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Abstract

The combination of electrocoagulation with another process is a promising approach to enhance the removal efficiency of
water pollutants. For instance, free radical-assisted electrocoagulation is a new combination showing higher performance.
There are different combinations depending on the free radical source. This article reviews free radical-assisted electroco-
agulation processes. We discuss electrocoagulation mechanisms; ozone-assisted electrocoagulation processes; advanced
oxidation-assisted electrocoagulation processes; and ultrasound-assisted electrocoagulation. We present kinetic models
used in free radical-assisted electrocoagulation, scale-up of free radical-assisted electrocoagulation and cost estimation. The
major points are: most of the available studies have been done at laboratory scale with synthetic wastewater, and lack holistic
and systematic approaches to consider the process complexity. The performance of the combined process is improved, and
the removal efficiency is increased especially with ozone-assisted electrocoagulation, which gives a removal efficiency of
more than 95%. The use of ultrasound energy with electrocoagulation is advantageous in reducing the problem of electrode
passivation.

Keywords Electrocoagulation - Combined treatment processes - Advanced oxidation - Ultrasonic energy - Ozone-assisted
electrocoagulation

Introduction many pollutants from water such as lignin, phenol, heavy

metal ions and anionic contaminants dyes (Al-Shannag et al.

In the last two decades, various wastewater effluents have
been treated effectively via electrocoagulation process. It
was found that such methods have succeeded to remove
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2013, 2014; Bibi et al. 2017; Butler et al. 2011; Daneshvar
et al. 2006; Esfandyari et al. 2015; Murugananthan et al.
2004; Naji et al. 2017; Pulkka et al. 2014; Ugurlu et al. 2008;
Wang et al. 2009). In addition, electrocoagulation (EC)
processes contribute largely in reducing suspended solids
(SS), total dissolved solids (TDS), chemical oxygen demand
(COD) and biochemical oxygen demand (BOD) levels in
wastewater effluents. In particular, many previous studies
demonstrated that electrocoagulation (EC) process repre-
sents an alternative approach to remove many heavy metal
ions from industrial wastewater such as chromium, copper,
nickel, arsenic, zinc, manganese, mercury, cadmium, lead,
silver, iron and boron (Akbal and Camc1 2011; Al-Shannag
et al. 2015; Al Aji et al. 2012; Amarasinghe and Williams
2007; Bazrafshan et al. 2015; Hashim et al. 2017; Heidmann
and Calmano 2008; Kartikaningsih et al. 2016; Mahmad
et al. 2015; Merzouk et al. 2009; Mouedhen et al. 2009;
Nanseu-Njiki et al. 2009; Singh et al. 2006; Wan et al. 2011).
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Many reviews report the best achievements of electroco-
agulation (EC) processes (Al-Qodah and Al-Shannag 2017,
Bazrafshan et al. 2015; Hakizimana et al. 2017; Kabdash et al.
2012; Khandegar and Saroha 2013; Moussa et al. 2016; Pulkka
et al. 2014; Sahu et al. 2014; Verma et al. 2013; Zheng et al.
2017). Such previous reviews illustrated the many advantages
of this treatment process including the simplicity of opera-
tion, low startup time, no need of chemicals to better removal
efficiencies, high filterability of the produced sludge, high
removal efficiency, easy and rapid controlled process (Khande-
gar and Saroha 2013; Siringi et al. 2012). On contrary, the
major drawbacks of using electrocoagulation (EC) method
as treatment process are: It depends solely on the electrical
energy produced from non-renewable resources which can be
overcome by using renewable energy resources such as solar
energy (Dominguez-Ramos et al. 2010) and biogas produced
from waste materials (Fernandes et al. 2015), the consumption
of sacrificial as a result of its oxidation wastewater solution
medium, the generation of oxide film on the cathode which
reduces electrocoagulation (EC) efficiency, the electrocoagula-
tion medium requires minimum electrical conductivity of the
wastewater, and the creation of new materials in the generated
sludge from the electrocoagulation reactor that may be harmful
to the environment.

In addition, the literature does not have sufficient infor-
mation for scaling up this process from laboratory/batch
to industrial/continuous scale or even to pilot plant scale
(Calvo et al. 2003; Den and Huang 2006; Feng et al. 2003;
Holt et al. 2005; Zolotukhin 1989). Therefore, the use of
electrocoagulation process together with other treatment
processes might improve its performance. The review of
Barrera-Diaz et al. (2014) discussed the electrocoagulation
process combined with the following treatment processes:
electrocoagulation—ultrasound, electrocoagulation—ozone,
electrocoagulation—pulses and electrocoagulation—adsorp-
tion processes.

This review represents the first attempt to focus on the
performance of free radical-assisted electrocoagulation pro-
cesses. Free radical-assisted electrocoagulation includes pro-
cesses using ozone, advanced oxidation materials or devises
in addition to ultrasound energy. The common feature in
these processes is the formation of free radicals that attack
the pollutants found in the wastewater. In addition to the
mechanism and performance of these processes, the kinet-
ics, scale-up approach, and cost analysis will be discussed
and analyzed.

Electrocoagulation mechanism
In the electrocoagulation (EC) complex process, ionic

coagulants are generated by the oxidation of consuma-
ble metallic anodes (Salameh et al. 2015). The generated

@ Springer

ionic species diffuse throughout the solution, destabilize
the emulsion and then enhance the formation of complex
flocculants from the dissolved suspended, or emulsified
pollutants (Fernandes et al. 2015). The physical and chem-
ical changes that usually occur in any electrocoagulation
process can be summarized into the following successive
steps (Cafiizares et al. 2007; Fernandes et al. 2015; Sala-
meh et al. 2015; Zhao et al. 2016):

(1) Oxidation of the anode to form the positive ionic
coagulants.

(i1) Reduction in water molecules on the cathode to form
hydroxyl ions (OH™) and some oxygen and hydrogen
gas bubbles.

(iii) Movement of the formed ions to the oppositely
charged electrodes. This movement leads to desta-
bilization of the pollutants and then breaks down the
emulsion.

(iv) Intimate interaction between the positive ions and the
negative hydroxyl ions to form metallic hydroxides
of high adsorption properties. The metallic hydroxide
molecules aggregate to form polymeric structure that
sweep in solution.

(v) Pollutants are adsorbed into the polymeric structures
to form larger aggregates.

(vi) Pollutants could be converted to less toxic forms by

possible redox reactions.

Removal of aggregates by flotation of hydrogen and

oxygen bubbles which move upwards in the liquid

phase or get precipitated if they have relatively high
density compared to the solution medium.

(vii)

On the other hand, it should be noted that there is a wide
variety of perspective views in the literature about the
exact mechanism of the electrocoagulation processes.
For this reason, a systematic approach is required to fully
understand the electrocoagulation (EC) mechanism and
its controlling variables. This will enable the design of an
optimum process and a prior prediction of the treatment
of any pollutant (Holt 2002).

The oxidation reactions that take place on the sacrificial
electrodes depend on the anode material. Many previous
electrocoagulation investigations utilized anodes that are
made of iron (Fe) and stainless steel (SS) and aluminum
(Al) or aluminum alloy (Fekete et al. 2016; Lin et al.
2005; Vasudevan et al. 2011). Other electrocoagulation
researches utilized copper (Ali et al. 2013; Prajapati et al.
2016), zinc (Ali et al. 2013; Vasudevan et al. 2011), and
magnesium or magnesium-based alloy anode (Oumar et al.
2016; Vasudevan and Lakshmi 2012).

