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Abstract

Wastewater containing dyes are one of the majaathrto our environment. Conventional
methods are insufficient for the removal of thesesistent organic pollutants. Recently much
attention has been received for the oxidative reah@f various organic pollutants by
electrochemically generated hydroxyl radical. Ti@giew article aims to provide the recent
trends in the field of various electrochemical athed oxidation processes (EAOPSs) used for
removing dyes from water medium. The charactessfiendamentals and recent advances in
each processes namely anodic oxidation, electrtoRemeroxicoagulation, fered Fenton,
anodic Fenton, photoelectro-Fenton, sonoelectrdeferbioelectro-Fenton etc. have been
examined in detail. These processes have greant@mlt¢o destroy persistent organic
pollutants in aqueous medium and most of the ssutBported complete removal of dyes
from water. The great capacity of these processdicates that EAOPs constitute a

promising technology for the treatment of the dgataminated effluents.

Keywords. Dye removal, Electrochemical advanced oxidation, cdbaization,

Mineralization, Hydroxyl radicals, Wastewater traant
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1. Introduction

Water pollution due to various industrial effluemsa global environmental problem.
Due to the rapid industrialization, the use of colg chemicals like dyes also increases day
by day. Overall, 40,000 dyes and pigments with mthran 7,000 different chemical
structures have been reported recen®erfirbas, 200Q Production of dyestuff and
pigments annually across the world is more thanOdDtonnes and in India itself it is close
to 80,000 tonnesMathur et al., 2005; Gong et al., 2007; Mane et 2007. Among this
10,000 different types of dyes and pigments ar@denanufactured annually across the
world (Ponnusami et al., 20D8These dyes are chemically, photolytically andidgically
highly stable and are highly persistent in nat@etéu and Bilba, 2005Various industries
like textile, leather, food, cosmetic, paper, phaceutical etc. are using variety of synthetic
dyes. Among these industries, textile industriesthe largest consumer of dying stuffs and
pigments and produces large amount effluents dfteing process. For example, 1.5 million
liters per day of #luent are discharging into natural water bodies framaverage mill
producing 60 x 1Dm of fabric COINDS, 2000. This wastewater contains various kinds of
pollutants apart from dyes and most of them areaftmus. Depending on the textile
processes, effluents generated from the industntagts various types of solvents, salts,
detergents etc. apart from many types of dyBarredo-Damas et al., 2006Typical
characteristics of the effluent generated fromil@xbdustries are given ifiable 1 Among

these contaminants, removal of dyes from the wadtrweeds to be a special attention.

The effluents containing dyes are one of the midgarats to environment. Even in low
concentrations, the dyes are highly visible (esth@bllution) and affect the aquatic life and
food chain (chemical pollutionN@amasivayam and Kavitha, 2002; Malik, 2Q0Blowever,
the average concentration of dyes in a textile evaater is around 300 mg'L(Couto, 2009

Disposal of this highly colored wastewater intounat water bodies hamper light penetration,
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distress biological process in the water medium pralide an aesthetically displeasing
appearanceA(ivoli et al., 2009. Reduced light penetration with the introductafncolored
wastewater reduces the photosynthetic activity iwithe water body and this also affect the

symbiotic processl( et al., 2008

Table 1 Characteristics of textile wastewater. Reprinteth ywermission from Sandya et al.

(2008), Copyright 2007, Elsevier.

Parameters Concentration
Solution pH 9.5-12.5
Total Suspended Solids (mg'L 60-416
Total Dissolved Solids (mg'1) 4500-12800
Total Organic Carbon (mg1) 26390-73190
Biochemical Oxygen Demand (mg'L 25-433
Chemical Oxygen Demand (mg'L 1835-3828
Aromatic Amines (mg L) 20-75
Ammonia (mg %) 2-3
Chloride (mg %) 1200-1375
Sulphate (mg 1) 700-2400

The hazardous, toxic and carcinogenic natures asdgre also well known.
Physiological disorders in aquatic organisms happethe consumption of dyes in textile
effluents via food chainKarthikeyan et al., 2006 Some of the azo dyes are responsible for
causing bladder cancer in humans and chromosomailragilon in mammalian cells
(Mendevedev, 1988; Percy et. al.,, 1p89Cytotoxicity of reactive dyes (three
monochlortriazinyl dyes: yellow, red and blue wikfferent concentrations) using human
keratinocyte HaCaT cells in vitro was investigaldKlemola et al. (2007and the mean
inhibitory concentration values after 72 h of expeswas measured as 237 pg for

yellow dye, 155 pg mt for red dye and 278 g riLfor blue dye. Similarly, spermatozoa
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motility inhibition test of these dyes showed thean inhibitory concentration values after
24 h of exposure as 135 pg thior yellow dye, ug mt for red dye and 127 pg ritLfor
blue dye Klemola et al.,, 2006 Frame-shift mutation and base pair substitution
Salmonella in the presence of Cl disperse blue etserved byumbuzeiro et al. (2005)
Experimental investigations &ae and Freeman (200i8ported that C.I. Direct Blue 218 is
very toxic to daphnids. The 50% of mortality of Hapls was observed for concentrations of
1-10 mg L* of C.I. Direct Blue 218 after 48 h. Impact of tiéteffluents on a proteinous
edible fresh water fish Mastacembelus Armatus wasnened byKarthikeyan et al. (2006)
and they observed a decrease irf Wad Cl concentrations and increase irfi, fg®* and
Cd* concentrations after 35 d of Acid Blue 92 expos(iee toxicity of the textile dye
industry effluent on freshwater female crab, Spita¢lphusa hydrodroma was investigated
by Sekar et al. (2009)The authors observed a decrease in protein, lcpdbate and lipid
contents in ovary, spermatheca, muscle, hepatogasicill, brain, thoracic ganglia and
eyestalks at 30 d of sublethal (69.66 ppm) conaéintr of textile dye industry effluent
exposureMathur et al. (2005jested the mutagenic activity of seven dyes by fagsay,
using strain TA 100 of Salmonella typhimurium amegarted that except violet dye, all are
mutagenic. Among these mutagenic dyes, Congo redrayal blue dyes are moderately
mutagenic while bordeaux is highly mutagenic orextkly mutagenic. Similarly, effect of
malachite green on immune and reproductive systeas observed byrivastava et al.
(2004). The authors also observed the potential genotamit carcinogenic nature of the

mentioned basic dye.

These non-exhaustive examples highlight how muehptiesence of the dyes in water
is harmful to the aquatic environment. Therefoemoval of dyes from aqueous medium is

an important environmental issue in the environalesafety point of view.



84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

2. Electrochemical advanced oxidation processesfor dyeremoval

Various treatment techniques such as adsorptionagutation, filtration,
electrocoagulation, photolysis, sonolysis, bioddgt@n, wet land treatment, ozonation,
photocatalysis, membrane filtration etc. have bese&d for removing synthetic dyes from
aqueous solution. Advantages and disadvantagesyef rdmoval methods have been
discussed in detailCfini, 2006; Martinez-Huitle and Brillas, 2009; Nieesh et al., 20)3
Based on the principle mechanism behind the remoValyes, these processes can be
divided into two broad classes: Separative (physi&ad physicochemical) methods, and
degradative (chemical and biological) methods. HBebematic diagram of the various
methods used for the dye removal is showrFimm 1 Most of the methods used for dye
removal are separation process and the main distaly@a of these processes is the disposal
of dye containing sludge as in coagulation procdgs,sorbed adsorbents and concentrated
dye solution as in membrane processes. In contoattyis, complex dye compounds undergo
a series of degradation in chemical degradatiorhoust In the case of use of advanced
oxidation processes, degradation procedure advanté ultimate oxidation degree, i.e.
mineralization of organic pollutants. These methg@isduce carbon dioxide, water and
various inorganic ions (following heteroatoms préseat the starting organic pollutants) as

the final products.
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Dye Removal Methods

Separation Methods Degradation Methods

Adsorption Biodegradation Chemical Advanced Oxidation

Activated Carbon o—\ Oxidation ProcTsses
Biosorption ¢ ¢ ¢ ¢

*7 Photolysis Ozonation Electrochemical Sonolysis Fenton

Coagulation— Oxidation Processes
Chemical Coagulation ®— ‘
Direct Methods Indirect Methods
Electrocoagulation ¢+—! l
v | Anodic Oxidation e Electro-Fenton e—
lon Exchange —e Photoelectro-Fenton ®—

$— —e Sonoelectro-Fentone—

Membrane Filtration 1T® Fered-Fenton e——
Processes —e Peroxi-coagulation e—{

—e Anodic Fenton e—

Fig. 1 Schematic representation of method used in dyevahfimm water

Among various degradation techniques, advancedatria processes (AOPSs) received
great attention for the efficient degradation oéslyduring recent yeartértinez-Huitle et
al., 2009, Oturan and Aaron, 201&hese processes are based on the productioigidiy h
reactive oxidants, mainly hydroxyl radicaD{). This radical is the second most powerful
oxidizing agent (after fluorine) with a redox pateh of E° (OH/H,0) = 2.8 V/SHE. Once
these radicals are produced in situ, they attagaroc pollutants with high reaction rates
through following three different way®f{uran, 2000; Brillas et al., 2009; Sirés et a)14:
electron transfer (redox reactiorfd. (1), H atom abstraction (dehydrogenatiogp( (2),
and electrophilic addition ta systems (hydroxylation) (Eq. (3)). These reactipnsduce
organic radicals and start a radical chain inclgdieactions with oxygen (formation of

peroxy radicals) and formed reaction intermediatedergo further oxidation reactions with
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generated oxidizing agent©H, HO,', H,O,...)until the complete mineralization of organic

pollutants.
‘'OH+ RX - RX™ + OH (1)
"OH + RH - R + H,0 (2)
"OH + PhX - PhX(OH) (3)

