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Abstract

Peroxicoagulation is an electrochemical advanced oxidation processes in which both ferrous ions and hydrogen peroxide are
generated in the cell. Organic pollutants are thus removed by degradation and coagulation. The peroxicoagulation process
is a combination of electro-Fenton and electrocoagulation processes. The peroxicoagulation process is very efficient for the
removal of aniline and herbicides from water and for the treatment of landfill leachate and textile wastewaters. Under acidic
conditions, electro-Fenton is the predominant removal means, whereas electrocoagulation is the main removal means under
neutral and alkaline conditions. As a consequence, pH regulation to acidic conditions is essential for the mineralization of

organic pollutants.

Keywords Peroxicoagulation process - Electrochemical advanced oxidation process - Fenton process - Mineralization -

Pollutant removal

Introduction

The invention of the electro-Fenton method by the Oturan
group (Oturan and Pinson 1995; Oturan 2000; Oturan et al.
2000) and the Brillas group (Brillas et al. 1996, 2000) in
the starting of this century has attracted several investiga-
tors. Electro-Fenton process is an indirect electrochemical
advanced oxidation process and also an extended Fenton
process (Nidheesh et al. 2013). Electro-Fenton process recti-
fies one of the major problems of conventional Fenton pro-
cess, i.e., the usage of hydrogen peroxide for the generation
of hydroxyl radicals. This is accomplished by the usage of
externally supplied oxygen for the generation of hydrogen
peroxide in the electrolytic cell (Brillas et al. 2009; Nidheesh
and Gandhimathi 2012; Oturan and Aaron 2014; Nidheesh
2015). In the acidic medium, dissolved oxygen present in the
water medium undergoes cathodic reduction and generates
hydrogen peroxide as in Eq. (1).

0, +2H" 4+ 2¢~ — H,0, 1)
Carbonaceous electrodes are found to be very efficient for
the production of hydrogen peroxide in the water medium
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(Oturan et al. 2000; Brillas et al. 2009; Nidheesh and Gan-
dhimathi 2012). Thus, oxygen supply near the cathodic sur-
face generates hydrogen peroxide in the electrolytic system
continuously by two electron reduction of oxygen. This
reaction utilizes in electro-Fenton process for the genera-
tion of hydroxyl radical. External addition of ferrous ions in
the electrolytic system reacts with in situ generated hydro-
gen peroxide under acidic conditions and produces highly
potent oxidant, hydroxyl radicals as in Eq. (2). Hydroxyl
radicals are the second most powerful oxidizing agent and
are capable of degrading organic pollutants present in water
medium via hydroxylation, dehydrogenation and redox reac-
tions (Oturan 2000; Oturan et al. 2000).

Fe’* + H,0, — Fe** + OH™ + HO' )

Another important feature of electro-Fenton process
which attracts lots of researchers is the lesser optimal iron
concentration compared to the conventional Fenton process.
The optimal concentration of iron in electro-Fenton process
is in the range of mg/L, while that of conventional Fenton
process is in g/ (Nidheesh et al. 2013). Higher amount of
catalyst in conventional Fenton process results in the scav-
enging reactions as given in Egs. (3) and (4) (Brillas et al.
2009; Nidheesh et al. 2018). Higher hydrogen peroxide and
ferrous ion concentrations results in elevated hydroxyl radi-
cal generation in the water medium. At the same time, in situ
generated hydroxyl radicals react with excess ferrous ions
and hydrogen peroxide.
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Fe’* + HO' — Fe** + OH™ 3)
HO' + H,0, — HO, + H,0 4)

