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Abstract

Fenton Process, a type of Advanced Oxidation Psesess an efficient method for treating
textile wastewaters. However, excessive use ofdgelr peroxide and catalyst has made this
process economically non-feasible. Besides, indliggrade hydrogen peroxide costs $390-500
per ton. One of the means to overcome this probkerthe in-situ production of hydrogen
peroxide. In this paper, a detailed review was cotetl on the generation methods, degradation
potential and optimum operating parameters for-situ production of hydrogen
peroxide/hydroxyl radicals. Additionally the scagerg aspect for hydroxyl radicals was also
investigated. From this review, it can be concluttet hydroxyl radical is highly oxidative and
non selective in nature and ite-situ production can be performed through application of
catalyst, ozonation, photocatalysis, electro anctabial fuel cells. Furthermore, optimization of
operating parameters can result in an increasehényield of hydroxyl radicals/hydrogen
peroxide. Sonolysis as an auxiliary tool have pidénto induce synergetic effects in
combination with Advanced Oxidation Processes torease in-situ hydrogen peroxide
production. However, the problem of the scavengiffgct is an aspect that needs to be dealt
with, as hydroxyl radicals are prone to deactivatlwy scavengers. Therefore based on the
review, it is concluded tham-situ production of hydrogen peroxide/hydroxyl radicad freating
textile wastewater is economically viable and pcatly feasible if careful selection of process is

conducted through selective research.

Keywords
Hydrogen peroxide, Hydroxyl radicals, Fenton precd®xtile wastewater, Advanced Oxidation

Process, Sonolysis
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1. Introduction

Textile industry consumes immense amounigadess water and chemicals. Approximately
21-377nf of water is consumed for one ton of textile prad@ahunin et al., 2006) and chemical
consumption normally varies from 10% to over 100P4he weight of the cloth (Ozturk et al.,
2009). Estimates indicate that approximately, Pt&fs of dyestuffs are produced annually and
280,000 tons of the textile dyes are dischargeal weter sinks through textile effluents (Eren,
2012; Jin et al., 2007). That, explains why texéféuent is characterized by high COD (150-
10,000mgL), BOD (100-4,000 mg/L), pH (6-10) andacatontent (50-2500) (Kalra et al., 2011).
Moreover, discharge of even a small quantity (cad/L) of dye is not acceptable and may

produce toxic compounds at the end of treatmerdga®(Ghodbane and Hamdaoui, 2009).

Since dyes are designed to resist degradatiore g#reschemically stable, non-biodegradable
and exist as substances that possess toxic andagenic characteristics (Turhan et al., 2012).
Therefore, a proper treatment strategy is requicetheet the pollution control requirements.
Majority of the conventional treatment methods cds® of adsorption (Yeh et al., 2002),
coagulation (Alinsafi et al., 2005), filtration (Méer-Pignon et al.,, 2003) and biological
treatment (Paprowicz and Stodczyk, 1988). Thesehoast are less efficient because dyes are
stable against biological degradation (Wu et aQ08), which results in sludge formation,
membrane fouling and incomplete mineralization (é¢lal., 2002; Alinsafi et al., 2005; Liu et

al., 2007).

Advanced Oxidation Processes (AOPs) commiseries of methods including ozonation,
photocatalysis, electrochemical oxidation, Fentow &enton-like processes. Although these

processes use different reacting systems, all lagacterized by similar chemical feature of
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utilizing highly reactive oxidizing agent such agdloxyl radical (HO) with redox potential of
2.80eV (Krishnakumar and Swaminathan, 2011). Howdte process that has gained attention
is Fenton process because of rapid formation of td@icals in acidic medium according to the

following chemical reaction:

Fe? + H0, —» Fe™ + HO + HO® 1)

Technical feasibility study of Fenton oxidatitogether with other AOPs has been discussed
in detail (Chong et al., 2012). Nevertheless,dlae various factors that hinders the efficacy of
the process such as reaction parameters (Tosilg)20fpes of salt used (Ledakowicz et al.,
2000), high cost of hydrogen peroxide,(J) and excess consumption of chemicals exclusively
H.,O, (Hassan et al., 2012). Additionally, hazards assed with the transport, handling and
storage of bulk quantities of,B, have made the process unsafe and economicalliechadg
(Sheriff et al., 2007). It was also evident frone tbtudy conducted by Meric et al (2004) in
which the authors reported that 400mg/LCH and 100mg/L iron salt were consumed for
degrading 100mg/L of synthetic dye. Similarly, Angand Karastas (2011) used 2000mg/L of
H,0, for degrading 200mg/L of synthetic dye. High camgtion of HO, is not economically
viable and it intensifies the need to find somet ebfective and technically feasible alternatives

for textile wastewater treatment.

One such option im-situ production of HO,HO" or some other oxidants with redox
potential comparable to HOIn this context, several research groups haverregin-situ
production of HO,/HO® (Tosik, 2005; Yang et al., 2010) and some othédants such as sulfate
radicals (S@"), permanganate (MnQ), hypochlorite (CIO), chlorine dioxide (CI@) and ozone

(Og) for textile wastewater treatment (Anipsitakis d@idnysiou, 2003; Xu et al., 2005; Méndez-
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Diaz et al., 2009; Turhan et al., 2012). Out bfrase oxidantsp-situ production of HO/HO
has received much attention because of its higbxredtential and non-selective nature for most
of the organic contaminants (Neyens and Baeyer3)20 he redox potential of few oxidizing
agents is provided in Table 1. Possible methods @@ available in literature foin-situ
production of HO./HO include AOPs such as ozonation, photocatalysisctrelchemical
oxidation and microbial fuel cells. Therefore, thesiew aims at discussing literature relevant to
in-situ H,O./HO™ production by AOPs. However, there are some eca@)jrtechnological and
operational issues with commercial production @Dithat must be considered before going

into the detail ofn-situ production of HO,/HO'.

1.1.Challenges with Commercially Available HO,

Hydroxyl radical (HQ is unstable in nature that is why for wastewateratment
applications commercially available®B; is used as a source of H@roduction. It is one of the
cleanest and ideal oxidants for the degradatiomly&ls and organic contaminants present in
wastewater (Sheriff et al., 2007). Globally, demdod H,O, has increased. According to the
statistical report published by ICON Group;@4 with the total worth of US$ 383,067 (Parker,
2004) was exported in 2005 which was increased ¥ # 2011(Parker, 2010). This group
also discussed the breakdown of market in contéxtscsupply and consumption in different

regions of the world as shown in Fig.1.

Besides increase in demand, the cost of comatly available HO, is also high. Industrial
grade HO, costs $390-500 per ton (Zhu and Logan, 2013a). Cencially, HO- is produced by
the oxidation of anthrahydroquinone as shown in. Rg Successive developments in this

technology have reduced the cost of chemicals placeng conventional Raney-Ni by highly
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selective and highly active Pd/&); (Chen, 2006). However, energy requirement of tloegss
is still higher. This is because, for trade purgosiee product formed must be concentrated up to
70% (Campos-Martin et al., 2006) which makes theg@ss energy intensive and increase the

cost of the product

Fig. 1. World supplies of Exported Hydrogen Peroxide @00

Fig. 2. Conventional method forJ@, production (Campos-Martin et al., 2006)

Direct method is another option where direshtact of hydrogen and oxygen over the
surface of catalyst leads to the formation gDH It is a simple process as oxygen and hydrogen
are naturally available. But there are several lprob that must be dealt with such as side
reactions, decomposition of,6, over the surface of catalyst (Campos-Martin et2006) and
formation of explosive mixture from hydrogen and/gen (Voloshin et al., 2007). Possible ways
to overcome these limiting issues have also beepgsed but their practical applications have

not been realized (Voloshin et al., 2007; Lunsf@@03).