Among the AOPs, electrochemical advanced oxidapimtesses (EAOPS) that have
been developed during the last decade have gedegatat interest for the abatement of
various persistent organic pollutants includingtegtic dyes. EAOPs use electrolytically
produced hydroxyl radicals for the mineralizatioh arganic pollutants. Based on the
production of hydroxyl radicals in the electrolysgstem, EAOPs can be divided into two
categories: direct and indirect EAOPs as showrrign 1 In the case of direct EAOPSs,
hydroxyl radicals are produced on the anode sutbgadirect oxidation of water according to

the EqQ. (4):
M+ HO ~M(OH)+H + ¢ (4)

with M: anode material. The production rate andeektdepend on the nature (catalytic
activity) of anode material, diffusion rate of onga pollutants on the active sites of anode
and applied current densityPg¢nizza and Cerisola 2009; Miled et al., 201Dhe great
advantage of this process is to not require thereat addition of reagents for the production
of hydroxyl radicals. In the case of indirect EAQE®e generation of hydroxyl radicals is
based on the Fenton chemistry includingsitu electrochemical generation (electro-Fenton)
or externally addition of the one of the reagent(Hor ferrous iron) (fered-Fenton). Mostly
H,O; is in situ produced at the cathode thanks to the use of agquatke electrode material.
Hydroxyl radicals are produced by the reaction leetw electrolytically generated or

externally added D, and anodically generated or externally added feriicon (Brillas et

8
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al., 2009. Electro Fenton process constitutes an excedeample of indirect EAOPS, in
which hydroxyl radicals are produced by the reacti®tween electrochemicaliy situ

generated kD, and electrocatalytically regenerated ferrous ion.

EAOPs have several advantages over conventionaintesmt techniques. The main
advantage of the EAOPs is environmental compaibdis the main reagent for all the
EAOPs is electron, which is an inbuilt clean spedieralta-Hernandez et al., 200Dther
advantages are related to their versatile naturgheh pollutant removal efficiency,
operational safety and amenability of automatidinttber et al., 2000; Anglada et al., 2009,
Sirés et al., 2004 In addition, the presence of salt (e.g., Na@lwastewater could help to

improve process efficiency and reduce energy copom(Zhou et al., 2011a, 201)Lb

The main aim of this review is to present a genexakew on the application of EAOPs
for the removal of dyes from aqueous solution. &peattention is made on fundamental
reactions involved of each EAOP to provide cleaaidn its characteristics and oxidation

capacity.

3. Direct EAOPs

Direct EAOPs produces hydroxyl radicals in the etmhemical reactor without the
external addition of chemicals. Anodic oxidatioralled also electrooxidation) is the best
example of direct EAOPSs. The following section exp$ the recent trends in dye removal by

anodic oxidation process.
3.1 Anodic Oxidation

Anodic oxidation (AO) is the most popular direct BRs; it works based on the
hydroxyl radical production at the anode surfd@anijzza and Cerisola, 2009 he process is

heterogeneous and hydroxyl radicals formed arerbddoon the anode surface. They are
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chemisorbed in the case of active anode like XA and are less available. The production
of hydroxyl radicals is promoted by high, @volution overvoltage anodes such as boron-
doped diamond (BDD) thin film anodes. In these elattases, hydroxyl radicals are
physisorbed and consequently more available fodadian of organics. Various researchers
well explained the organic pollutant degradationchamism in AO process in the case of
metal oxide (MQ) anodes Comninellis, 1994; Scialdone, 200Heterogeneous hydroxyl
radicals MQ(HQO") are mainly formed by the oxidation of watdétq( (5). The adsorbed
radicals result in the production of chemisorbegigen €q. (6) or oxygen evolutionEq.
(7)). The chemisorbed oxygen also undergoes furttzaticer and produces oxygen as=n.

(8). The MQ(HO’) and oxygen oxidize the organic pollutant asEigs. (9) and (10Jhe

surface of the anode is catalytically regenerated@ing toEqgs. (7)-(10)

MO, + H,0 — MO, (HO*) + H* + e~ (5)
MO, (HO®) — MOy, + H* + e~ (6)
MO, (HO®*) — MOy + H* + e~ + 0.50, (7)
MO,,,; — MO, + 0.50, (8)
MO,(HO*) + RH — MO, + H,0 + R° (9)
MO,,; + RH — MO, + RHO (10)

There are two ways of pollutant degradation medmarnin AO processGomninellis
and Battisti, 1996)electrochemical conversion: degradation of p&sisorganic pollutants
into biodegradable byproducts such as short-chanboxylic acids, and electrochemical
combustion or incineration (complete mineralizatadrorganic pollutants into COH,O and
inorganic ions). Between the oxidants produced @eectrolytic cell, MQ(HO') causes the
complete mineralization of the organic pollutantqhdathe chemisorbed oxygen
(MO4(HO®)) causes the selective oxidation of organic pollga@hen, 2001 This

10
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difference in the oxidation ability of these twoidants is mainly due to their different
oxidation potentials. Overall, AO process can bendd as the direct EAOPs in which the
degradation of the organic pollutants occurs maioyy the adsorbed hydroxyl radicals

produced by the water oxidation in the presendagif O, overvoltage anodes.

Compared with other treatment processes, AO probassseveral advantages. The
major three advantages of AO process @feef et al., 2003rapid degradation of pollutants,
elevated removal efficiency, and easy operatiomarAfrom this, high efficiency at various
solution pH is also promotes the practical impletagon of AO process. In general hydroxyl
radical formation is better in acidic media but th#erence is not significant. Thus it was
reported that heterogeneous hydroxyl radicals @ farmed at pH>10 (Sirés et al., 2006;
Ozcan et al.,, 2008aEven though complete mineralization of clofibacid Sirés et al.,

2006 and 4,6-dinitro-o-cresoHox et al., 200pat pH 12 was reported.

In AO, selection of anode affects significantly #f@iciency of the process. There are
two types of anodes in AO process: active and raivea anodes. This differentiation is
mainly based on the reaction of anode material aitborbed hydroxyl radicals. In the case
of active anodes, formation of higher oxides oresupxides occurs by the reaction of anode
with hydroxyl radicals. This reaction happens whiesm anode has higher oxidation potential
above the standard potential required for the omygelution Migliorini et al., 201). The
anodes like Pt, Irg) SnGQ and RuQ@ are the examples of active anodes. On the othst, ha
hydroxyl radicals are physically sorbed on the aotive anodes and the mineralization of
organic pollutants occurs mainly by the direct timac of physisorbed hydroxyl radicals.
These electrodes do not contribute any direct an@diction of organic pollutants and do not
impart any catalytic site for the effective pollotasorption Migliorini et al., 201). BDD

electrode is the best example of non-active anodes.

11
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Compared to active electrodes, non-active electrbdee high mineralization capacity.
For example, BDD anode was found to be the bestrelie for the mineralization of various
persistent organic pollutants. This is mainly deeits greater @ overvoltage (which
increases the hydroxyl radical production rates),wide potential window, low background
current and very low activity for £evolution reactionBraga et al., 2010; Migliorini et al.,
2011; Oturan et al., 2012; Haidar et al., 20The removal of adsorbed organics on the BDD
surface is also easy. In most of the cases, ringittgappropriate solvent is required for the
effective cleaning of BDD surfacéM(gliorini et al., 201). The degradation of carboxylic
acids by Pt is also very difficult. But the degralia of these acids is feasible with BDD
anode, thanks to the efficiency of BODH) and also the strong oxidants such as
peroxodisulfate and £formed during oxidation process according to tHewang reactions

(Murugananthan et al., 2007; Flox et al., 2009;tlale 2010a

2502~ — S,0%™ + 2e~ (11)
2H,0 — H,0, + 2H* + 2~ (12)
3H,0 — 0 + 6H* + 6e~ (13)

Recently a great attention has been paid to imptiogesfficiency of anodes by using
appropriate substrat®/ang et al., 2013; Hu et al., 2014)he selection of suitable substrate
is also an important parameter. A substrate shdwade good electrical conductivity,
sufficient mechanical strength, and electrochenmimmaitness or easy formation of protective
films on substrate surfaces by passivatiohdn et al., 2003 For example, various substrates
like Si, Ti, Nb etc. were used as substrate for B&ode. The substrate used for the BDD
anode has been classically Si. But, Si is diffitaluse as a substrate for electrode due to its
fragile nature and its conductivity is strongly dagdent on the experimental environments

(Sun et al., 2001 Among the various substrates, the suitable satiestor the BDD anode

12
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was found as TiGhen et al., 2003; Sun et al., 2p1Also, the Q overvoltage potential of

Ti/BDD is higher than that of Si/BDD anod€lfen, 2004

Dye removal from aqueous solution using the AO esschas been studied by various
researcherd-aouzi et al. (2007)eported a total degradation and mineralizatioralafarin
red S by AO process using BDD anode. Similarly, plate mineralization of methyl orange
in the presence oh situ microwave activated Pt was observedanao et al. (2009)Color
and COD removals from real textile effluents usBIQD anode was studied byartinez-
Huitle et al. (2012pand they observed an effective reduction in calmt COD after 15 h of
electrolysis.Yavuz and Shahbazi (201R25ed bipolar trickle tower reactor containing BDD
anode for the removal of reactive black 5 in a cwdus flow mode operation and achieved
97% color, ~51% COD and 29.3% TOC removal at thing conditions, along with the
reduction in toxicity. The oxidation of methyl oge using BDD anode in a 3 L capacity
electrolytic cell was studied bigamirez et al. (2013nd obtained a 94% decolorization and
63.3% TOC removal efficiencies at the optimal ctinds. Complete color and COD
removals from an aqueous solution containing metig/lblue in the presence of BDD anode
was observed bfpanizza et al. (2007Pegradation of three azoic dyes, Congo red, nhethy
orange, and eriochrome black T, using conductieerdnd anodes was investigated by
Canizares et al. (200@nd concluded that the efficiency of the systemedéds only on the

initial concentration of dye.