For iron (Fe) or stainless steel (SS) electrodes with
alkaline conditions, the following oxidation/reduction
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reactions could take place (Al-Shannag et al. 2012; Pulkka
et al. 2014; Salameh et al. 2015):

. 2 -

Anode:  Fe  — Fe(i +2e (1)
Cathode: 2H,0 ;) + 2¢” — Hy,) + ZOH(_aq) )
Precipitation:  Fe{} +2HO[,  — Fe(OH)yy) | 3)
Overall:  Fe () +2H,0() — Fe(OH),, | +Hy, 4)

At acidic conditions, the following reactions may occur:

Anode: 4Fey, — 4Fe(2,;]) + 8¢~ )
Precipitation: 4Fe (Z;q) + 10H,0, + 10 O,(g) ©
Cathode: 8H( + 8e” — 4Hyy, @)

Overall: 4Fe (s) + 10H,O0 (1) + 10 O,(g)
— 4Fe(OH);(s) | +4H,(g) ®

For aluminum electrode systems in basic conditions, the
redox reactions can be summarized as follows (Pulkka et al.
2014):

Anode: Al — Al?;q) +3e” )

(aq)
« . . . 3 —
Precipitation Al(;;) +3HO[,, — Al(OH)y, | an

Overall: Al + 3H20(l) — Al(OH);, | +1.5H2(g) (12)

Polymerization: nAl(OH);, | = AL,(OH)s, 1 (13)

At acidic conditions, the following reactions occur:

Anode: Al — AlDY +3e” (14)

Precipitation: A" +3H,0(, — Al(OH);, | +3H2;&q)

15)

Cathode: 3H(+aq) + 3e” — 1.5H,,, (16)
Overall: Al +3H,0 — Al(OH);, | +1.5H,, (17)

According to the above equations, as aluminum ions
(AI**) are generated from the anode, they react with hydrox-
yls ions (OH™) generated from the cathode to form AI(OH)F

at low pH. Then, with increasing pH, AI(OH); is initially
produced and finally polymerization takes place to form
Al,(OH);,,.

Ozone-assisted electrocoagulation
processes

Ozone (0O3) is as a strong oxidizing agent (Al-Momani et al.
2008; Song et al. 2008). It can oxidize various organic and
inorganic compounds in two different mechanisms: direct
oxidation by ozone molecule and/or indirect by the for-
mation of free radicals such as the hydroxyl radical (OH’)
(Asaithambi et al. 2012; Hernindez-Ortega et al. 2010;
Lafi et al. 2009). The action of ozone in the production of
hydroxyl radical (OH’) which acts as strong, effective and
non-selective oxidizing agent can be expressed by the fol-
lowing set of equations:

O; + 2H* +2¢~ - O, + 2H,0 (18)
0, + H,0 - 2HO + 0, (19)
05+ OH™ — 05 +HO, (20)
O; + OH — 0, + HO, « 20, + H* Q1
0; + HO, — 20, + HO' (22)
20H, - O, + H,0, (23)

If ozone is bubbled into the electrocoagulation (EC)
aqueous solution, redox reactions take place in which ozone
decomposes after its reaction with Fe>* ions to form the
intermediate ion (FeO>") which consequently reacts with
water to form hydroxyl radical (OH’) and Fe** ions as fol-
lows (Bernal-Martinez et al. 2010; Sauleda and Brillas
2001):

0, + Fe** - FeO*" + 0, (24)
FeO* + H,0 — Fe** + OH' + OH’ (25)
FeO*" + Fe’* + 2H' - Fe’* + H,0 (26)

After the formation of the hydroxyl radical, it oxidizes the
organic compounds present in the medium by three different
mechanisms including: radical addition to the compound,
abstraction of hydrogen atom and electron transfer (Huang
et al. 1993).

It is clear from Eqs. (24)—(26) that there is a mutual acti-
vation between ozone and Fe2*. On the one hand, the pres-
ence of Fe?* in the electrocoagulation medium enhances
ozone decomposition to hydroxyl radical. On the other hand,
the presence of ozone bubbles in the coagulation system,
with Fe?*, forms the catalytic O5/Fe*" system that forms
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the intermediate FeO**, a species that reacts with water to
evolve hydroxyl radical, HO" and Fe** ions. These mutual
activation products could accelerate the decomposition of
the organic pollutants and consequently enhance the pro-
cess efficiency (Piera et al. 2000; Sauleda and Brillas 2001).
Accordingly, many researchers have combined ozonation
with electrocoagulation treatment process especially in
the case of organic pollutants. The first cited contribution
was that of He et al. (2007) who used electrocoagulation
enhanced with ozone to decolorize aqueous solutions con-
taining C.I. Reactive Yellow 84. They reported that the rate
of dye decay increased with increasing ozone flow rate and
the total organic carbon (TOC) removal reached 85% where
97% of color decay was achieved in the first 10 min of the
process. Song et al. (2008) repeated the same process to
decolorize aqueous solutions containing C.I. Reactive Blue.
They used a flow rate of ozone of 20 mL/min and found that
total organic carbon (TOC) removal reached 80 and 97% of
color decay was achieved in the first 10 min of the process.

Subsequently, several researchers used the same ozone-
assisted electrocoagulation (OEC) process combination with
some differences in the values of the operational parameters.
In most of these researches, the experimental setup of the
electrocoagulation process is similar to that of Asaithambi
et al. (2016a) shown in Fig. 1.

The main results obtained by previous researches are
summarized in Table 1. It is clear from Table 1 that all of the
applications of combined ozone-assisted electrocoagulation
(OEC) processes were used to decolorize colored wastewater
in addition to remove total organic carbon (TOC) removal
and/or chemical oxygen demand (COD) (Asaithambi et al.
2012, 2016a; Behin et al. 2015; Daghrir et al. 2016; Garcia-
Garcia et al. 2014; He et al. 2007; Hernadndez-Ortega et al.

Fig. 1 Experimental setup of
ozone-assisted electrocoagula-
tion. It consists of a batch reac-
tor equipped with the suitable
electrodes. The required ozone
is usually generated from dry air
by electric discharge and was

2010; Hsing et al. 2007; Orescanin et al. 2011; Roa-Morales
et al. 2014; Song et al. 2007, 2008; Wu et al. 2008). The
maximum removal efficiencies of color, chemical oxygen
demand (COD), total organic carbon (TOC) and turbid-
ity were 100 (Asaithambi et al. 2016a; Behin et al. 2015;
Wu et al. 2008), 99.3 (Daghrir et al. 2016), 85 (He et al.
2007) and 90% (Hernandez-Ortega et al. 2010), respectively.
Garcia-Garcia et al. (2014) successfully used it to reduce or
eliminate the microorganism population in the treated water
prior storage. However, very limited number of publications
has showed the impact of ozone on the electrocoagulation
process. Asaithambi et al. (2016a) applied three different
processes for the treatment of real distillery industrial efflu-
ents. These processes were ozonation, electrocoagulation
(EC) and ozone-assisted electrocoagulation (OEC). The
removal efficiencies of color and chemical oxygen demand
(COD) in these three processes are compared in Fig. 2.

As can be seen in Fig. 2, the combination of combined
ozone-assisted electrocoagulation (OEC) processes process
resulted in a very effective and efficient treatment process.
As mentioned above, this enhancement is referred to the
effect of ozonation on the formation of the hydroxyl radical
(OH). The interaction between ozone and Fe?* ions pro-
duced from iron electrode oxidation expressed by Eq. 23
through Eq. 25 produces the generated in situ active radi-
cals that attack and oxidize the organic compound. Conse-
quently, both color and chemical oxygen demand (COD)
were remarkably reduced. Similar results were obtained by
Asaithambi et al. (2012) for the removal of color and chemi-
cal oxygen demand (COD) from the distillery effluent as
shown in Fig. 3.

