizer plant.

Under ogtimal operating conditions for the EC method
(50 A/m*~, 45 min and pH = 6), the removal efficiencies
of 79% for TOC, 83% for COD, 73% for total phosphate,
and 95% for color were obtained, while under the
optimal conditions for the electro-Fenton method (50 A/
m?, 45 min, 25 mM H,0; and pH = 3), the removal
efficiencies 87% for TOC, 91% for COD, 96% for total
phosphate, and 99% for color were obtained.

In addition, operating costs were calculated for
methods, which were obtained for EC and EF methods,
0.74 and 1.23 €/m’, respectively. They concluded that,
the EF method was more efficient than the EC method
in terms of efficiency in removing contaminants, while
the EC method was less expensive than the EF method
[86].

Al-Shannag et al. [87] used the EC method to remove
heavy metal ions from metal plating effluent. The re-
sults showed that with increasing current density and
residence time, elimination efficiency increases.
Therefore, more than 97% of heavy metal ions are
removed at a current density of 4 mA/cm?, pH of 9.56,
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and treatment time of 45 min, while under these con-
ditions, specific energy consumption and specific
amount of dissolved electrodes were about 6.25 kWh/m?®
and 1.31 kg/ms, respectively [87].

Manikandan et al. [88] compared the two methods of
EC and photo-assisted chemical oxidation (PACO) to
eliminate reactive blue dye. The results showed that the
removal efficiency of both methods was more than 99%.
Operating costs for the EC and PACO process are
calculated at 0.5937 $ and 0.016 US$, respectively. But
in terms of electrical energy consumption and the
overall operating cost, the EC process competes (0.0481
US$ and 0.6418 US$) with the PACO process (1.0267
US$ and 1.04337 US$) [88].

Eskibalci et al. [89] compared the coagulation and EC
methods for dewatering of a coal preparation plant. The
results show that when aluminum electrodes are used,
the removal efficiency is the same for both methods. In
addition, the use of the EC method has reduced oper-
ating costs to 22.2% compared with the coagulation
method [89].

Sandhwar and Prasad [90] compared the three methods
EC, peroxi-EC, and peroxicoagulation processes for
treatment of simulated purified terephthalic acid
wastewater. Wastewater contains major toxic compo-
nents of purified terephthalic acid wastewater: benzoic
acid, terephthalic acid, paratoluic acid, and phthalic acid.

Process variables included pH (4—12), current density
(45.72—228.60 A/mz), electrolyte concentration (0.04—
0.08 mol/L.), electrode gap (1—3 cm), H,O, concentra-
tion (600—1000 mg/L.), and reaction time (20—100 min).
The maximum COD removal of EC, PEC, and peroxi-
coagulation (PC) treatments was 60.76%, 73.91%, and
66.68%, respectively. In addition, the energy consump-
tion of each method was 95.81, 49.58, and 69.26 (kWh/kg
COD removed), respectively. Because the peroxi-elec-
trocoagulation (PEC) method has the lowest energy
consumption and the highest removal efficiency, it is the
most effective removal method [90].

Maitlo et al. [36] used air metal fuel cell EC techniques
to remove arsenic in water. The results showed that
using this method continuously eliminates more than
99.5% of arsenate in water for 4 h with maximum power
density of 5.9 W m % In addition, in batch mode, more
than 99.9% of arsenate was removed from the water in
6 h with maximum power density of 1.99 W m~% [36].

Gaied et al.[91] compared tertiary treatment of waste-
water by EC, electro-Fenton, and advanced electro-
oxidation processes. After 180 min, the removal effi-
ciency of BODs and COD was 56% and 14%, respec-
tively, while the EC method destroyed a large number of
germs. At the same time, this elimination rate increases

to 75% and 52%, respectively, when the EF process is
used, and the germs are completely destroyed.

Using the anodic oxidation (AO) method, the removal
efficiency of BODs and COD was, 92% and 57%,
respectively, and all germs are eliminated. The eco-
nomic study showed that the EF process is technically
and economically the best of these alternatives for
treatment of this wastewater.

The treatment cost of 1 m® of wastewater was estimated
at 13.8, 17.3, and 21.8 €/m°> for ECirons EFiron, and
advance oxidation processes (AOPg) processes, respec-
tively. Reactor cost and total capital investment (without
anode, for flow rate 1 m® dfl) (in €) were 19518.3 € and
111059.1 €, respectively. for both ECj,,, and EFj.,.
However, estimates for AEOP, were 6022.9€ for reactor
cost and 34270.5€ for total capital investment [91].