Nava et al. (2008compared the color and COD removal efficienciesvafious
electrode materials for the abatement of alphaeufindye and observed almost complete
mineralization of dye with Pb/PhCGand Si/BDD electrodes, while Ti/lg@isfavored such
process. Similarly complete removal of color andBCi@duced by the alphazurine A using
BDD anode was observed Bgnsalah et al. (2009Aquino et al. 2013 used Si/BDD anode

for the degradation of reactive red 141 in a fijtegss flow cell and applied response surface

13
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methodology to determine the effects of differepemting parameters on color, COD and
TOC removals. The performances of TifFRbQ, and BDD anodes on the removal of
reactive orange 16 in a filter press reactor wakestigated byAndrade et al. (2009)The
study concluded that even though complete dye raimevachieved by both the electrodes,
BDD provided better results than TiHRPbO, due to less energy consumptidindessamad
et al. (2013)compared the efficiency of monopolar and bipold&CBelectrodes for the
removal of alizarin blue black B and concluded tihat dye degradation efficiency of bipolar
AO system is 1.2 times higher than that of monapdl@ system.Chen et al. (2003were
found that dye removal efficiency of Ti/BDD anodashigher than that of Ti/gDs—SnQ
anode. Also, Ti/BDD anode has higher dye removiatiehcy in the cases of alizarin red S
(Sun et al., 2011 orange Il and reactive red HE-3BHen et al., 2003 The dye removal
efficiencies of BDD and Pb{electrodes were compared Bgnizza and Cerisola (200&)d
observed a higher oxidation rate and higher curéfidiency in the case of BDD anode than
that of PbQ anode. At the same time, methyl orange degradatfiticiency of TIRUSNQ is
very much less than that of BDD and Rla@ode (abiadh et al., 2016 Partial removal of
the dye was achieved by using TiRuSné&nhode, but complete dye removal was also
observed with other anodes. Even though, both anade efficient for the complete dye

removal, complete mineralization was occurred amiyhe presence of BDD anode.

Yao et al. (2013) prepared Pb&ZrO, nanocomposite electrodes by pulse
electrodeposition and used it for the removal othylene blue. The authors observed a
100% dye and 72.7% COD removal after 120 min afteddysis. Similarly,An et al. (2012)
synthesized Ti@NTs/Sb—Sn@PbG, anode for the abatement of C.I. reactive blue da:%d
reported that the prepared electrode has a higblaleation and mineralization ability.
Recent study bydo Vale-Junior et al. (20163emonstrates that Sn-Cu-Sb alloy anode

prepared by cold gas spray is very efficient far tlegradation of dyes from water medium.

14



287 The authors observed complete acid blue-29 remavalmineralization after 300 min and

288 600 min of electrolysis, respectively.

289 Effect of boron doping in BDD anode on dye remownvak investigated biiigliorini et
290 al. (2011)and reported that highly boron doped electrodeastia higher reactive orange 16

291 removal efficiency. Similar result has been obséitveBogdanowicz et al. (2013)

292 Rodriguez et al. (2009)bserved two different oxidation mechanisms fod gellow 1

293 in the presence of BDD anodes. The oxidation of dgpends more on its initial
294 concentration. At the lower dye concentration, tixédation process followed pseudo first
295 order kinetics and under the control of mass trarispWhile, at the higher dye
296 concentrations, the degradation of acid yellow lofeed zero order kinetics and reaction

297  kinetics was controlled by charge transfer.

298 Panizza and Ceriso(@008)observed the pH independent methyl red oxidatiothén
299 range of 3 to 7. Similarly, insignificant effect wiitial solution pH on dye removal by AO
300 process using Ti/SnOSb/PbQ was observed b$ong et al. (2010)Similar result has been
301 reported byPetrucci and Montanaro (201The authors observed that even though the color
302 removal was affected by the change in pH, the malization ability of BDD anode was not

303 altered with the solution pH.

304 Supporting electrolyte also plays an important rotethe dye removal mechanism.
305 Aquino et al. (2012ktudied the effects of the salt (supporting etdgte) addition for the
306 removal of acid blue 62, reactive red 141, dirdaack 22, and disperse orange 29 using
307 conductive-diamond anodes. The authors observeeldtated electrooxidation of dyes in the
308 presence of chloride addition. At the same time, tbmoval of dyes by the addition of
309 sulphate as supporting electrolyte is mainly byatiack of hydroxyl radicals, generated from

310 BDD anodeZhou et al. (2011ajompared the methyl orange degradation by electrocdal

15



311 oxidation using BDD and mixed metal oxide anodes faund enhanced dye removal in the
312 presence of NaCl, which is mainly attributed to tieeaction of mediated oxidation from

313 active chlorine species.

314 The functional groups presents in the dyes alsectdfthe efficiency of the electrolytic
315 system.Saez et al. (200ompared the alizarin red and eriochrome blackniavals in the

316 presence of BDD anode. The authors reported twierdiiit oxidation mechanisms for dye
317 removals, even though complete COD and color relsdvam both dye wastewaters were
318 observed. The removal of alizarin red was mainlg tuhydroxyl radical mediated oxidation
319 and controlled by mass transfer process, whilegheval of eriochrome black T was mainly

320 due to electrolytically generated reagents likeopedisulphate.

321

322 4. Indirect EAOPs

323 Production of hydroxyl radicals in indirect EAOPs accomplished by the in situ
324 production or external addition of chemicals. Fentased EAOPs are the best examples of
325 indirect EAOPs. The following sections discussdbpelications and recent advances in these

326 processes for the removal of dyes from aqueousumedi

327 4.1 Electro-Fenton (EF) process

328 During the last decade EF process received mucacattn among other processes.
329 This is an economically and environmentally frignglrocess to remove efficiently toxic
330 and/or persistent organic pollutants from waterur@t and Brillas groups reported the
331 principles of the EF process in the starting of @Q0turan and Pinson 1995; Brillas et al.,
332 1996; Oturan, 2000; Brillas et al., 200@F process is an attractive tool and its inteiest

333 mainly due to its high degrading effectiveness @fspstent organic pollutants, fast pollutant
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removal rate and environmental compatibilitptyran et al., 2000; Brillas et al., 2009;

Nidheesh et al., 2013; Sirés et al., 2014; Vasudeva Oturan 2014

EF process works based on thesitu electrogeneration of Fenton’s reagent, a mixture
of H,O, and F&" which is the origin of the Fenton's reaction (Ekh)) to generate hydroxyl
radicals. Hydrogen peroxide is generated continyoatsthe cathode surface from the two
electron reduction of ©in the acidic mediunEq. (14)) (Oturan et al., 2008a; Ozcan et al.,
2009a Nidheesh and Gandhimathi, 201&8upply of oxygen near the cathode during EF
treatment is required for fulfilling the continuopsoduction of hydrogen peroxide in the
electrolytic system. The addition of a catalyticamt of a ferrous salt (to produce®hens)

into the solution leads to production'@H according to Fenton's reacti(qg. (15)).
0, + 2H* + 2e~ — H,0, (14)
Fe?* + H,0, — Fe3* + OH™ + HO® (15)

Catalysis of the Fenton's reaction by electrochahriegeneration of ferrous ion is an
important advantage of EF process compared to ctiovel Fenton proceg®©turan et al.,
2011; Moreira et al., 2013)ndeed, the optimal pH value for Fenton's reacaod Fenton
related processes is aboutB3illas et al., 200R At this pH, the predominant species of iron
is Fe(OH¥" (Eq. 1§ (Ozcan et al., 2093 The F&" produced by Fenton's reaction remains
under the form of Fe(OH) and undergoes cathodic reduction to produce ferion
according toEq. (17)(Ozcan et al., 2008bApart from this main source, ferrous ions are
regenerated in the EF process via Fenton’s chaictioms as irEqgs. (18-20)Oturan et al.,

2004; Oturan et al., 201pa

Fe" + H,0 - Fe(OHYf" + H' (16)
Fe(OH)?** + e~ — Fe?" + OH™ a7
Fe3* + H,0, — Fe?* + H* + HO;, (18)
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Fe3* + HO, — Fe?t + HY + 0, (19)
Fe3* + R* — Fe?* + R* (20)
where Ris organic radical.