It is clear from Fig. 3 that ozone-assisted electrocoagula-
tion (OEC) process was more efficient than EC or ozonation

DC power supply

Q

Control valve
continuously bubbled into. the . ( \ Silicon tube L
electrochemical reactor with air Sampline
or as pure ozone (Asaithambi Ozone O; output >amping
et al. 2016a); Elsevier license oenerator I._..I pOlT
number 4236550321997 generator !
[« » (b
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Stone diffuser —f=e—ms
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Table 1 Combined ozone-assisted electrocoagulation (OEC) processes for wastewater treatment

Pollutant Process variables Removal % References

Ozone flow pH  Electrodes Current TOC COD Turbidity Color

rate (mL/ density (mA/

min) cm?)
Reactive Blue 19 20 10  Fe 10 80 96 Song et al. (2008)
C.I. Reactive Yellow 84 20 6.5 Fe 15 85 97 He et al. (2007)
Reactive Black 5 20 55 Fe 10 60 94 Song et al. (2007)
Acid Orange 6 azo Dye 90 7 Fe 88.6 50 80 Hsing et al. (2007)
Red MX-5B 500 6.1 Fe 1.5 100 Wuet al. (2008)
Industrial wastewater 23 7 Fe 26 63 90 Hernandez-Ortega et al. (2010)
Boat washing wastewater 2.5 7.25 Fe, Al 17 64.6 76.28 Orescanin et al. (2011)
Distillery effluent 33.3 6 Al, Fe 10 83 100  Asaithambi et al. (2012)
Olive processing 5 7 Al, Fe 25 30 Fe 100% Garcia-Garcia et al. (2014)
Offset printing dyes 5g/h 8.7 Al 6.66 99.35 99.99 Roa-Morales et al. (2014)
Acid Brown 214 750 9.5 Fe 15 100 Behin et al. (2015)
Distillery industry 15,000 7 Fe 3.85 97.5 100 Asaithambi et al. (2016a)
Gray wastewater 9.2 g/h 8 Al-graphite 9 84.59 91.31 Daghrir et al. (2016)

100

80
B Color removal
B COD removal

40

=
2
£
S
&

ozone

electrocoagulation

ozone + electrocoagulation

Fig.2 Comparison of ozonation, electrocoagulation (EC) and com-
bined ozone-assisted electrocoagulation (OEC) processes (current
density: 3 A/dm?; effluent chemical oxygen demand (COD) concen-
tration: 3000 ppm, effluent pH: 7; Inter-electrode distance: 1.8 cmy;
electrolysis time: 5 h and ozone flow rate: 15 L/min and concentra-
tion: 2 g/h). The removal efficiencies of the combined process were
100% for color and 97.50% of chemical oxygen demand (COD). On
the other hand, the removal efficiency of the single ozonation process
was 18% of color and 21% of chemical oxygen demand (COD) and
that of single electrocoagulation (EC) process was 92% of color and
78% of chemical oxygen demand (COD). (Asaithambi et al. 2012);
Elsevier license number 4236630471733

process alone. It should be noted that the removal efficien-
cies of both color and chemical oxygen demand (COD)
using ozonation only were relatively low compared to those
achieved using electrocoagulation (EC) or combined ozone-
assisted electrocoagulation (OEC). The reason could be
attributed to the poor mass transfer of ozone O; from the
gaseous to the liquid phase containing the organic pollutants.

Behin et al. (2015) applied a combined ozone-assisted
electrocoagulation (OEC) process to decolorize the acid
dye, AB214 using a rectangular internal loop airlift reactor.
This reactor which is shown in Fig. 4 was used to enhance
ozone (O;) transfer between the gaseous and liquid phases.
They reported that the decolorization efficiencies of AB214
obtained at 30-min treatment period in Fig. 5. This result
confirms that if ozone (O5) mass transfer to the liquid phase
is improved using suitable reactors such as the air lift reac-
tor, it will result in a good decolorization efficiency.

According to the above results, combined ozone-assisted
electrocoagulation (OEC) process has an improved perfor-
mance compared to both ozone and electrocoagulation (EC)
processes and permits high removal efficiencies of organic
pollutants. However, this process still faces many challenges
that limit its large-scale application. The first challenge is the
poor mass transfer of ozone gas to the liquid phase in the
combined ozone-assisted electrocoagulation (OEC) reactor.
This problem becomes more serious in large-scale reactors.
Consequently, this fact suggests the search for a suitable
design of the combined ozone-assisted electrocoagulation
(OEQ) reactor is able to facilitate intensive mass transfer
rates of ozone to the liquid phase. The air lift reactor of a
square cross section used by Behin et al. (2015) represents a
good attempt to achieve a suitable reactor design. However,
the use of circular cross section of the reactor could give
more encouraging results since mixing between the phases
will be more efficient than that in square cross section. The
second challenge for this combined ozone-assisted electro-
coagulation (OEC) application is the absence of any scale-up
attempt since all the published experiments are laboratory
scale. Since the combined ozone-assisted electrocoagulation

@ Springer
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Fig.3 Comparison of ozonation, electrocoagulation and com-
bined ozone-assisted electrocoagulation (OEC) for the removal of
color and chemical oxygen demand (COD) from the distillery efflu-
ent (condition: initial chemical oxygen demand (COD) concentra-
tion: 2500 ppm, current density: 3 A/dm?, initial pH: 6, ozone flow

Atmosphere

3

ki Gas outlet
I”' <

Iy

Ozone
Destructor ... Baffle jeseies
S Gad
Ozone generator DC power supply
Dry air ' -
—_—
i N Downcomer

—

Ozone analysis Riser

Flow meter
Gas sparger

Gas inlet

Fig.4 Schematic of experimental combined ozone-assisted electro-
coagulation (OEC) setup. Intensive mixing between the phases takes
place due to the induced liquid recirculation between the riser and the
down comer of the reactor (Behin et al. 2015); Elsevier License num-
ber 4236551295750

(OEC) reactor usually contains different phases including
the gas phase, the design of this reactor plays a critical
role in improving the overall performance of the process.
Another challenge is the large-scale production of ozone
by a cost-effective process. This could be achieved by using
simultaneous anodic oxidation, taking advantage of the pos-
sibilities of electrochemical technology to produce oxidants
(Caiiizares et al. 2009).

@ Springer

rate: 15 L/min). The maximum chemical oxygen demand (COD)
removal efficiency of the combined process was only 83% compared
with 97.5% obtained by Asaithambi et al. (2016a) (Asaithambi et al.
2012); Elsevier license number 4236551000535
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0 L (1 1 1 L 1
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Reaction time (min)

Decolorizat
[v*]
)

35

Fig.5 Decolorization efficiency of AB214 by ozonation, electroco-
agulation (EC) and ozone-assisted electrocoagulation (OEC) (initial
dye concentration: 50 mg/L, current density: 15 mA/cm?, initial pH
9.5, superficial gas velocity: 0.45 cm/s, salt concentration: 3 g/L).
The decolorization by ozonation, electrocoagulation (EC) and com-
bined ozone-assisted electrocoagulation (OEC) was 82.88, 45.72 and
100.00%, respectively. (Behin et al. 2015); Elsevier License number
4236631162790

Advanced oxidation-assisted
electrocoagulation processes

Advanced oxidation processes are considered as a suitable
alternative approaches for dye decolorizing and for reducing
organic wastewater loads produced from textile companies
(Wu et al. 2008). These processes include the use of ozone
(O3) as discussed in the previous section, TiO, (Xu 2001),
ultra violet radiation (UV) (Lafi et al. 2010; So et al. 2002) or
a combination of these processes. In the different advanced
oxidation-assisted electrocoagulation (AOEC) processes, not
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only the hydroxyl radical (OH¥*), as very powerful and non-
selective oxidizing agent, is formed and acts to destroy hazard-
ous pollutants. Other radicals are formed as will be shown in
the following mechanisms expressing the advanced oxidation-
assisted electrocoagulation (AOEC) processes performance.
For this reason, these processes were combined with electro-
coagulation process to enhance the overall treatment process
(Xu 2001).