Ramprasad et al. [92] compared two methods of coag-
ulation and EC to eliminate landfill leachate. These
tests, which were performed in batch mode, showed
that the efficiency of removing the two methods was
almost the same (more than 74%). In addition, the ef-
ficiency of eliminating pollution in the coagulation/
flocculation process has been higher than the EC
method. In the EC method, the removal efficiency of
turbidity, COD, chloride, alkali, and soluble solids was
98%, 78.1%, 84.5%, 77.9%, and 75.8%, respectively,
while for the coagulation/flocculation process, the effi-
ciency of removing the expressed contaminants was
97%, 74%, 83%, 74%, and 71% respectively [92].

Arturi et al. [93] compared the EC and chemical coag-
ulation (CC) method in the treatment of gelatin pro-
duction plant wastewater. Results indicated that the
composition of the precipitates at different operation
conditions, such as pH, show that EC has increased
efficiency of COD removal, compared with CC with the
same dose of aluminum (Al+3) as coagulant. The effi-
ciency of COD removal was 73.6% with EC and 55.6%
with CC. The in -situ formation of zeolites in the EC
process explains the high efficiency of this treatment
compared with the CC process [93].

Ghanbari et al. [94] investigated efficient treatment for
landfill leachate through sequential EC, electro-, and
peroxymonosulfate (PMS/UV/CuFe;0O4) processes. Re-
sults showed that COD removal efficiencies were up to
60.0%, 50.0%, and 77.9% for EC, electro-oxidation (EO),
and SR-AQOP, respectively. Removal efficiencies for the
sequential process were 95.6%, 90.5%, 91.6%, and 99.8%
for COD, TOC, BOD, and ammonia (NH4—N),
respectively [94].

Padmaja et al. [95] compared efficiency of CC and EC
methods in the treatment of pharmaceutical effluent.
The results showed that though CC has brought a
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considerable decrease in the percentage of COD,
suspended solids, and chlorides, the extent of decrease
in the total dissolved solids is only 14.05% using alum
and 26.3% with FeCls, whereas the EC method which
has reduced both COD and TDS to 92.3% and 91.5%,
respectively, proved to be more efficient with Fe—Al
assembly using a lowest current of 0.04 A at a time in-
terval of 15 min. The coagulant consumption is also less
in EC than in CC rendering it as a cost-effective tech-
nology [95].

The kinetics of removal by the EC method
In recent years, research studies have been performed on
the kinetics of effluent removal using the EC method.
For example, Ahmadian et al. [96] studied the kinetic
treatment of slaughterhouse effluent by the EC method.
In this study, the effect of various parameters such as
electrode number (4, 6, 8), operating time (10—60min),
and current density (5, 10,15,20,25 A/mz) was investi-
gated. The results showed that increasing the time and
number of electrodes had a positive effect on increasing
the elimination efficiency, so that a large number of
electrodes must be used to achieve a certain efficiency in
a short time. The highest removal efficiency of BODs,
COD, TSS, and total nitrogen using ei%ht electrodes in
50 min and current density at 25 A/m“ was 97%, 93%,
81%, and 84%, respectively. The test results showed that
BODs, COD, TSS, and Total nitrogen (TN) deletion
kinetics follow the first-order kinetic model [96].

El-Shazly and Daous [97] examined the kinetics of
phosphate removal from industrial effluents using the
continuous EC method and the effect of several vari-
ables on phosphate removal rates. Results showed that
the rate of phosphate depletion increases with
increasing solution circulation flow rate, current density,
and the temperature of the solution, while the rate of
depletion decreases with increasing concentration of
phosphate ions.

The kinetics of phosphate removal by this method was
described by the first-order rate equation.

where V is the solution volume, C, and C; are phosphate
ion initial concentration and concentration at any time t,
respectively, K is the mass transfer coefficient, and A is the
anode surface area [97].

El-Shazly and Daous [97] examined the performance of
the EC method in batch mode to remove nitrate and
phosphate ions from effluent. Experimental results
showed that with increasing current density and pH, the
removal efficiency of nitrate and phosphate increased,
while with increasing concentration of these ions, the

Wastewater treatment via electrocoagulation Shahedi et al. 165

removal efficiency decreased. In addition, experimental
results showed that to eliminate these ions using the EC
method, the first rate order equation can be used to
describe kinetics. In addition, the activation energy of
this reaction is 5 kCal/mol, and the reaction is controlled
by diffusion [98].