Several authors have also studied the patenttiother oxidizing agents such as,SQO0;,
MnQ,~ etc based on their redox potential as given inleldb It is observed that most of the
oxidizing agents have redox potential comparabkbagéo}O, and HO. Thus it is possible to use
these oxidants for textile wastewater treatmentortter to confirm it, C&/PMS system as a
source of S@~ free radical was investigated for the degradatibAcid Red 88 (AR88) dye. In
this study, it was found that O widens the pH range of the system but its seleatature for
most of the oxidizing agents limit its applicatidvioreover, oxone which is used as a source of
SO, " is two times as costly as;8, (Anipsitakis and Dionysiou, 2003; Madhavan et 2009).

Xu et al (2005) examined decolorization efficierdyten different dyes by utilizing KMn£and

7
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found that Mn@ was efficient for decolorization and could be usedpre-treatment step for
biological processes. However, concentration of lyinend pH is important to control for
achieving high decolorization efficiencies. In dmat study, Mendez-Diaz et al (2009) collated
the performance of conventional oxidizing agentdO{C CIO,, KMnQy), Os; O3/H,0;,
Od/activated carbon for the removal of sodium dodeeykenesulphonate (SDBS) and achieved

80% SDBS removal within 30 minutes with/@AC while others showed insignificant results.

Table 1 Redox potential of oxidizing agents

It is suggested that conventional oxidizigg@ts are more suitable to perform decolorization
than mineralization (Xu et al., 2005). Limited Wserhave been conducted on conventional
oxidizing agents in this decade. Although,,SChas redox potential comparable to HDable
1), its selective nature for organic contaminamtslérs its practical application. Therefore, it is
concluded that HDis the most suitable option for textile or any esthwastewater treatment.
Therefore, this study was attempted to review aodclkude all aspects of literature that
determine the feasibility ah-situ production of HO./HO® for textile wastewater treatment by

using common AOPs.

2. In-situ Production of Hydrogen Peroxide/Hydroxyl radical from AOPs

In-situ production of HO./HO" means its production at the time of treatment.nFro
literature, possible methods that can be employed ADPs comprising of iron catalyzed
reaction, ozonation, photocatalysis, electrochehacanicrobial fuel cells. Thus, this review is

attempted to summarize AOPs studies that only foaus-situ H,O,/HO' production.
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2.1. Hydrogen substituted organic compounds as asrce of H,0,

The concept of hydrogen substituted orgaoomound forin-situ H,O, production has been
suggested to overcome the shortcomings of diredhadesuch as formation of explosive
mixture of hydrogen and oxygéwoloshin et al., 2007). Choudhary and Jana (2@daployed
hydroxylamine as a source of hydrogen to react witlggen to form HO, over Pd/A}Os

catalyst [Eq. 2-3].

NI2,OH + O, —»Ns + 2H,0 + H0, (2)

2NH,OH + 2G — Ny + 3H,0, (3)

This process was characterized by high reacttes at neutral pH. However, net formation
of H,O, was decreased with increase in reaction time Isecatithe decomposition of,8, over
the surface of catalyst (Choudhary and Jana, 20@3\ever, BT or CI ions can possibly be
used as inhibitors to suppress the decompositidf,0b. But excess concentrations of @ins
act as scavengers for H@rmed within the system (Ledakowicz et al., 200@5rk et al (2000)
discussed novel idea of catalyst loaded with olgaompound forn-situ H,O, production. They
reported 1.5 times higher activity of zeolite bstgpported Pd adsorbed with hydroquinone

compared to zeolite beta supported with Pd alone.

Yalfani et al (2011) compared the performaoichydrazine, formic acid and hydroxylamine
as hydrogen substitutes fop®h production. Among all, formic acid was observedéothe least
efficient for HO, production. However, efficacy of the process wagproved when kD,
produced was utilized at the same time. Moreovedrdrine was found to be dependent on

acidic conditions which cause the corrosion of lgata Furthermore, its decomposition over
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catalyst surface resulted in rapid formation ofox which in turn decomposed rapidly rather

than participating in oxidation process (Yalfangri@reras et al., 2011).

Since this method has been successfully eghir the treatment of organic contaminants; it
can possibly be used for textile wastewater. Alfiguit can overcome the limitations
encountered in direct method, incomplete conversiberganic compound may increase the
toxicity of the treated textile wastewater. Alsbete may be the reaction between organic
compound andn-situ HO' (conversion ofin-situ H,O, to HO in the presence of F& which
lowers the process efficiency (Choudhary and J208y7). Thus, it is suggested to use this

process if organic compound (source @Ok) is already present in the textile wastewater.

2.2. Iron Catalyzed HO, Production

Among transition metals, iron is known asudable catalyst for generation of Héadicals
through Fenton process (Anipsitakis and Dionysi®004). Its role inin-situ production of

H,O,/HO" was explored in the last decade.

Borda et al (2003) explored the catalyticligbiof iron pyrite to produce HOradical.
According to the study, water adsorbed on the gsttadurface dissociates on sulfur deficient
sites and forms HQadical in oxygeriree medium. Later, in 2012, Wang et al (2012) mctézl
the idea of Borda and his co-workers ifieisitu production of HOradicals. The report suggested
that in the presence of oxygen, pyrite was thermadycally unstable and either dissolved
oxygen or F& ions was available in suspension for the produatiboxidizing agents as shown
in Fig. 3. Moreover, Fé ions formed Fenton reagent system witkObifor degradation of

organic contaminants (Wang et al., 2012). In badgkliss, it was found that production of sulfate

10
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jons SQ7 is an inevitable phenomenon and it may affect yi@d of HO radicals by

scavenging process (Liu et al., 2012).
Fig. 3. In-situ production of HO,/ HO' by iron pyrite (Wang et al., 2012)

Fang et al (2013) exploited the reductive pprty of magnetic nano-particles for
transformation of oxygen into &,. Here, transformation of oxygen into,® takes place in
two consecutive single electron transfers stepsnfidNPs sorbed Fé with subsequent
protonation with H. Then HO, reacts with dissolved Fein bulk medium to produce HO
radical through Fenton reaction. From reaction raaim, it was observed that pH has a
profound effect on the type of oxidizing speciesitable in reaction medium. As shown in Fig.
4, superoxide radical @O7) is dominant at alkaline pH while HOs dominant at acidic

condition.

Although the application of above mentionedcpsses have not yet been investigated for
textile wastewater treatment, comparison of thesbrtiques with conventional Fenton oxidation

processes portrays the feasibility of these metfodextile wastewater treatment.

Fig. 4. Reaction pathways fan-situ production of HOH,O, utilizing MNPs

(Fang et al., 2013)

Besides, zero valent iron fFréhas potential foin-situ generation of KD,. Degradation
phenomenon by Bés attributed to the direct transfer of electrooni metal surface to the dye or
organic contaminant prior io-situ production of HO,, (Cao et al., 1999). This degradation step

takes place via oxidizing agents such a®Hand other oxidative species depending on pH in

11
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oxic condition which in turn produce HQadical for decolorization of dyes through Fenton

process [EqQ. 4, 1 & 5] (Yang et al.,2010).