Acidic pH requirement of conventional Fenton process is
also a drawback which retards its full-scale application (Nid-
heesh 2015). In conventional Fenton process, hydroxide ions
generate after the Fenton’s reactions increase the solution pH
significantly. This results in the formation of insoluble iron
hydroxides in the water medium. Regeneration of ferrous
ions from ferric ions is also a problem in Fenton process.
Ferric ions generated by Fenton’s reaction react with hydro-
gen peroxide and produce ferrous ions in the water medium
(Egs. 5 and 6). But, this reaction is very slow compared with
Fenton reaction and overall, most of the ferric ions generated
in the system convert to its hydroxide forms. Rate constants
for the reaction 5 and 6 were reported as 0.001-0.01 and
1.2x 10° M~! 571, respectively, while that of Fenton reac-
tion is 70 M~! s~! (Neyens and Baeyens 2003). This slower
ferrous ion regeneration rate is also the main reason behind
the higher iron dosage requirement in conventional Fenton
process. Cathodic reduction of ferric ions and subsequent
generation of ferrous ions in electro-Fenton process (Eq. 7)
is the reason behind lesser optimal iron dosage requirement.
This reaction is much faster than the ferrous ion regeneration
reaction in conventional Fenton process.

Fe’* + H,0, —» Fe** + H' + HO, 5)
Fe** + HO, — Fe’* + 0, + H* (©6)
Fe3t + e~ - Fe?* @)

Insignificant change in pH during the electrolysis also
helps very much for the effective degradation of pollutants in
electro-Fenton process (George et al. 2014; Nidheesh et al.
2014; Jinisha et al. 2018). Hydroxyl ions generated from
Fenton reactions are counterbalanced by the water oxidation
reaction (Eq. 8) reaction occurs in the electrolytic cell (El-
Desoky et al. 2010). The iron dosage requirement in electro-
Fenton process is also not affected by the type of pollutant
and the medium. For example, the amount of iron dosage
required for the complete removal of dyes from synthetic
medium and real wastewater is almost same (Nidheesh and
Gandhimathi 2014a, b, 2015a, b; Nidheesh et al. 2014).

2H,0 - O, + 4H" + 4e” (8)

Enhancement in biodegradability of wastewater is one
of the advantages of advanced oxidation processes over
conventional wastewater treatment methods (Nidheesh and
Gandhimathi 2015a). Therefore, coupling of electro-Fenton
process and biological process, known as bio-electro-Fenton
process, reduces the longer electrolysis time required for the
complete mineralization of pollutants (Olvera-Vargas et al.
20164, b; Roshini et al. 2017).

@ Springer

Even there are several advantages for electro-Fenton pro-
cess, one of the main drawbacks of this process is the longer
electrolysis time requirement for the complete mineralization
of pollutants (Dirany et al. 2011; George et al. 2014; Oturan
and Aaron 2014; Le et al. 2015). One of the main reasons
behind this is the generation of short-chain carboxylic acids
as by-products, which are resistant to the attack of hydroxyl
radicals (Oturan et al. 2008). Also, the effective collision
between hydroxyl radical and the pollutant decreases with
increase in electrolysis time (Nidheesh et al. 2014). Thus,
electrolysis time required for the electro-Fenton process is
very high to accomplish complete mineralization.

Peroxicoagulation process is the modified version of
electro-Fenton process, which combines the advantages
of electro-Fenton and electrocoagulation processes. Elec-
trocoagulation process is also an electrolytic process and
also known as electrochemical coagulation process in which
contaminants are removing from water medium via separa-
tion mechanisms like sorption and complexation. Researches
in this field are revealed that the process is very efficient
for the decontamination of water containing heavy metals,
fluoride, nitrate, phosphate and arsenic, and are capable of
treating textile wastewater, oil wastewater, landfill leachate,
pulp and paper industry effluent, bilge water, tannery waste-
water, dairy wastewater and paint manufacturing wastewater.
This process uses metal electrode like iron, aluminum as the
anode, and it generates insoluble metal hydroxides during
electrolysis. These hydroxides are responsible for the coagu-
lation and subsequent removal of contaminants.

In peroxicoagulation process, iron anode is used for sup-
plying ferrous ion required for the Fenton’s reaction. The
cathode is usually a gas diffusion electrode as in the case of
electro-Fenton process. Air supply near the cathode surface
generates hydrogen peroxide, and anode generates ferrous
ions in the solution during electrolysis. Thus, external addi-
tion of any chemicals is not required in this process. In situ
generated Fenton reagents produce hydroxyl radicals and
cause the mineralization of organic pollutants, as explained
earlier. Additional ferrous ion generated in the system is
responsible for the removal of pollutants by making its insol-
uble hydroxides. Thus, peroxicoagulation process is a com-
bination of degradation and separation process. Comparison
of electrocoagulation, electro-Fenton and peroxicoagulation
process is given in Table 1.