Attour et al. (2014) investigated the effect of electrode
distance to remove phosphate from wastewater using
EC. The results showed optimal operating conditions
are an electrodes gap of 5 mm, an initial pH of 3, and a
conductivity of 3.2 mS, and in these conditions, the
phosphate is totally removed with a rapid kinetic rate
[75].

Singh and Mishra [99] evaluated the kinetic behavior of
the EC process to remove suspended solids and metals
from artificial effluent. In this study, the relationship
between elimination efficiency and flow density was
evaluated. The results showed that the removal effi-
ciency of T'SS was 76.6% in 30 min and the current
density was 5.3 mA/cm?, and for heavy metals, such as
chromium, zinc, and copper, it was 59.2%, 82.1%, and
99%, respectively. The kinetic study showed that the
pollution elimination model follows the first- and
second-order equations, which depend on the flow
density and EC time [99].

Bener et al. [82] investigated kinetics for TOC
removal at various current densities (12.5—100 mA/
sz). The first and second kinetic models were used
for the EC method. The results showed that with
increasing reaction rate, the efficiency of removal
eliminates up to the maximum, and as the current
density increases, the reaction rate for the kinetic
model increases for the second time, and R? was
suitable for this equation [82].

Economical aspects

The economical aspect is one of the main parameters
that affect the wastewater treatment process. In the EC
method, the costs include the cost of external chemical,
cost of dissolved electrode, and energy consumption.
The operating cost during the EC method could be
calculated through the following equation [100].

Consumption of electrode (Cgj, kg/m3: kg of electrode
dissolved/m? of wastewater):

Cclectrode =MxIxRT/VxFxn

Consumption of electrical energy (Cep, KW h/mS):

Cenergy = RT x U x I/'V

Consumption of chemical (C¢hem, kg of Chemical/m3):
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(Cehem = Chemicals used /m?® of wastewater)

3
"Total cost (cost/m”) = a C electrode 1 b C energy +cC chemicals

where RT = reaction time of treatment (s), U = voltage
(V), I = electrical current (A), Z = amount of electron
moles (3 for Al, 2 for Fe), M = molecular mass of Fe
(55.84 g/mol) and Al (26.98 g/mol), V = volume of waste-
water (L), F = Faraday’s constant (96,500 c/mol), ¢ = cost
of chemicals which can be added (US$/kg), b = electricity
costs (US$/kWh), and a = cost of aluminum or iron (US$/
kg). AlJaberi [101] found the relation between the value of
operating cost in one hand and the effect of geometry of
electrodes and their consumption, as well as energy con-
sumption, on the other hand [101]. Kobya et al. [102]
applied the EC technique to remove Cd, Ni, and CN from
electroplating rinse water. The elimination efficiencies
were reported 90%, 93%, and 95% for Cd, Ni, and CN,
respectively. The remediation cost was calculated around
2.45 US$/m® and 1.85 US$/m? for Ni and Cd at optimum
conditions, respectively [102].

Conclusion and perspectives

Various parameters such as pollutant types, their
toxicity and concentration, and volume of wastewater
affect the selection of an effluent treatment method.
Among the different techniques, EC has been applied
for effective elimination of a wide range of contami-
nants from aqueous phase. It revealed a better effi-
ciency in comparison with some other conventional
treatment techniques. EC is recognized as a simple
technique, which has less remediation time and
adequate cost. EC is an effective process for heavy
metal removal for industrial wastewater; however, its
efficiency depends on electrode type and other opera-
tion parameters such as initial concentration, pH, and
electrolyte concentration. The mechanism of removal
is due to AIO(OH) generation in the sludge sample
through the Al electrode and FeO(OH) and Fe;O4
generation in the sludge samples using Fe electrodes.
Heavy metals were also coprecipitated during the for-
mation of iron oxides. It is characterized by high settle
ability and low sludge production. Moreover, it could be
combined with some other treatment techniques such
as advanced oxidation and UV-LED to have better
performance which could be a new area of investigation
[103]. This coupled system may apply for disinfection
water for drinking. The use of three dimensional
electrodes, porous electrodes, and nanoelectrodes is
also a new area of investigation which has not been
discussed here. Overall, the EC process is considered as
a capable treatment technology to overcome lots of
drawbacks for heavy metal removal from industrial
wastewater.
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