Also, in overall, EF process results the productbtwo moles of hydroxyl radicals from 0.5
moles of oxygen as in Eq. (21pturan et al., 2001showing the catalytic behavior of the

process.
0, + H,0 — 2HO" (21)

An insignificant change in solution pH with eledyrsis time is the other advantage of
EF process. This is mainly due to the counterbatgnaf proton consumed during the Fenton
reaction by the protons produced via water oxidatbd the anodeH-Desoky et al., 2010

and carboxylic acids generated during the oxidgti@mtessQturan and Aaron, 20})4

Carbonaceous materials are widely used as thedmtindnich is the working electrode
of EF process. This is mainly due to its wide ramgeelectrochemical activity for £
reduction and low catalytic activity for.B, decomposition Ranizza and Cerisola, 2001
Also, the porosity of carbonaceous material is v&igh, in particular 3D carbon materials
like carbon felt or graphite felt are of high patpsThese pores are useful for the sorption of
oxygen gas supplied near the cathode surface amgbguoently results in higher amount of
hydrogen peroxide generation. Various carbonaceoaterials like carbon-feltQturan,
2000; Murati et al., 20)2reticulated vitreous carbon shekt-Desoky et al., 2010; Ghoneim
et al., 201}, activated carbon fibek(ang et al., 201)) graphite George et al., 2013, 2016;
Nidheesh et al., 201%acommercial graphite-felthataee et al., 2009; Panizza and Oturan,
2017 and chemically or electrochemically modified drde felt (Zhou et al., 2013; 2014)
carbon sponge(zcan et al., 2008®tc. were used as the cathode material for theiesft

electrogeneration of hydrogen peroxide in EF delican et al. (2008cjompared the dye

18



382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

degradation efficiency of carbon sponge and cafetirfor the abatement of acidified basic

blue 3 solutions and found that carbon spongeastfective cathode than carbon felt for EF
process. By analyzing the reported literaturesiouarforms of Pt have been used frequently
as anode in EF cell for the degradation of vari@uganic pollutants Nidheesh and

Gandhimathi, 2012; Sopaj et al., 2015, 2016

The efficiency of EF process increases by combidi@gand EF processes. This can be
achieved by the use of an, @vervoltage anode in the EF process along with the
carbonaceous cathod®turan et al. (20123howed that this process was able to mineralize
quasi-completely the herbicide atrazine and itsptmduct cyanuric acid which already

reported many times to be recalcitrant to hydroaglicals.

EF process has been proved as an efficient todht@abatement of dyes from water
medium.Nidheesh and Gandhimathi (2014&ed graphite-graphite electrolytic system for
the abatement of rhodamine B (RhB) at pH 3. Théastreported that with the increase in
electrode immersion depth the efficiency of thecetdytic system also increases. This is
mainly due to the increased contact between catBodace and air bubbles and the authors
recommended to use bubble column reactor with kgngtectrode for the efficient removal
of organic pollutants. Similarly, complete destractof azure B and 95% TOC abatement at
the end of 8 h EF treatment was observedbyera-Vargas et al. (201L4AImomani and
Baranova (2013analyzed the dye removal efficiencies of singld amo compartment cells
in the presence of stainless steel cathode and &iide and observed that two compartment
cell is better than single cell for the removaldyes from aqueous mediumahkimi et al.
(2007)investigated the depollution of methylene bluen@wored and yellow drimaren using
carbon felt cathode and Pt sheet anode and observagdid degradation of dyes in their
single and mixture solution. Almost complete mitieedion of dyes also observed by

Guivarch et al. (2003and Guivarch and Oturan (2004%imilarly, 95% of the initial TOC
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caused by alizarin redP@nizza and Oturan, 201and acid red 97K@ayan et al., 2000was
removed effectively using the graphite-felt andboarfelt cathodes, respectivelyiagne et
al. (2014)compared the efficiencies of AO and EF processeshe removal of indigo dye
and observed higher mineralization efficiency fér ffocess. Complete mineralization of the
dye was observed within 2 h of electrolysis. et al. (2015modified graphite felt by using
carbon black and PTFE; and observHal7 times higher D, production compared to
unmodified electrode. EF process using this madiifieaphite felt cathode is efficient for
complete removal of 50 mg'Lmethyl orange within 15 min and 95.7% TOC remata? h
electrolysis; this efficiencies being more thanmeis that of EF process operated with raw

graphite felt cathode.

Apart from, solution pH, catalyst dosage, initiallptant concentration, electrode area,
applied current and inner electrode spacing; thelriess in the water also affects the
efficiency of EF process significantlgds Santos et al., 20L6T'he presence of magnesium
and calcium in water medium reduced the dye remeffeliency of EF process for the dye
ericochrome black T. This reduction in the perfonceof EF process is mainly related to the

difficulty to break the divalent cation- ericochrerhlack T complex byOH.

Xu et al. (2014)prepared graphene doped gas diffusion electrodey usodified
Hummers' method and used for the removal of readbvliant blue in a three electrode
undivided cell of volume 200 mL. The study conclddbat under the optimal conditions,
80% of the dye and 33% of TOC were removed aft€ mé of electrolysis by the novel
electrodeGhoneim et al. (20119bserved a complete dye removal and 97% of mizetain
by EF process in an electrolytic cell of 600 mL &eapy containing reticulated vitreous
carbon cathode, platinum gauze anode and 0.2 migesyellow FCF azo dye&irés et al.
(2008) compared the dye removal efficiency of EF cellhwdarbon-felt cathode for the

degradation of crystal violet (CV), fast green HEEF), methyl green (MeG) and malachite
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green (MG). In this study, it was observed that dbsolute rate constant for their reaction
with hydroxyl radicals increases in the order MeGGF < CV < MG. Total depollution of a
dye mixture containing the above four dyes with@DOCof 1000 mg [* was also observed.
Complete decolorization and approximately 85-90%aemalization of levafix red CA and
levafix blue CA was observed IB®-Desoky et al. (2010 Similar results were obtained in the
cases of real dyeing wastewat&/gng et al., 2010 reactive blue 4G6zmen et al., 2009

direct orange 61H{ammami et al., 20Q7etc.

Lin et al. (2014)studied orange Il removal behavior of EF process divided cell and
reported that dye removal rate in cathodic compamntmvas much faster than that in anodic
compartment.Scialdone et al. (2013performed the abatement of acid orange 7 in a
microfluidic reactor and reported that the procassfiicient for the usage of cheaper and
easier to handle graphite as cathodic materialnijndue to the sufficient oxygen production
from the anode. Therefore, external addition ofoaioxygen is not required for this type of
reactor.Iglesias et al. (2013ajsed airlift continuous reactor for the removatexdctive black
5 and lissamine green B and accomplished high daezation percentages at high residence
times. Methyl orange removal in a 3 L capacity piflow plant was studied bysarain-
Chévez et al. (2013nd obtained 80% of decolorization efficiencyha dptimal conditions.
Nanostructured ZnO-TiDthin films deposited on graphite felt ano(tel-Kacemi et al.,
2016) exhibited higher dye removal and mineralizatioficedncy. Within 60 min of
electrolysis Amido black 10B dye was discolored #m&lmineralization efficiency of the EF
process reached 91% after 6 h of electrolysis. iBapbn of graphene based electrode
material improves the efficiency of EF process inadiceable mannery@ng et al., 201)7
Graphene Zhao et al., 2016 graphene doped graphite-PTFEu(et al., 201% reduced

graphene oxide coated carbon felte( et al., 201p graphite felt modified with
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electrochemically exfoliated grapheri®ang et al., 201)7 electrodes exhibited excellent

hydrogen peroxide generation potential and subsealye removal efficiency.

Ferrous ion is the worldwide accepted Fenton cstdtyr the generation of hydroxyl
radical Oturan and Aaron, 20)}4Apart from this, other forms iron like zero-vateiron
(F&") and ferric ions (F&) can be used as Fenton catalyst. Addition of Festead of F&
undergoes the ferrous ion regeneration reactiar pviFenton reaction. Faddition leads to
the production of F& by the reaction between hydrogen peroxide asqgn(22)(Fu et al.
2010a). Oturan et al. (2008a¥ed ferric ion instead of ferrous ion for the @egition of
malachite green in Pt/CF cell at pH 3. The autludrserved a total decolorization within 22
min and total mineralization within 540 min of efedysis at an applied current of 200 mA.
Ozcan et al. (20094hvestigated the acid orange 7 removal by EF m®essing ferric ions
and 92% of TOC removal was reportétddheesh and Gandhimathi (2014gmpared the
RhB) removal efficiencies of BeF&* and F&' in graphite-graphite EF system. The rate of
dye removal at the optimal conditions follows thder of F& F&*> F&*. But the optimum

amount of Fenton's reagent followed the order 8f Fef*> Fe*.
Fe® + H,0, — Fe?* + 20H~ (22)

Persistent organic pollutant abatement using EE pkocess also received a great
attention in recent years. The transition metalgtgamore than one oxidation states and
having a difference of unity in oxidation states cadergo Fenton like reactions as shown in
Eq. (23) Various transition metals like MBalci et al., 2009; George et al., 2014; Nidheesh
and Gandhimathi, 2014b)Yu (Oturan et al., 2010b; George et al., 2013b;Nidhessd
Gandhimathi, 2014b)XCo Oturan et al., 201QbAg (Oturan et al., 2010bNi (George et al.,

2014)etc. have been used as EF like catalyst for tageatent of various pollutants.