Mechanism of pollutant removal
by peroxicoagulation

Peroxicoagulation is a combination of electro-Fenton and
electrocoagulation processes, as stated earlier. To my best
knowledge, it is first reported by Brillas et al. (1997) for the
removal of aniline from water medium. Organic pollutant
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Table 1 Comparison of electro-Fenton, electrocoagulation and peroxicoagulation processes

Item/properties

Electrocoagulation

Electro-Fenton

Peroxicoagulation

Anode

Cathode

Unstable metal electrodes

Working electrode of the process

Example: iron, aluminum, stainless
steel, copper, zinc

Unstable metal electrodes

Not the working electrode

Example: iron, aluminum

Stable electrodes

Not the working electrode

Example: Pt, BDD, Ti-IrO,, PbO,,
Ti-RuO,, Ti-SnO,

Stable electrodes, carbonaceous gas
diffusion electrodes

Working electrode of the process

Example: graphite felt, carbon—pol-
ytetrafluoroethylene, carbon felt,
graphite-polytetrafluoroethylene,

reticulated vitreous carbon, acti-
vated carbon fiber, carbon sponge

Unstable metal electrodes
Partially the working electrode

Iron or stainless steel electrodes only

Carbonaceous gas diffusion elec-
trodes

Partially the working electrode

Example: Graphite felt, carbon—pol-
ytetrafluoroethylene, carbon felt,
graphite-polytetrafluoroethylene,
reticulated vitreous carbon, acti-
vated carbon fiber, carbon sponge

Pollutant removal mechanism Separation process

Sludge formation Occurs in the system
Solution pH Effective in wide pH range

Solution pH increases with elec-
trolysis time

Degradation of pollutants
No sludge formation
Effective at pH near 3

Insignificant change in solution pH

Both degradation and separation
Occurs in the system
Effective at pH near 3

Solution pH increases with elec-
trolysis time

Note the properties of electrodes used in each processes. Pollutant removal mechanisms of all these processes are interrelated to solution pH and

sludge production

By-Products
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Fig.1 Pollutant removal mechanism of the peroxicoagulation pro-
cess. Pollutant removal pathway by Fenton reactions occurring in
between in situ generated hydrogen peroxide and ferrous ion is given
at the top. The second pollutant removal pathway (coagulation) is
shown at the bottom

present in the water medium will be removed in two ways as
shown in Fig. 1. First one is the degradation pathway as in
the case of electro-Fenton process, and second is the sepa-
ration route as in electrocoagulation process. Ferrous ion
generated from the iron or stainless steel anode reacts with
in situ generated hydrogen peroxide and produce hydroxyl
radicals. These radicals attack organic contaminant until the
complete mineralization. At the same time, iron converts
from its divalent form into its trivalent form in the presence

of air. Ferric ion formed by the aeration forms its hydroxides
and results in coagulation with contaminants.

To find the organic pollutant removal contribution of
electro-Fenton and electrocoagulation processes in peroxi-
coagulation process, Venu et al. (2016) carried out experi-
ments in various pH conditions and the result obtained are
shown in Fig. 2. The authors analyzed the soluble chemical
oxygen demand (COD) removal capacity of these electro-
lytic processes from stabilized landfill leachate at different
pH conditions. Electro-Fenton process was performed with
an optimal ferrous concentration of 15 mg/L, and graphite
electrodes were used as anode and cathode. Stainless steel
was used for supplying ferrous ions in peroxicoagulation
and electrocoagulation processes. From the results obtained,
the authors concluded that electro-Fenton process is the pre-
dominant pollutant process of peroxicoagulation process at
lower pH conditions, especially below 3 and electrocoagula-
tion process is the dominant process in higher pH conditions.
This indicates that pollutants are removed by degradation in
lower pH conditions, while are separated from the aqueous
phase at higher pH conditions. Instability of hydrogen per-
oxide generated at the cathode surface is one of the reasons
behind the lower contribution of electro-Fenton process in
peroxicoagulation process at higher pH conditions.