The combination of advanced oxidation-assisted electroco-
agulation (AOEC) processes could affect the mechanism of the
free radicals formation. For example, the combination of ozone
with ultraviolet (UV) leads to the formation of the hydroxyl
radicals by the direct and indirect after the decomposition of
ozone and after the formation of hydrogen peroxide (H,0,)
formation, respectively, as expressed in the following equation
(Peyton and Glaze 1985):

O;+hv—>0,+0 27)
O+ H,0 - OH + OH (28)
O0+H,0 - H,0, (29)
hv+H,0, - OH + OH (30)

It is clear from Egs. (26)—(29) that ultraviolet (UV) radia-
tion enhances ozone decomposition, yielding more free
hydroxyl radicals and thereby increasing the decolorization
rate. Various studies have also established that ultraviolet (UV)
promotes ozone decolorization (Peyton and Glaze 1985; Tez-
canli-Giiyer and Ince 2004).

Several authors suggested mechanisms for the enhancement
effect of ultraviolet (UV) irradiation on TiO,. Konstantinou
and Albanis (2004) proposed a mechanism for the degradation
of dye in ultraviolet/titanium oxide, (UV)/(TiO,), system as
shown the following set of equations:

TiO, + hv — TiO,(ecg_ + hyg,) 31)
TiO,(hyg,) + H,0 - TiO, + H + OH’ (32)
TiO,(hyg,) + OH™ — TiO, + OH' (33)
TiO,(ecp_) + O, — TiO, + O; (34)
O, + H" — HO, (35)
Dye + OH" — Degradation — products (36)
Dye + hyg, — Oxidation — products 37)
Dye + ecz_ = Reduction — products (38)

On the other hand, Qu et al. (1998) previously had sug-
gested that the mechanism of UV/TiO, could have the fol-
lowing additional reactions:

ecp_ + H" +0; — HO; (39)

701
HO; + H" — H,0, (40)
H,0, + ecy_ —» OH™ + OH 41)

Subsequently, Chen et al. (2001) added two possible reac-
tions as a part of the mechanism of ultraviolet/titanium oxide
system:

2HO, — 0O, + H,0, (42)

H,0, +0; - O, + OH™ + OH' (43)

The above set of equations showed that in addition to
hydroxyl radicals, OH*, there are other radicals such as
superoxide radical anions, O, hydrodioxyl radicals, HO,
and photo-generated holes Ayg,, hydrogen peroxide (H,0,)
formed as the primary oxidizing species in the UV/TiO, sys-
tem (Ganzenko et al. 2017). In addition, and as mentioned
above, Fe?* and Fe** are usually generated in the electro-
coagulation system. Accordingly, so combining ultraviolet/
titanium oxide with electrocoagulation could produce a Fen-
ton or Fenton-like reaction that enhances the decolorization.

Several researches have been published since 2008 deal-
ing with the coupling of one or more advanced oxidation-
assisted electrocoagulation processes (AOEC) with elec-
trocoagulation (EC) process. Wu et al. (2008) investigated
the decolorization efficiency of Procion Red MX-5B in
electrocoagulation assessed by ultraviolet/titanium oxide
and ozone-related systems. They reported that the decol-
orization rate constants of these combined processes fitted
pseudo-first-order kinetics and the rate constants increased
as the total power input increased. In addition, it was found
that decolorization efficiency was enhanced by combining
ultraviolet with electrocoagulation, electrocoagulation with
ultraviolet/titanium oxide and electrocoagulation with ultra-
violet/titanium oxide as shown in Fig. 6.

Recently, Akyol et al. (2015) investigated the synergetic
effect of combined electrocoagulation (EC), electrocoagula-
tion (EC) and photochemical oxidation (PCO), electrocoag-
ulation-photochemical oxidation (EC-PCO) process for the
removal of hydroquinone (HQ) from aqueous solution. The
experimental setup is shown in Fig. 7. They suggested the
following two reactions for the formation of necessary free
radicals that attack the hydroquinone (HQ) and convert it to
p-benzoquinone (BQ) which was removed by the subsequent
electrocoagulation (EC) process:

2R—R+hv—>R—R +2R (44)

R-R +0, - 2R +0; 45)

For the experimental setup shown in Fig. 7, the electrodes
were connected to a digital direct-current (DC) power supply
at monopolar parallel mode. They used a tubular quartz pho-
toreactor which as surrounded by six ultraviolet (UV) lamps
which predominantly emit homogenous radiation field inside
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Fig.6 Decolorization efficiency of electrocoagulation, ultraviolet/
electrocoagulation, ultraviolet/titanium oxide and ultraviolet/titanium
oxide/electrocoagulation systems (Procion Red MX-5B = 20 ppm,
ultraviolet = 8 W, titanium oxide = 0.5 g/L, EC = 0.2 A, current den-
sity = 1.5 mA/em? and T = 25 °C. Decolorization % and the reaction
rate constants, k of the systems ultraviolet/titanium oxide/electroco-
agulation, ultraviolet/titanium oxide, ultraviolet/electrocoagulation
and electrocoagulation were 80, 0.89; 50, 0.35; 40, 0.26 and 35%,
0.22 h-1, respectively, (Wu et al. 2008); Elsevier License number
4236640139733

Amwm}

the reactor at 365 nm. Air was bubbled blown into the pho-
toreactor through a diffuser in order to maintain the solution
saturated with oxygen during the course of the experiment.
They used several combinations of treatment processes of
hydroquinone (HQ) by the separate and combined electroco-
agulation and photochemical oxidation (EC-PCO) processes
in the presence or the absence of the air supply.

The results of Akyol et al. (2015) are shown in Fig. 8.
It is evident from Fig. 8 that the complete remove of hyd-
roquinone (HQ) is not achievable by any combination of
the treatment processes. However, the lowest hydroquinone
(HQ) removal efficiency was achieved when photochemi-
cal oxidation (PCO) was applied alone. On the other hand,
hydroquinone (HQ) removal efficiency was maximum by
combining both electrocoagulation (EC) and photochemical
oxidation (PCO) methods with constant air supply, which
indicates that oxygen plays an important role in the oxidation
of hydroquinone (HQ). The photochemical oxidation process
converts hydroquinone (HQ) in the presence of oxygen to
p-benzoquinone (BQ) which was subsequently removed by
the electrocoagulation (EC) process.

Jaafarzadeh et al. (2016) applied an electrocoagulation
process, electrocoagulation followed by ultraviolet oxidant
system for the removal of organic compounds from pulp
and paper wastewater. Since the pulp and paper wastewa-
ter usually contain high load of pollutants characterized by
dense color and high-level turbidity, the performance of the
ultraviolet (UV)-based processes will be very limited as the
pollutants absorb ultraviolet (UV) irradiation and prevent
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Fig.7 The experimental setup of photochemical oxidation-assisted electrocoagulation, the electro-coagulator was made of Plexiglas equipped
with four aluminum anodes and of three stainless steel cathodes (Akyol et al. 2015); Elsevier License number 4236600045316
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Fig.8 Effect of ultraviolet (UV) light power on the hydroquinone
(HQ) removal efficiency. The removal efficiency of hydroquinone
(HQ) was 9 and 91.5% for photochemical oxidation (PCO) and com-
bining both electrocoagulation (EC) and photochemical oxidation
(PCO), respectively. (Akyol et al. 2015); Elsevier License number
4236640605105

the activation of the oxidant. Therefore, electrocoagula-
tion (EC) process is applied as pre-treatment process in this
application to reduce the color and turbidity necessary for
effective performance of ultraviolet (UV)-based processes
for the treatment such as wastewater. The ultraviolet oxidant
system was ultraviolet/persulfate (UV/PP) at pH = 8.2 and
ultraviolet/peroxi-mono-sulfate (UV/PMS) at pH = 4.0. At
these conditions, ultraviolet irradiation enhances the forma-
tion of the following free radicals (Li et al. 2013a):

S,05> + UV - SO; + SO, (46)

HSO; + UV — HO + SO, 47)

Jaafarzadeh et al. (2016) used an efficient parameter as a
partial oxidation efficiency (i,,0x) in order to evaluate the
mineralization capacity of oxidative processes of ultravio-
let/peroxi-mono-sulfate (UV/PMS) and ultraviolet/persulfate
(UV/PS). This parameter was evaluated using the following
two equations (Mantzavinos et al. 2000; Papastefanakis et al.
2010):

