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ABSTRACT

OZONATION OF A DENIM PRODUCING TEXTILE INDUSTRY
WASTEWATER — PROCESS OPTIMIZATION

Morali, Eytp Kaan
M.Sc., Department of Environmental Engineering
Supervisor: Prof. Dr. Ulkii Yei

September 2010, 83 pages

Denim production is one of the leading sub-sectofrstextile industry which

basically generates highly colored indigo-dyeinfuehts. In the present study,
ozonation was applied to the indigo-dyeing effl(€&aD=820 mg/L;color=5500 Pt-
Co), and to the whole effluent from a denim-prodgcplant before(COD=2750
mg/L;color=3950 Pt-Co) and after(COD=800 mg/L,cel®r00 Pt-Co) biological

treatment for degradation/detoxification purpogegonation was also tried in the
wastewater of the plant(COD=3100 mg/L;color=4504B} that would be produced
after some foreseen cleaner production measuresticaecovery and reusing of

dyeing process wastewater.

When applied to indigo-dyeing wastewater; ozonapovvided 95% color and 61%
COD removals at 1320 mg/h ozone dose within 60 te;The optimum pH was
evaluated as 4 when indigo-dyeing wastewater expodseozonation at different
pHs(1.6-12.3). On the other side, ozonation appésdpre-treatment to the plant
effluent provided 86% color and 46% COD removalthv@240 mg/h ozone dose in



70 minutes. Less satisfactory results were obtawleen ozonation was tried in the
wastewater after measures, with 86% color and 319 €Cemovals at 3960 mg/h
ozone dose in 80 minutes. When applied to the gicidly-treated effluent; at 420
mg/h ozone dose and within 40 minutes, ozonatiomoxed 47% of influent COD
and 96% of influent color indicating better perf@mece of ozonation in post-
oxidation. In order to assess possible improvememtszonation with the addition of
H.O,, different concentrations were tried, but no digant improvement was
obtained. The improvement in B@QOD index was also determined for the ozone-
treated plant effluent to measure the effects ahation on biodegradability and
found out that BOBICOD ratio has improved to 0.39 from 0.22.

Keywords: Ozonation, color removal, textile wast@waindigo, hydrogen peroxide



Oz

KOT KUMA S| URETEN BiR TEKSTIL ENDUSTRISININ ATIK
SUYUNUN OZONLANMASI — YONTEM OPT iMiZASYONU

Morali, Eytp Kaan
Yuksek Lisans, Cevre Muhend&liBoIumu
Tez Dangmani: Prof. Dr. UIki Yeti

Eylll 2010, 83 sayfa

Kot dretimi renkli indigo boyama atiksuyu ortay&apan tekstil endustrisinin dnde
gelen alt sektorlerinden biridir. Mevcut gahada ozonlamaslemi indigo boyama
atiksuyuna(K@=820 mg/L; Renk=5500 Pt-Co) ve kot kugnaireten tesisin bitin
atiksuyuna hem biyolojik aritmadan 6nce @750 mg/L; Renk=3950 Pt-Co) hem
de biyolojik aritmadan sonra (KEB0O0 mg/L; Renk=3700 Pt-Co) parcalama ve
toksisiteyi azaltma amaciyla uygulastm. Ozonlama ayrica tesis icinde alinmasi
ongoriulen kostik geri kazanimi ve boyama prosegsayunun yeniden kullanimi
tedbirlerinden sonraya ortaya ¢ikacak atiksuyun ié3200 mg/L; Renk=4500 Pt-

Co) artilmasinda denengtir.

Ozonlama indigo boyama atiksuyuna uygulgndia, 1320 mg/saat ozon dozunda
ve 60 dakikalik aritma silresi neticesinde %61 1K@ %95 renk giderimi
sglanmstir. 1.6-12.3 pH dgerleri arasinda indigo boyama atiksuyunda yapilan
calismalarda ise optimum pH geri 4 olarak bulunmgiur. Diger taraftan, on-aritma
olarak tesis atiksuyuna uygulanan ozonlagteminde 3240 mg/saat ozon dozunda
70 dakikalik aritma neticesinde %86 renk ve %461 Kgerimi s&lanmstir.

Vi



Ozonlamaglemi tesiste onlemler alindiktan sonra ortaya ¢sandagorilen atiksuya
uygulandginda 3960 mg/saat dozunda 80 dakikalik aritma esitide %31 KOve
%386 renk giderimi ile daha diik verimli aritim sglanmstir. Ozon, biyolojik olarak
aritilmig atiksuya uygulanginda ise ¢cok daha diik ozon dozu olan 420 mg/saat
dozunda 40 dakikalik bir artim neticesinde, satw@nin On-aritmadan daha
verimli oldugunu gdsteren %47 KiQve %96 renk giderimi derleri elde edilmitir.
H.O, ilavesi ile aritim dgerlerinde olasi bir agh gozlemlemek icin yapilan
calsmalarda ise d#sik H,O, konsantrasyonlari denemgniolup; herhangi bir
degisiklik gozlemlenemengtir. Renk ve KQ gideriminin yani sira, ozon ile aritilgi
tesis atiksuyunda ozonlamanin biyo¢c6zunurlik Gderietkisini dgerlendirebilmek
icin BOIs/KOI deserleri hesaplanngtir ve BOs/KOI oraninin 0.22'den 0.39’a
yukseldgi saptanmytir.

Anahtar kelimeler. Ozonlama, renk giderimi, teksafiksuyu, indigo, hidrojen

peroksit
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CHAPTER 1

INTRODUCTION

“The textiles and clothing sector (or "T/C sectois)a diverse and heterogeneous
industry which covers a wide variety of productsnir hi-tech synthetic yarns to
wool fabrics, cotton bed linen to industrial fikeror nappies to high fashion. This
diversity of end products corresponds to a mulétuof industrial processes,

enterprises or market structures” (EC, 2010).

“Turkey’s textile industry has shown a stable grhovaver the yearsThe textile
sector is the Turkey’s largest manufacturing induand its largest export sector and
a relatively important position in the world. Tugke textile industry remains
important to the economy. Turkey ranks sixth in kb@xports of clothing with 3.5%
of the total global apparel trade, and the secamgekt supplier to the European
Union, after China” (Oztirk, 2005).

“Textile industries consume large amounts of wated their effluents contain a
wide range of contaminants. Environmentally, thesetaminants mean suspended
solids, COD, BOD, as well as high pH and strongcalrhe removal of dye color in
the treatment of textile dyeing and dye manufactuastewaters is one of the main
problems of textile industry” (Turhan and Turgu®038). In addition, there are many
different types of dyes and different dyeing mawotifee processes, making difficult
that only a single treatment process answers gettsfly to the treatment

requirements in all situations (Soares et al., 2006



“For the removal of the recalcitrant organic fraatiof textile wastewater coming
from dye carriers, dyestuffs, surfactants and ss&tgueg agents, conventional
treatment methods are inappropriate and advancemichl oxidation Technologies
such as ozonation or advanced oxidation procegse®g) have to be employed”
(Arslan Alaton, 2006).

Ozonation application began in the early 1990s wliihking water treatment, has

spread worldwide and today grows in the industniaktewater treatment field. In

this area, full-scale plants use ozone treatmemédgcle marina aquaria waters, to
eliminate cyanides in the metal finishing industg/reuse washwaters in electronics
manufacture, to lower color and surfactant conediatns in wastewaters from textile

dyeing plants, to destroy phenols or hydrocarbanseiroleum refinery wastewaters,
to remove COD in landfill leachates and chemicalustry wastewaters (Baig and

Liechti, 2001).

“The use of ozone in textile effluent treatment egms to be a very attractive
alternative with considerable application potent@kzone is a powerful oxidizing
agent (B 2.08 V), when compared with other well-known oxidg agents such as
H,0, (E° 1.78 V), and can react with several classes ofpoamds through direct or
indirect reactions. Ozone is capable of causing tlegradation of dyes.
Chromophore groups, generally organic compoundb wanjugated double bonds
can be broken by ozone (directly or indirectly)oirgmaller forms, decreasing the

color of the effluent” (Oguz and Keskinler, 2006).

The addition of both hydrogen peroxide and ozonevé&stewater accelerates the
decomposition of ozone and enhances productioheohydroxyl radical (Al-Kdasi
et al., 2005). Ozone and hydroxyl radical (OH) spegenerated in aqueous solution
are able to open aromatic rings. “The advantagleatsozone can be applied directly
In its gaseous state and therefore does not irerd@svolume of wastewater and
sludge” (Sundrararjan et al., 2006).

In a TUBITAK financed-project carried out in the j@tment of Environmental

Engineering at METU; a study was undertaken agitsteapplication and evaluation



of Best Available Techniques (BAT) within the coxttef the EU’s IPPC (Integrated

Pollution Prevention and Control) Directive to attke mill in Turkey. The objective

of the project was to develop a “best practice edamfor the textile sector

(TUBITAK, 2008). In the project; for a denim mandfaring textile mill in Kayseri,

Turkey, BAT requirements were determined, severaltelb-water management

alternatives were identified and applied targetaigthe minimization, and where

applicable, reuse of both water and raw materradsitable. In this context; several

alternatives were developed for the treatment aode of overall plant wastewater

and also segregated dyeing wastewater. The aliezsathat can be categorized

under two headings were:

1. Treatment of the overall plant wastewater by,

a.

g.

h.

biological treatment followed by MF and NF,
membrane bioreactor,
ozonation followed by aerobic biological treatment,

ozonation with hydrogen peroxide followed by aecobiological

treatment,

biological treatment followed by ozonation,

Fenton oxidation followed by aerobic biologicalat@ent,
biological treatment followed by Fenton oxidation,

biological treatment followed by Fenton oxidatiordahen MF.

2. Treatment of the dyeing wastewater for water rdayse

a.

b.

coagulation,

membrane filtration,



C. ozonation,
d. Fenton oxidation processes.

In the present study which is a part of the aboeationed investigation; ozonation
and ozonation + O, application alternatives were considered. Thecéffeness of
the ozonation and ozonation +,®} application processes for their potential to
remove of color and COD from wastewater of a textilill including indigo dyeing

process was assessed. The specific research ubgeate to investigate;

1. the use of only ozonation and ozonatiofidkl application as a pre-treatment
method before aerobic oxidation of the overall pkffiuent,

2. the use of ozonation as post-treatment after aetmblogical oxidation of the
overall plant effluent,

3. the use of ozonation in the treatment of segregatiigo dyeing wastewater.

The research for pre-treatment of the overall pkffiuents is carried out in two
parts; of which the first is with the already ekigtoverall plant wastewater and the
second is with the wastewater expected (simulai@stewater) after the application
of a number of cleaner production measures sucthageuse of caustic in the
alkaline finishing process wastewater and the reafsendigo dyeing wastewater
following membrane filtration. During the tests withe overall plant wastewater,
wastewater samples collected from the entrancbeofMastewater treatment facility
of the textile mill were utilized. These wastewatamples corresponded to the
already existing situation of the water and wastewaanagement in the mill. In
running the tests with the wastewater expected, vilastewater samples were
synthetically prepared based on the expected pediaces of the cleaner production
measures using real wastewater samples taken fremmitl. In all the ozonation and
ozonation + HO, application tests; color, COD, B@PpH, conductivity, ozone
utilization ratio and BOBCOD parameters were measured to determine the

treatment efficiency.



The overall motivation for the present study iset@lore the possibility of using
ozonation in the treatment of highly colored wastex from a denim textile
producing plant and, eventually, to evaluate thst blatment technology for this
specific industrial sector. Better water and wastew management is of great
importance to textile industry. The results of tkisidy should contribute to the
evaluation of the best method of treatment of deteixtile wastes and eventual water

reuse.