Speciation of ferrous and ferric ions at different pH con-
ditions also affects the performance of peroxicoagulation
process and the dominant pollutant removal mechanism.
Ferrous ions are in its original state below pH 10, and it
will be in its hydroxide forms like Fe(OH),, Fe(OH)* and
Fe(OH);3 in other pH conditions. At higher pH conditions,
these hydroxides are in the form of Fe(OH)*, Fe(OH),
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Fig.2 Contribution of electro-Fenton and electrocoagulation pro-
cesses in peroxicoagulation process for the landfill leachate treatment
at various pH conditions (Venu et al. 2016), where COD is chemical
oxygen demand, EF is electro-Fenton process, EC is electrocoagula-
tion process and PC is peroxicoagulation process. Electro-Fenton
process predominates as the main pollutant removal mechanism
of peroxicoagulation process at pH below 4. At the same time, pol-
lutant removal efficiency of electrocoagulation process increases
with increase in solution pH and predominates as the main pollut-
ant removal mechanism of peroxicoagulation process at pH above 5.
Reprinted with permission from ASCE, Copyright © 2016, ASCE

and Fe(OH);5. Thus, most probably ferrous ions generated
electrolytically are in its original divalent state. Oxidation
of ferrous ions to ferric ions also occurs only above pH 4
as in Eq. (9) (Pignatello et al. 2006; Magario et al. 2012).
Thus, below pH 4, all the electrolytically generated ferrous
ions undergo Fenton’s reactions, and this is the main reason
behind the predominant degradation mechanism of peroxi-
coagulation process at lower pH conditions as observed by
Venu et al. (2016). Ferric ions generated by the aeration
undergo hydrolysis reaction and form its insoluble hydrox-
ides like Fe(OH)*", Fe(OH)}, Fe(OH); and Fe(OH), and are
predominant at pH above 4. Ferrous hydroxides precipitation
also occurs in the electrolytic system and it starts at pH 5 and
is maximum at pH 12.

Fe’* + 0, - Fe’* + 05 ©)

Nidheesh and Gandhimathi (2014a) explained the same
mechanism by characterizing the sludge generated at various
pH conditions (pH 3, 6 and 9). Scanning electron microscopy
images of the sludge produced at these pH conditions are
shown in Fig. 3. Sludge produced at the acidic condition has
minerals with different sizes but are highly ordered. X-ray
diffraction analysis of the sludge is shown that the material
is crystalline. Sludge generated at pH 6 and 9 has different
materials with different sizes and is arranged irregularly.
Amorphous nature of the sludge increases with increase in

@ Springer

solution pH. These results indicate that the sludge generated
at acidic conditions contains very less amount of organic
pollutants and the concentration of these pollutants is very
high at higher pH conditions. Thus, pollutants are degraded
at the acidic conditions while are separated in pH > 3.

Solution pH plays a major role in the pollutant removal
mechanism of peroxicoagulation process, as described
above. An increase in pH of solution with an increase in
electrolysis time is a feature of peroxicoagulation process.
Nidheesh and Gandhimathi (2014a) examined the perfor-
mance of peroxicoagulation process with initial pH condi-
tions 3, 6 and 9. All the experiments were operated in batch
mode. Solution pH increased to 6 from 3 and 9.8 from 6,
within an electrolysis time of 30 min. In the case of pH 9,
solution pH increased at the early stages of electrolysis and
then decreased. This drop in pH with later stages of electrol-
ysis is mainly attributed to the anodic oxidation Fe(OH),,
which is the dominant form of ferric ion at elevated pH
conditions. Researchers controlled the solution pH to 3 by
adding acid at a regular interval to maintain the degradation
mechanism as the dominant pollutant removal mechanism
of peroxicoagulation process (Nidheesh and Gandhimathi
2014a, c; Venu et al. 2014).

Applications of the peroxicoagulation
process

Peroxicoagulation process is very efficient to remove various
non-biodegradable pollutants from water medium. Various
articles reported on peroxicoagulation are summarized in
Table 2. Uses of peroxicoagulation process, comparison of
peroxicoagulation process performance with other methods
and necessary actions taken for further improvement on per-
oxicoagulation process performance are explained below.