M@=V + H,0, » M™" + HO® + OH™ (23)
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Recently, the EF related researches focused dmetieeogeneous EF systehidheesh,
2015) In this process, solid catalysts containing ispecies are used as the iron source
instead of ferrous salts. Heterogeneous catalyst lma reused several times for the
degradation of organic pollutants. Recently Otueard co-workers proposed EF-pyrite
process and found it to be very efficient for thmenalization of various organic pollutants
(Amar et al., 2015; Barhoumi et al., 2015; 2016)ikdh et al. (201bused this technology
for the removal of 4-amino-3-hydroxy-2-p-tolylazaghthalene-1-sulfonic acid, an azo dye
from water medium and found complete mineralizatinl75 mg [* dye within 8 h of
electrolysisNidheesh et al. (2014@yepared magnetite by the chemical precipitatiethod
and used for the decolorization of RhB. The authased magnetite containing various
concentrations of ferrous and ferric ions and fothrad the magnetite with Fe(ll)/Fe(lll) ratio
2:1 and 1:2 has good dye removal efficiency thdmeotatalysts. At the optimal conditions,
97% of RhB was removed effectively by the heteregeis EF process. Similarly EF
oxidation of acid red 3R in the presence op@#y-Al,O; was investigated byue et al.
(2014) and it was reported 77% dye removal within 100 wiirelectrolysis.Rosales et al.
(2012) used Fe alginate gel beads for the removal ofeaBuand lissamine green B; and
obtained almost complete removal of dyes from agsaolutionlglesias et al. (2013ajsed
the same catalyst for the decolorization of reachlack and lissamine green B 5 in an airlift
continuous reactor. Iron loaded sepiolite was used heterogeneous EF catalyst for the
removal of reactive black 5 in a continuous flowdamf operationiglesias et al., 2013b
and obtained 80 to 100% dye removal at the optiomaiditions. Liang et al. (2016)
investigated the effect of five metals (Cu, Ce, Mr,and Co) and their loading contents on
methyl orange degradation, observing the highestigcon Co/GDE and good stability

toward wide pH ranges (3-9).
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The dye removal mechanism of heterogeneous EF gsasellustrated irFig. 2 Iron
species from the heterogeneous catalyst are relaase the solution and reacts with the
hydrogen peroxide produced at the cathode surface @onventional Fenton process. In
some of the cases, the Fenton reactions may oatuh® solid catalyst surface, without the
dissolution of iron species. At these conditions ttatalyst should be in suspension or

efficient mixing should be there for the effectnanoval of organic pollutants.

l & | f ?.
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Fig. 2 Dye removal mechanism of heterogeneous EF prosesg (8) magnetite (Nidheesh

et al., 2014d), (b) R©®s/y-Al,O3(Yue et al., 2014)Reprinted with permission froRSC Ady,

Copyright 2014 RSC andl Ind. Eng. ChemCopyright The Korean Society of Industrial and

Engineering Chemistry and Elsevier 2013, respelgtive

Another trend in EF process is the applicationhoé¢ dimensional (3D) electrolytic
cells for the abatement of persistent organic patits. 3D EF process is similar to the
conventional two electrode system. But it contgasticle electrode as the third electrode.
Particle electrode is generally a granular matewi&ich may contain iron oxides and filled
between anode and cathode. Iron loaded inert sudesteand iron oxides can be used as the
particle electrode for the EF system. Polarizatbnhe particle electrode occurs during the
electrolysis. Due to the polarization, these pbasiconverts as a large numbers of charged

microelectrodes with anode in one surface and datl other surfacezpang et al., 2013
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These electrodes reduce the pollutant concentréityothe sorption process, increasing the
ionic strength of the electrolytic cell and supplyiadditional iron species in the system. In
EF process, the particle electrodes predominatglgsia heterogeneous EF catafygang et
al., 2014a) Thus the efficiency of 3D EF system is highemtlcanventional EF system due
to its large electrode surface and higher masssfearfWang et al., 2008a)The COD
removal efficiency of 3D system should be 10-15%hkr than that of conventional EF

system(Zhang et al., 2013)

Zhang et al. (2014)sed nanoscale zero-valent iron/activated carb@VY({/AC) as a
heterogeneous Fenton catalyst in 3D EF systemh&ordamoval of methyl orange (MO). 20-
30% of methyl orange mineralization efficiency erent was observed with the addition of
the heterogeneous Fenton catalyst. More than 808yeofemoval efficiency after 10 min of
electrolysis and 40% of TOC after 2 h of electrdysvere observed. Based on the
experimental results, the authors proposed theadatipon mechanism of MO in 3D EF

system as iifrig. 3

?h\
+
i _HO»-
H,0 BEEE
: 8888
o, T
1] ﬂ
@ ¥ i F’ g Fe’
gEds
MO § M
Adsorption § 8 g g ]
Platim;m wire NZVI/AC Graphite felt

Fig. 3 Methyl orange degradation mechanism in a 3D EFeaygtvhere, MO is methyl
orange, NZVI/AC is nanoscale zero-valent iron/aatidel carbon and IP is intermediate
products). Reprinted froiihang et al. (2014 Copyright 2014, Springer-Verlag Berlin

Heidelberg.
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Wang et al. (2014bjsed catalytic particle electrodes derived fromelstslag and
manganese loaded on the particle electrodes bwsalind impregnation calcinations
approach for the removal of RhB from aqueous swmhutty 3D EF process containing Pt
anode and stainless steel cathode. The authorsvedsa complete removal of dye within 50
min of electrolysis. Electrolysis of real dyeingstewater in the presence of graphite raschig
rings particle electrode, Pt/Ti plate anode angblgita cathode was carried out Wang et al.
(2008a).The authors attained a 70.6% color removal ungecic operation conditions in
150 min.Wang et al. (2014a)sed particle electrode prepared from steel slathe removal
of RhB and obtained 82.4% and 65.45% of RhB remewti and without of air supply

within 60 min of electrolysis.

Removal of dyes from water medium using EF proess$er continuous flow mode
was tested bilidheesh and Gandhimathi (2015a, The authors used bubble column reactor
(BCR) of capacity 3L for the removal of RhB fromuaggus solution. They studied the effects
of applied voltage, solution pH, catalyst concamraand inlet flow rate on the removal of
dyes in continuous flow mode. At the optimal cormmlis, 98% of the RhB solution having an
initial concentration of 50 mg twas removed effectively using the BCR under cormtirsu
flow mode. Similarly, EF process operated in BCRighly efficient for the treatment of real
textile wastewater Nidheesh and Gandhimathi, 20)5ue to the increased mass and
electron transfer, flow-through EF reactor (in whisolution is flow through anode and
cathode) was found more energy-efficient and moolugant removal efficiency than

conventional EF reactoMa et al., 2016; Ren et al., 2016

Even EF or related processes are very efficientiHerabatement of various persistent
organic pollutants from water medium; the incompletineralization of these pollutants may
cause further environmental pollution. Some of ititermediate compounds are more toxic

than their parent compounds. For exampkeet al. (2016)carried out the toxicity analysis
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during the acid orange 7 degradation via EF prodagée initial periods of electrolysis, the
toxicity values increased abruptly and are very lmigher than that of acid orange 7. This is
mainly due to the generation of more toxic interragdproducts such as 1,2-naphthaquinone
and 1,4-benzoquinone. The subsequent degradaticimese compounds resulted in the
production of carboxylic acids and decreased thecity values significantly. But,
phytotoxicity and microbial toxicity of real texgilwastewater has been reduced significantly

after 1 h EF treatment (Roshini et al., 2017).

4.2 Per oxi-coagulation

Peroxi-coagulation is a modified EF process whisé won or stainless steel as anode
for supplying ferrous ions in water medium, instedexternal ferrous ion addition as in EF
process. Ferrous ions continuously generated fromde by oxidation of a sacrificial anode
according tdEqg. (24) In the case of use an appropriate cathode algenerate kD, and Q
supply, Fenton's reaction takes place to fo@. With the increase in electrolysis time,
ferric ions accumulates in the aqueous medium leatse formation of Fe(OH)precipitate.
Thus, peroxi-coagulation process is a combinatibEf® and electrocoagulation, in which
organic pollutants are removed by the attack ofrtwy radicals (degradation process) and
coagulation with iron precipitatéBrillas and Casado, 2002 his process was firstly applied
for the removal of aniline from aqueous medi(Bnillas et al., 1997)The overall reactions
occurring in a peroxi-coagulation cell along wittganic pollutants removal mechanism are

shown inFig. 4.

Fe — Fe?* + 2e~ (24)

27



588

589

590

501

592

593

594

595

596

597

598

599

600

601

602

603

604

605

II::> Fe?* graiduaap H,05

QOrganic CO,+H.0+
A Pollutants Minerals
N *OH
A
o l Fenton's
I Reaction
D
E

: Electrocoagulation

m o 0 &I +=H » 6

v
Fe(OH)s 0z

Fig. 4 Working principles of peroxi-coagulation process

Increase in solution pH with electrolysis time I tdifference in peroxi-coagulation
with EF process\(enu et al.,, 2014, 20)6 Hydrogen evolution reaction by the water
reduction at the cathode surfa&a( (25) is the main reason behind the raise in solutidn p
(Drogui et al., 2008)This increase in pH increases also the rate Fg(@mation and
causes electrocoagulative removal of pollutantagleith oxidative action Fenton's reaction.
This results in a higher amount of sludge produciio the electrolytic cellBrillas and
Casado (2002pbserved higher pollutant removal efficiency fargxi-coagulation than EF
process for currente10 A and this is mainly attributed to the effectivemoval of
intermediate compounds formed (by the attack ofréwy radicals) and by coagulation
(adsorption or imprisonment in Fe(QjH)The sludge formation in the peroxi-coagulatiefi ¢
can be reduced by maintaining the solution pH toABthese conditions, the iron (lll)
concentration in the system is less than that obds or ferric ions, results in Fenton's

reaction to take place more efficiently.
2H,0 + 2e~ < H, + 20H"- (25)

A few studies have been reported for the dye reinloygeroxi-coagulation process.

Zarei et al. (2010a)sed peroxi-coagulation process for the removébwf dyes namely C.I.

28



606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

basic red 46, C.I. basic blue 3, C.I. basic yel®band malachite green from aqueous solution
at pH 3 and reported about 90% of dye removal wittD min electrolysisSalari et al.
(2009) reported that peroxi-coagulation process has biigyato decolorize 90% of the dye
in less than 30 min and 81% mineralization of dy® &. Similar results were reported by

Zarei et al. (2009)

Sludge formation in peroxi-coagulation process tenreduced by regulating the
solution pH to 3.Nidheesh and Gandhimathi (2014 mported that pH regulated peroxi-
coagulation has higher dye removal efficiency ttreat of pH unregulated peroxi-coagulation
process. But the authors observed scavenging effegtthe addition of sodium salts
containing chloride, bicarbonate, carbonate anghauk. For maintaining the pH, the authors
used sulphuric acid and regulated the solution pH3tat every 15 min interval. This
increased the concentration of sulphate ions incele By the addition of sodium salts,
higher amount of sulphate salts precipitate proslifes per common ion effect according to
Le Chatelier's principle) and form a layer at trethode surface. The authors observed a
white layer formation on the cathode surface dfiter electrolysis, and this layer contains
higher amount of sodium sulphates. This layer veasoved with the insertion of cathode in
an acid solution. Due to this layer formation, tridume of active pores at cathode surface
reduces and results in lesser hydrogen peroxidedion. This causes a reduction in dye

removal efficiency by the addition of sodium salts.