CHAPTER 2

THEORETICAL BACKGROUND

The textile industry is a major economical sectauad the World. For instance, the
European industry is composed of more than 110sdmmds companies with an
average turn-over of nearly € 200 billion a yeaigking it the world’s leading
exporter of textiles and the third largest expodieclothing. Unfortunately, linked to
great economical benefits given by the textile @etd several countries, severe
environmental problems have been created due ¢tbalige or inadequate disposal of
textile wastes. The most important contaminantsased by the textile industry are
dyes, which enter the environment mainly via disghaof wastewaters (Cervantes,
2009).

Likely sources of textile process wastewater inelwegt processes such as scouring,
dyeing, finishing, printing and coating of textpeoducts. Dyeing processes are one
of the largest sources of wastewater. The primawyce of wastewater from dyeing
operations is spent dyebath and washwater. Firgspincesses generally produce
wastewater containing natural and synthetic polgm€hemical handling and high
pH are the primary pollution concerns associatetth Wie bleaching process (EPA,
2004).

It is broadcasted that more than 60 % of the wdylestuff production is consumed
by textiles industries. Designated as water so|ubleas estimated that 10 — 20 % of
dye was lost during the dyeing process and releaseifluent. “The reagents used
in textile industry are very diverse in chemical mpwsition. The non-
biodegradability of textile wastewater is due tce thigh content of dyestuffs,
surfactants and other additives, which are geneaatianic compounds of complex



structure” (Gharbaret al., 2008). Textile mill effluents are known to havdrermes
of pH (either alkaline or acidic) and temperaturgh BOD, high COD and high
concentrations of suspended solids (SS). Textileefiiuents are also characterized
by high levels of color caused by residual dyes there not fixed to fibers in the
dyeing process. Dye molecules are highly structysetymers that are toxic to
organisms (Sevimli and Kinaci, 2002).

2.1 Textile Wastewaters

There are several different steps in the productibtextiles and these processes
generate highly contaminated liquid streams. Thengty and composition of these
wastewaters depend on many different factors, dwetuthe processed fabric and the
type of process. Type of machinery, chemicals appéind other characteristics of
the processes also determine the amount and camoposf the generated
wastewater. In the textile sector, although proegsbiould be considered separately,
treatment of each process may not be consideradidodlly. Combined selected
streams can lead to a better treatable wastewatsiream could be separated from
the rest to facilitate the recovery of water orroieals, or to prevent dilution of a

compound difficult to remove.

“Some processes in a textile mill hardly generatastewater, such as yarn
manufacture, weaving (some machines use water)semging (just some lightly
polluted cooling water). The amount of wastewatedpced in a process like sizing
is small, but very concentrated. On the other hamaesses like scouring, bleaching
and dyeing generate large amounts of wastewateyingamuch in composition”
(Cervantes, 2009).

Although effluent characteristics differ greatlyeevwithin the same process, some
general values for major processes in a textilé mmilgiven in Table 2.1. Mixed
textile wastewater generally contains high levél€OD and color, and usually has a
high pH (Dos Santost al.,2007).



Table 2. 1.Average and peak valuss some quality parameteirs wastewaters
from main processes

Parameter Desizing Scouring Bleaching Dyeing
COD (mg/L) 3580-5900 3200-40000 250-6000 550-8000
COD peak 11000 90000 13500 40000
BOD (mg/L) 200-5200 300-8000 80-400 11-2000
BOD peak 60000 2800 27000
TS (mg/L) 7600-42000 1100-30000, 900-14000 200-2000
TS peak 65000 14000
SS (mg/L) 400-800 200-20000 35-900 25-200
SS peak 6000 40000 25000
TDS (mg/L) 1600-6900 - 40-5000 -
TDS peak 20000
Lipids (mg/L) 190-750 100-9000 - -
Lipids peak
pH 6-9 7-14 6-13 3.5-12

2.2 Treatment Methods for Textile Wastewater

Common treatment methods for textile wastewaters &iological treatment,
physical treatment and chemical treatment. Thesatrtrent methods and their

efficiencies are reviewed in following sections.

2.2.1 Biological Treatment

Biological treatment can be applied to textile wasiters as aerobic, anaerobic and
combined aerobic-anaerobic. In most cases, activatadge systems (aerobic

treatment) are applied. In all activated sludgetesys, easily biodegradable
compounds are mineralized whereas heavily biode@adcompounds need certain

conditions, such as low food-to-mass-ratios (F/M).{5 kg BOR/kg MLSS.d),



adaptation (which is there if the concerned compsuare discharged very regularly)
and temperature higher than°C5normally the case for textile wastewater) (Laeas
and Baumann, 2004).

Ineffectiveness of aerobic biological treatmentaducing color caused by heavily
biodegradable organics causes aesthetic problemthenreceiving waters and

encourages researchers to investigate alternativgss themselves are generally
resistant to oxidative biodegradation, and a diffic occurs in acclimation the

organisms to this substrate. Acclimation preserpsoflem with textile wastewater

due to constant product changes and batch dyeietatpns (Reife and Freeman,
1996).

“Depending on the dyeing process; many chemicéks inetals, salts, surfactants,
organic processing assistants, sulphide and foehgite may be added to improve
dye adsorption onto the fibers” (Dos Santos, 200gse chemicals are mainly in
toxic nature and decrease the efficiency of biaalitreatment in color removal

regarding textile wastewater.

“The treatment and safe disposal of hazardous argamste material in an
environmentally acceptable manner and at a reaboradst is a topic of great
universal importance. There is little doubt thadlbgical processes will continue to
be employed as a baseline treatment process fdrorgemnic wastewaters, since they
seem to fulfill the above two requirements. Howeusological processes do not
always give satisfactory results, especially agplie the treatment of industrial
wastewaters, because many organic substances pdydhe chemical and related

industries are inhibitory, toxic or resistant tolbgical treatment.

Due to insufficiency of biological treatment in themoval of the dyes from textile
and dyestuff manufacturing, this process requinesinivolvement of other physical,
chemical, and physicochemical operations” (Rai,22@anatet al, 1997). “Physical

and chemical treatment techniques are effectivectdor removal but use more

energy and chemicals than biological processesy @l concentrate the pollution



into solid or liquid side streams requiring addit treatment or disposal” (Shast/
al., 2001).

Therefore, the tendency in recent years is towasisg alternative technologies,
especially advanced oxidation processes for theovaimof color caused by hardly
biodegradable organics (Babanal.,2003 Sevimli and Sarikaya, 2002; Birgil and
Solmaz, 2007).

2.2.2 Physical Treatment

The common physical treatment methods used fortrdb@ment of colored textile
effluents include membrane filtration, ion exchangelsorption with activated
carbon, irradiation and coagulation and flocculai{iboble and Kumar, 2005).

Membrane based separation processes have grabealiyne an alternative method
in the treatment of textile wastewaters. Applicat@f membrane processes allows
reuse of water besides high removal efficiencieBltrafiltration has been
successfully applied for recycling high moleculagight and insoluble dyes (e.g.
indigo, disperse), auxiliary chemicals (polyvinylc@hol) and water. However,
ultrafiltration does not remove low molecular weigind soluble dyes (acid, reactive,
basic, etc.), but efficient color removal has bemhieved by nanofiltration and
reverse osmosis” (Ferst al.,2005).

Related to ion exchange, Mock and Hamodua (1998)rted that an ion exchange
system would decolorize a dilute mixture of a cetbwastewater sample. However,
because the colorant was irreversibly adsorbed th@aesin and regeneration was
not possible this technology does not seem effectihey claimed that, further
testing with ion exchange-macroreticular polymerstegpns might have been
successful but initial cost estimates, requirenfenpff-site resin regeneration, and
secondary waste disposal requirements resultednioval of this technology from
consideration for color destruction. Robinson et(2001) also documented that ion
exchange can not be used for the treatment of dg&ming effluents mainly due to

cost disadvantage and its ineffectiveness in déspdyes.
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“The coagulation and flocculation process is a attiess method used either alone or
combined with biological treatment, in order to wam suspended solids and organic
matter as well as providing high color removalertile industry wastewater” (Meric
et al, 2004).-Many coagulants are widely used in the conventiomaktewater
treatment processes such as aluminum, ferrousaelpsulphate and ferric chloride”
(Anouzla, 2009).

The adsorption is one of the effective methods thedmain adsorbent used in dye
removal is activated carbon. Activated carbon hasnbgenerally used to remove
composite reactive dye from dyeing unit effluentheTmain disadvantage of
activated carbon adsorption method is its highmegaion cost (Demirlga2009).

Moreover, the color of wastewater from today’s néyes is much more difficult to
treat by physical techniques such as adsorptionchathical coagulation to achieve
complete decolorization, especially for highly dm&dyes (Quz and Keskinler,
2008). “On the other hand, methods such as coagufédcculation and activated
carbon adsorption can only transfer the contams&mm one phase to another
leaving the problem of color in dyehouse effluessentially unsolved. Therefore,
much attention has been paid to the developmeniatdr treatment techniques that
lead to complete destruction of the dye molecu{8sImazet al.,2006).

2.2.3 Chemical Treatment

In treatment of textile wastewaters, chemical treait methods are known to be
much more effective than others in breaking dovendtraight, unsaturated bonds in
the dye molecules (Ciardedt al, 2001).

Chemical oxidation typically involves the use of amidizing agent such as
ozone(Q), hydrogen peroxide(#D,), Fenton’s reagent, permanganate (Mneéxc.
to change the chemical composition of a compound group of compounds, e.g.
dyes (Metcalf and Eddy, 2003). Fenton oxidationrafes at acidic pH in the
presence of kD, and excess ferrous ions yielding hydroxyl radicglgch oxidize

organic matter. Fenton’s reagent is effective mugng COD, color and toxicity of
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textile wastewaters, but has the disadvantageirgiifiroblems from water into the
solid phase. Therefore a further removal mechamsmquired for the Fenton sludge
(Meric et al.,2004; Eckenfeldeet al, 1994).

Recently, a growing interest is observed in comthimethods of chemical oxidation
by means of kD, and Q as well as @ and UV radiation, and of the three agents
simultaneously (Perkowslkt al, 1999). “Advanced technologies based on chemical
oxidation seem to be viable options for decontatig a biologically recalcitrant

wastewater. Such oxidation technologies are brocldbsified as follows:

(1) advanced oxidation processes (AOPSs) including wastr remediation
based on ozone, hydrogen peroxide, hydrogen pexti@idous iron
catalyst (the so called Fenton’s reagent), UV iatoin, photocatalysis

and electrochemical oxidation;

(i) wet air oxidation processes (WAQ)” (Mantzavinos &sdlakis, 2004).

2.3 Advanced Oxidation Processes

“Advanced oxidation is one of the potential altéives to decolorize and to reduce
recalcitrant wastewater loads from textile dyeingd &inishing effluents. This

process implies generation and subsequent reastibgdroxyl radicals, which are

the most powerful oxidizing species after fluoridenmong AOPSs, treatment with

ozone (often combined with,B,, UV, or both), an UV/HO, system, or Fenton and
photo-Fenton type processes have proven to yielg geod results either for

complete mineralization of reactive dyes or forthi@nsformation into less complex
structures that are more easily biodegradable” iNeat al.,2004). The goal of any
AOPs design is to generate and use hydroxyl frdeab(OH-) as strong oxidant to
destroy compound that cannot be oxidized by comweal oxidizing agent. In the

Table 2.2, some oxidation potentials of severalngbal oxidizers are given.