%Fe0,+ 2H" —H,0, + Fe? (4)

F&’+ Fé— Fe™ (5)

Wang et al (2010) reported that under oxindaons, high COD removal was obtained
because of the combined effect of oxidation andogud®n of dyes on iron hydroxides,
generated from Pexidation. From above mentioned reaction equatidrnsan be inferred that
the efficacy of F& depends on the transfer of electron from the Barface to the targeted
contaminants. Lee et al (2007) investigated thelation of F& accelerated by peroxometalate
(POM) as electron shuttle to improve the catalpgicformance of the Be POM is not suitable
for the degradation of dyes waste; however quinmtermediates can possibly be used to

accelerate the transfer of electrons.

Among aforementioned alternatives, iron gatdl production ofin-situ H,O./HO' is a
viable option for textile wastewater treatment. Btrer, it has some advantages over hydrogen
substituted organic compound as there may be ingenponversion of organic compound in
later option, no matter produced® is utilized in-situ or ex-situ. Furthermore, iron catalyzed
in-situ production of HO,/HO' is also cost effective because single catalysthmmused for
oxidant production as well as for degradation céglin textile wastewater. As evident from one
study, the operating cost for Remazol Brillianteble (RBBR) degradation by %air reduced

from 0.015US$/g of dye (Fenton process) to 0.001%3/g of dye(Chang et al. 2009).

12
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2.3. Ozonation forin-situ H,O,/HO" production

Ozonation is an environmentally sound techailgecause of no sludge formation; potential to
perform decolorization and degradation in a sirgdégp; decomposition of residual ozone into
water and oxygen; less space requirement for eqenpmstallation; less hazardous as no stock
of H,O; is required for the oxidation step and ease ofai (Chu and Ma, 2000; Oguz et al.,
2005). Therefore, it is recommended to considanikfficient option foin-situ production of

H,O,/ HO' for dye degradation.

Ozonation is suitable for complete decoldra@a rather than mineralization (Tosik, 2005).
Ozonation process follows two different routes émgradation of textile dyes based on pH
value. Under acidic conditions, ozone selectivatacks the aromatic and conjugated double
bonds of chromophores in dye structures (Turhaal.et2012) and leads to the formation of

aldehydes, carboxylic acids and other by-produdtsMrocki and Kasprzyk-Hordern, 2010).

However, at high pH values, ozonation medmanichanges from direct ozonation to
complex chain mechanism. As a result,'HBO," and HQ' radicals are formed (Glaze, Kang
and Chapin, 1987). Among these, H®dominant and it has a potential to open aranratigs
of dye present in textile wastewater (Chu and M#®®. It was also explained by the findings of
Turhan et al (2012) that the reported COD removalieect dyestuff in wastewater at pH 6.5
was 23.33% after 2 hrs of ozone bubbling whicheased to 64.96% when pH value increased

to 12.

Moreover, pH also effects the time required domplete decolorization. For example, time
required for decolorizing direct dye stuff redudeds59.62% when pH increased from 2 to 12

(Turhan et al., 2012). In another experimental ptwd Muthukumar et al (2004), it was reported

13
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that the time required for complete decolorizatioh Acid Red 88 (AR88) by ozonation
increased till pH 7 and then decreased which gleadicates the decomposition of to HO'.
The COD value obtained as a result of regressiatysis at alkaline pH was 64% according to

the study done by Muthukumar et al (2004).

From this review, it can therefore be codeldi that pH is the key parameter for accelerating
in-situ production of HQ Few investigations have discussed analogoustse§idr example, De
Souza et al (2010) and Tehrani-Bagha et al (20&pdrted slight change in dye degradation
efficiencies at high pH values as compared to aadinditions. They supported this result by
argumenting that it was buffered or non-bufferelditson that played a role in promoting-situ
HO' production at high pH values. They explained timhon-buffered solution, pH value
decreased because of the formation of acidic ptedand left no effects at the end. To
overcome this problem, catalytic ozonation is aficieht alternative because ozone can
decompose itself to produce HD the presence of catalyst. Furthermore, useatdlygst also
promotes controlled decomposition of ozone into’ H&ulting in effective mineralization of dye
and organic contaminants (Nawrocki and Kasprzykeldan, 2010; Kasprzyk-Hordern et al.,

2003).

Wu et al (2008) compared catalytic ozonafmmhomogeneous (Mn(ll)) and heterogeneous
(UVITIO, & MnO,) catalytic system for degradation of Reactive RgdRR?2) with subsequent
mechanisms. And they observed high degradatiorR# & a result of radial chain reaction and

surface mechanism.

Performance of catalytic ozonation can furtbhe improved in the presence of activated

carbon as it enhances the chancemeaitu HO' radical formation. For this, Faria et al (2009)

14
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demonstrated the activity of composite ACe-O for ozonation of one acid and two reactive
dyes. They observed that improvement in the peidoca of ozonation was due to the
adsorption and accelerated decomposition ¢fiflo HO. Moreover, this decomposition step
depends on textural properties of activated carbmntype of functional groups present, ash
content, pore volume, surface area and pre-tredtofeactivated surface (Rivera-Utrilla and
Sanchez-Polo, 2002; Sanchez-Polo et al., 2005)edlize it, Sanchez et al (2005) treated the
activated carbon with urea and detected the presehpyrodine and pyrrol groups on carbon
surface with increased surface area. It was eltesidthat pyrrolic groups present on activated
carbon surface yield N-oxide type groups and hyeroxide radical in presence of (3anchez-
Polo et al., 2005) and thus enhances decomposititth to form HO for mineralization of

recalcitrant intermediates (Staehelin and Hoig8&2).

Thus, ozonation can be an efficient altexgator in-situ production of HO, as evident from
the examples discussed in Table 2 that with ozonatiaximum COD removal achieved was
60.2%. However, there are several problems that beiglealt in for its industrial applications.
These include intense energy requirementifiesitu ozone generation, selectivity for organic
substrates, pH sensitivity (Song et al., 2007),snemnsfer limitations, high consumption rate of
ozone and increase in turbidity level of effluefitece and Tezcahl2001). It has been reported
that energy consumption for ozonation of Congodwgel increases linearly and to achieve 80%
TOC removal, 528kWh/fhpower was consumed which was 254kWhfor electrochemical

oxidation process (Faouzi Elahmadi etal., 2009).

Table 2 Application of AOPs for irsitu production of HO,/HO' for textile wastewater

treatment

15
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2.4.Photocatalysis

Photocatalysis makes the use of semicondyatiaterials to generate holes and free radicals
for degradation of recalcitrant organic contamisafthese radicals include HGD," ~, HOQO,
produced based on the interaction with the oxidiapecies (Lachheb et al., 2002; Tanaka et al.,
2000). Semiconducting oxides like THZnO, Fg0s3, ZnS and CdS can be used as photocatalyst
(Umar and Aziz, 2013). Among all, Tias been probed frequently for observing reducie

well as oxidative reactions on its surface (Chonal.e 2010).