Aniline

Aniline is a type of volatile organic compound used for the
production of various herbicides, drugs, dyes, resins and
inks, and the effluents generated from coal, paper, petro-
leum and other chemical industries generally contain aniline
(Brillas and Casado 2002). As per Environmental Protection
Agency, it is group B2 carcinogen and is responsible for
bladder and spleen tumors.

Brillas et al. (1997) analyzed the performance of peroxi-
coagulation process for the removal of aniline from water
medium. The authors tested the mineralization efficiency of
the process in the presence of iron anode and carbon—pol-
ytetrafluoroethylene cathode under pH-regulated condi-
tion. Aniline solution with initial concentrations 100 and
1000 mg/L was considered, and electrolysis was carried
out at constant applied currents of 100, 300, and 450 mA.
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Fig.3 Scanning electron microscopy images of sludge generated
after textile wastewater treatment by peroxicoagulation process at
various pH conditions (Nidheesh and Gandhimathi 2014a). Note the
highly ordered minerals produced at pH 3. This has been disturbed

Mineralization efficiency of the process increased with
increase in applied current, and the maximum efficiency was
observed at 450 mA. Total organic carbon (TOC) removal
efficiency of the process for aniline solution of initial con-
centrations 100 and 1000 mg/L was found as 95 and 91%,
respectively, after 30 min of electrolysis.

Based on the results of the above study, Brillas group
(Brillas and Casado 2002) examined the aniline degradation
performance of peroxicoagulation process in a pilot flow
reactor. The solution was recirculated in the reactor within
the flow rate of 200 to 900 L/h. Mineralization efficiency of
the process is indirectly proportional to the solution volume
and directly proportional to the applied current. More than
61% of mineralization efficiency was observed after 1 h elec-
trolysis of 30 L of 1000 mg/L aniline solution in the flow
reactor with a recirculation rate of 900 L/h.

The authors (Brillas and Casado 2002) compared the per-
formance of peroxicoagulation process with electro-Fenton
process, concerning energy cost and treatment efficiency.
Treatment efficiency was calculated as a ratio of experimen-
tal TOC removal with respect to theoretical TOC removal
and expressed in percentage. The authors considered the
requirement of 28 electrons for the complete mineralization
of 1 mole of aniline for theoretical calculations. Treatment

with increase in solution pH. Sludge produced at pH 9 is a mixture of
particles having various sizes. Reprinted with permission from RSC
Adv., Copyright 2014 RSC

efficiency of both processes was very high at initial stages of
electrolysis and decreased with electrolysis time. In all the
cases, treatment efficiency of peroxicoagulation process is
quite greater than that of electro-Fenton process.

Energy requirement of peroxicoagulation process is less
than electro-Fenton process. For example, energy require-
ment for electro-Fenton process using Ti/Pt anode was 45
kWh/m? while that of peroxicoagulation process was 28
kWh/m?, without any changes in mineralization efficiency.
This indicates the higher oxidation power of peroxicoagula-
tion process compared to electro-Fenton process. Another
study by Brillas group (Brillas et al. 1997) reported that ani-
line mineralization efficiency of peroxicoagulation process is
much higher than electro-Fenton and photo-electro-Fenton
processes.

Stabilized landfill leachate

Stabilized landfill leachate is non-biodegradable wastewa-
ter and is hard to treat by conventional wastewater treat-
ment processes. Venu et al. (2014) analyzed the perfor-
mance of peroxicoagulation process on stabilized landfill
leachate treatment. The authors found that performance of
stainless steel is better than iron as an anode material, and

@ Springer
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the efficiency is very high at pH-regulated conditions (The
experiments were carried out at pH 3).

Sludge generation rate in the presence of iron anode is
greater than that in the presence of stainless steel anode
(Venu et al. 2014). The amount of sludge generated by iron
and stainless steel anodes was observed as 89 and 40 mL/L,
respectively, after 120 min of electrolysis. This higher sludge
generation in the presence of iron anode is due to the release
of higher ferrous ions than that from stainless steel, and this
higher ferrous concentration leads to pollutant removal via
separation mechanism than via degradation process. This
is the main reason behind higher sludge generation in the
presence of iron anode. At the optimal operating conditions
(pH 3, 10V, inner electrode spacing of 4 cm, stainless steel
anode and graphite cathode of area 25 cm? each), peroxico-
agulation process is capable of removing 93% of COD from
stabilized landfill leachate.