(COD,yr0x)

Hpartox = (COD, — oD, (48)

COD, COD) “9)

COD s = | == - =—
pariox <Toc0 TOC

The values of 1, are between 0 and 1. p, is O for
total oxidation and 1 for ideal condition or partial oxida-
tion only. The results of Jaafarzadeh et al. (2016) showed
the variation of values of u,. o, With photolysis time in

ultraviolet/persulfate (UV/PS) and ultraviolet/peroxi-mono-
sulfate (UV/PMS) systems. As can be seen, the values of
Mpariox Were 0.72 and 0.56 for UV/PS and UV/PMS, respec-
tively, after 30 min. This indicates the occurrence of par-
tial oxidation to the organic pollutants. After 120 min of
the oxidation time, pt,.,x values for both UV/PS and UV/
PMS systems decreased and reached 0.44 and 0.30, respec-
tively. This indicates that the chemical oxygen demand
(COD) reduction changed from partial to total oxidation
due to higher chance of organic compounds for mineraliza-
tion by free radicals produced through photo-activation of
peroxi-mono-sulfate and persulfate. The results of biodegra-
dability index, biological oxygen demand/chemical oxygen
demand (BODs/COD) demonstrated that the electrocoagu-
lation (EC) process was not able to increase BOD5/COD
ratio but decreases 0.26—0.21 because electrocoagulation is
a nondestructive process. On the other hand, BODs/COD
ratio was remarkably increased to 0.44 and 0.46 by electro-
coagulation—ultraviolet/persulfate (EC-UV/PS) and electro-
coagulation—ultraviolet/peroxi-mono-sulfate (EC-UV/PMS)
processes, respectively.

Finally, Asaithambi et al. (2017) developed several
process combinations including electrocoagulation (EC),
photo-electrocoagulation (PhEC), peroxi-electrocoagulation
(PEC) and peroxi-photo-electrocoagulation (PPhEC) for the
removal of chemical oxygen demand (COD) from distill-
ery industrial effluent and compared their performance in
terms of color and COD removal in addition to electrical
energy consumption. Asaithambi et al. (2017) summarized
the mechanism of hydrogen peroxide (H,0,) action in the
electrocoagulation (EC) process as:

Fe’ + H,0, — Fe’* + OH + OH~ (50)

Fe’* + H,0, —» Fe** + HO, + H* 51

Normally, Fe?* consumption is more rapidly than their
formation. However, if the hydroxyl radical concentration
becomes high, the following reaction could take place:

Fe?* + OH — Fe’* + OH™ (52)
Accordingly, more ferrous ion dosage is needed to maintain
hydroxyl free radicals production in a moderate amount.
Otherwise, a large amount of ferric hydroxide sludge will
be produced during neutralization stage of Fenton process,
which needs disposal management.

Part of Asaithambi et al. (2017) results summarized the
chemical oxygen demand (COD) removal percentage by
electrocoagulation (EC), photo-electrocoagulation (PhEC),
peroxi-electrocoagulation (PEC) and peroxi-photo-electro-
coagulation (PPhEC) processes was 72, 78, 85 and 82%,
respectively after 4 h of continuous treatment. It seems that
the use of hydrogen peroxide (H,0,) has more enhancement
effect on the chemical oxygen demand (COD) removal than
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the ultraviolet (UV) source. In addition, the use of hydrogen
peroxide showed the lowest electrical energy consumption.
The minimum electrical energy consumption of 1.2 kWh/m?
was required for a removal of 85% chemical oxygen demand
(COD) in the peroxi-electrocoagulation (PEC) process.

Table 2 summarizes the main parameters of the advanced
oxidation processes discussed in this section. It is evident
from the data in Table 2 that the combination of advanced
oxidation with (AO) electrocoagulation (EC) enhanced the
removal of high percentage of the pollutants especially from
highly polluted wastewater. However, the arrangement of the
AOPs process in the combined system or whether advanced
oxidation (AQ) process is pre or post the electrocoagulation
(EC) process is a very important parameter that determines
the success of this combination. As an example and in the
case of highly polluted pulp and paper wastewater, the ultra-
violet (UV) irradiation step should be after the electrocoagu-
lation (EC) process in order to remove the highest percent
of the colored materials and turbidity by electrocoagulation
(EC) then ultraviolet (UV) will be able to treat the residual
pollutants (Jaafarzadeh et al. 2016).

Ultrasound-assisted electrocoagulation
processes

It is expected that the ultrasound irradiation-assisted treat-
ment electrocoagulation (EC) cell wastewater will con-
siderably enhance the kinetics and the performance of the
electrocoagulation processes (Kovatcheva and Parlapanski
1999). Kovatcheva and Parlapanski (1999) who were the
first to investigate the influence of low-frequency ultrasound
upon electrocoagulation process of colloidal iron oxides

wastewater. They reported that this combination improves
the process and increases the removal efficiency of iron
hydroxides. They attributed this performance to several
positive impacts of ultrasound (US) energy on the electro-
coagulation process:

e The destruction of the solid layer deposited on the elec-
trode surfaces from the products of redox reactions.

e The reduction in the diffuse part thickness of the electri-
cal double layer found at the electrode surface.

e The direct activation of the ions found in the electrodes
reaction zone.

e The activation of the electrodes by defects generation on
their surfaces.

e The friction between the liquid and the surfaces causes
local augmentation of the temperature at the electrode
surfaces.

On the other hand, the ultrasound waves used may cause
some negative effects directly related to the purification
process, such as the following (Barrera-Diaz et al. 2014;
Kovatcheva and Parlapanski 1999):

e The destruction effect of the ultrasonic waves on the
obtained colloidal hydroxides. This causes diminution
of the solid phase used by in the adsorption step and a
consequent diminution of the removal efficiency of the
pollutants.

e The destruction effect on the formed adsorption layer at
the colloidal particles surface and the possible desorption
of the adsorbed ions.

e The disorganization of the ions migration processes in
the medium.

Table 2 Combined advanced oxidation-assisted electrocoagulation, AOPSEC processes for wastewater treatment

Coupled process Pollutant Process variables Removal efficiency % References
pH  Electrodes Current TOC COD Color Turbidity
density (mA/
cm?)
UV/TiO,, ozone Red MX-5B 7.4 Fe 1.5 100 Wu et al. (2008)
Photochemical oxida- ~ Hydroquinone 70  AI-SS 50 94 Akyol et al. (2015)
tion (PCO)
UV/sulfate radical Pulp and water waste- 8.2 Fe 5.55 49.9 Jaafarzadeh et al. (201)
water
UV, H,0, Distillery wastewater 7 Fe 23 85 Asaithambi et al. (2017)
UV/flotation Cellulose and paper 6.0 Al Fe 15.30 60 Boroski et al. (2008)
UV/TiO,/H,0, Hydrolyzed peptone 6.0 Fe 76.3 86 91 Boroski et al. (2009)
residues
UV irradiation Pulp and paper 4.0 SS 15 85 Ashaet al. (2014)
H,0,, electro-Fenton Dye pollutants 6.3 Fe 1.5-2.0 A 90 Aziz et al. (2016)
UV/Electrolysis Ship sewage 6-8.5 Al 90 Thiam et al. (2014)
UV/peroxi/ozone Distillery wastewater 2-10 Fe 10-50 95.85 Qing et al. (2016)
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The mechanism of free radical formation by the ultra-
sonic (acoustic) waves and free radicals combination can
be expressed by the following equations (Al-Qodah et al.
2014; Farooq et al. 2002; Vianney and Muthukumar 2015):

H,0 + US))))) - OH' + H (53)
H +H - H, (54)
OH + OH — H,0, (55)
H + 0, - HO, (56)
H,0, + H' - H,0 + OH' (57)
HO, + HO, — H,0, + 0, (58)

It is clear from Egs. (53)—(58) that the radicals: OH', H'
and HO;are formed by the ultrasound energy then some of
these radicals recombine again. These radical are responsi-
ble about the degradation of the organic pollutants found in
the wastewater.