Advanced oxidation processes are characterizedrduption of OHe radicals and

selectivity of attack which is a useful attribute &in oxidant (Al-Kdaset al,2004).
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Table 2. 2.0xidizing potential for conventional oxidizing adgen

Oxidizing agent Electrochemical EOP relative to
oxidation potential chlorine
(EOP),V

Fluorine 3.06 2.25
Hydroxyl radical 2.80 2.05
Oxygen(atomic) 242 1.78
Ozone 2.08 1.52
Hydrogen peroxide 1.78 1.30
Hypochlorite 1.49 1.10
Chlorine 1.36 1.00
Chlorine dioxide 1.27 0.93
Oxygen(molecular) 1.23 0.90

Hydroxyl radicals are extraordinarily reactive spsc they attack the most part of
organic molecules easily and also characterized lityle selectivity of attack which

iIs a useful attribute for an oxidant used in wastew treatment and for solving
pollution problems. The versatility of AOPs is aleohanced due to their different
possible ways for hydroxyl radical production tlaliswing a better compliance with

specific treatment requirements.

There are four well-known methods for generatingrbyyl radicals without using
light energy. Two of the methods involve the reactof ozone while the fourth uses
the Fé?ions.

e O; /OH
e O3 / H0O

* O3/ Catalyst
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« Fenton’s Reaction (F&/ H,0,)

There are many different UV light enhanced treatmaocesses available. The

following are the five most common.

O; /UV-C

H,O, / UV-C

O3/ HO, / UV-C

Photocatalytic (TiQ/ UV-A)

Photo Fenton (F&/ H,0, / UV-A)

2.3.1Treatment of Textile Wastewaters with Ozone

It is well known that ozone is a strong oxidan? €2.08 V), and is able to form the
more powerful, nonselectivaidant of the hydroxyl radical & 3.06 V)at high pH
values. “Due to this high oxidation potentiatone can effectively break down the
complex aromatic rings of dyestuffs, resulting in the decalation and
transformation of the dye compounds .Actually, ez@an react with reactive dyes
more effectivelythan with other types, such as disperse, acid anidirsdyes”

(Fanchiang and Tseng, 2008).

Because ozone is an unstable molecule, it shouldydmerated at the point of
application for use in treatment purposes. It isggelly formed by, combining an
oxygen atom with an oxygen molecule. Reaction, mivel.1, is endothermic and

requires a considerable input of energy.
30; = 203 (1.1)

Ozone can be produced several ways, although orteothecorona discharge,

predominates in the ozone generation industry (Rie68). “Corona discharge, also

14



known as silent electrical discharge, consists agspig an oxygen-containing gas
through two electrodes separated by a dielectrit ardischarge gap. Voltage is
applied to the electrodes, causing an electron floaugh across the discharge gap.
These electrons provide the energy to disassothiatexygen molecules, leading to
the formation of ozone” (EPA, 1999).

“Ozone alone and in combination with UV light, dg&d, ultrasound or activated
carbon has been successfully applied to textilestreal effluents. The advantage is
that ozone can be applied directly in its gasedat® ®ind therefore doesn't increase
the volume of wastewater and sludge. Typically,na¢imn doesn’t yield complete
mineralization to C®and HO but leads to formation of partial oxidation protiu

such as organic acids, aldehydes and ketones” (Sajahnet al, 2007).

“Although some treatment processes (adsorptiorgudation etc.) achieve reduction
in COD, substantial amounts of residual color rem&everal different methods
have been developed for treatment of textile effilseThe ozone method is known
to be effective for decomposing organic chemicalstaining carbon—carbon double
bonds, olefinic double bonds, acetylenic triple dmraromatic compounds, phenols,
polycyclic aromatics, heterocyclics, carbon-nitnogelouble bonds, carbon—
hydrogen bonds, silicon-hydrogen and carbon-metatlb. Most of the dyestuffs are
composed of aromatic organic compounds, so the eoxoethod is getting more
attention with the prediction that it could decormpwarious kinds of dyestuffs. It is
reported that ozone is an effective agent for redudhe color of dyestuff
wastewater” (Turhan and Turgut, 2009).

As shown in Figure 2.1, ozone can react by eithebath modes in aqueous

solutions:
» Direct oxidation of compounds by molecular ozong(&Q)),

e Oxidation of compounds by hydroxyl free radicaloduced during the

decomposition of ozone (EPA, 1999).
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Direct Oxidation of Substrate

Indirect Oxidation of Substrate

by Hydroxyl Radical Byproducts
Ozone Decomposition
via *"OH
Radical Consumption by

HCO,, CO,?, etc. » Byproducts

Figure 2. 1Oxidation reactions of compounds during ozonation

“The two oxidation pathways compete for substraee, (compounds to oxidize). The
direct oxidation with agueous ozone is relativdiynws (compared to hydroxyl free
radical oxidation) but the concentration of agueomsne is relatively high. On the
other hand, the hydroxyl radical reaction is fémstt the concentration of hydroxyl
radicals under normal ozonation conditions is neddy small” (EPA, 1999). Hoigné
and Bader (1976) found that:

- Under acidic conditions, the direct oxidationhwholecular ozone is of primary

importance;
and

- Under conditions favoring hydroxyl free radicaboguction, such as high pH,
exposure to UV, or addition of hydrogen peroxide hydroxyl oxidation starts to

dominate.

Thanks to its capacity of color removal, ozone akimh has been studied as textile
wastewater treatment. In fact, elimination of cdlem textile wastewater is of both
immediate and long term interest to textile mantufes, because they either
currently or will in the future have to limit thesgharge of color from their plants.

Furthermore, elimination of color from dyebath watdter dyeing may make the
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water suitable for reuse in the dyeing processnosame other process in the

manufacturing plant.

Many investigations have shown that ozonation wighly effective in breaking
down the straight, unsaturated bonds in the dyeeout#s, causing rapid
decoloration of textile wastewater, but concerni@@®D removal, ozone is
considerably less efficient (Ciardelét al., 2001). “The capability of ozone in
oxidizing various pollutants by direct attack ore tHifferent bonds (€C) bond,
aromatic rings are further enhanced in the presehbgdrogen peroxide due to the
generation of highly reactive OHe radicals. Thesd@ation of hydrogen peroxide
results in the formation of hydroperoxide ion, whiattacks the ozone molecule
resulting in the formation of hydroxyl radicals” ¢@ate and Pandit, 2004).
Application of ozone for color removal and partiakkidation to improve
biodegradability seems to be more promisimgs stated that an increase in the ratio
of BODs/COD after ozonation results from an improved bgrdeability of toxic
substances. “Ozonation reportedly produces compotimat may elicit toxicity or
mutagenicity, but most researchers found less itgxin ozonated wastewater
samples and considerable biodegradability improverparticularly in the case of
textile dyes. Important is to optimize the appliezbne dose (ozonation time) to
achieve a maximum biodegradability of the speqifatlutant that might diminish
with extended ozone exposure and higher COD reashic{{Arslan Alaton, 2003;
Selguk, 2004).

2.3.1.1Effects of Ozonation on COD and Color Removal

“Chemical oxidation with ozone is one of the mositable chemical oxidation
processes for effective color removal from textd&luents, with simultaneous
interaction and breakdown of refractory organic teratesistant to biodegradation,
without leading to sludge production” (Bael et al, 2002). However, the ozonation
has proven to be rather inefficient for the redutin COD, whereas, its application
in one step for color removal and partial oxidationmprove biodegradability seems

to be more promising (Torregrostal., 2008).
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Sarikaya and Sevimli (2002) and Konsowa (2003)edtdhat color removal using
ozonation from textile wastewater is depended dmairdye concentration and also
initial COD. In parallel; Gianluca and Nicola (2Q0dlso stated that COD removal
from a textile wastewater, which has been pre-¢kaivas depended on the initial
COD of the wastewater. In their study, 67% and 30&D removal were realized
when the initial COD was 160 and 203 mg/L, respetyi

Koch et al. (2002) achieved 50% COD removal after 60 min. Wi@5 mg/L ozone
concentration and 40% COD removal after 90 min v@ithozone concentration of
9.1 mg/L, Ciardelli et al. (2001) also conducted a study on pre-treated waste
coming from a fulling and dyeing plant used to dsbrics, hanks, skeins, tops and
flocks of different natural and synthetic fibresdamixture of both. They achieved
67% COD removal and 99% color removal in the efftsewith 40 g/m ozone
concentration when initial COD concentration wa$ hég/L and stated that higher
doses do not give further benefits in terms of wdigcoloration.

In a similar way, D@ruel et al. (2002) tested ozonation efficiency both in termhs o
ozone flow-rate and contact time; a level of aro8@dng/min was determined as the
optimum ozone flow-rate, providing almost completmor removal. Total COD

reduction, however, could not be improved beyon& 38ven for extended contact

times.

Several researchers have reported high color renedfieiencies by ozonation for
different dye types. For example, Kabkldat al.(2002) realized 99% color removal
with 63 mg/min ozone dose within 45 minutes on tigac dyes (Procion);
Sundrarajaret al. (2007) achieved complete color removal after aetion for 40
min at an ozone consumption of 76.5 mg/L. Howew&®D removal efficiency
(22%) was not as high as color removal efficientythe study. In the research of
Solmazet al. (2006), ozonation resulted in 97% color removadl &3% COD

removal, with 20 mg/min ozone dose.

On the other hand, some researchers stated tha¢ @am decolorize all dyes, except

nonsoluble disperse and vat dyes whose reactiotis azone are slower and take
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longer time (Namboodrét al., 1994; Rajeswari, 2000). However, in general case,
treatment with ozone on textile wastewaters givaSsfactory results on color
removal, however, for COD; removal efficiencies am so satisfactorylhe low
COD reduction is attributable to the fact that #teictured polymer dye molecules
are oxidized by ozonation to small molecules, sashacetic acids, aldehyde,
ketones, etc., instead of @@nd water. These small molecules still possess a
considerable amount of COD (Lin and Lin, 1993).

2.3.1.2Effects of Ozonation on Biodegradability

Ozone can be applied either before or after théodical treatment process. As
indicated before, the best results concerning codonoval are achieved if the
wastewater has been previously pretreated in dodeemove other constituents so
that the ozone oxidizing power is “consumed” only ai least at a maximum
proportion in color removal (Ozone Solutions, 201But still, in some cases,
preozonation may be expected to ease biologicatnrent by converting the more
slowly biodegradable COD into simpler compoundswrreducing the amount of
inert organic matter. Post-ozonation, on the ottserd, may have a polishing effect
on the effluent quality (Orhon, 2002).

The BODLJ/COD ratio is usually used to measure the biodediity of the
wastewater. A larger BOEto-COD ratio indicates a higher biodegradabilifytioe
wastewater (Wt al., 2008). The improved biodegradability is associatéth the
partial oxidation of organic matter to give smaberygenated compounds rather than
complete oxidation to carbon dioxide (Beltran, 2004

In the studies of Lackegt al’'s (2006), the initial BORCOD ratio was 0.0083 and
over time increased by an order of magnitude toaximum ratio of 0.126 at 30
minutes. Such results indicate that the wastewabetegradability increased with an
increase in ozonation time. Similarly, Somemsi al. (2010) studied on a raw
wastewater of a textile mill in Brazil showing aM@ODs/COD ratio (0.06), that is,

raw wastewater have a low biodegradability, whichld be attributed to the toxicity
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and/or low solubility of compounds present in tsEmple. After 240 minutes of
ozonation, this ratio reached an acceptable vau&l), which could ensure good

biodegradability.

Wu et al. (2008) also observed an increase on biodegratiahidout 18.7-68.5 times
with different operating parameters. In their sésdchanges in BOQPand COD is
negligible after a certain time.

Sevimli and Kinaci (2002) achieved an improvememt biodegradability by
increasing BORCOD ratio from 0.58 to 0.62 and 0.75 with 30 me®ibf ozonation
at the ozone dose of 12 and 111 mg/L.min, respagtiin a similar case, Liakoet
al. (1997) presented an increase in biodegradahilitiieir studies with Orange II.