External addition of 5.25 mM hydrogen peroxide also
increased the performance of peroxicoagulation process
significantly at the initial stages of electrolysis and a slight
increase in final removal efficiency was noted (Venu et al.
2014). Leachate treatment efficiency of peroxicoagulation
process is much higher than electro-Fenton and electrocoag-
ulation process as reported by Venu et al. (2016). For exam-
ple, soluble COD removal efficiencies of electrocoagulation,
electro-Fenton and peroxicoagulation processes at pH 3 were
found as 10, 67 and 84 %, respectively.

Dyes

Synthetic dyes and effluents generated from textile industry
create a lot of problem to the environment like reduction in
light penetration to water bodies, deceleration of photosyn-
thetic activity and biota growth inhibition, and are discussed
in several articles (Gupta et al. 2013; Khandegar and Saroha
2013; Nidheesh et al. 2013).

Peroxicoagulation process is very efficient for the removal
of synthetic dyes from water medium and can treat textile
wastewater effectively (Zarei et al. 2009, 2010a, b; Ghan-
bari and Moradi 2015). Peroxicoagulation process was found
effective to remove synthetic dyes like rhodamine B (Nid-
heesh and Gandhimathi 2014c), basic yellow 2 (Salari et al.
2009), basic blue 3 (Zarei et al. 2010b), malachite green
(Zarei et al. 2010b) and basic red 46 (Zarei et al. 2010b)
from water medium. Absolute dye removal increased with
increase in initial dye concentration, even the removal effi-
ciency of peroxicoagulation process decreased with increase
in initial dye concentration (Nidheesh and Gandhimathi
2014c). After 180 min of electrolysis, the efficiency of per-
oxicoagulation process decreased from 95 to 40% with the
increase in dye concentration from 10 to 50 mg/L.

Salari et al. (2009) used gas diffusion electrode and iron
as cathode and anode for the in situ generation of hydrogen

peroxide and ferrous ion and subsequent removal of basic
yellow 2 from water medium. This system is efficient to
remove 90% dye within 30 min and 81% TOC within 6 h
of electrolysis. The authors compared the dye removal effi-
ciency of peroxicoagulation process with that of electro-
Fenton process and electrocoagulation process at pH 3
and found that the efficiency of peroxicoagulation process
is significantly higher than that of other two electrolytic
processes.

Zarei et al. (2009) checked the performance of peroxico-
agulation process in the presence of carbon—polytetrafluoro-
ethylene and carbon nanotube-polytetrafluoroethylene cath-
odes by considering basic yellow 2 as a model pollutant. The
authors found that carbon nanotube—polytetrafluoroethylene
electrode is more efficient than carbon—polytetrafluoroethyl-
ene electrode. Current efficiencies of carbon—polytetrafluor-
oethylene and carbon nanotube—polytetrafluoroethylene were
observed as 16-45% and 40-61%, respectively. This higher
current efficiency of carbon nanotube—polytetrafluoroeth-
ylene results in higher electrochemical hydrogen peroxide.

Based on the above results, Zarei et al. (2010b) used
iron—carbon nanotube—polytetrafluoroethylene electrolytic
system for the removal four dyes namely basic blue 3, mala-
chite green, basic red 46 and basic yellow 2 at pH 3. The
authors tested the efficiency of peroxicoagulation process for
removing these dyes in single system and in mixed system.
Removal of dye was very rapid in single system and more
than 90% dye was removed within 10 min of electrolysis.
This system is capable of removing 92% of TOC from single
dye system after 6 h of electrolysis. To check the efficiency
of peroxicoagulation process in mixed dye system, the
authors considered 20 mg/L of basic yellow 2 and 5 mg/L
each of other three dyes. Almost complete removal of dye
was observed within 40 min of electrolysis, and 93% min-
eralization efficiency was noticed after 6 h of electrolysis.