As mentioned above, Kovatcheva and Parlapanski (1999)
were the first to apply ultrasound-assisted electrocoagulation
and reported that US energy enhanced removal efficiency of
iron hydroxide. Kathiravan and Muthukumar (2011) applied
ultrasound on a sludge obtained from pharmaceutical waste-
water as a post-treatment process after electrocoagulation
(EC) to reduce Cr(VI) to Cr(IIT). The reduction rate was
found to be higher its value in achieved by EC alone. Chu
et al. (2012) used a combined electrocoagulation-ultrasound
technique to reduce the water consumption and pollution
in car-washing wastewater. They compared the removal
efficiency as a function of time for different treatment pro-
cesses. They demonstrated that the degradation of pollut-
ants occurs mainly in the first 20 min of operation. These
meet the water reuse requirements. On the other hand, the
removal efficiency of both chemical oxygen demand (COD)
and turbidity for single treatment processes was very low.

More promising results were obtained by Li et al. (2013b)
for the removal of phosphorus found in fine chemical indus-
try using electrocoagulation (EC) coupled with ultrasound
(US) energy. They found that the concentration of total phos-
phorus (TP) decreased from 86 to about 0.4 mg/L in 10 min,
with a removal efficiency of 99.5%. On the other hand, the
total phosphorus (TP) removal efficiency using electroco-
agulation (EC) only was 81.3% and that using ultrasound
only was very low. This indicates the high synergy between
electrocoagulation (EC) and US to effectively remediate
high-phosphorus wastewater.

Subsequently, Lakshmi and Sivashanmugam (2013) inves-
tigated the influence of ultrasound and hybrid electrode on
chemical oxygen demand (COD) removal from oil tanning
effluent by electrocoagulation (EC) process. They reported
that under optimal operating conditions of 20 mA/cm? current

density, using Fe/Fe electrodes, The estimated %COD removal,
energy consumption and operating cost were 89.65%, 1.279
kWh/m? and 6.28 US $/m?>, respectively. On the other hand,
EC removal efficiency was 90% indicating that EC is a bet-
ter than ultrasound (US)-assisted electrocoagulation (EC) for
the treatment. However, ultrasound was found able to over-
come electrode passivation since the sludge produced by the
ultrasound (US)-assisted electrocoagulation was doubled from
0.49 to 0.9 kg/m’. This is attributed to the fact that ultrasound
energy reduces diffusional resistance thickness at the electrode
surface. Consequently, the current efficiency is improved along
the process time. This will lead to generation of more metal
ions and thereby enhancing metal hydroxide formation.

Recently, three researches have applied ultrasound-
assisted electrocoagulation treatment (USEC) processes
(Asaithambi et al. 2016b; Asgharian et al. 2017; He et al.
2016). Asaithambi et al. (2016b) compared the efficiency of
the US, EC and USEC process for treatment of the pulp and
paper industrial effluents. The results of comparison for the
removal of color and COD are shown in Fig. 9. This means
that the individual US process and the EC process were not
able to achieve significant removal of color and COD. On
the other hand, the compelled USEC process yielded signifi-
cant color and COD removals. The authors attributed this
enhancement to the regeneration of additional electrode sur-
face by cavitation and/or the formation of micro-streaming
effect as a result of the sonication energy (Wang et al. 2009).

He et al. (2016) applied ultrasonic energy to remove the
passive film that formed on electrode surface during the elec-
trocoagulation process used for the removal of Reactive Blue
19 from synthetic wastewater. Their experimental setup which
was operated in three modes of operation: electrocoagulation
with an intermittent ultrasonic process (ECIU), and electro-
coagulation with a continuous ultrasonic process (ECCU) and
electrocoagulation (EC) alone. In electrocoagulation with an
intermittent ultrasonic process (ECIU), the ultrasound was
applied 1 min in every 10 min. In electrocoagulation with a
continuous ultrasonic process (ECCU), ultrasound is applied
throughout the electrocoagulation process. The experimental
setup of He et al. (2016) had two reactor types. The single
electrocoagulation reactor denoted as S-EC is used when the
ultrasound energy is used to break the passive film forms on
the electrodes whereas the double electrocoagulation reactors
denoted as D-EC is used when the ultrasonic process is used
to break the flocs in the solution into separate flocs. Part of He
et al. (2016) results is shown in Fig. 10. Figure 10 gives the
removal efficiencies of RB19 by different processes with or
without ultrasound and in single or in double reactors.

This indicates that ultrasound energy helps in breaking
down the passive film from the sacrificial anodes which
were then able to provide more coagulate matter. In addi-
tion, S-ECCU has relatively higher removal efficiency than
S-ECIU or S-EC. He et al. (2016) explained this behavior
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Fig.9 Comparison of sonication, electrocoagulation and sono-elec-
trocoagulation process for the removal of a color and b COD of the
pulp and paper effluent (condition: current density, 4 A/dm?; effluent
pH, 7; COD concentration, 3000 mg/L; electrode combination, Fe/
Fe; interelectrode distance, 1 cm; electrolyte concentration, 4 g/L;
ultrasound frequency, 40 kHz; and reaction time, 4 h). The color and
COD removals were about 4.87, 93, 100 and 2.35, 76, 95% for the
US, EC and USEC processes, respectively. (Asaithambi et al. 2016b);
Springer license number 4236650096575

by the fact that the continuous ultrasonic process was able to
provide sufficient energy that causes cavitation in the solu-
tion. This cavitation enhances the production of OH* radi-
cals, which degrade RB19. On the other hand, the removal
efficiencies of the double reactor systems: D-EC, D-ECIU
and D-ECCU after 60 min of continuous operation were 49,
59 and 56%, respectively. In the double reactor, the back
flue may have inhibited the ultrasound’s provision of enough
energy to cause cavitation, which produces OH radicals.
Moreover, it seems that the intermittent ultrasonic process
broke fewer flocs than the continuous ultrasonic process.
Accordingly, the D-ECIU process showed higher removal
efficiency than D-ECCU.
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Fig. 10 Removal of RB19 by various processes in different reactors
(C, = 100 mg/L, I = 10 mA/cm?, pH =7, U = 150 W, T = 20 °C).
The removal efficiencies of RB19 removal by US, S-EC, S-ECIU
and S-ECCU in 60 min of continuous operation were 3, 43, 49
and 55%, respectively. (He et al. 2016); Elsevier License number
4236650584752

The final study on ultrasound-assisted electrocoagulation
was conducted by Asgharian et al. (2017) for the removal of
humic acid (HA) from wastewater. They used five combi-
nations of platinum, graphite and aluminum electrodes and
found that the combination of Pt (anode)/Al (cathode) at neu-
tral pH, 10 V Voltage, 0.02 M concentration of electrolyte
support and temperature of 25 °C had the maximum removal
efficiency as 96.5% of HA at 15 min by Pt/Al and without
ultrasonic wave. Finally, they reported that when they used
ultrasonic energy simultaneously with electrocoagulation,
the removal efficiency fall drastically. It was clear from their
results that the ultrasound (US)-assisted electrocoagulation
and ultrasound processes indicated a high HA absorbance
compared to electrocoagulation process alone. This indicates
a low removal efficiency of ultrasound-assisted electrocoagu-
lation and ultrasound (US) processes as compared to elec-
trocoagulation alone. This is attributed to the fact that EC
process produces clusters of HA and ultrasound (US) waves
seem to destroy it and the coagulated HA dissolves again and
returns to the solution. Moreover, the ultrasound frequency
used in this study was low frequency of 24 kHz. This value
is not sufficient to cause the formation of hydroxyl radicals.
For this reason, the amount of HA degraded was negligible.