The examples above demonstrate that the general trebiodegradability when
ozone treatment was used is an increase in 800D ratio. Therefore, because
ozone can convert biorefractory dyes into biodegjoéal species, it can be used
before any biological treatment (Wu and Wang, 2001)

2.3.1.3 Effects of Ozone Dose on Treatment Efficiency

Efficiency of ozone treatment of textile wastewatepends on operating parameters,
such as the applied ozone dose (W@tual., 2008) and pH Determination of the
required ozone dose in the treatment of efflueategsential for the economical

evaluation of the process (Soaetsl.,2006).

Increase in ozone doses has a positive effecteatntient efficiency with regard to
color and COD removal (Kabgla et al., 2002; Ciardelliet al., 2001; Baig and
Liechti, 2001; Arslan Alaton, 2007; Koyunlglo et al., 2006; Olmezet al., 2003)
However, higher doses do not give further bendiiterms of water discolorization
(Ciardelli and Ranieri, 2000).

Shu and Huang (1995) made a study on acid orangeelth order to observe effect
of ozone dose on treatment efficiency, and thetgdtthat after a certain ozone dose,
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no improvement was observed on treatment efficemncihey realized 99% color
removal in 10 minutes with 6.0, 7.5 and 9.0 34nin ozone doses. Similarly,
Jiangninget al. (2008) presented an equilibrium dose for ozore after that value
no change was observed in removal efficiency webkpect to color parameter.
Therefore, an optimum dose for ozone should bermé@ted in the studies related to
ozone treatment of textile wastewaters. In addijtiois necessary to make another
assessment from viewpoint of the ozone utilizatiatio for the removal of
parameters like color and COD (Sevimli and Sarikag82).

2.3.1.4Effects of pH on Treatment Efficiency

Ozone chemistry is related with pH of the mediuns. described in Section 2.2.1,
under acidic conditions ozone can mainly reactatlyewith organic compounds.
However under alkaline conditions, ozone can maddggompose to OH radicals
(OH), which react with the target pollutant (Wagigal, 2008).

Arslan Alaton (2007) stated that an increase itrea pH has a profound, positive
effect on COD removal rates under ozone-saturagedtion conditions (800 mg
Os/h), particularly when the ozonation pH is 12. Irsimilar case, Somensi al.
(2010) stated that ozonation treatment was moectye at degrading wastewater
dyes under basic pH than acidic pHhe average efficiencies for color removal were
40.6% for pH 3.0 and 67.5% for pH 9.1.

When the pH value changed from 2 to 12, Konsowad320documented 32%
reduction in the dye decolorization time; whereasrhéin and Turgut (2009)
documented this value as 55.71%.

In the study of Soarest al's (2006), ozonation experiments were conducted on
different pH values for two kinds of textile efflois including reactive dyes; one is a
raw textile effluent and the other one is an egomkture of the raw textile
wastewater and biologically pre-treated wastewdter.the raw textile effluent, the
highest decolorisation efficiency is obtained at §Hon the contrary; for the other

effluent, the lowest removal efficiency is achievadthis pH. In another study,
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highest color removal rates were obtained when aldevis 7 and pH value is 12 in
the ozonation studies on Cibacron F reactive dfiestlm the other hand lowest
removal rate was obtained at pH 2 (Arslan Ala&inal., 2002). Pirgaliglu and
Ozbelge (2009) documented that the dye removaldatecases with the increasing
solution pH from 3 to 7, increasing again betweknvpalues of 7 and 10. The reason
for this difference was explained by them as thereBsing ozone concentration at
pH 7, while the contribution of hydroxyl radicalsasvlow with respect to the case at
pH 10. Higher dye removal rate was observed at PHvhere the contribution of

hydroxyl radicals was higher with respect to thattd 7.

On the other hand, in some studies it is statetl tthere is no effect of pH on
treatment efficiency of ozonation. For example, Zoet al. (2010) conducted a
study by using the textile dye Ramazol Black B dy&] observed that the reduction
in the dye concentration was independent of thelrpH value in the range of 3-11.
Similarly, Shu and Chang (2005) presented almosteseemoval rates in acidic,

neutral and basic conditions.

2.3.1.5Effects of Reaction Time on Treatment Efficiency

In the oxidation of dyestuff by ozonation; coloundaCOD removals generally
increase with the ozonation time (reaction time)widver, in the ozonation process,
increase in color and COD removal rates slowdowhensime passes and after a
certain time color and COD values remain constatheir lowest value (Birgul and
Akal Solmaz, 2007; Konsowa, 2003; Wttal.,2008).

Meric et al. (2005) conducted a study on an intense textildemager whose COD is
910 mg/L and color is 1570 Pt-Co, and obtained @0%r removal in 15 minutes. In
this study, color removal was 60% after 5 minu8&$6 after 10 minutes, 85% after

12.5 minutes and 90% after 20 minutes.

Colindreset al. 010) conducted a study on Reactive Black 5 (RB&an industrial
sample without any further purification, and foutigat relatively short ozonation

times, 10 minutes, are sufficient to remove th@icdfter 10 minutes, no significant
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color removal was observed in this study, paratiehe findings from other studies
like the cases stated in the first paragraph. Toexgin the treatment of textile
wastewaters with ozone, the color removal seentsetoapid and not differ at all
considerably after a certain time. Fanchiang anengs(2009) presented a linear
relationship between the ozone feed rate and vanemoval efficiencies. In other
words, with an increase in ozone feed rate thecamstants or removal efficiencies

are increasing linearly.

Although in most of the cases the treatment efficyeincreases with increasing
ozonation time; in some studies, there is a tendéneard an increase in COD with
increasing ozonation time. Souea al. (2010) observed this case in their studies
especially for times of 100 and 105 mirhe increase in COD may be due to dye
molecules being oxidized by ozonation, resulting small organic molecular
fragments, such as acetic acid, aldehydes, ketombgh are not completely
mineralized under the oxidative conditions desdjlmntributing to an increase in

COD with ozonation time.

From the foregoing discussions, it can be conclutlatithe effect of ozonation time
on treatment efficiency with ozone with regard tdoc and COD removal is almost
always positive up to a certain time after whichsignificant removal is observed
(Dogruel et al, 2002; Babaret al, 2003; Chuet al., 2008; (Guz and Keskinler,
2008; Gharbaniet al., 2008; Santanat al., 2009; Turhan and Turgut, 2009).
According to a recent study the reaction order matybe constant throughout the
ozonation process, since it can change with thetvan of the ozone to dye ratio
during the progress of the ozonation process (RedgFan, 2005). Another general
finding from the literature is that the oxidatiohamlor causing organics from textile
effluents is rapid and almost complete color renhdgaachieved within 20-60
minutes, except some exceptional cases( Selculg; 208/uncu et al., 2001; Orhon
et al., 2002).
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2.3.1.6Effects of H,O, Addition on Treatment Efficiency

The combination of ozone and hydrogen peroxideeiseenlly used essentially for
the oxidation of contaminants, which are diffictdt oxidize and therefore requires
large amounts of oxidant, in order to decrease hight of ozone generation
(Alsheyab and Munoz, 2005),0, addition is usually known to increase the rate of
ozone oxidation by allowing an enhancement in thantum yield of formation of
hydroxyl radical (Khadhraowet al.,2009).

In the treatment of the wastewater, whose COD Gr8g/L, of a textile mill located

in Bursa, Turkey, Solmaet al. (2006) achieved 20% of the increase in COD
removal and very little increase in color remowalthe addition of 5 mg/L hydrogen
peroxide to ozone application. In another study,cimibetter performance was
achieved with HO, addition; Perkowsket al. (1999) reported 98.8 % and 100%
color removal in one hour and two hours reactiones, respectively, with the
addition of hydrogen peroxide, on a dyebath incigdicid Blue 62, Direct Yellow

44, Direct Brown 2; whereas color removal rate @88 % with ozonation alone.

On the contrary, in some studies, addition of hgdroperoxide did not provide any
additional benefits on color removal from textildlreffluents. For example, Arslan
and Balciglu (2001) have shown that no degradation was obsemn COD
removal efficiency and decolorization rate comparedzonation alone after the
addition of 60 — 120 mg/L ¥D. to the dyehouse effluent. Similarly, performance of
ozonation was not influenced by the hydrogen pe®xiddition in the study of Ket

al. (2009). Wanget al. (2008) and Swaminathaet al (2005) also presented
ineffectiveness of hydrogen peroxide addition ieithstudies. All tried different
H.O, concentrations between 1.1 — 100 mg/L and in mases @H,0O, process
negatively affected the COD removal efficiency tioe removal of color and COD as

compared to the ozonation process alone.

Moreover, Khadhraoui et al. (2009) concluded thalbicremoval efficiency was
lower in case of kD, and Q combination as compared to ozone alone and tivsrlo

performance was due to the scavenging effect d¢f HigD, dose applied. In a recent

24



study, similar findings have been reportedgu® and Keskinler (2007) stated that
H,0O, used in the gH,O, process negatively affected the removal of CODnfro
synthetic wastewater including Bomaplex Red CR-le.din this study, it was
thought that OHradicals in the @H,O, process transformed dye molecules into
smaller intermediate products, and these internegigoducts caused an increase in
COD values. In addition to these studies, Lopealet(2004)observed that the
discolorization is inhibited by high hydrogen pedex concentrations in their
studies with in which Orange Red and Acid Red 2 Ayes are chosen as a

representative model

From all above discussions, it can be concluded diependent on dye type and
characteristics of the medium, the effect of hyeérogeroxide addition on ozone

treatment can differ as positive or negative; airbgen peroxide may be ineffective.
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CHAPTER 3

EXPERIMENTAL

3.1Experimental Materials

Wastewaters used in the study were obtained fral@nam textile producing mill in
Turkey, which is located in Kayseri. The textilelinwas established in 1953 as a
spinning and weaving factory with 100 % Turkish it@p In 1986, it was
restructured and started to manufacture denim. fHoeory has a manufacture
capacity of 45 million meters fabric per year ampmtes in an area of 156.0086 m
with 1170 employees.

The textile mill is one of the major innovation diess of jeans and sportswear in
Europe. The cotton having high strength and filenegth both from internal and
external sources is used by the company in orderaduce denim fabrics.

Textile production starts with fiber manufacturiegntinues with sizing, dyeing,
weaving and ends up with finishing. Among theseeinly, sizing and finishing are
the wet processes; fiber manufacturing and weaareghe dry processes. The plant
provides its water from wells, softens through phecesses of an ion exchange and a
reverse osmosis, and discharges its treated wasteswato the sewer line that ends
up with a municipal wastewater treatment plavibre than 70% of the total water
extracted, which is 3500-5000 tons/day, is useddf@ing and finishing processes;
and the rest being used for other purposes sudteasn generation, sizing, good
housekeeping etc. (Unlii, 2008).
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As indicated in Introduction Part, ozonation expemnts were conducted on four
types of wastewater from the textile mill: indiggeihg wastewater, wastewater
before cleaner production measures are taken (bydmat wastewater), wastewater

after cleaner production measures are taken amogically treated wastewater.

Mentioned cleaner production measures are cawetavery from alkaline finishing
wastewaters and water reuse after the applicationembrane filtration to indigo
dyeing wastewater in the mill. After these measwaes taken in the mill, it is
expected that there will be reduction in the voluohavastewater from dyeing and

finishing operations.

Moreover, there will be an increase in the strengtlthe wastewater from indigo
dyeing, as the reject stream from membrane fitiratvill be going to the wastewater

treatment plant.