In wastewater treatment applications, sendoetors (ZnO, Ti@ etc) have the potential to
perform degradation of organic contaminants diyeck well as through production of
chemically active species i.e. H@oroski et al., 2009). It is well established thetles in
valence band and electrons in conduction band @reeld when semiconducting material is
exposed to photons with energy higher than bandegapgy. The radical generation mechanism
has been presented in Fig. 6. Holes are oxidizgents that have capability to oxidize organic
compounds and # into mineralization products and H@spectively [Eq. 6] (Boroski et al.,

20009).
h"+ H,O —» HO + H' (6)

Electrons present in conductive band reatit @ as a reducing agent and form superoxide
[Eqg. 7], which has wonderful chemistry not only fitwe production of KD, but also for the
degradation of intermediates depending on pH (Ferady, 2013; Boroski et al., 2009). Thus pH

plays a key role foin-situ production of HQ

Q+e >0, (7)

16
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The role of ZnO is the same as that of ;i@ in-situ HO" production for textile wastewater
treatment. Peternel et al (2007) collated the perémce of TiQ and ZnO for degradation of C.1.
Reactive red 45(RR45) and observed same mechawistooth. The observed decolorization
efficiency with TiQ, was 71% at pH 3 while it was only 60.1% at neuyptdlwith 5 times more
dosage of ZnO. Although ZnO has been found to beerefficient than TiQ, it has disadvantage

of photo-corrosion when exposed to UV light (Kand &ingh, 2007).

Fig. 5. Schematic presentation of mechanism of oxidatpecies production

(Stylidi et al., 2003)

Photocatalysis can potentially be usedriesitu H,O-/HO" productions but there are several
factors that must be considered. One of the issus TiO, is the difficult separation of the
particles. For this, Sathishkumar et al (2013) stgated CoF®, loaded TiQ nano-particles
for degradation of Reactive red 184 (RR184) anccesefully achieved both Photocatalytic as
well as magnetic properties. The purpose of enlthmeagnetic properties is to achieve easy
separation just by applying the magnetic field. other common problem that has been
frequently highlighted in several investigationsthe recombination of electrons and holes. In
order to resolve it, Ozer and Ferry (2001) succdlysfinvestigated the performance of
Polyoxomethalate (POM) anions as electron shutité explained the mechanism as shown in
Fig. 6. As discussed earlier, quinone groups amvknto serve as electron shuttles for aromatic
compounds such as azo dyes. Hence, improved produaft photocatalytically induceih-situ

HO’ can possibly be observed for textile wastewagatiment (Lee et al., 2007).

Fig. 6. Electron transfer in presence of POM

17
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Apart from the above mentioned constraingsalyst loading and dye concentration have to
be optimized for enhanced production of Hnitial increase in the catalyst loading is difg
proportional to the dye degradation. Above optimuatue, catalyst loading results in decrease in
the dye degradation. The reason for such behawianiincrease in the number of active sites at
lower concentrations which in turn increase thedpation of primary and active HOncrease
in the catalyst loading results in either agglortieraof the particles in the suspension or
reflectance of light which reduces the Htoduction. This is in exact agreement with theultss
achieved by Krishnakumar and Swaminathan (2011)Sandet al (2008) while degrading Acid

Violet 7 (AV7) and Orange G (OG) respectively.

It has also been reported by Krishnakumar &méminathan (2011) that increasing dye
degradation, reduces the probability of dye molesub react with the HGas concentration of
catalyst and intensity of UV light are the saman8aeason has been addressed in another way
by Muruganandham and Swaminathan (2006). It has f®rted that degradation of Orange G
(OG) dye decreased from 98.79% to 23.91% abovemopti concentration of dye. It was
reported that above some optimum value, dye matscaffected the catalytic activity of the
catalyst. Additionally, high concentrations alscm@ase the path length of the photon entering

which reduces the photocatalytically produaeditu HO'.

Furthermore, Ti@can only absorb ultraviolet light which is only 486the solar light (Ni et
al., 2007). To avoid it, Ti@is usually doped with other semiconducting matesugh as C3O, a
p-type semiconductor which has narrow band gaphigit conduction band (Yu et al., 2004).
When exposed to visible light, electrons in congtucband of CpO transfer to that of Ti©and

thus increase the photocatalytic degradation oh T&Dang et al., 2007).
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Photocatalysis has been demonstrated suottgds§ several authors for production of HO
along with the degradation of textile waste. Thisgess has the potential to achieve maximum
of 80% COD and 90% color removal efficiencies (EaB) with modifications. However, it
cannot be considered as an alternativeifesitu H,O, production because: 1) it is energy
intensive. For instance, it consumed 8%/ power reactive azo dye treatment (Mahamuni and
Adewuyi, 2010) which is several times of ozonatiMehrjouei et al., 2014) 2) Textile
wastewater is highly variable in concentration ahdtocatalysis is limited for small streams and

low concentration of dyes.

2.5.Electrochemical and Microbial fuel cells

Electrochemical oxidation is an effectiveeafiative as it employs either direct or indirect
oxidation approach for wastewater treatment (Fualet 2010). In direct electrochemical
oxidation, degradation is carried out through apison of the contaminants on the anode surface
without any involvement of oxidizing agent. Howeviedirect oxidation in electrochemical fuel
cells employs the sparging of oxygen in cathodemtlex to produce ¥D, through direct
application of electric current (Panizza and Cdaisd?009). This mechanism has been
successfully applied in textile wastewater treatherseveral investigations as clear from Table

3.

High degradation rates and complete mineaibn at optimum conditions are the main
features of the process but intense energy reqaimeinders its practical application forsitu
H,O,/HO" production(Fu et al., 2010; Martinez and Uribel 20 In one investigation, it has also
been found that electrochemical oxidation is marenemic in comparison with ozonation in

terms of energy consumption far-situ H,O, production (Faouzi Elahmadi et al., 2009). The
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possible reason may be the use of modified borgedaiamond electrode. Thus there is an

intense need of alternative that requires lessggreand must be environmental friendly.

Wastewater can be a renewable energy soorcthé production of electricity, fuels and
chemicals (Rozendal et al., 2008). Recently, séverdings have explored the potential of
wastewater for then- situ production of HO, (hencein-situ Fenton oxidation) in microbial fuel
cells (Fu et al., 2010; Kalathil et al., 2011, Lia., 2010; Modin and Fukushi, 2013). However,
it has been frequently investigated for the gemamadf electricity from wastewater and many
authors have also reported the production of wiateathode chamber (Du et al., 2007; Rabaey
et al., 2003; Han et al., 2010). Forsitu production of HO./HO", bacterial species present in
the wastewater (in anode chamber) plays an importde. It is confirmed by R. Bond and
Lovely (2002) and his co-worker that among all bael species, presence of Geobacter
Sulfurreducens in anode compartment favors theymtazh of HO, in cathode compartment.
However, G. Sulfurreducens species are highly seesb oxygen therefore, Fernantez de Dios
et al (2013) suggested the use of Shewanella spediech is facultative exoelectrogen and
obtained 82% mineralization of dye mixture throdd®©, production i(n-situ Fenton oxidation)
in cathode chamber of WBMFCs. Thus, microbial feells use electrochemically active
microorganisms (Rozendal et al., 2008) preserttenstastewater to convert the chemical energy
stored in organic compounds into electrical endfgy et al., 2003; Moon et al., 2006). This
oxidation step is coupled bg-situ production of HO, for the degradation of refractory waste in

cathode compartment (Zhu and Ni, 2009).

Rozendal et al (2009) investigated the pradocof H,O, in cathode chamber by using
oxygen as an electron acceptor. At applied volafg@ 5V, about 1.9 to 2 kg #,/m*/day was

successfully produced. In this study, voltage waspliad to accelerate the production of
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electrons and start-up time. It is in agreement e findings of Wang et al (2009) according to

which applied voltage enhanced the production @ftekity in microbial fuel cells.

The study conducted by Rozendal et al (20@89 not based on the-situ production of
H.O; but it is still beneficial to estimate the potahtof microbial fuel cell for degradation of dye
in future investigations. It can be proved by thalings of Fu et al (2010), who examined the
in-situ generation of kD, for degradation of azo dye (amaranth) under newathodic
conditions and reported that by utilizing 0.5 mniblée™ as catalyst 76.5% degradation

efficiency could be achieved within one hour.