Nidheesh and Gandhimathi (2014cpmpared the decolorization and degradation
efficiencies of EF, peroxi-coagulation (PC) and mdulated peroxi-coagulation (PC-pH)
processes from real textile wastewater. Based enetkperimental results, the authors
concluded that the color and COD removal efficiermfyEF process is mainly by the
oxidation of pollutants and the efficiency of peroragulation is mainly by the combination

of oxidation and separation processes. The authlassrved a higher sludge production for
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PC and PC-pH processes at higher pH values andludeak that the higher removal
efficiencies at higher pH values is mainly by elecbagulation process. The sludge
produced from PC process was reused as a hetemge&# catalyst for the abatement of
same real textile wastewater and observed 97% loi,cd7% of COD and 33.2% TOC

reductions.

4.3 Fered-Fenton and Anodic Fenton processes

Fered-Fenton process is a modified form of Fentoocgss, in which hydrogen
peroxide and ferrous ions are added externalljhéoelectrolytic cell and then ferrous iron
regenerated electrochemically from reduction of Fermed in Fenton’s reactiof¢. 19 for
the improvement of process efficiendyriflas et al., 200Q This process is also known as
EF-Fere and is suitable for the abatement of oogaoilutants with high TOC value and
lower biodegradability. With the addition of hydesg peroxide and ferrous iron salt,
conventional Fenton's reaction occurs between dsrion and hydrogen peroxide ai@@H
produced following Fenton's reactiokq. 19 results in the reduction of organic loading.
Further reduction of organic pollutant can be httieéd to conventional Fenton process
assisted by electrochemistry since Fenton's re@adSocatalyzed by the regeneration of

ferrous iondrom the electrochemical reduction of ferric ioBsillas et al., 2001

Anodic Fenton process is a Fenton related eleatroatal peroxidation process. It can
be considered as a modified form of peroxi-coaguatprocess. One of the major
disadvantages of peroxi-coagulation process islin#gge production due to the formation of
Fe(OH} in excess of iron(lll) in the solution. The mainoplem for this is the lack of
sufficient quantity of hydrogen peroxide producti@ the cathode surface (As per

conventional Fenton's reaction, the theoreticab raft ferrous to hydrogen peroxide is 1. But
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in peroxi-coagulation process, the concentratiofenbus ion increases and that of hydrogen
peroxide comes to saturation or decreases withrelgsis time). This results in higher

sludge formation and may cause scavenging reaci®gs/en belowRrillas et al., 2009
Fe?* + HO® — Fe3* + HO™ (26)
Fe3* + H,0, — FeO,H?** + H* & HOj + Fe?t + H* (27)

This can be reduced by the external addition oftyen peroxide, known as anodic Fenton
processGhosh et al. (20123tudied the degradation of methylene blue and y&llow dye
solutions using this method (but authors mentiohedongly as EF process) and observed
98% and 96% respective dyes removal after 60 mieladtrolysis at pH 3, 1 mM of 4@,
and current density of 4.31 mA ¢mEslami et al. (20133ompared the efficiencies of anodic
Fenton process (but authors mentioned it wronglizERgprocess) with conventional Fenton
process for the removal of color and COD from teatile wastewater and higher removal
efficiency for anodic Fenton process was observydrt decolorization and COD removal
efficiencies of anodic Fenton process after 60 aofielectrolysis were found as 72.9% and
70.6%, respectively, within 350 mA current and exafly added 1978 mg 't H,0,
concentration. At the same time, 52.3% of color &% of COD were removed via
Fenton process after 120 min of treatment at 198 ™MH,O, concentration and 250 mg'L

of ferrous ion concentration.

In order to improve the efficiency of anodic Fenfmocess and to reduce the negative
effect of hydroxyl ions produced by the water rdduc at cathodeSaltmiras and Lemley
(2000) used divided electrolytic cell. Anode cell andhoate cell are connected with a salt
bridge. Then the anode cell is enriched with theeteblytically generated ferrous ions and
Fenton reactions occur with the external additibhymrogen peroxide. Thus, anodic Fenton

process reduces the external addition of large tgyaof iron salts as in conventional Fenton

31



679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

process and the effluent pH can be partially némé@d by combining the treated solutions
from each cellsWang and Lemley, 2002But the scale up of anodic Fenton with a salt
bridge is a little difficult task because the dalidge requires frequent replacement of the
saturated NaCl solutionWang and Lemley, 2003 To overcome this, Lemley group

developed membrane anodic Fenton process, in wduchon exchange membrane used

between anode cell and cathode cell, instead tbedbe.

4.4 Photoel ectr o-Fenton process

A combination of UV radiation along with EF procekaown as photoelectro-Fenton
(PEF) process, produces more hydroxyl radicals thahin conventional EF process. This
enhances the rate of dye degradation by the Fenteaction. The additional hydroxyl
radicals are produced by the photochemical reduatfore* ions from UV light irradiation
as inEq. 28(Brillas et al., 1998 a, lWluruganandham and Swaminathan, 20@h the other
hand the regeneration of ¥dons by this reactionEg. (28) catalyzes also the Fenton's
reaction Eqg. 19 to produce moréOH. The photolysis ofn situ produced HO, in the
presence of UV light also produces additioi@H according tdeq. (29)(Brillas, 2014, but
the amount ofOH produced by this reaction is not significantdese of very low absorption

coefficient of HO..
Fe3* + H,0 + hv — HO" + F&t + H* (28)
H,O, + hy — 2HO’ (29)

Production of hydroxyl radicals and regeneratiorfesfous ions from the photodegradation
of iron complexes and ferric carboxylates is anoduantage of PEF over conventional EF
process. The photo-reduction of ferric hydroxyl gbexes especially Fe(OH) produces

additional’OH as in Eg. 30Gogate and Pandit, 2004; Kavitha and PalanivelQ428rillas
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2014). Similarly, photo-reactive ferric carboxylates@lundergoes degradation process and

produces additional ferrous ions afmH according tdq. (31)(Brillas, 2014.

Many researchers put an interest on dye removalguBEF procesKhataee et al.
(2014)compared the efficiency of EF and PEF processethéoabatement of C.I. Acid Blue
5 under recirculation mode with a cathode contgimmulti walled carbon nanotubes. The
authors observed dye removals of 98% after 60 nfirlectrolysis for PEF processes.
Similarly, Bedolla-Guzman et al. (201@pmpared the efficiencies of anodic oxidation, EF
and PEF processes for the degradation of Reactew 160 dye, using BDD anode. The
authors observed dye removal efficiency order &=EF>anodic oxidation. Similar results
are reported b$olano et al. (2015pr the degradation of Congo red dye &ildshenymy et
al. (2015)for the abatement of malachite green oxalate dymtaee et al. (2010a)sed
carbon nanotube-polytetrafluoroethylene cathodehferemoval of C.I. basic red 46 by the
oxalate catalyzed PEF process and compared itsegffly with the efficiencies of EF and
PEF processes. The authors reported that oxaléédyzed PEF process has higher dye
removal efficiency than that of PEF and EF procésmtement of 244 mgt Acid Red 29
by PEF process using BDD anode and carbon—PTFBa&ih an undivided cell was studied
by Almeida et al. (2012and observed an almost complete dye mineralizaiancia-Segura
et al. (2012)compared the Direct Yellow 4 degradation efficiescof EF, PEF and photo-
assisted EF process. Photo-assisted EF was pedobyeapplying EF treatment for a
particular time, followed by the photolysis of ttea dye solution. They reported higher dye
removal efficiency for PEF process (almost totah@nalization). The authors also observed
an equivalent dye removal capacity of PEF procesplioto-assisted EF process after giving
sufficient time for the EF process to produce imediates that can be mineralized by the
photolysis.Peralta-Hernandez et al. (200&mpared the Orange Il removal efficiencies of

direct photolysis, EF and PEF processes and ol$&i8, 63% and 83% of TOC removals,
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respectively. Mineralization of Acid Red 14 by PRfocess using an activated carbon fiber
cathode was examined byang et al. (2008band compared its efficiency with EF process.
The authors observed 60—70% mineralization effoyefor EF process and more than 94%
mineralization efficiency for PEF process. Minezation and decolorization of aqueous
solution containing Acid Violet 7 and Reactive Btas by EF and PEF processes using a
vitreous carbon electrode cathode was studiedShhkazar and Ureta-Zafartu (201and

observed more than 90% mineralization efficienayH&F process.

The pseudo first order rate of dye removal by PEi€gss was modeled as a function
of catalyst concentration, initial dye concentratisolution pH, applied current and flow rate

by Khataee et al. (2014The authors reported the rate constant as:

0.4870.55
= 1310.4 —[CAM™I

kapp - [Dye]1-07pH1.75Q0.84

(32)

where, kapp is the apparent rate constant following first orétnetic, CA is the catalyst

concentration in mM|, is the applied current in A, Q is the flow rateli™.