Nidheesh and Gandhimathi (2014a) carried out textile
wastewater treatment by peroxicoagulation process, pH-
regulated peroxicoagulation and electro-Fenton processes.
Electro-Fenton, peroxicoagulation and pH-regulated per-
oxicoagulation process are able to remove 97, 82 and 97%
of color, and 64, 75 and 70% of COD, respectively. COD
removal efficiency of peroxicoagulation process is higher
than that of electro-Fenton and pH-regulated peroxicoagula-
tion process. This enhanced pollutant removal efficiency of
peroxicoagulation process is mainly attributed to the higher
pollutant removal by electrocoagulation than electro-Fenton
process. Solution pH during the electrolysis was increased
from 3 to 6, within a short period. At this condition, electro-
coagulation dominates electro-Fenton process as explained
earlier.

With the regulation of pH, pollutant removal efficiency
of peroxicoagulation process by degradation mechanism
increases (Nidheesh and Gandhimathi 2014a). This was very
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clear with the amount of sludge produced from peroxicoagu-
lation and pH-regulated peroxicoagulation processes. Sludge
production in peroxicoagulation process and pH-regulated
peroxicoagulation process operated at pH 3 was found as
280 and 134 mL/L, respectively. Sludge production in pH-
regulated peroxicoagulation process is also indicates the
electrocoagulation during the process and is the main reason
behind higher COD removal of pH-regulated peroxicoagula-
tion process than electro-Fenton process.

Higher color removal efficiencies of electro-Fenton and
pH-regulated peroxicoagulation processes compared to per-
oxicoagulation process also indicates the degradation of dyes
by the attack of hydroxyl radicals generated in the system
(Nidheesh and Gandhimathi 2014a). Chromophores of dyes
are attacked by hydroxyl radicals and results in degradation
of dye molecules. This reaction results in substantial reduc-
tion of color from the wastewater contaminated with dyes.

Ghanbari and Moradi (2015) compared the performances
of peroxicoagulation, electrocoagulation, electro-Fenton
and electrochemical Fenton (Electrocoagulation process
with external hydrogen peroxide addition) for the treatment
of real textile wastewater. The authors observed more than
75% of color and more than 64% COD removal efficien-
cies for all the electrolytic processes with the efficiency of
order electrochemical Fenton > electrocoagulation > per-
oxicoagulation > electro-Fenton. Energy required for the
processes were found as 2.73 kWh/kg COD, 3.38 kWh/kg
COD, 63.64 kWh/kg COD and 23.19 kWh/kg COD; and iron
consumption were found as 139.3, 139.3, 50.3 and 626.8 mg,
respectively, for electrocoagulation, electrochemical Fenton,
electro-Fenton and peroxicoagulation processes. Biochemi-
cal oxygen demand (BOD)/COD ratio of textile wastewater
also increased from 0.137 to 0.178, 0.341, 0.363 and 0.317,
respectively, for electrocoagulation, electrochemical Fenton,
electro-Fenton and peroxicoagulation processes.

Herbicide

A variety of herbicides is using in worldwide for agricultural
purposes, particularly for weed control. These organic com-
pounds are non-biodegradable and are toxic to animal and
humans (Rodrigo et al. 2014). The use of water containing
herbicides results in poisoning of humans and other animals.
Non-biodegradable nature of herbicides leads to bioaccumu-
lation of these compounds and subsequent health problems.
Thus, removal of these compounds from water medium is a
primary option to reduce its toxicity.

Brillas et al. (2003a) tested the performance of peroxi-
coagulation process by considering chlorophenoxy and
chlorobenzoic herbicides like 4-chlorophenoxyacetic acid,
4-chloro-2-methylphenoxyacetic acid, 2,4-dichlorophe-
noxyacetic acid, 2,4,5-trichlorophenoxyacetic acid and
3,6-dichloro-2-methoxybenzoic acid as model pollutants.

@ Springer

Peroxicoagulation process was found to be very efficient for
the removal of these herbicides from water medium at pH 3.
The authors observed more than 90% of dissolved organic
carbon removal after 6 h of electrolysis. Treatment efficiency
of the process varied with target compounds and is in the
range of 1.3-5.9. Based on the herbicide concentration in the
water during electrolysis, the authors also reported the first-
order constants for the pollutant removal. First-order rate for
herbicide removal was varied between 0.14 and 0.41 min~",
and the maximum rate was observed in the presence of chlo-
robenzoic herbicide, 3,6-dichloro-2-methoxybenzoic acid.