The literature concerninign-situ H,O, production in microbial fuel cells has frequently
discussed the dual chamber configuration. It has beported that performance of dual chamber
MFCs is affected by high internal resistance causggroton exchange membrane (Zhu and
Logan, 2013a). Thus, with an attention of reducithg cost and eliminating the effect of
membrane, membrane-less single chamber microbéldeil was suggested to use as a low
power source for performinig-situ H,O, production in electro-Fenton reactor (Zhu and lmga
2013b). However, distances between anode anddmtimay contribute to an increase in the
resistance of the microbial fuel cell. Therefaresitu H,O, production in microbial fuel cells

should be further explored to increase the efficyeof the process.

Performance of microbial fuel cells also degseon several other factors that must be taken
into account while discussing the-situ production of HO,. These include hydraulic retention
time, pH, characteristic of effluent, external stgnce, type of co-substrates (Solanki et al.,
2013), start up times (Liu et al., 2011) and irrsige nature of the reactions (Rismani-Yazdi et

al., 2008). However, the cost and properties eftebde material have significant importance.
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Electrode material must have good electrical cotidity; high surface area, chemical stability
and appropriate strength and toughness (Zhou,&0d1). Many authors have collated different
electrodes such as graphite, platinum,JmRuG, PbQ and boron-doped diamond electrodes in
their investigations. It has been found that,l@&d RuQ@ electrodes have low reactivity for
organic oxidation and graphite electrodes are iaegwe but all of them have low current
efficiencies (Tan et al., 2011). Platinum exhilgiisellent electro catalytic properties (Jaccoud et
al., 2006) but its high cost always limits its apgalion (Du et al.,, 2007). To improve the
performance of microbial fuel cell, simple graph#node was heated and used in single
chamber microbial fuel cell and 75% of the recadeit contaminant was mineralized through

situ H,O; (hencean-situ Fenton oxidation).

Microbial fuel cell is a versatile technololggcause electricity production is accompanied by
the production of kD, in cathode chamber (Li et al., 2010, Rozendal.e2809). Much work
has been done on improving the production of atBttrito-date (Feng et al., 2010a; Feng et al.,
2010b). To-date, power produced has been used &swvapower source for operating
electrochemical fuel cells (Zhu and Logan, 2013Aj)ternatively, power produced can also be
used for the aeration of cathode chamber, whichldvptovide an environmental friendly and
cost effective solution for textile wastewater treant throughin-situ H,O, (in-situ Fenton
oxidation). Being at initial stages of the progesmximum TOC removal of 76% has been
obtained through microbial fuel cell application@w concentrations of pollutant (Table 3). It is
lesser than that obtained in electrochemical oldathus highlighting the need of optimizing

the operating parameters for achieving results evatpe to electrochemical oxidation process.

Table 3.Electrochemical and microbial fuel cells forsitu production of HO,/HO'
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3. Improvements for in-situ H,O,/HO" production through sonolysis

Sono-chemical degradation of dyes is comsitleas AOPs (Vatina and Majcen-Le-
Marechal, 2003) because of its potential to prodd€ radical by homogeneous reactions or
enhancing the activity of catalyst in heterogenemations. In aqueous medium, ultrasound
waves (“))’) provoke the formation and collapsecakitation bubbles. Cavitation produces hot
spots of high temperature and pressure for shtirtex which during collapsing phase cause
splitting of water molecules into H@nd H radical (Chitra, 2004). Local concentration of HO
and H radical is high but an estimated 80% ofd#d HO radicals recombine and reduces the
bulk concentration of these radicals (Stock, Palteal., 2000; Gultekin et al., 2009).Thus, major

portion of the mechanical energy is lost due t@mnegination reaction.

HO +))— 'OH +'H (8)

OH +'H — H,0 9)

Dyes are highly hydrophilic so they can legrded in bulk in comparison with the volatile
organic compounds which can only be degraded tHbrnmeside the gas bubble (Adewuyi,
2001). However, reactive azo dyes are non-volatibter soluble and their reaction at interface
is not observed (Vajnhandl and Le Marechal, 20G7indicates that dye interaction with HO
radicals can only be possible in the bulk solutidowever, if hydrophilic organic compounds
are concentrated in the solution additional degradamechanism then quickly takes place at

gas-liquid interface (Okitsu et al., 2005).

Concentration of HQadicals is reported to be improved in bulk dykison in the presence

of dissolved oxygen, ozone or catalyst. Thermabdweosition of dissolved oxygen and water
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produce moréiO’ and other chemical reactive species [Eqg. 8, 10Hi8}vever, recombination

phenomenon still cannot be overcome (Destaillagd. e2000).

Q+)— 20 (10)
HO"+°0 — "OOH (11)
O+ H0 — 2 HO (12)
H + O, — "OOH (13)

In several investigations, it has been suggethat sonolysis should combine with ozonation
for in-situ H,O,/ HO' production without alkaline conditions as discussed’able 4. When
sonicated liquid is bubbled with ozone, mass trnsdtes of the ozone is improved which is the
main issue with ozonation alone. In the presend@@lone 30% mineralization can be achieved
with methyle orange. In combination with Ultrasourslnergetic effect is produced and
mineralization achieved exceeds 80% within pH ranfes.5-6.5 (Destaillats et al., 2000).
Reason for this synergetic effect is that evesym®@lecule decomposes to yield two molecules of

‘OH radicals in the presence of Sonolysis (Vecitial.¢ 2010).

Aside from homogeneous reaction, activitytlud catalytic process has been observed to
improve because of the synergized effect inducethéyltrasound waves. As mentioned before
Fe® deactivates due to the precipitation of hydroxghioxides which results in the decrease in
the porosity of the catalyst with time (Gillham a@dHannesin, 1994). However, US{Reot
only increases the active surface area of catddystupture or pitting, but also increase the

concentration of HOat increased loading of the iron catalyst. Thatthe reason that
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decolorization of the C.I. Acid Orange 7 (AO7) imaped from 63% to 91% due in a study done
by Zhang et al (2005). However, with zero-valenpmer (CU), the efficiency is lower in
comparison with Feregardless of dye concentration and sound frequetianay be because of
the acidic conditions which cause protonated dyesepel the catalyst surface (positively

charged) and Cu has less potential than iron sp€€ren and Ince, 2010).

Photocatalyst mainly Tiand ZnO intensifyn-situ production of HOby dissociating water
molecule because of combined effect of UV and U8bl& 4 summarizes the ultrasound
conditions, dye concentration and subsequent owsofar AOPs demonstrated by several
authors specifically for HDradical production. An increase in H@adical production in
combinative process may be attributed to the aratelé mass transfer of reactants and products
to and from the catalyst surface. It may also besed by an increase in the activity of the
catalyst by particle disaggregation which increabessurface area of the catalyst (Stock et al.,
2000). However, effect of US, UV and photocatalgse more significant than either
combination with the photocatalyst. For example dA@range 8 dye has completely been
degraded within 4 hrs under sonophotocatalysisenhithe absence of US, 79% degradation has
been achieved (Selli, 2002). It has also been tegdhat synergetic effect of ultrasound waves
convert HO, into more HOradicals which makes this process efficient. Traeefdye and
catalyst concentrations are equally sensitive fomlmined process (Gonzélez and Martinez,

2008; Bejarano-Pérez and Sudarez-Herrera, 2007).