Coupling of conventional photocatalysis with PEBqass received great attention in
recent years. The principles of photocatalysis weplained well by various researchers
(Bahnemann, 2004; Girish Kumar and Gomathi Devi,12(Hauf et al., 2011; Lam et al.,
2012). Iranifam et al. (2011)sed ZnO nanoparticles as the photo catalyshireémoval of
C.l. Basic Yellow 28 from aqueous solution and canmeg the dye removal efficiencies of
ultraviolet-C (UV-C), EF, UV/ZnO, PEF and PEF/Zn@ogesses. The authors found the
decreasing color removal efficiency order as: PEB/ZnPEF > UV/ZnO > EF > UV-C.
Similarly, Khataee and Zarei (2011¢ported the C.I. Direct Yellow 12 removal efficay
order as: PEF/ZnO>PEF>EF>UV/ZnO. Photocatalytiattreent of C.l. Acid Red 17 using
immobilized TiQ nanoparticles combined with PEF process was iigagstd byKhataee et

al. (2010b)and it was observed the color removal decreasidgras: PEF/UV/Ti@> PEF >
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EF > UV/TIO,. The authors observed 93.7%, 85.9%, 66.8% and #eeolorization

efficiencies for PEF/UV/TIQ PEF, EF and UV/Ti@processes respectively. Similar order
was reported byarei et al. (2010bJor the removal of C.l. Basic Red 46. The authors
observed 98.8% mineralization of 20 mg C.I. Basic Red 46 dye at 6 h of electrolysis using

PEF/TiG process.

4.5 Solar Photoelectr o-Fenton

PEF process has been found as an effective todhéoabatement of dyes from water
medium. But the higher energy consumption of aiafi UV light used in PEF process
increases the operational cost of this procedsllgs, 2014. In order to solve this
disadvantage of PEF process and to increase thmeeltd applying this process in the real
field, Brillas’ group Flox et al., 2007a, 200Jlproposed a modified form of PEF process,
known as solar photoelectro-Fenton (SPEF) processhie degradation and removal of
various organic persistent pollutants. In this pss; the EF treated wastewater is irradiated
with sunlight £>300 nm), instead of artificial UV light as in PEFocess. Therefore, SPEF
method is cheap, uses renewable energy source, énghgy efficient, amenable to
automation, versatile and safldqrtinez-Huitle and Brillas, 2009; Brillas, 2014t is also
found that the efficiency of SPEF is higher thaattbf PEF process due to the greater
intensity of UVA and UVB lights of sunlight whichaa photolyze the ferric carboxylate
complexes more rapidlyGarcia-Segura et al., 2013; Brillas, 2D1Also, compared to EF
process, SPEF process is more potent than EF,higtter mineralization efficiency, higher
current efficiency and lower energy consumpti®@alézar et al., 20)1Garcia-Segura and
Brillas (2016)compared the performance of SPEF for the deg@uati monoazo, diazo and
triazo dyes in water medium. Acid Orange 7, AciddR&b1 and Disperse Blue 71 were
considered as the model monoazo, diazo and triges, despectively. SPEF process is very
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much efficient for the degradation of monoazo dyt \@lmost complete mineralization after
3 h of electrolysis. At the same time, the dye ddgtion efficiency of SPEF is high for triazo

dye than diazo dye.

Ruiz et al. (2011apsed 2.5 L flow plant for the degradation of Aé&ed and Acid
Yellow from water medium. The electrolytic cell waquipped with carbon-PTFE cathode
and BDD anode. The solar photo-reactor having iatad volume of 600 mL and containing
mirror at bottom with a horizontal inclination of03 The authors observed a rapid
decolorization of both dyes by the EF process,tihetmineralization rate was low. This low
mineralization rate of EF process is mainly duethte higher concentration of persistent
carboxylic acids and their iron-complexes. But pgietolysis of this electrolyzed solution
leads to almost total mineralization of dye wastewdruiz et al. (2011bused same reactor
for the removal of Acid Yellow 36 from aqueous gsan and observed the similar results as
explained above. Degradation of Disperse Red 1lasperse Yellow 3 using SPEF process

was examined b$alazar et al. (201B8nd observed total mineralization of both dyes.

4.6 Sonoedlectr o-Fenton:

Application of ultrasound for the treatment of wasted wastewater received a great
attention during the recent yeaf3dgate et al., 2002; Sivasankar and Moholkar, 285gal
and Gogate, 2034 Acoustic cavitation is the forcing phenomenal tbe degradation of
organic pollutants in the presence of ultrasoundwvater medium. It is the process of
formation, growth, and succeeding collapse of nfiatables or cavities due to ultrasound in a
water medium Gogate and Pandit, 2004The collapse of bubbles occurs within 50 ns, and
the process is almost adiabatichGkma and Moholkar, 2013jesults in the generation of

higher pressure (in the range of 500-5,000 bar) tantperature (in the range of 1,000-
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15,000 K) in the reactorS{slick, 1989 Due to this cavitation phenomenon, hydroxyl

radicals are formed as given beldw ¢t al., 2010.
H,0+))) — OH® + H* (33)
where ))) refers to the application of ultrasound.

Addition of ultrasound in EF process, known as sbectro-Fenton (SEF) process
(Oturan et al.,2008b results in a higher amount of radicals in théewvanedium and thus
higher removal efficiency than EF process. In thespnce of ultrasound, the electrolytically

produced hydrogen peroxide dissociated into hydraadicals as:
H,0,+))) — 20H° (34)

Oturan et al. (2008eported the order of relevance of the enhancigpfs in SEF
process as: (1) enhanced production of hydroxykceh@dnd Fenton reaction kinetics by the
improved mass transfer rate of both reactantsi¢fésns and oxygen) towards the cathode
surface for the electrochemical generation of Festageagent and its transfer into the
solution, (2) the additional hydroxyl radical gestgon by the sonolysis, and (3) pyrolysis of

organics at the time of bubble explosion.

Li et al. (2010)observed an increased hydrogen peroxide produetittmthe addition
of ultrasound in EF cell. The hydrogen peroxidedoiced in SEF process is higher than the
sum of hydrogen peroxide concentration producenh fiEd- and sono Fenton processes. This
improvement can be related to enhancement of mrassfér by sonolysi©turan et al.

(2008b).

In the presence of ultrasound, the regeneratiorfeobus ions from intermediate
complex produced via conventional Fenton process atcurs as iixq. (35) (Pradhan and
Gogate, 2010; Bagal and Gogate, 20I4jis results in an enhancement of Fenton reagtion

in the electrolytic cell.

37



825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

[Fe — 0,H]?** +))) — Fe?* + HOO® (35)

The arrangement of sono probe (one type of ultrad@ource) and electrode also affects the
efficiency of SEF process. There are three typguabe-electrode arrangeme@ofmpton et
al., 1997 in a sono-electrochemical reactor, namely facesade-on and sonotrode. Among
this arrangement, face-on orientation has highessntiaansfer capability and is depends on
ultrasound power, electrode-horn distance andreléetareaRamachandran and Saraswathi
2011). These authors also tested the efficiency of Emggeometry and compared with that
of face-on orientation. But the mass flux valuesaake-on orientation are two to three times
higher than that of angular geometry. Thus, facegeometry is the better probe-electrode
arrangement in a SEF reactor. This arrangementesdine layer formation on the cathode
surface and enhances the efficiency of SEF proddass the enhancement in the efficiency
of SEF process is mainly due to physical and chaimitechanismsBabuponnusami and
Muthukumar, 201 Physical mechanism related to the high mixindg atectrode surface
cleaning by the addition of ultrasound in the EBRcter. This enhances the mass transfer
between electrode and solution in addition to highwdrogen peroxide production. The

chemical mechanism is due to the additional radarahation in the cell as explained above.

SEF process has been found as an efficient todhéoabatement of dyes from aqueous
solution. An enhancement in hydrogen peroxide pcbdn and dye removal rate with the
addition of ultrasound in EF process was obserwediket al. (2010b) Authors concluded
that in SEF process, low frequency ultrasound hassitive effect on dye mineralization.
The rate of dye removal by SEF process is 10 faytidr than that of sonolysis and 2 fold
higher than that of conventional Fenton procégar{inez and Uribe, 20)2Abatement of
reactive blue 19 dye using SEF process was inastigbhySiddique et al. (2011)The
authors observed an almost complete removal of alyg 56.47% of TOC from un-

hydrolyzed reactive blue 19 dye solution at a fesauy of 80 kHz. At the same time, 81% of
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TOC removal was observed for hydrolyzed reactiveed9 solution. Similar way, 85% of
TOC and more than 90% of color introduced by aZineere removed efficiently by SEF
process in the presence of reticulated vitreoubaracathode and platinum gauze counter
electrode lflartinez and Uribe, 20)20turan et al. (2008dbserved a synergistic effect in
SEF process (compared to EF process) in degradaftiamobenzene at low frequencies (i.e.
20 and 60 80 kHz) and an improvement in degradatinatics for early treatment times.
Similarly, Sahinkaya (2013pbserved a negligible increase in treatment efficy of SEF
process, when compared with the capital and opgratosts of sonicatiorL.ounis et al.
(2016) examined the performance of SEF for the degradaifaOrange G in various water
mediums like pure water, natural water and seawatex dye removal rate was very high in
sea water medium followed by pure water and nataiakral water. Complete dye removal
was observed for sea water and pure water medidmite 4% of dye removal was observed

for natural mineral water medium.

4.7 Bioglectro Fenton

Two versions of bioelectro-Fenton were reportedbi@electro-Fenton (BEF) based on
bio-electrochemical reactor proposed4iy and Ni (2009¢onsisting of two cells: microbial
fuel cell (MFC) containing biodegradable organibstuates and anodic Fenton treatment
(AFT) cell containing pollutants to be degradedHfy process, and (i) BEF consisting of
coupling between EF process and microbial degrand@lvera-Vargas et al., 2016a, BF
step being utilized as pre-treatment for mineréiliraof beta-blocker drug metoprolol: 1 h
EF pre-treatment step followed by aerobic biodegtiad allowed 90% mineralization at 4
days. On the other hand;anzenko et al., (20)7investigated the use of BEF during

treatment of a pharmaceutical wastewater treatnrertivo scenarios: EF as both pre-
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874 treatment and post-treatment of biological step tohd and found first scenario more

875 efficient.