On the other side, caustic recovery from finishivestewaters will yield a finishing

wastewater with a lower caustic content which iaiaghe reject stream from the
membrane filtration of caustic finishing wastewatiéris expected that these reject
streams and the wastewaters from other units witie together to form the overall
wastewater coming to the wastewater treatment pldnis, as stated in Introduction
Part wastewater so called “ before measures” wesntdrom the entrance of the
existing treatment plant of the textile mill, hoveeyin order to prepare wastewater
so called “after measures” for cleaner productisastewater samples coming from
dyeing, finishing and other lines were mixed atosindicated in Table 3.1. Table
3.2 presents the characteristics of the overallteveester before and after cleaner
production measures and also those of indigo dyeiagtewater and also overall

plant wastewater after biological treatment.
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Table 3.1.Wastewater streams forming the overall plant waatembefore and after
the cleaner production measures

Process Before Measures After Measures
Dyeing 35% 24%
Finishing 45% 31%
Other 20% 45%

The characteristic of the wastewaters used inxperanents are given in Table 3.2

Table 3.2Characteristics of wastewaters

Parameter Indigo Overall Wastewater | Biologically
dyeing Plant (after treated
wastewater | Wastewater| measures) | wastewater
(before
measures)

Color, Pt-Co | 4560-6120, 3920-4200  4230-4820 330410

COD, mg 715-942 2680-2840; 3057-3162 743-86%

O,/L
Conductivity, 6.91-7.02 19.75-19.85 13.54-14.01 14.26-14.60
mS/cm

pH 9.06-9.28 12.4-12.6 12.09-12.24 7.08-7.15

Indigo dyeing wastewater samples used throughautsthdy is the mixture of the
most common three dyeing recipes of the textild milone-to-one ratio. Such a
mixture was utilized as the textile plant appliesthreds of different indigo dyeing
recipes. In cooperation with the plant, the dyeiagipes applied in the last three
years and their application intensities were asgsessd the most common three
were determined. Wastewater samples taken on §& dawhich these three recipes
were applied, were brought to the laboratory andeghiin order to prepare the

sample to be used in the tests with indigo dyeiagtewater.
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Biologically treated wastewater was obtained frohe toutlet of bench-scale
biological reactor (10 L) which was fed with whelastewater of the textile mill and
was operated at eight days of hydraulic retentibmetas part of the project
conducted at METU (TUBITAK, 2008). The effluent fnothe reactor was kept at
4 °C and used in ozonation experiments within 2 daysrder to obtain reliable

results.

The values given for all wastewater types in Teh show fluctuations because
characteristics of the recipes may differ due ®dperating conditions of the textile
mill such as flow rate of the rinsing water in dygiprocess, change in the
concentration of auxiliary chemicals in the proesssproduction capacity etc.
Moreover, the wastewater samples were dispatchethdyextile mill at different

times which also cause fluctuation on measurednpeter values.

The wastewater samples used in the study were fatiemthe mill as grab samples
and transferred to the laboratory in ice-boxes.nJral the samples were passed
through a metal filter with 0.8 mm pore size in @rdo remove coarse fiber and

similar large particles. Samples were kept°at 4h 25 L plastic containers.

3.2 Experimental Apparatus

3.2.1 Ozone Generator

WEDECO Modular 4 HC with 4 g/h ozone production &gy was used in the
experiments. The width, depth and height of thenezgenerator, a photograph of
which is given in Figure 3.1, are 600 mm, 210 mrd 800 mm, respectively. All
experiments with the ozone generator were conduntébhit Operations Laboratory

in the Department of Environmental Engineering &TNJ.
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Figure 3. 1.0zone generator

Ozone is produced from pure oxygen, which is geadriom AirSep AS 12 oxygen

generator placed as a part in WEDECO Modular 4 B@he generator. The oxygen
gas to ozonated crosses the ozonizer through thelanthin spaces of the plate
ozone generator. A part of the electric energy s&ay for this ozone generation is
transformed into heat. This heat is removed byaitheooling. Ozone concentrations
can be adjusted by means of potentiometer installedhe panel of the ozone
generator. Fluorinated plastic (PTFE) was usedliooanections from which ozone

gas passes.

In order to set a specific ozone production qugnéihd concentration the
performance curve, which is given in Appendix anpg@ied by the manufacturer, of
the ozone generator is needed. Ozone productiontiuavas calculated from the

following equation.
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Moz = Coz* V gas (3.1)
where;

Mo3 : Ozone dose (g/h)

Cos : Ozone concentration (gfn

Vgas: Gas volume flow (rfih)

The operating pressure in the ozonation experimgats0.5 bar. This value is also
advisable in the Manual of WEDECO Ozone Generatmdiar HC Series.

Although it can be adjusted in the range from 6 tdh60 L/h, experiments were
conducted at constant flow rate (60 L/h) for eliation of effects of gas flow rate on

removal efficiencies.
3.2.2 Reactor

Ozonation experiments were carried out in a batelstor with 6 cm diameter and 78
cm height made of glass (Figure 3.2). The reactw ports for inlet ozone gas
coming from ozone generator, outlet ozone gas antpkng. Ozone gas was given
from the bottom of the reactor through a sintereg@gplate diffuser.

Figure 3. 2.0zone reactor
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Unused ozone was collected from the top of thetoeaand transmitted to gas
washing bottle with 400 mL volume and containing @étassium iodide solution in

order to determine the dose of the output ozonggssing through the reactor.

3.2.3 Measurement Apparatus

Color and COD measurements were done by using HAGRI2000 Model
Spectrophotometer (Model No 45600-02, Cole Parnmstrument Co., USA).
Conductivity and pH measurements were done by meapsrtable Hach Sension

378 pH/conductivity/dissolved oxygen meter.

Color measurements were done at 455 nm wavelewpyttreas, COD measurements
were done at 420 nm for COD values up to 150 mgl.at 620 nm for COD values
up to 1500 mg/L.

3.3 Experimental Methods

All experiments were performed at room temperaf®@@C + 2C) using 1.5 L
wastewater samples. During the experiments for eagtewater type examined in
the scope of the study, samples were withdrawn dxstvwen minutes interval by the
means of sampling port placed at"38m of the reactor from the bottom. The
samples with 25 mL volume were withdrawn periodic&om the reactor in order to
monitor the change in the parameters like COD,r¢c@ld and conductivity.

Gas washing bottle including 2% KI solution wascglé after the reactor in order to
calculate the unused ozone dose in the experimgltsxperiments were conducted
at two times in order to eliminate the possible takss. Experiments with
wastewater before and after measures were congdidear@re-treatment, those with
biologically treated wastewater were consideredpast-treatment. On the other

hand, the studies with indigo dyeing wastewaterevoenducted
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Different ozone doses were applied for the wastersadt different durations. In the
studies with indigo dyeing wastewater; 960 mg/I2aLtg/h, 2100 mg/h, 2580 mg/h
and 3240 mg/h ozone doses were applied during 8tutes. Then, optimum
ozonation time and optimum ozone dose for indigeinly wastewater were
determined. Effect of pH was also studied in thpegxnents with indigo dyeing

wastewater after an optimum ozone dose was detednin

2340 mg/h, 3240 mg/h and 3960 mg/h ozone doses apgieed during 70 minutes
to the overall plant wastewater. Effect of®4 and change in biodegradability were
also studied in the experiments with this wastewdt®0 mg/L, 600 mg/L and 1800
mg/L H,O, concentrations were tried in the study and whicmcentration is

effective was investigated.

Because of the strength of the wastewater (aftemsores), higher ozone doses,
which are 2760 mg/h, 3240 mg/h and 3960 mg/h, vapmied to this wastewater
during 80 minutes. 1500 mg/L,B, concentration was also tried in order to observe
the possible effects of @, addition.

Lower ozone doses compared to other types of wastevstudied were tried in
biologically treated wastewater. 216 mg/h, 420 m@6&0 mg/h and 1320 mg/h
ozone doses were applied during 50 minutes andndigigtion of the optimum

ozone dose were aimed in the scope of the study.

Moreover, in order to see the effect of pH on treait efficiency for indigo dyeing
wastewater, ozonation experiments were conductddfatent pH values, which are
1.6,4, 7,10 and 12.3. These pH values were chasamler to observe the treatment
efficiency changes in acidic, neutral and basic ioted and pH was adjusted by
using sulphuric acid and sodium hydroxide whoseeriies given in the following
chapter. pH of the samples were kept constant guiie experiments by using

phosphate buffers.

The reactor was washed with distilled water aftache experiment in order to

eliminate the possible contamination from the prasiexperiment.
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3.4 Chemicals Used in the Experiments

35 % (w/w) HO, chemical purchased from Merck was used in the raxeats.
H.O, addition was not implemented to indigo dyeing wastter and biologically

treated wastewater.

Sulphuric acid (HSQOy) with 1 N and sodium hydroxide (NaOH) with 0.5 Mswsed
in order to adjust pH of the wastewater to the réesvalue. Effect of pH has been
studied only in the experiments with indigo dyeivgstewater. Phosphate buffers

were used in order to keep pH of the wastewatestaoh during experiments.

In order to calculate the unused ozone dose, potasedide (KI) solutions were
prepared for each set of the experiments. Theisal2 per cent) was hold in 400

mL gas washing bottles. Distilled water was usedHhe preparation of the solutions.

Sodium thiosulfate (N&,03) with 0.2 N, purchased from Merck, was used in the
titration procedure for the determination of unusedne dose. Starch solution and
sulphuric acid were also used during titration stafjthe experiments.

3.5 Analytical Methods

The analytical procedures implemented in the sfodgach parameter are described

below.

Color_Measurements: HACH DR-2000 Model Spectrophotometer (Model No

45600-02, Cole Parmer Instrument Co., USA) was tisethe color measurements
in Pt-Co unit. USEPA approved HACH Method No.802&aswmplemented for the
measurement and the wavelength of 455 nm was sdlesamples were not diluted
if the normal range is expected, and diluted t001:11:20 if darker colors are

expected.

COD_Measurements: Chemical oxygen demand measurements were carted o
according to USEPA-approved HACH'’s reactor digest@OD Method (No. 8000).
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The wavelength 620 nm was used for COD values ¢ggeaq to 1500 mg/l and 420
nm was used for COD values up to 150 mg/| for te@asarements as required by the
HACH Method No0.8000. Samples were diluted in aaiertatio, in order to remain

in the measurement interval of the spectrophotomete

BODs_Measurements: Dilution BOD test method was carried out for th®B

measurements. The Winkler method was used for tissolgded oxygen
measurements (APHA, 1989).

Consumed Ozone Measurements©Ozone dose in the outlet of the reactor was

determined according to the iodometric method. §as washing bottle including
2% KI solution was hold unused ozone during expenits. When ozone gas enters
the bottle iodine appears and yellow color was ofegkin the bottle. This yellow
color solution was titrated with N&O3; and unused ozone dose was calculated. The
formula numbered 3.2 was used in order to calculatssed ozone dose.

Vo XNg o (eqol') x24(g.eqg™)

O, (mg/ min) = (3.2)

t (min)

From the characteristic curves, exact ozone dosesgb the system was calculated
according to Formula, 3.1. The difference betweemrla 3.1 and 3.2 gave us the

consumed ozone dose.

Ozone Utilization Ratio: In order to evaluate whether the ozone dose diwehe

reactor was used efficiently or not, ozone utii@atratios were calculated in the
scope of the study by dividing consumed ozone aunggon to given ozone

concentration to the system.

pH Measurements HACH Sension 378 pH meter was used in the scopbeopH

measurements.

Conductivity Measurements: HACH Sension 378 conductivity meter was used in

the scope of the conductivity measurements.
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CHAPTER 4

RESULTS AND DISCUSSIONS

In this chapter; the results of experiments thatevearried out and discussion of the
results that were obtained are presented. As sita€tapter 3, the experiments were
conducted with four different wastewaters in ortdeevaluate the effect of ozonation

time and ozone dose on mainly color and COD remeffaliency.