A summary of the results using ultrasound-assisted elec-
trocoagulation is presented in Table 3. It is clear from the
results in Table 3 that in most cases the use combination of
ultrasound (US) with electrocoagulation enhances the pol-
lutants removal efficiencies because ultrasound enhances the
formation of hydroxyl free radicals. These radicals attack the
pollutants and degrade them in a faster rate. In addition, the
ultrasound waves act in the cleaning of the electrodes from
the deposited solids that reduce the rate of electrolysis reac-
tions. Moreover, it was reported that the electrocoagulation
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intermittent ultrasonic process (ECIU) enhances the removal
efficiency more than electrocoagulation continuous ultra-
sonic process (ECCU) (He et al. 2016). On the other hand,
the removal efficiency decreased with the application of ultra-
sound-assisted electrocoagulation compared with electroco-
agulation alone in one research (Asgharian et al. 2017). This
phenomenon was attributed to the low ultrasound frequency
of 24 kHz, which was not able to degrade humic acid.

Kinetic models of free radical-assisted
electrocoagulation

(Al-Qodah 1998; Al-Shawabkah et al. 2015) Several kinetic
models have been used to describe the kinetics of the adsorp-

of pollutants. These models include the first-order, second-
order, pseudo-first-order, pseudo-second-order and Elovich
model (Al-Shannag et al. 2015; Kamaraj et al. 2013; Wang
et al. 2009; Zalloum et al. 2008). On the other hand, only
few attempts have been cited to model free radical-assisted
electrocoagulation process. Asaithambi et al. (2012) applied
the pseudo-first-order kinetic to describe chemical oxygen
demand (COD) removal from real distillery wastewater
using ozone-assisted electrocoagulation. Then they derived
a mathematical equation based on the experimental results.
They assumed that the rate constant, k., is affected by
chemical oxygen demand (COD) initial concentration and
the current density. Consequently, they used the following
empirical formula to express the relation:

tion step in the electrocoagulation process for the removal kops = m(C,)"(CD)’ (59)
Table 3 Combined ultrasound-assisted electrocoagulation (USEC), processes for wastewater treatment
Pollutant Conc. ppm Process variables Removal % References
US frequency pH  Electrodes Current density  COD
(Hz) (mA/cm?)
Mine water
ClI- 500 25 3.8 Fe-Fe 40 91 CI” Kovatcheva and
S0;2 500 2.8 40 SO;2 Parlapanski
(1999)
Cr(VD) 100-500 30 6-8 Fe-Fe 100 Cr(VI) Kathiravan and
Muthukumar
(2011)
Azo dyes 200 uM 34 8 SS-Al 200 90 Vianney and
Muthukumar
(2015)
Cu(II) 500 35 Ti, SS Current 1 A 97.3 Cu(Il) Farooq et al.
(2002)
Non-ionic sur- 22 0.5-2.5 90 (SA) Sister and
factants (SA) Kirshankova
(2005)
Phosphorus 10 50 7 Fe-Fe Current 0.4 A 99.6 P Qiu et al. (2010)
Organic phos- 50 80 W 6.0 Al-Al 99.84 P JiaYan (2012)
phorus
Car-washing 6 Fe-Fe Current 1.2 A 68.8  96.27 Turbidity Chu et al. (2012)
wastewater
Phosphorus 86 20 6 Fe-Fe 40 99.6 P Liet al. (2013b)
Tanning effluents 21,000-25,000 40 6.74 Fe-Fe 20 89.6 Lakshmi and
COD Sivashan-
mugam (2013)
Pulp and paper 1500-6000 40 7 Fe—Al 40 95 100 color Asaithambi et al.
industry Fe—Fe (2016b)
Al-Fe
Al-Al
Reactive Blue 40-60 COD 0-150 W 7 Al-Al 18 97 RB He et al. (2016)
(RB) 19
Humic acid 30 24 7 Anode, CorPt, 10V 32 HA Asgharian et al.

Cathode, Ti,
Pt, Al

(2017)
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where C, is chemical oxygen demand (COD) initial con-
centration, CD is the current density, m, a, b are constants,
which can be evaluated from a plot between time versus
concentration and time versus current. Based on the experi-
mental results, the previous equation was written as:

C/ CO — oot = C_(0'656/ (€)= 0656 (CD)03265) 60)

On the other hand, they calculated the theoretical chemi-
cal oxygen demand (COD) removal using the following
equation:

COD removal % = <1 - C£> x 100

o

(61)

Farooq et al. (2002) investigated the effect of sonicated
field on the percentage removal of copper ions from EC cell
using mesh cathode and two platinized titanium anodes.
They plotted the difference of electrolysis rate constants (k)
with and without ultrasonic field using two concentrations
as log C versus time ¢ as shown in Fig. 11.

Accordingly, Farooq et al. (2002) concluded that the elec-
trolysis with ultrasonic technology is more effective in lower
concentrated solution than in higher concentrated solution.

Qiu et al. (2010) studied the removal of phosphorus by
ultrasound-assisted EC process. They reported that phospho-
rus removal in this combined process was found to fit zero-
order kinetics. Recently, Vianney and Muthukumar (2015)
studied the removal of some azo dyes including: Congo red
(CR), Methyl red (MR) and Eriochrome black (EB) from
aqueous solutions by ultrasound-assisted electrocoagulation
(USEC). The results of Vianney and Muthukumar (2015)
demonstrated that the dye removal fits pseudo-first-order
mechanism expressed by the following equation:

In(C/C,) = —kt (62)
The rate constants values are shown in Table 4. It is evi-
dent from Table 2 that the rate constants values when the
aluminum (Al) electrodes are used are much higher than that
of stainless steel (SS) electrodes. In addition, CR was found
to be easily decolorized as compared to EB and MR dyes.
The first-order kinetics of an ultrasound-assisted elec-
trocoagulation USEC was confirmed by Asaithambi et al.
(2016b) for the removal of COD from pulp and paper
industry effluents. According to their results, the rate con-
stant k for COD removal was 0.013 min~!. On the other
hand, He et al. (2016) used the variable-order kinetics pre-
viously presented by Zheng et al. (2017) for the removal
of fluoride ions by electrocoagulation (EC) process using
aluminum electrodes. This model which was derived from
Langmuir equation as described by the following equa-
tion to express the coagulation of different materials in an
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Fig. 11 Effect of ultrasound on the electrolytic removal of copper.
Copper concentration decreases under the effect of sonicated field in
a first-order kinetics. The value of k in 100 mg/L solution is larger
than in 500 mg/L solution (Farooq et al. 2002); Elsevier License
number 4236650988758

ultrasound-assisted electrocoagulation (USEC) process for

the removal of Reactive Blue (RB19):

dIRB19] _  nl_I'maxk[RBI9]
de ~ "MCZFV 1 +k[RB19]

(63)

where &, is the efficiency of formation of hydro-RB19-alu-
minum; & represents the current efficiency; » is the number
of cells; I is the current (A); Z is the valence of the metal of
the electrode; F is the Faraday constant, 96,487 C mole™"; V
is the volume of the solution; I',,,,, is the maximum value of
C, which represents the amount in moles of RB19 removed
per mole of AI(III) ions at a given equilibrium, and % is the
Langmuir constant. If 1/k » [RB19], Eq. (63), becomes first-
order kinetics and when [RB19] » 1/k, it becomes zero-order
kinetics. Since the concentration of a reactant is variable, the
kinetic is consequently a variable-order kinetic. The results
were evaluated to fit the first-order and variable-order kinet-
ics as shown in Table 5.