876 Feng et al. (2010bused BEF system containing anaerobic anode chatmang
877 Shewanella decolorationis S12 as microorganisnthiergeneration of electricity and carbon
878 nanotube (CNT)-FeOOH composite cathode for the production of bgdn peroxide. The
879 authors used this system for the abatement of eralhgand observed a complete
880 decolorization and mineralization of dye. A maximpower output of 230 mW fhwas also
881 obtained from the BEF system. But modification of EBB system with
882 polypyrrole/anthraquinone-2,6-disulfonate (PPy/AQDS$onductive film boosted the
883 performance of the systerfeng et al. (2010a)bserved a maximum power density of 823

884 mW mi? by the use this conductive film.

885 MFC is a “renewable energy device that convertsrggneavailable in organic
886 compounds to electricity via the canalization otrmorganisms” keng et al., 2010aThe

887 Dbiodegradable organic substance generally used ninM&C is glucose or acetate.
888 Microorganisms present on the anode compartmermizexithese substrates and generates
889 protons and electron<lfu and Logan, 2033 The electrons produced via this oxidation
890 process flow through an external circuit to cathoéethe same time, the protons released
891 into the solution. At the cathode surface, oxygegrcts with both proton and electron, forms

892 water as irEq. (36).
893 0, + 4H* + 4e~ — 2H,0 (36)

894 Besides the electricity generation, MFC have sévetlaer advantages. Self-regeneration
895 capacity of microorganism reduces the catalyst aosMFC compared to conventional

896 chemical fuel cells Rernandezde Dios et al., 2Q13Absence of pollutant generation
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(including all toxic substances) during any openadi in MFC makes this cell as an

environmentally friendly energy syste@dng et al., 2011

Rabaey and Rozendal, (20howed that a MFC can generate a voltage of G@an
open circuit and this low-voltage electricity cae bsed for other electrolytic process like
hydrogen peroxide production in EF process. By thaction, 78.85 mg 't of H,O,
production in the cell after 12 h of electrolysimsvobserved byu et al. (2010b)This
hydrogen peroxide undergoes conventional Fent@astion and producé®H. But in BEF,
the production of hydrogen peroxide requires ownlg-electron transfer. Thus a BEF system
generates electricity, producé®H in cathodic compartment and causes degradation o

organic pollutants. The working principles of a B&Stem are shown ifg. 5

AFT anode AFT cathode

Koo I
i 3 Fe— Fe® +2¢ (3) / 2H,0- 2e—
i Fe +H.0, »OH | £ +2011(6)
' e +
: +ou+Fe* 4 _| H
& : OH - organics —
! products +CO, + H,O (5) /
l i/
! _f
e N g g R g g g
0.+ 4H* +4e /4 CH.COO +2H,0 —
S2H,0 () f 200, + 7H' +8¢ (1)
Ht
P -
MFC cathode MFC anode

Fig. 5 Energy generation and subsequent pollutant remreaations in MFC assisted-AFT

system. Reprinted with permission franu et al., (2012) Copyright 2012, Elsevier.
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Effect of MFC combined witln situ andex situEF processes on the abatement of dye
was examined byernandez de Dios et al. (2013he authors carried out the experiments
both in batch and continuous flow mode for the reah@f lissamine green B and crystal
violet from aqueous solution. 94% of lissamine gr&and 83% of crystal violet removals
were observed by the researchers after 9 h ofrelgsis in MFC combined witln situ EF
process. For this condition, respective TOC amoah&% and 70% were removed from the
same BEF reactor respectively for lissamine greehaaystal violet. At the same time more
than 95% of dye removal and 85% of TOC removal waseerved in a bubble column

reactor used in MFC combined wiglx situEF process.

Recently, Zhang et al. (2015peveloped a new BEF reactor capable of supplying
hydrogen peroxide and eliminating its residual @mti@ation Fig. 6. The investigators
achieved this by alternating switching between obal electrolysis cell (MEC) and
microbial fuel cell (MFC). In MEC mode of operatiotiegradation of pollutants occurs by
the electrolytic generation of B, and subsequent generation of hydroxyl radicalghey
reaction with ferrous ions. The residual hydrogerogide after the MEC mode of operation
consumes during the MFC mode of operation, by ugigdrogen peroxide as electron
acceptor. The authors tested the efficiency of Bfi§ system for the abatement of 50 mty L
methylene blue solution. Almost complete decolditwa and mineralization of the dye
solution were achieved after 8 h and 16 h in MEQienof operation. The residual hydrogen
peroxide concentration was observed as 180 thautd this was consumed completely in

MFC mode of operation within 39 h of operation.

Coupling EF and microbial oxidation process is @ffee for treating real textile
wastewaterRoshini et al., 2007 Combined EF and aerobic-microaerophilic progeszble

to remove 86.4% COD, 85.8% color and 56.1% TOQexfile wastewater. Similarly, 82.5%
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COD, 52.7% color and 41% TOC were removed by EFces® followed by aerobic

microbial process..

First circuit MEC mode
1

—————

MFC mode

4 o {Resistor | —
1 1

Second circuit)
1

Biofilm

H'+CO.

BPM

Organic

COy, H,0
Anode Cathode

BES

Fig. 6 BEF reactor with alternate switching, where MECcrobial electrolysis cell; MFC:
microbial fuel cell; MEA: membrane electrode assBmBES: bioelectrochemical system;
BPM: bipolar membrane. Reprinted with permissiamfrZhang et al. (2015). Copyright

2015, Elsevier

5. Scaleup of EAOPscélls

Application of EAOPs for the abatement of dyes \Veaigely investigated at lab scale.
A few studies were investigated even in continuibms mode of operation, which resembles
the practical conditions for the dye wastewateattreent. The next step of investigation is
pilot scale studies for dye removal by EAOPs. Tteesup of an electrolytic reactor depends
on its geometric, kinematic, current/potential ahdrmal similarity between the reactors
(Gupta and Oloman, 20p685eometric similarity can be achieved by keepghedimensional
ratios as constant. But it is not advisable toease the inner electrode spacing. Because,

with increase in electrode spacing, the ohmic doepveen electrodes increases, which

43



950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

results in reduction in the efficiency of EAOPs.eTincreased spacing requires higher
voltages for the optimal operation and this incesathe energy consumption of the cell,
consequently increases the cost of operation. Tdrere during scale up process of
electrolytic reactors, geometric similarity is ulbyaacrificed in favor of current/potential
similarity (Gupta and Oloman, 20R6Current/potential similarity is also known asdcttical
similarity; which can be achievable by keeping ¢ansdifferences in electrode potential and
current density Goodridge and Scott, 1994This can be achieved by keeping a constant
inner electrode gap during scale up process. Thenkatic similarity depends on the inlet
flow rate and this similarity can be achievablekagping same residence time or flow rate
during the scale up process. Thermal similarityather important parameter to be
considered during the scale up process. Most ofalhescale works were carried out at the
room temperature. But the effluents from the textidustry have the temperature near to the
100°C. Therefore, a mismatching between the lab sdfildemcy and real field efficiency
will occurs. Because in the case of Fenton base@FA the elevated temperature decreases
the stability of oxygen and hydrogen peroxide. Tthesreases the efficiency of EAOPs at

elevated temperature.

6. Conclusions and per spectives

EAOPs have a great potential to remove dyes frotewaedium. Comparing to direct
EAOPs, indirect EAOPs, especially that based ortdrenhemistry has received increased
attention in the last decade. AO process, a wallkndirect EAOPSs, is also very efficient to
remove dyes from aqueous solution. The higher abbktgh oxygen over potential anode is
one of the main drawbacks of this process. Varigpss of Fenton process based EAOPs,
naming EF, PEF, SEF, peroxi-coagulation, fered ¢igntnodic Fenton etc. have been

applied effectively for the removal of dyes. Tadlalcolorization of dyes has been achieved in
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most of the cases. But the mineralization efficiens, in general, less than that of
decolorization efficiency. This is mainly due tetless degradation rate of by-products in all
the EAOPSs. Ferrous ion is found as an efficienélgat among various forms of iron for the
removal of dyes in EF and related processes. EFé&kctions, heterogeneous EF and 3D EF
processes are the new trends in dye removal byaSédoprocesses. The external addition of
iron salt has been replaced with sacrificial iroode in peroxi-coagulation process. But the
sludge production and increased passivation rateledtrodes decreases the degradation
efficiency of this process. The efficiency of EFopess has been increased significantly by
the addition of UV light (PEF) and ultrasound (SEFye rate of removal of PEF and SEF
processes are generally higher than that of EFegsydut these latest processes are more
costly because of coupling with highly energy conswy processes. The practical
implementation of PEF process has been simplifigdthe introduction of solar energy
(SPEF). Combined biological process and EAOPsss alnew trend in this field. In BEF,
electricity produced from MFC has been used forpitoeluction of hydroxyl radicals. But the

time taken for the removal of dyes by BEF is muhér than that of EF process.

Scale up of EAOPs is a global problem, even thabgke processes are very efficient
and cheap. Electrical similarity is the major facto be remembered during scale up
operations. Since, this is very important for tealimplementation of EAOPs, more works
on dye removal by EAOPs in industrial scale is negi Overall, it can be concluded that

EAOPs constitute a promising technology for theaeah of dyes from aqueous solution.
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