Sonolysis is an auxiliary tool fan-situ HO' radicals production for textile wastewater
treatment through AOPs. Economic analysis condubteddewuyi (2001) states that overall

cost for sonolysis alone is not economically acalelgt on large scale. However, addition of
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additive or combination of the US with AOPs is ma@nomical. The cost for US combined
with ozonation is 1.67 x£0USD and for ultrasound it is 2.11¥10SD. For reactive azo dye
degradation, the power consumed by sonolysis i8x8kW which is more than that of
ozonation (Mahamuni and Adewuyi, 2010). There aeerl additional factors that must be
dealt with before considering scale-up includinggarties of fluid and dissolved gases, amount
and frequency of the sonication required for l@duction. In addition, nature of dye structure
present in the textile wastewater will also affdet reaction rate (Thompson and Doraiswamy,
1999). These factors make large scale applicati@omolysis doubtful because incoming textile
wastewater contains variety of dyes with differecbncentrations and properties. So,

optimization of operating parameters may be arei¢suscale up.

Table 4 Ultrasound as an auxiliary tool for AORg:situ production of HO,/HO

4. Considerations during thein-situ H,O,/HO® production process

Real textile effluents contain carbonatesatibionates and chlorides in addition to dyes.
These inorganic anions reduce the degradationiesifty of the dyes by scavenging the
oxidizing agents. One of the most challenging segivey phenomenon is the formation of®4

in the presence of excessive HEq. 14] (Borda et al., 2003).

‘OH +°OH — H,0, (14)

Bicarbonates and carbonates are the most commeallable anions in wastewater and can

easily scavenge radicals available for textile easter treatment [Eq. 15-16]. Faria et al (2009)
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reported the influence of carbonates and bicarlesnas HOscavenger on the efficacy of the
process. It was found that scavenging effect obmaate ions was more as compared to

bicarbonate ions at both moderate and high pH value

HCOs + HO— COs ™ + H,0 511

CO* + HO — CO5 ~ + HO 16

Moreover, presence of di-hydrogen phosphate igRQd and mono hydrogen phosphate ion

HPO, also lowers the efficiency by scavenging HiKarthikeyan et al., 2011) [Eq. 17-18].

OH+ H,POy~ — OH™ + HoPOy 117

OH+ HPQ— OH + H,PO;~ 8j1

Halides ions have potential to scavenge the hydmadicals as follows [Eq. 19]:

CF +"OH— CIOH™ (19)

That is why FeSQ7H,0 is always preferred over Fe@H,O in Fenton process. Moreover,
CI” ions can also scavenge the holes in photocatadysiem and reduce the yield of iinesitu

hydrogen peroxide formation [Eq. 20]:

Cl+h —cCr (20)

In ozonation, the effect of inorganic ions is mprenounced as they inhibit the decomposition
of ozone but it put positive impact on the decdation of the dye because of the presence of

molecular ozone (Tehrani-Bagha et al., 2010).
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Same phenomenon can be observed in the presetN®s0fand SQ? radicals. In the presence
of sulfate ions, it seems difficult to decide eittmilfate ions are scavengers or playing a
productive role for formation of other radicals.odeding to reaction Eq. 21 & 22, sulfate ions
are scavenging holes and Hidt at the same time transformation to,SQ@re also taking place.
And SQ’ ™ have redox potential comparable to the'Hi€@e Table 1) and can degrade the dyes
present in the wastewater (Huang et al., 2005).aBuhey are less reactive as compared to HO

and holes so their role is more as scavengersmapared to promoter.

S@*+h — SO~ (21)

SQ?+HO— SO~ + HO 22

Scavenging of HOis unavoidable because these anions are natyedsent in wastewater.
Separation of these anions is also not possibleausec this requires more sophisticated
experimental setup and is not economically viallais suggests the need to find some

alternative to suppress the effect of anions agesuger.
5. Conclusion

Fenton process is an efficient method for degradatf dyes and recalcitrant organic
contaminants present in textile wastewater. Howewxcessive use of reagents, acidic
conditions, and high cost of hydrogen peroxide @irts industrial applications. It is also unsafe
to transport and store bulk quantities of0d To overcome this problenmin-situ H,O,/HO
production by Advanced Oxidation Processes inclydion-catalyzed processes, ozonation,
photocatalysis, electrochemical oxidation and nhi@b fuel cells is an option worth

consideration. Based on this review, the followingin conclusions are drawn:
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In-situ H>O, production by iron catalyzed process has advanthdgerming Fenton oxidation
system in itself. Economically, it is a suitabléeahative as the operating cost has been found to
reduce from 0.015 to 0.00113 US$/g of dye for RR&tment with F¥air. However, zero
valent iron has been found to be deactivated witlk.tSimilarly, ozonation follows radical chain
reaction mechanism to produce H@dical either in alkaline conditions or in theegence of
catalyst, However, there are few constraints ssddlaline conditions, high power consumption
of 34.98kW/gallons of dye and mass transfer liroteg that reduce the efficiency and economic

viability of the process.

Besides, Photocatalysis which is with an intenssrgnrequirement of 80kW/gallon of dye can
efficiently induce dye degradation throughsitu HO™ radical production. Replacing UV with
solar energy is economically beneficial but photalygis is limited for small and less
concentrated streams of the textile wastewateerAditively, smooth and efficient production of
HO" and high mineralization rates are achievable intedehemical oxidation process. However,
its energy requirement is more intense than Phtabsis which indicates the process is not
economically viable. The most viable solutionhestproblem is the use of microbes present in
the wastewater in microbial fuel cells to produe®©HMHO" with simultaneous power production.
In this way, microbial fuel cell will be used asoav power source for electrochemical oxidation
or aeration of the cathode chamber of microbial ¢edi. Use of ultrasound in combination with
AOPs provokes the formation of H®y following the splitting mechanism of water mniées.
According to the reported data, sonolysis requa®kW energy/gallon of reactive dye treated.
It is a more economical option when combined witheo AOPs such as ozonation and
Photocatalysis. However, types of the fluid, frague and power of sonolysis need to be

determined for its application im-situ HO" radical production. Apart from that, scavenging of
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HO' by anions is unavoidable. This is because thesenanare naturally present in real
wastewater and their removal requires a few pratitnent steps that increase the total cost of the

treatment process.

Therefore, it is concluded that-situ H,O, is technically and economically viable for textile
wastewater treatment. It may overcome issues diyrénked with commercially available

H,0,. Being under its developing stages, this concegaires further research in optimizing the
operating parameters and methodology so that isrercial applications could be ensured in

near future in the view of its economical and egaal importance.
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ACo: Activated Carbon; Ce-O: Cerium Oxide; ACo-Ce@2ria-activated carbon composité; h
Holes; é: electrons; RR45: C.l. Reactive Red 45; RR184: Rdactive Red 184; AV7:Acid

Violet 7; OG: Orange G; AO7: C.l. Acid Orange 7.
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Table1l. Redox potential of oxidizing agents

Oxidizing agent Redox potential Reference
Hydrogen peroxide(kD,) 1.8 (Neyens and Baeyen:s,
2003; Kelley et al.,
2003)
Hydroxyl radicals(HO 2.8 (Kelley et al., 2003)
Holes(K) 2.53 (Fujishima et al., 200())
Sulfate free radicals(S0O) 2.5-3.1 (Kelley et al., 2003;
Zhao et al., 2010)
Ozone(Q) 2.1 (Kelley et al., 2003)
Persulfate anions(8s™) 2.01 (Kelley et al., 2003;