In indigo dyeing wastewater, effect of pH and ie thastewaters, before and after
measures were taken in the textile mill, effect O, addition on treatment

efficiency and effect of ozonation on biodegradapivere also studied.

The cleaner production measures to be taken imthare the reusing of wastewater
from dyeing process, and recovery of sodium hyadlex(NaOH, caustic) from
mercerization wastewaters within finishing process explained in previous
chapters. In this study, the main aim of the ozonatexperiments on the
wastewaters, both before and after measures, wésstdhe ozonation method as
pre-treatment, whereas, as post-treatment on hoalhg treated wastewater. On the
other hand, the objective of the studies on indigeing wastewater was the reusing

of dyeing wastewater after ozonation.

In this chapter, the results of the ozonation &si@dire given and discussed for each
wastewater, differently. In the results of the sgdn indigo dyeing wastewater, the
wastewater before measures, the wastewaters ad@sures and biologically treated

wastewater are given in Sections 4.1, 4.2, 4. Mahdrespectively.
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4.1 Ozonation of Indigo Dyeing Wastewater

As indicated in Section 3.1, the wastewater sampésl in this part of the research
was a mixture of wastewater samples belonging eéatihee most commonly indigo
dyeing recipes. The change in color and COD paterm&as mainly investigated in
this set of experiments. Apart from these parametpH and conductivity was

measured in the experiments.

Optimum treatment time and optimum ozone dose wetermined first of all. When
these were determined, in order to determine inclwipH value more effective

treatment is achieved, experiments were done f&rerft pH values.

4.1.1 Ozonation Kinetics of Indigo Dyeing Wastewate

As is known, ozone is a powerful oxidant and the wo$ it in textile effluent
treatment is a very attractive alternative techgpléor other treatment types like
chemical coagulation and biological treatmengy® and Keskinler, 2006). Ozone
attacks double bonds that are often associated edator (Li et al, 2008) and
therefore provides satisfactory discolorizationwéger, ozone is known to be not
very effective in the mineralization of organic stdnces. Ozonation can only
provide partial oxidation of organic substancesdieg to the formation of
compounds such as aldehydes, organic acids andchdeetflLi et al, 2008).
Accordingly, the ozonation of a colored textilela#int has to be assessed not only in

terms of color removal efficiency but also COD remalcefficiency.

In this part of the present study, in order to asdbe effectiveness of ozonation in
the removal of color and COD from indigo dyeing teagter and also to determine
ozone requirement, different ozone doses were egplnd time-dependent variation
in the removal of color and COD were followed. Towone application rates or
ozone doses tested in these experiments were 960 1820 mg/h, 2100 mg/h,

2580 mg/h and 3240 mg/h for a wastewater samplé.®fL having a COD and

colour values given in Table 3.2 in Chapter 3. Atdases; ozonation reaction was
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followed for a period of 80 minutes and the sampigken from the reactor at
predetermined time intervals (10 min) were analyfed their color and COD

content. The ozone utilization ratio and ozone oam#ion per COD removal ratio
were calculated in order to take them into consitien when determining optimum

ozone dose and treatment time.

As explained above, five different doses were agbto indigo dyeing wastewater

during 80 minutes and the timely color removalsspreed in Figure 4.1 were

obtained.
100 —
90 7/0/'
80 | Ozone dos
70 —e— 960 mg/h
‘_g 60 yare — = 1320 mg/h
£ 50 2100 mg/h
; 40 - 2580 mg/h
30 - —x— 3240 mg/h
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é
0 : : : :
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time (min)

Figure 4. 1.Color removal with ozonation in indigo dyeing wasater

As can be seen from Figure 4.1, at all ozone dtested, color removal was quite
rapid during the first 30 min and the initial diarization rate has not considerably
changed with an increase in ozone dose. At the il 0 min; % color removal was
5 % for the ozone application rate of 960 mg/h, amer 60% for the ozone rate of

3240 mg/h. This result was an expected result wé@mpared to other studies
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conducted in recent years with different type aéslyCiardelliet al, 2001; Kabdgli

et al., 2002; Sundrarajan, 2007; Me®¢ al., 2005; Sevimli and Sarikaya, 2002). In
all these studies, higher color removals were tegowith increasing ozone doses.
The same removal ratios with 2580 mg/h and 3240hnuglone doses may be
explained with the solubility of ozone in the samphfter a certain ozone doses,

almost same color removal ratios may be obtained.

Color removal in indigo dyeing wastewater may besidered in three different
phases. Within the first thirty minutes, removateraf color is rapid; whereas,
between 38 and 68' minutes these rate slowdowns and aftel’ ®dinutes no

important change in color removal ratios was obeerv

Color removal ratios between 94 — 98% with varidoses were achieved after 80-
minute treatment time. However, Figure 4.1 shoved for most doses, except 960

mg/h, there is not any improvement in color remaftdr 60-minute treatment time.

In the same manner, after'8Minute of the treatment, no distinct color remowak

observed when ozone dose increases. At this pmnsumed ozone values for each
treatment dose should be taken into consideratorfable 4.1, consumed ozone
amounts are given during 80-minute treatment tifine. values given in the table are

cumulative values.
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Table 4. 1.Consumed ozone amounts in indigo dyeing wastewater

Time Consumed Ozone(mg)

(min) 960 mg/h 1320 mg/h | 2100 mg/hj 2580 mg/h 3240 mg/h
10 156.64 213.28 309.68 356.08 443.04
20 298.40 368.96 500.80 570.08 779.52
30 399.36 477.60 639.60 729.84 1054.08
40 490.72 587.20 785.60 886.24 1345.92
50 562.88 672.32 937.36 1032.56 1629.12
60 624.00 775.20 1081.44 1127.04 1912.80
70 690.88 858.88 1150.64 1216.24 2101.44
80 749.60 935.36 1196.80 1270.40 2285.16

From Table 4.1, it can be seen that consumed oaomint increases with applied
ozone dose, which is an expected result. By coriagleolor removal ratios given in

Figure 4.1, it can be concluded that for ozone sldésgher than 1320 mg/h, 1.5-2.5
times higher ozone doses were consumed when cothfiafe8320 mg/h ozone dose,
although the same removal efficiencies were obthiBesides ozone utilization ratio
at 60" minute is 58.73 % in the experiments with 1320 mogone doses; on the
other hand this ratio is 51.50 %, 43.68 % and 5904 the experiments with ozone
dose 2100 mg/h, 2580 mg/h and 3240 mg/h, respéctive

When both ozone dose and ozone utilization ratiooissidered 1320 mg/h ozone
dose is the optimum ozone dose for 60 minutesniresit time for color removal.

However, in order to be certain whether this dase taeatment time is optimum or
not, results of COD removals in indigo dyeing wastter should be taken into

consideration.

For color removal only, it can be concluded thaghhremoval efficiencies were
obtained in indigo dyeing wastewater and obseratiafter 68 minutes there is no

any remarkable changes in the removal ratios.
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The result of the experiments with regard to COmaeal is given in Figure 4.2.
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Figure 4. 2. COD removal with ozonation in indigo dyeing wasté&va

The main marked point in the figure is that ozamatis less effective in COD
removal when compared to color removal. The maasaa for this result may be
explained by stating that ozonation can not coreplebxidize organic substances
into carbon dioxide, leading to partial oxidatiamgucts, such as aldehydes, organic
acids and ketones (Clati al.,2008). This result is consistent with the othedsds in
the literature (Dgruel et al., 2002; Kochet al., 2002; Babaret al, 2003; Arslan
Alaton, 2007).

Lower COD removal ratios are observed at low ozboses, whereas at high ozone
doses COD removal efficiency increases. The higl@&®D removal ratio was
achieved when the applied ozone dose is 3240 mgfthe same manner, removal
ratios are high when ozone dose is 2580 mg/h. Bleedt removal ratio was
obtained at 960 mg/h ozone dose. On the other hHbhadZOD removal ratios when
ozone dose is 1320 mg/h and 2100 mg/h are in aatgegevel. COD removal ratios

demonstrate that almost the same removal ratiogs wektained at 1320 mg/h and
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2100 mg/h ozone doses. The reason for this conditiay be related with the
different dispatching time of indigo dyeing wastéeva by the textile mill
management. The experiments with 1320 mg/h and 2d§{h ozone doses were
conducted at different times but with the same mlygirocess wastewater. However,
there were small fluctuations in initial COD contations of indigo dyeing
wastewaters, which were dispatched at differenésinas indicated in the Table 3.2

in Chapter 3.

Although high COD removal ratios are observed, eduszone amounts at 3240
mg/h and 2580 mg/h are higher than those at othene doses. At this point,
consumed ozone per removed COD ratio should belesdcl in order to learn how
much ozone consumed (mg) for 1 mg/L COD removalTdble 4.2, this ratio for

five different doses is given.

Table 4. 2Consumed ozone/Removed COD ratio in indigo dyeiagtewater

Time Consumed Ozone/Removed COOMg O/ mg/L COD)

(min) 960 mg/h 1320 mg/h | 2100 mg/hj 2580 mg/h 3240 mg/h
10 221 1.49 231 1.34 1.37
20 2.64 1.47 2.35 1.59 1.89
30 2.58 1.62 2.24 1.60 211
40 2.12 1.62 2.26 1.80 2.37
50 2.16 1.64 2.32 2.00 2.84
60 1.90 1.67 2.46 2.07 3.22
70 2.00 1.69 2.39 2.14 3.53
80 1.97 1.76 241 2.17 3.64

As it can be observed form Table 4.2, at 1320 nug/bne dose less ozone was
consumed in order to remove 1 mg/L COD. In addijtibris known that optimum

ozone dose for the color removal is 1320 mg/h nnutes treatment time.
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When we consider both color and COD removal, antsemed ozone for 1 mg/L
COD removal, it can be concluded for indigo dyewastewater, optimum ozone

dose is 1320 mg/h and optimum treatment time isBlutes.

The numeric values related to COD and color remaatibs in indigo dyeing

wastewater with different ozone doses are giverainle 4.3.

Table 4. 3.% Color and COD removals from indigo dyeing wastewatedifferent
ozone doses

Time Ozone Dose (mg/h)
(min) 960 1320 2100 2580 3240
Color | COD | Color | COD | Color | COD | Color | COD | Color | COD

10 5.56 | 10.36 14.62| 18.72 31.36| 18.74 62.55| 37.07 63.05| 42.28

20 | 30.59| 16.50 46.19| 32.85 61.07| 29.79 85.75| 49.83 85.39| 53.99

30 | 53.74) 22.63 74.79| 38.48 84.34| 39.86 93.92| 63.41 93.86| 65.25

40 | 68.16| 33.87 84.41| 47.51 90.34| 48.53 95.91| 68.43 95.81| 74.35

50 | 80.52| 37.96 91.72| 53.80 93.85| 56.50 96.37| 71.85 96.01| 75.13

60 | 87.89| 47.88 94.66| 60.93 95.37| 61.47 97.26| 75.82 97.26| 77.81

70 | 91.57| 50.51 95.96| 66.69 96.05| 67.27 97.66| 79.23 97.46| 78.01]

80 | 94.08| 55.47 97.11| 69.57 96.75| 69.51 97.88| 81.6Q 97.79| 82.20

The conductivity and pH values were also measunetthe scope of the studies on
indigo dyeing wastewater. Very little changes webserved in the conductivity of
the wastewater. For example; conductivity valuésra&0-minute treatment time are
6.93, 7.01, 7.03, 7.05 and 6.93 in mS/cm for 960hmt320 mg/h, 2100 mg/h, 2580
mg/h and 3240 mg/h ozone doses, respectively. Wiwen consider initial
conductivity values of the wastewater, which isnesn 6.91-7.02 mS/cm, ozonation
did not make any changes on conductivity. This @@mrdis compatible with the past
studies in the literature (Ciardedit al, 2001; Anouzlaet al.,2009)

43



There is a decreasing trend in pH values during edygeriments; however, this
decrease was too low. The pH values, which are d&tw9.06 and 9.28 at the

beginning, dropped to the interval between 8.31&A8.