The authors (Brillas et al. 2003a) also reported the coagu-
lated and mineralized TOC removal percentages, based on
their experiments. At lower applied current, coagulated and
mineralized total organic removal percentages are almost
same. But, increase in current increased the pollutant
removal contribution of coagulation. This is exclusively well
shown for the chlorobenzoic herbicide, 3,6-dichloro-2-meth-
oxybenzoic acid. At 100 mA, TOC removal percentages of
coagulation and mineralization are 48 and 46%, respectively.
Further increase in current to 300 mA, resulted in the com-
plete pollutant removal by coagulation.

To improve the performance of peroxicoagulation
process, Brillas group conducted experiments on photo-
peroxicoagulation process for the removal of herbicide
4-chloro-2-methylphenoxyacetic acid (Boye et al. 2003a),
4-chlorophenoxyacetic acid (Brillas et al. 2003b) and
2,4,5-trichlorophenoxyacetic acid (Boye et al. 2003b).
The introduction of UV light in peroxicoagulation pro-
cess increased its efficiency significantly by the additional
hydroxyl radical generation by photo-Fenton reaction. Simi-
lar results are observed by Lizama-Bahena et al. (2015) for
the removal of chlorinated herbicides like atrazine, alachlor,
and chlorbromuron from water medium. Complete miner-
alization of these pollutants was occurred within 75 min of
electrolysis and in the presence of UV light. At the same
time, maximum mineralization efficiency for peroxicoagula-
tion process was observed as 97% for atrazine with an initial
concentration of 62 mg/L.

Conclusion

Peroxicoagulation process is a promising technology to
remove non-biodegradable organic pollutants from water
medium. The process has high mineralization efficiency.
Most of the organic pollutants which are not removable by
the conventional process are removed easily by peroxico-
agulation process. Contaminants are removed from aqueous
solution by degradation (Fenton reactions) and by separation
(coagulation). Apart from its higher efficiency, peroxicoagu-
lation process received much attention due to its simplicity,
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absence of external chemical addition and in situ generation
of hydrogen peroxide and iron.

Even though the process is highly efficient to remove the
contaminants, their real-field implementation is restricted
due to the passivation of electrodes. The rate of iron elec-
trode passivation is higher in real-field conditions compared
to laboratory conditions (van Genuchten et al. 2016). Forma-
tion of iron oxides over the electrodes retards further elec-
trolytic generation of ferrous ions in the water medium. This
will also affect the Fenton and coagulation reactions.

Similar way, carbonaceous electrodes, frequently used as
the cathode for electrolytic generation of hydrogen perox-
ide also undergoes passivation. Most of the ions and salt
will deposit in the pores of these electrodes and retards the
hydrogen peroxide production. Nidheesh and Gandhimathi
(2014c) observed this during the peroxicoagulation treat-
ment of rhodamine B dye. The authors observed a yellowish
color iron hydroxide and a white layer deposition of sodium
salt over graphite electrode after the treatment. This passi-
vation problem can be rectified quickly by regular cleaning
of electrodes.

Increase in pH with an increase in electrolysis time is
another problem of peroxicoagulation process. This solu-
tion pH increase reduces mineralization efficiency of the
process, while coagulation efficiency increases. Thus, after
some time of electrolysis, most of the pollutants are removed
by coagulation, not by Fenton reactions. This can be rectified
by reducing the solution pH to 3 at regular intervals.

Increase in applied current enhances the efficiency of
the process significantly, as observed by various research-
ers. But, the increase in applied current is not the right way
to improve the effectiveness of peroxicoagulation process.
Increase in applied current increase the iron release from
the anode. This results in rapid increase in solution pH with
electrolysis time. At this condition, coagulation is the dom-
inant pollutant removal mechanism than Fenton reaction.
This problem can be solved by conducting the reactions at
lower applied current. The lower current regulated the iron
release from the anode and retards the rate of pH increase.
Thus, most of the pollutants are removed by degradation
method.
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