Permanganate (MnQ 1.70

Liang and Lee, 2008)
(Kelley et al., 2003)




Table 2. Application of AOPs for irsitu production of HO,/HO' for textile wastewater treatment

Dye Catalyst/Oxidants [Dye] [Catalyst]/ pH/T(°C) Color COD/TOC AOPs Reference
mg/L [Oxidants] removal employed
AO7 Fe®/air 100 0.0.3 g/L 3/- >99%  COD: 97% Catalytic (Yang et al.,
RR120 COD: 87%  (Zero valent 2010)
AB9 COD: 93% iron)
RBBR Fe®/air 100 50 3/- >99% COD: 96% Catalytic (Chang et al.,
AB1 >99% COD: 50% (Zero valent 2009)
iron catalyst)
Calmagite Mn(Il)/Tiron/ 0.1 mM 50uM/1.50mM;  8/20 - - Hsubstituted  (Sheriff et al.,
NH,OH 100mM organic 2007)
compound
- Pd/ALO3; with 0.001g 7127 - - bisubstituted (Choudhary and
NH;OH & O, organic Jana, 2007)
compound
RB19 Q 200 55g/m 7125 100%  COD: 55% Ozonation (Tehrani-Bagha
TOC: 17% et al., 2010)
(800 mg/L
of dye)
AR88 0} 0.5 mM 2g/hr 3/- 98.2% - Ozonation (Muthukumar et
11/- - COD: al., 2004)
60.2%
Dye bath O3 2480 11to 111 4.7/20 60~91% 13~22% Ozonation (Sevimli an1
effluent mg/L min Sarikaya, 2005)
Plant Effluent O3 665 11to 111 6.7/20 74% 11~33% Ozonation (Sevimli and
mg/L min Sarikaya, 2005)
Raw O3 1700 18.5 mg/L 8.3/- 98-99% 7.64~15.68 Ozonation (Baban et al.,
wastewater % 2003)




Table2. Continued

Dye Catalyst/Oxidants  [Dye] [Catalyst)/  pH/T(°C) Color COD/TOC AOPs Reference
mg/L [Oxidants] removal employed
Biologically O3 450 18.5 mg/L 8.3/- 70-75% 18.88% Ozonation (Babaal et
treated 2003)
wastewater
Congo red Q@0; 500 0.5L/min 12/25 - COD: 85% Ozonation (Faouzi et al.,
TOC: 81% 2009)
Reactive O3 230 132mg/L -120 100% TOC:80% Ozonation (Chu et al.,
Black 5 (micro-bubbles) 2007)
Acid Red 14 Q 200 19.26g/hr -125 98% COD: 459%) Ozonation (Gaal.et
2012)
C.I Reactive  O3/UV/TIO 100 1 mg/L 6.9/- Catalytic (Wu et al.,
Red 2 Mn(I1)/O3 0.1 mg/L 21- >95% 17-21% ozonation 2008)
MnO,/O3 0.8 mg/L 21-
031
200ml/min
RR194 O3 /IGAC 100 Q: 28 mg/L 6.3/- COD:80% Catalytic (Gul et al.,
GAC: 10 TOC: 50% ozonation 2007)
g/L
RY145 5.9/- COD:90%
TOC: 50%
Brilliant Red  CwpO/MWNT/ 200 1g/L 6/- - - solar light (Zhang et al.,
Dye FeSQ 10mmol/L catalytic 2006)

process




Table2. Continued

Dye Catalyst/Oxidants [Dye] [Catalyst)/  pH/T(°C) Color COD/TOC AOPs Reference
mg/L [Oxidants] removal employed
AO7 TiO/UV 40 1g/L/ 6 W 6/20 - - Photocatalysis (Chen et al.,
lamp 2005)
RB5 TiO,/SIO; in the - TiO,/SIO,: 1 5.8/21 - - Photocatalysis (Aguedach et
presence of ions (mass ratio) al., 2008)
RR45 UVITIO, 80 0.5¢g/L/125 5/25 59% TOC: 23% Photocatalysis (Peternel et
w al., 2007)
uv/ZznO 80 2.5g/L/ 58.3% TOC: 22.4% Photocatalysis (Peternel et
125W al., 2007)
MB UV/SIO,/TiO,- 2.5 250w/ 11/25 - - Photocatalysis (Liu et al.,
Ce 100 mg/L 2012)
Ce:0.2%
Procion UV/TIO,(P-25) 50 100W 5/- ~100% COD: 89% Photocatalysis (Barakat,
yellow H- mercury 2011)
EXL lamp/1g/L
Ponceau-S Nb,Os/CAC 40 400W/5g/L/1 8/- TOC:78.95% Photocatalysis (Patil et al.,
dye g/L COD: 86.2% 2011)
MB Zn0O/SnQ 10 8W/0.50 g/L  12/25 96% - Photocatalysis (Chiang and
Air: Lin, 2013)
400ml/min
RR180 TiQ 150 24W/2g/L 7125 97.17% TOC: photocatalysisi (Akyol and

83.05% Bayramoglu,
2008)




Table2. Continued

Dye Catalyst/Oxidants; [Dye] [Catalyst]/ pH/T(°C) Color COD/TOC AOPs Reference
mg/L [Oxidants] removal employed
C.l. Direct SITiOy/Ce 100 250W/1.5g/L 12/25 97% COD: 69% Photocatalysi(Song et al.,
Red 23 2008)
Methylene  TiO,/Cu,O with 100 2 4/- Catalytic/  (Zhang et al.,
Blue FeSQ & EDTA Photocatalytic 2007)
Reactive SITiOy/Ce 100 200w/ 12/- 100% TOC:57% Catalytic/  (Song et al.,
Black 5 0.02gLY Photocatalytic 2007)
0.2nthr*
Procion blue Titanium anode 100 6W/2A/dni/65 3.5/- 100% COD: 90% Electro- (Neelavannan
dye coated with mg/L photocatalytic et al., 2008)
70TiO,/30RUQ/
TiO, catalysts
Acid Violet ZnO/UV/air 5x10* M 2g/L/ 8W/ 9- - COD: Photocatalytic (Krishnakumar
7 8.1mL/s 94.4% and
Swaminathan,
2011)
Eosin Y ZnO/UV 50 0.4g/16W 6.9/30 39% COD: 8...®hotocatalytic (Chakrabarti
and Dutta,
2004)
Methylene ZnO/UV 50 0.4g9/16W 6.9/30 58% COD: 24% PhotocatalytiqChakrabarti
Blue and Dutta,
2004)
RR2 Q /Fe(ll) 0.45mM 10mg/hr/ 7125 K. - Catalytic (Zhang et al.,
0.9mM 2248M/s** ozonation 2013b)
MB O3 /CNTs 30mg/L 5g/hr/0.1g 11/20 100% TOC: 80% Cdtaly (Zhangetal.,
ozonation 2013b)




Table 2. Continued

Dye Catalyst/Oxidants; [Dye] [Catalyst]/ pH/T(°C) Color COD/TOC AOPs Reference
mg/L [Oxidants] removal employed
RR198/ UV/O3s/MWNTSs 150 9W/0.03g/L 3/25 100% - Photocatalytic(Mahmoodi,
DG6 ozonation 2013)

*AO7: Acid Orange 7; RR120: Reactive Red 120; AB@id blue 9; RBBR: I.C Remazol Brilliant Blue; AB C.I Acid Black 1;

RB19: C.I Reactive 19; AR88: Acid Red 88; RR2: Reéactive Red 2 ; CR: Congo Red; RR194: C.I. Read®ed 194; RR145: C.I.
Reactive Red 145; AO7: Acid Orange 7; RB5: ReadBlaek 5; RR45: C.l Reactive Red 45; MB: Methyld3iae; RR180: Remazol
red F-3B; R23: C.I. Direct Red 23; 4BS: C.I. Dir&s#d 23AV7: Acid Violet 7; RR2: Reactive Red 2; MB: Metleyle Blue; RR198:

Reactive red 198; DG: Direct Green

@Concentration of real wastewater is always repdrtedrms of COD value.