Experimental results of indigo dyeing wastewateovsh that high color removal
ratios can be obtained by ozonation, whereas time satios cannot be obtained for
COD removal.

Regarding to reuse of indigo dyeing wastewatehéprocess of the textile mill, it is
obvious that only with ozonation it cannot be acht Because, the obtained water
guality is not satisfactory according to the comnsiandards stated by British
Textile Technology Group especially in terms of d@octivity and COD. These
standarts indicates that conductivity value stidad less than 1 ms/cm, COD value
should be less than 80 mg/L, color value shoultebg than 20 Pt-Co and pH values

should be between 6 and 8 for water reusing irptheess (BTTG, 1999).

4.1.2 Effect of Initial pH on Ozonation Kinetics ofIndigo Dyeing Wastewater

Wastewater pH is an important factor influencingatment efficiency in ozonation
studies. In this study, in order to investigate dffects of pH on ozonation of indigo
dyeing wastewater, the experiments were condudtédeadifferent pH values: 1.6,

4, 7, 10 and 12.3 and the kinetics of ozonationewelowed. These experiments
were conducted at 1320 mg/h ozone dose, and tloe aotl COD parameters were

followed during a 60 minutes of reaction time.

The obtained results related to color and COD reaheatios are demonstrated in
Figure 4.3. As expected, wastewater pH influenaath ICOD and color removals
andthe highest color and COD removal ratios werenked when pH value was 4.
On the other side, at basic pH values of 10 an8, 1@wer COD and color removal

efficiencies were achieved. It could also be saemfFigure 4.3 that there is a
difference between the rates of discolorizationtheess pH was increased, although
there is no difference or negligible differencetle rate of COD removal. Initial

discolorization rate, corresponding to first thirtynutes, was slightly faster at low
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pHs. This may be an indicator for a predominanediroxidation pathway over

radical reactions during ozonation.

Like the discussion in Section 4.1.1, color remavachanism with ozone may be
considered in three different phase with diffenatées, such as rapid discolorization
in the first phase, then slower discolorizatiorihe second phase, and no significant

color removal in the third phase.
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As can be seen from Table 4.4, discolorizationeis/vrapid at the acidic pH values
1.6 and 4 and approximately 80 % color removal apgpafter 30 min of ozonation
when pH value is 4. The reason for this case istrposbhably as a result of the
dominancy of direct oxidation with molecular ozoAeslan Alaton et al. (2002) and
Pirgalioglu and Ozbelge (2009) also documented higher remmtas at low pH

values in their studies realized with different sty#fs.

Table 4. 4.Color removals at different pH values

Time ( min) pH

1.6 4 7 10 12.3
10 10.89 20.54 7.23 11.44 16.23
20 43.14 39.89 16.67 20.26 21.05
30 76.25 80.40 59.40 39.87 35.96
40 87.47 91.86 79.82 63.15 60.64
50 91.72 95.51 88.21 75.33 81.69
60 93.36 97.03 92.56 82.60 88.71

If we compare the experimental results obtainednlaking pH adjustment to those
obtained when no pH modifications were made (Sectid..1), we can say that
highest discolorization and COD removal was obthiaé pH = 4. For other pH
values, there is a decrease in removal efficiend¢sunconditioned pH of indigo
dyeing wastewater, color and COD removal efficieacare 94.66 % and 60.93 %,
respectively (Table 4.3). These ratios are 97.08f«olor and 60.21 % for COD
when pH value is 4 (Table 4.4).

No positive changes were noted also in the condtictralues. On the contrary, in
acidic and basic pH values high conductivity wasasueed due to acid and base
addition. Conductivity values were 15.78 when pH.6; 10.55 when pH = 4; 9.61
when pH = 7; 8.47 when pH = 10 and 13.51 when (2 3.
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4.2 Ozonation Experiments on the Wastewater beforgleasures

4.2.1 Color and COD Removal on the Wastewater beferMeasures

As mentioned at the beginning of this chapter,dl@e some measures that are to be
taken in the textile mill, which were also descdhe Section 3.1 , mainly in order to
reuse of indigo dyeing wastewater by filtration aretovery of caustic during
finishing processes. The wastewater before measepessents the wastewater when

Nno measures are taken in the mill.

The ozonation experiments were conducted both éefod after measures are taken
SO as to observe the changes in the treatmene awirall plant wastewater, in terms
of color and COD removal ratio, increasing of lagohdability etc.

The characteristic of the wastewater before measare given in Table 4.5. This
table indicates that it contains high amounts ofDC@nd conductivity, and its

biodegradability is low.

Table 4. 5. Characteristic of the wastewater before measures

Parameter Value
Color, Pt-Co 3920-4200
COD, mg/L 2680-2840
Conductivity, mS/cm 19.75-19.85
pH 12.4-12.6
BODs/COD 0.23

Ozonation process on this wastewater was consideseal pre-treatment technique,
because only with ozonation to decrease high CQfldeto desired levels (400
mg/L according to Water Pollution Control Directjvdoes not seem possible. With
ozonation, decreasing the toxicity of the wastewatnd increasing the

biodegradability of it is aimed. For this reaso®QB/COD ratio was also taken into
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consideration during the experiments, in additian €OD, color, pH and
conductivity.

In the experiments with indigo dyeing wastewatieeré were no obvious changes in
color and COD removal ratios after 60th minuteshi wastewater before measures
are taken, COD and color removal ratio’s curvesehsacome fixed after ¥0minute

of the treatment. In other words, after 70-minugatment time, major percentage of
the applied ozone dose to the reactor exits frarsiistem without being used by the
system, and this causes the decreasing of the agzation ratio. Thus, ozonation

experiments were conducted to the wastewater befugasures during seventy

minutes.

Three different ozone doses were applied in theesod the experiments, which are
2340 mg/h, 3240 mg/h and 3960 mg/h. The graph dstraimg color removal ratios

from the wastewater before measures at differenoh@zdoses applied is given in
Figure 4.4.
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Figure 4. 4. Color removal ratios in the wastewater before messsu
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It can be observed from Figure 4.4 that the lowesihe dose tested, i.e. 2340 mg/h,
Is not sufficient for the wastewater, because afteatment with this dose, the
effluent still contains noticeable amounts of colwhich may not be treated
biologically. An effluent whose color is approxirat 1000 Pt-Co appears with
2340 mg/h ozone dose after the experiments. Mored and Wang (2001)
reported that subsequent biological treatmentdh@®st no effect on the color of
textile effluents. At this ozone dose, color remoaehieved is about 75 % after 70

min of ozone application.

Although the other two doses give almost same aack matisfactory results than
2340 mg/h ozone dose in color removal, we shouktkchheir efficiency in COD
removal and increasing in biodegradability.

Figure 4.5 shows COD removal ratios in the wastema¢fore measures with three

different ozone doses.
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Figure 4. 5. COD removal from the wastewater before measurdsgfatent ozone
doses

50



Like the case in color removal, the COD removaicefhcy is also too low when
2340 mg/H ozone doses are applied. 3960 mg/h odoses give the best result with
respect to COD removal among other doses. In Tablenumeric values regarding

to removal ratios are given.

Table 4. 6.COD and Color removals from the wastewater befoeasures

Ozone Dose (mg/h) Color Removal (%) COD Removal (%)
2340 75.64 33.66
3240 85.94 46.43
3960 87.40 54.19

At higher ozone doses, higher COD and color remava$ obtained, as it was
expected. However, cost of ozone, accordingly coresliozone amount, should be
taken into consideration before determination & dptimum dose. In Figure 4.6,
consumed ozone amounts for each ozone doses aa. ghithough high COD
removal ratios are obtained at the highest ozose,dapplied and consumed ozone is
the highest at that dose, which is a drawback vdoesider cost effectiveness of the

system.

Consumed ozone per removed COD ratios for the dstseed in the wastewater
before measures are 2.75 mg ozone/ mg COD for 888 ozone dose; 2.31 mg
ozone/ mg COD for 3240 mg/h ozone dose and 2.2&zonge/ mg COD for 3960
mg/h ozone dose, respectively.
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4.2.2 Change in Biodegradability in the Wastewatebefore Measures

While we consider ozonation as pre-treatment i tiastewater, we should check
whether ozonation ensure sufficient chemical chamgédiorefractory compounds to
enhance the wastewater biodegradability or not.n®@zoeatments may cause high
costs when performed to achieve important oxidagietds of organic pollutants. To
provide considerable cost advantage, ozonation tben be applied prior to a
possible biological treatment (Baig and Liechti02 From the point of view of
wastewater treatment, it is very important that mezocan increase the
biodegradability of wastewater, i.e. increase the ratio BOIDD before the

activated sludge process (Munter, 1999).

The changes in the biodegradability with respedlifferent ozone doses are given in

Figure 4.7. As it can be seen from this figure, hwibzonation noticeable
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improvements are obtained at higher ozone dosesefdre, usage of ozonation as
pre-treatment technique in the wastewater beforasmres are taken is favorable at

3960 mg/h ozone dose.
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Figure 4. 7.Change in the BOECOD ratio of the wastewater before measures at
various ozone doses

By considering color removal ratios, COD removaliog® and improvement in
biodegradability, it can be concluded that if ouimary objective were only color
removal, 3240 mg/h would be preferable; however objective is not only
removing of color, but also increasing the bioddghality of the wastewater.

Therefore, 3960 mg/h ozone dose seems optimum fdodbe wastewater before

measures.

Conductivity values during the ozonation experimehave dropped a little as
expected. After 70 minutes, conductivity is 14.97 2340 mg/h ozone dose; 13.59
for 3240 mg/h ozone dose and 12.92 for 3960 mgdm@ziose.
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4.2.3 Addition of Hydrogen Peroxide

Although operation of ozonation process is easypjiteration cost is very expensive
(Dogruel et al,2002, Torregrasat al., 2009). For this reason, by using hydrogen
peroxide, consumption of less ozone was aimedéarstiope of the study. Therefore,
with three different hydrogen peroxide doses, 1&3Ln600 mg/L and 1800 mg/L,

ozonation experiments were done at 2340 mg/h odose. The main purpose was
to obtain same treatment efficiency at lower ozooges by the addition of hydrogen

peroxide. The curves related to color and COD reahake given in Figure 4.8.
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The removal curves show us addition of hydrogermoxide did not make positive
effect on treatment efficiency, on the contrarydiadn of more hydrogen peroxide
affected color and COD removals in a negative manrtas result is consistent with
the studies of Khadhraoet al. (2009), Guz and Keskinler (2007) and Lopetal.
(2004). GGuz and Keskinler (2007) stated thatQd used in the gH,O, process
negatively affected the removal of COD from the teamter. Khadhraoui et al.
(2009) strengthened this idea by indicating thabrcoemoval efficiency was lower
in case of HO, and Q combination as compared to ozone alone and therlo
performance was due to the scavenging effect df HigD, dose applied. In addition
to these studies, in the past Lopez et al. (2004grved that the discolorization is

inhibited by high hydrogen peroxide concentrationtheir studies.

As the main objective is to use ozonation as at@a&tment technique, improvement
in BODs/COD ratios was also evaluated in the experimenth the addition of
hydrogen peroxide. The calculated BEDTOD ratios for the kD, concentrations
tested are given in Table 4.7.