Table 5 shows that the pseudo-first-order kinetics fits the
experimental data more than the variable-order kinetics for
a wide range operational parameters values with relatively

Table 4 Rate constants of dye degradation by USEC process for dif-
ferent electrode arrangements (Vianney and Muthukumar 2015); John
Wiley license number 4236850716036

Dye Type of electrode k' (min~")
Congo red Aluminum 0.1266
Stainless steel 0.0578
Eriochrome black Aluminum 0.0674
Stainless steel 0.0254
Methyl red Aluminum 0.0477
Stainless steel 0.0270

Temperature: 25 °C, concentration of dye: 200 uM, current density:
200 mA, pH: 8, sonication: 34 kHz
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high R?. However, the variable-order kinetics is the only
model that considers a wider range of coagulated matter.
Consequently, it is more accurate and more suitable the
pseudo-first-order kinetic model. It should be noted that all
the above studies used zero-order, first-order or variable-
order kinetics and used the simple kinetic equation with
concentration only as the variable with time. However, only
one study considers the effect of other operational param-
eters rather than the coagulate concentration. It is mentioned
above that Asaithambi et al. (2012) introduces the current
density (CD) as a variable in the kinetic model.

Scale-up of free radical-assisted
electrocoagulation

Scale-up of chemical processes is an essential step to
transfer the initial laboratory-scale processes to final pro-
duction plant. The production of a commercial product
requires process optimization, scale-up from the labora-
tory to a pilot plant and finally from the pilot to the full
industrial scale process (Den and Huang 2006). Orescanin
et al. (2011) reported a pilot plant study that dealt with
ozone-assisted electrocoagulation (EC) treatment process
using SS and Al electrodes. Since they had found that this
process had demonstrated the best results in the removal
of heavy metals and organic matter on laboratory scale,
they used the same experimental setup in a pilot plant
scale. They found that the treatment of 90 L of wastewater
by EC/ozonation generated a mean waste mud volume of
5.1 L containing only 217.3 g of dry sludge. Orescanin
et al. (2011) found that the concentrations of Cu, Fe and
Zn were highly enriched in the mud; however, all measured
parameters in the leachate were lower than the upper per-
missible limit for inert waste.

Table 5 Correlation coefficients related to various-order Kinetic

model (Asaithambi et al. 2016b); Elsevier license number
4236881023325
Parameters Various-order Pseudo-first-order
kinetic
K, MY K, (min!) R?
Current den- 2 0.0077 0824 0.0245 0.938
sity (mA/-— 6 0.0086  0.987 0.0286 0.939
cm’) 10 0.0093  0.907 0.0470 0.986
14 0.0130  0.954 0.0308 0.998
18 0.0222  0.930 0.0424 0.999
pH 5 0.0250  0.982 0.2091 0.998
0.0010  0.873 0.0403 0.986
9 0.0089  0.961 0.0406 0.991

Cost estimation

Fixed and operating costs are fundamental parameters that
should be considered in the selection of any treatment pro-
cess to decide whether it is feasible or not in large-scale pro-
cesses (Al-Shannag et al. 2015; Lin et al. 2005). Since, there
are many alternative treatment processes for the removal of
pollutants from wastewater, any combined treatment process
with electrocoagulation should be a cost-effective and easily
applied (Butler et al. 2011). Actually, unstable energy prices
could represent a serious drawback that could limit the large-
scale application of EC processes alone since it uses of elec-
tric current as an operating parameter (Moussa et al. 2016).
For this reason, the search for a combined treatment process
that could reduce the power consumption in addition to the
necessary of optimization of the overall treatment process is
a an important to prove its cost effectiveness before its large-
scale application. Actually, very limited research attempts
have been cited that consider process optimization and cost
effectiveness of electrocoagulation (EC) combined treatment
processes. However, despite the tremendous number of pub-
lications on electrocoagulation (EC) processes, systematic
studies dealing with are very limited.

Lakshmi and Sivashanmugam (2013) investigated the
treatment of oil tanning effluent by ultrasound-assisted
electrocoagulation, ultrasound-assisted electrocoagulation
(USEC) process. In their cost analysis of the process, they
considered the following elements that contribute in the
operating cost of a treatment plant: material and electrical
energy costs as well as labor, maintenance, sludge dewater-
ing, transportation and disposal costs. The operating cost
based on electrode material was calculated using the fol-
lowing equation:

Operating cost($ / m3) = aENC + bELC + ¢CC (64)

where ENC = energy consumed (kW h/m?), ELC = elec-
trode consumed (kg/m3) and CC = chemical consumed (kg/
m?) (Sridhar et al. 2011). Lakshmi and Sivashanmugam
(2013) found that under optimum condition the energy,
electrode and electrolyte consumptions were found to be
1.279 kW h/m?, 0.287 and 1 kg/m?, respectively. On the
other hand, the operating cost in the same optimum condi-
tion was found to be 6.28 US $/m>.

Recently, Jaafarzadeh et al. (2016) applied a combined
electrocoagulation and UV-based sulfate radical oxidation
processes for the treatment of pulp and paper wastewater.
They used the following equation to calculate the electrical
energy consumption, EEC for both EC and UV processes:

KWh\ _ Ul _ Pt
BEC(= ) =27 + <
)=y (65)

where [ is the applied current, A; ¢ is the time, h; U is the
applied voltage, V; P is the power of the UV lamp, W; Vis
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the volume of the wastewater, L. They found that the electri-
cal energy consumption by EC, UV/PS and UV/PMS was
2.98, 160 and 160 kWh/m?>, respectively. On the other hand,
the current efficiency in EC process was 100%. They con-
cluded that the UV/oxidant process was not cost-effective.

He et al. (2016) investigated electrical energy consump-
tion as an important economical parameter of the sono-EC
process. They considered the energy consumed per milli-
gram of RB19 removed by the different processes. He et al.
(2016) found that the intermittent sono-EC process is more
economically efficient than continuous sono-EC process,
since it coasted only one tenth that of the continuous sono-
EC process. Moreover, intermittent sono-EC showed better
solid/liquid separation efficiency because the size of flocs in
was higher than that of continuous sono-EC process.

It should be noted that the above studies are still limited
and not sufficient to make a suitable judgment whether the
combined processes are more or less cost-effective compared
to electrocoagulation (EC) process alone. In addition, the
removal efficiency is another critical factor that contributes
in the decision-making process whether to use a combined
process or to use electrocoagulation (EC) process alone.

Conclusion

In this review, the performance of free radical-assisted elec-
trocoagulation processes is discussed and compared. The
following are the main concluding remarks and perspectives
that could benefits researchers in their future work:

I. The main advantage of free radical-assisted elec-
trocoagulation processes is the enhanced pollutants
removal efficiency especially in the case of ozone-
assisted electrocoagulation.

II. The number of studies on free radical-assisted elec-
trocoagulation processes is limited. Consequently,
more extensive researches are required in the fields
of process optimization, modeling and scale-up in
order to prove the reliability of this technology for
efficient large-scale wastewater treatment.

III. Most of the performed studies used synthetic rather
than real wastewater. For this reason, most of the
results are ideal since the interference of real mater
matrix in the results is excluded. For this reason,
research extension to use real wastewater is essential
in order to investigate the actual process performance
(Pulkka et al. 2014).

IV. Only one study tried to scale up the free radical-
assisted electrocoagulation processes since most of
the published work deals with single pollutant batch
laboratory-scale level. Despite that, these studies
might provide important guidelines for larger scale

@ Springer

processes. Additional systematic studies to scale up
electrocoagulation (EC) processes using continuous
operation and real wastewater must be performed in
order to introduce this process as an efficient and reli-
able technology for wastewater treatment (Orescanin
etal. 2011).

V. The free radical-assisted electrocoagulation processes
depend solely on the electrical energy produced
from non-renewable resources. This could lead to
two major drawbacks, the high operating cost and
the indirect pollution caused by the combustion of
fossil fuel to produce electricity. This necessitates
the use of sustainable renewable energy resources
such as wind or tidal energy or photovoltaic modules
(Pulkka et al. 2014). Another energy option is the use
of biogas produced from anaerobic fermentation of
waste materials (Dominguez-Ramos et al. 2010).

VI. Additional reviews are required to discuss and com-
pare the performance of other assisted treatment
processes with electrocoagulation (EC) process such
as chemical coagulation, biological treatment and
adsorption (Fernandes et al. 2015).
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