**Rate constant



Table3. Electrochemical and microbial fuel cells farsitu production of HO,/HO’

Dye Anode Cathode [Dye] [Catalyst]/ pH/T Color COD/TOC Methods Reference
(mg/L) [Oxidant] (°C) removal
AZ Boron doped  zirconium 500* l: 30 mA/crh -/25 100% COD: 95%  Electrochemical (Bensalah,
diamond oxidation et al., 2009)
MR Ti/Pt Titanium 100 40mA/cm -/25 100% TOC: 50%  Electrochemical (Tavares et
plates oxidation al., 2012)
MR Ti/RupdTip/O,  Titanium 100 40mA/cm -/125 100% TOC: 10- Electrochemical (Tavares et
plates 35% oxidation al., 2012)
Alizarin Pt Grid GDE 120 Fé: 1mM 3/35 TOC: 93%  Electrochemical(Panizza and
Red Air: 20mL/s oxidation Cerisola,
2009)
TDFW Titanium alloy  Stainless  1250* - 5/42 100% 90% Electrochemical (Vlyssides et
Steel oxidation al., 2000)
DW Titanium alloy  Stainless  3325* - 5/42 100% 7% Electrochemical (Vlyssides et
Steel oxidation al., 2000)
CR Boron doped  Stainless 500 I: 30mA/cm 7125 TOC:100% Electrochemical (Faouzi
diamond steel COD:100% oxidation Elahmadi et
al., 2009)
AO7 carbon felt carbon felt  0.10 mM #e0.1mM/ 3-2.8/- TOC: 92% Electro fentorr  (Ozcan et al.,
0.3A 2009)
OG-l Graphite cloth Graphite 50 Fé% 0.2mM; 3/- 100% TOC: 80% Photo-electrc  (Peralta-
cloth UV:75mW/nf fenton Hernandez e:
I: 300mA/cnt al., 2008)
OG-l Graphite cloth Graphite 50 Fé% 0.2mM; 3/- 100% TOC: 63% Electro Fenton (Peralta-
cloth I: 300mA/cnf Hernandez e:

al., 2008)




Table3. Continued

Dye Anode Cathode [Dye] [Catalyst]/ pH/T Color COD/TOC Methods Reference
(mg/L) [Oxidant] (°C) removal
AY36 Boron doped carbon-PTFE 108 Fé=: 3/35 100% TOC: 71%  Electro-Fenton (Ruiz et al.,
diamond air diffusion 0.5mM/3A 2011)
cathode
AY36 Boron doped carbon-PTFE 108 Fé% 3/35 100% TOC: 95% Solar Photo- (Ruiz et al.,
diamond air diffusion 0.5mM/3A Electro Fenton 2011)
cathode
MO Graphite Rutile coated 10 Vis Light 2.4/25 73.4% Microbial fuel (Ding et al.,
graphite Cells 2010)
Azo dye Granular SPG rod 75 Fé:1 7120 90% TOC:31%  Microbial fuel (Fu et al.,
graphite mmole/L cells 2010)
Fe.0.5
mmole/L
Real dye Granular  Granular carbon 2080* Air: 12.4/30 Anode: COD:76%  Microbial fuel (Kalathil et
waste carbon 200L/min 73% cells al., 2011)
Cathode:
7%
ABRX3B Porous carbon Porous carbon 300 - -/30 COD:24.8%Microbial fuel  (Sun et al.,
cells 2011)
RhB Carbon Felt Fe@E®s/NFC 5 e 3- - TOC: 90%  Microbial fuel (Zhuang et
cells al., 2010)
Lissamine Graphite rod  Graphite rod 10 Air: 2L/min 6-8 - TOC: 82% In-situ (Fernandez
Green B Fe'% 0.05 Microbial fuel  de Dios et
mole/L cells al., 2013)




Table 3 Continued

Dye Anode Cathode [Dye] [Catalyst]/ pH/T Color COD/TOC Methods Reference
(mg/L) [Oxidant] (°C) removal
Crystal Graphite rod  Graphite rod 10 Air: 2L/min 6-8 - TOC: 72% In-situ (Fernandez
Violet Fe'% 0.05 Microbial fuel  de Dios et
mole/L cells al., 2013)

* Red; TDFW: Wastewater from total dyeing and finigy stages; DW: Wastewater from dyeing stages #dphne A: AZA; MR:

Methylene; OG-II: Orange Il; AY36: Acid Yellow 3810: Methyle Orange; ABRX3: Active Brilliant Red XB3 RhB: Rhodamine



Table4. Ultrasound as an auxiliary tool for AORe:situ production of HO,/HO

Dye Catalyst/O  [Dye] [Catalyst]/ Frequency pH/T(°C) Color COD/TOC Method Reference
xidant (mg/L) [Oxidant] (kHz) removal
AO7 FE/GAC 1000 129/2.3g 40 4/22 80% TOC: 57% Iron catadly (Liu et al., 2007)
R5 O 363 3.36 g/L 520 720 ----- TOC: 76% Ozonation cdrand
Tezcanl) 2001)
RY84 G 500 4.5 g/h 20 4.5/25 TOC: 569% Ozonation @tal., 2007)
AB & O3 oM e 500 6.5/15 TOC; 80% Ozonatior (Ddkits et al.,
MO 2000)
4BS G 100 3.2g/h 20 8/- 100% - Ozonation (Songlet
2007)
RB19 us/Q 500 3.8g/h 20 8/- 100% TOC: 65% Ozonation (Hd.e2a08)
Azure B Fe'% 5x10™* 0.8x10° 23 2.8/25 COD: ~85%  Electro- (Martinez and
dye carbon mol/L mol/L Fenton Uribe, 2012)
electrode
RR198 ZnO/UV 20 1g/L/ 15W 40 7/30 - TOC: 75% opbcatalytic (Wu, 2008)
AO7 UV/O; 50 uM 18W/40g/m 520 5.5/25 TOC: 45% photo- (Tezcanli-Guyer
3 ozonation  and Ince, 2004)
AO7 uv 50 100mwW/mm 20 -[22 65% @ - photolysis (Ma et al., 2006)
2
AO52 UV/TIO, 25 20/0.6g/L 200 -125 100% TOC: 35% photocatalysidvlaezawa et al.,
2007)
BB3 TiO./MM 10 1g/L/300W - 7125 80% - Photocatalysis (Khataee et al.,
2015
AO7 ZVAI 20 2g/L/300W 20 2.5/25 96% - Ultrasound  Wdng e)t al.,

2014)




*AO7: Acid Orange 7; R5: C.I. Reactive 5; RY84: Retee Yellow 84: AB: Azo Benzene dye; MO: Methyleabge; 4BS: C.I.
Direct Red 23; RR198: C.I. Reactive Red 198; AG52: Acid Orange 52; GAC: Granular Activated CarhBB3: Basic Blue;

TiOo/MM: TiO,/ montmorillonite; AO7: Acid Orange 7; Zero-valerdan: ZVAI
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