Table 4. 7.Changes in BOPCOD ratio in the wastewater before

measures(grH,0,)
H,0O, Concentration, mg/L BODs/COD Ratio
0 0.23
180 0.25
600 0.27
1800 0.27

As it can be seen from Table 4.7, addition of hgeéro peroxide does not also give
satisfactory result in the improvement of biodegtatity. The BOR/COD ratio has
increased from its earlier value of 0.23 in theeakpents without using hydrogen

peroxide, to 0.25-0.27 when,@&; is used with 2340 mg/h ozone dose.
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In addition to biodegradability, by the addition dfydrogen peroxide no
improvement was observed in conductivity valuethefwastewater before measures
with respect to the case in which hydrogen peroxi@des not used. Conductivity
value was 14.97 in the effluent wastewater whey ombnation was applied at 2340
mg/h ozone dose. With the use of hydrogen perottideconductivity values were
measured as 14.51, 14.02 and 14.69 at 180 mg/L, 6@ and 1800 mg/L

concentrations, respectively.

4.3 Ozonation Experiments on the Wastewater after asures

In the textile mill, as stated in Section 3.1, sameasures are planned to be taken in
order to reuse of indigo dyeing wastewater and t@auscovery from finishing
process. After these measures are taken, flowdiatebution from each process in
the textile mill would become different; therefoharacteristic of the wastewater
will change. Within the scope of this study, theestion of how ozonation treatment
would be affected when measures are taken in thet plas also answered by
running ozonation experiment with the simulated teraater, so called “wastewater
after measures”. The characteristic of the wastewaged in this set of experiments

were measured in the scope of the study and we& ga Table 4.8.

Table 4. 8. Characteristic of the wastewater after measures

Parameter Value
Color, Pt-Co 4230 - 4820
COD, mg/L 3057-3162
Conductivity, mS/cm 13.54-14.01
pH 12.09-12.24
BODs/COD 0.40

When compared to the wastewater before measures taken, this wastewater is
stronger with respect to color and COD paramet€hss situation arises due to

producing of more intense wastewater after measares taken in the plant.
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Membrane filtration to be applied to indigo dyeivgstewaters provides water reuse
but also it results in a reject or concentrateasireOn the other hand, calculated
BODs/COD value increases when measures are taken plahtg this condition may

be explained with non-existence of caustic in tastewater, in other words, there is

no toxic effects of caustic soda in this wastewater

Ozonation in this wastewater is considered as drpegment technique like the case
in the wastewater before measures. Therefore, elsamgBOR/COD ratio were

followed in the study, beside color and COD remaatibs, conductivity and pH.

4.3.1 Color and COD Removal on the Wastewater aftdvieasures

Three different ozone doses were applied to theemager after measures: 2760
mg/h, 3240 mg/h and 3960 mg/h. After 80th minutesimprovement was observed
in color removal and COD removal ratios. This meamglying of more ozone to the
system does not affect the effluent wastewatentyual other words, dye molecules
in the wastewater are only oxidized to their ddnxes and after that point ozone

treatment does not give satisfactory results.

The curves demonstrating the color and COD rem@tads are given in Figure 4.9.

The figure shows that the removal ratios are nohigh as those obtained in the
wastewater before measures. This condition strethgthdea that after measures are
taken in the plant, more strength wastewater vélpboduced and its treatment with

ozone will be difficult and not be efficient.
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Figure 4. 9 (a) Color and (b) COD removal ratios in the wastier after measures
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Figure 4.9 also shows that almost same removaliefities were observed at ozone
doses 3240 mg/h and 3960 mg/h. 2760 mg/h ozone didseot give satisfactory
results especially in COD removal. Color removdiosachange between 85-88 %
and COD removal ratios are around 31-32 % in thtenatzon experiments with the

wastewater after measures.

Consumed ozone per removed COD ratios for the dstseed in the wastewater
after measures are 4.46 mg ozone/ mg COD for 276 mzone dose; 4.00 mg
ozone/ mg COD for 3240 mg/h ozone dose and 4.7®zoge/ mg COD for 3960

mg/h ozone dose, respectively.

Lower removal ratios in this wastewater may creatdiscussion about ozonation.
When both color and COD values are high in a waatemstream, its treatability
with ozone does not seem effective due to high wmpsion of ozone and long

treatment durations. These two increases the ¢agtavation in ozonation.

4.3.2 Change in Biodegradability in the Wastewateafter Measures

As is known, ozonation is a common treatment teldgyofor color containing
wastewater to decrease color and COD, and increéhse biodegradability
(BODs/COD) (Lackey et al, 2006). In the wastewater after measures,
biodegradability is 0.4 and is not as low as thathe wastewater before measures.
Decreasing of the toxic effect of the plant wastewaafter cleaner production
measures, reusing of indigo dyeing wastewater awbwvery of caustic from
finishing process, may be the reason for an iner@a80OD;/COD ratio. This ratio
has been counted as a threshold value for biodalgiag in some studies and values
less than 0.4 suggest that the wastewater is wliffior biodegradation ( Gilbert,
1988; Kuo, 1999; Mehrvar et al., 2005; de Moraid Zamora, 2005).

Obtained results in biodegradability after applmatof three different ozone doses

to the wastewater after measures are given in ae™.9.
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Table 4. 9.BODs/COD ratio in the wastewater after measures

Dose, mg/h BOLR/COD Ratio
0 0.40
2760 0.43
3240 0.42
3960 0.47

The table depicts us that ozonation in the wasewafter measures do not give
further improvement in biodegradability except fagher doses when compared to
the wastewater before measures. This result isptadale by considering the initial
BODs/COD ratio of the wastewater, which is 0.4 and staya biodegradable range.

Therefore, by considering small COD removal ratiasd little increase in
biodegradability, we may state that ozonation & Wastewater after measures can
be used for color removal purposes in spite ofiniial objective that is pre-

treatment.

4.3.3 Addition of Hydrogen Peroxide

Like the case in the wastewater before measuresysinyg hydrogen peroxide,
consumption of less ozone was aimed in the scopé¢h@®fstudy. Addition of

hydrogen peroxide did not give satisfactory resuftsthe wastewater before
measures, therefore, in the experiments with wastawafter measures, hydrogen
peroxide with high concentration was added anceffieacy was observed in the

study.

Ozonation experiments after addition of 1500 mgAdrbgen peroxide were
conducted at 2760 mg/h during 80 minutes. Figul® 4lemonstrates the changes
regarding the color removal ratios when hydrogemoxide is added to the

wastewater.

61



90

80
70 A
60

50 A
40 A
30
20 A /
10 4

O T T T T T T T T
0 10 20 30 40 50 60 70 80 90

Color Removal %

time (min)

‘ —e— Ozone —a— Ozone + 1500 mg/L H202 ‘
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Figure 4.10 depicts inefficiency of the addition bfdrogen peroxide to the
wastewater after measures. Moreover, we can sawitifarespect to color removal

the ozonation process is a little frustrated bytty@rogen peroxide.

The COD removal ratios when hydrogen peroxide elusre depicted in the Figure
4.11, below. With respect to color removal, thexeivery minor increase in COD

removal ratios by the addition of hydrogen peroxide
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If we consider biodegradability of the wastewatidre BOD/COD ratio has not
increased. Only with ozone the ratio was 0.43, &itd ozone plus kD, the ratio
was 0.42.

The cases regarding to conductivity and pH is nfferént from the case in
biodegradability. Addition of hydrogen peroxide didt give further improvements

especially in conductivity amounts.

4.4 0zonation Experiments on Biologically Treated Wasteater

In this part of the study ozonation process is mied as a post-treatment
technique, and ozone was applied to the biologidadlated wastewater in different
doses. With ozonation removal of color and COD,chtwas reduced a certain value
in biological treatment, in high efficiency was timain objective of the studies. Post-

treatment with ozonatiomay have a polishing effect on effluentality; therefore, it
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is important to set the basis for the selectobrthe appropriate location for ozone
application (Yasaet al.,2007).

The characteristics of the wastewater used in tegperiments are given in Table
4.10.

Table 4. 10.Characteristics of biologically treated wastewater

Parameter Value
Color, Pt-Co 3300-4100
COD, mg/L 743-865
Conductivity, mS/cm 14.26-14.6
pH 7.08-7.15

Table 4.10 depicts that the COD values of the lertill has been dropped up to 743
mg/L levels by biological treatment. However, th@oc values did not differ too
much, this may be due to the nature of color cgusompounds which are totally
dissolved and resistant to biodegradation (Koywtlal.,2001).

In the scope of the study, four different ozoneesdosere applied to the biologically
treated wastewater and observed results regardingplbr and COD removal is

given in Figure 4.12.
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Curves demonstrated in Fig 4.12 reflecting colonaeal ratios in color and COD
reveal that ozonation gives satisfactory resuthm biologically treated wastewater.
Regarding to COD treatment, the removal ratios betw44 -56 %; and regarding to

color treatment, 93 -98 % removal ratios weramied in the study.

With respect to other wastewaters studied in tlopesof the thesis, in a very short
time high color removal ratios were observed. Tiexistence of high COD content
and utilization of ozone molecules by the colorsiag substances mainly may be an

explanation of this situation.

As it is understood from the Figure 4.12.(a), shmmeolor removal ratios, on 20

minutes nearly 90 % color removal was obtained3201mg/h ozone dose. In the
experiments with lower ozone doses, also such ditton prevails, but as not sharp
as the case at 1320 mg/h. At 420 mg/h and 960 prghe doses almost same color

removal ratios have been observed.

From the Figure 4.12 (b), it can be extracted #i& mg/h ozone dose gives lowest
removal ratios compared other ozone doses tri¢derstudy. Like the case in color
removal, 420 mg/h and 960 mg/h ozone doses yialdstl same efficiencies in COD

removal.

When we consider both COD and color removal ratmoshe biologically treated

wastewater, there is no substantial changes in cimwes after 40 minutes.
Additionally, the consumed ozone amounts were nredsas 135 mg, 150 mg, 516
mg and 544 mg for the ozone doses 216 mg/h, 420,80 mg/h and 1320 mg/h,

respectively.

Corresponding consumed ozone per removed COD ffatidke doses studied in the
biologically treated wastewater are 0.41 mg ozaeng/COD for 216 mg/h ozone
dose; 0.36 mg ozone/ mg COD for 420 mg/h ozone;dodé mg ozone/ mg COD
for 960 mg/h ozone dose and 1.13 mg ozone/ mg G320 mg/h ozone dose,

respectively.
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By considering above discussion, we can say thatmomp ozone dose for the
biologically treated wastewater is 420 mg/h andinopin treatment time is 40

minutes.

The conductivity and pH values of this wastewater ribt differ too much like the
case in other three wastewater types investigat#us study. pH value was between
7.08-7.15 at initial case, and between 6.78-6.96ér dhe experiments were made.
Similarly, conductivity values were measured betwdel.40-14.58, which were
between 14.26-14.60 initially.

The overall results demonstrate that the usagezohation as a post-treatment
procedure provides good results in a shorter treatmime and at lower ozone doses
when compared to the results of the ozonation éxgets conducted on the

wastewater before and after measures as a preageaprocedure. In the literature,

post-treatment with ozonation also has given be#sults in some studies (Assalin
et al., 2009; Blonskaja and Zub, 2009; Aben andKski, 2006).
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CHAPTER 5

CONCLUSIONS

The main objective of ozone treatment in textiletseis the removal of color almost
completely and reducing the COD values to an aabéptevel for further treatment
steps or obeying the discharge limits determinedhgyrelated directives. In this
study, four types of wastewater (indigo dyeing wesiter, wastewater before
measures were taken, wastewater after measures taler, biologically treated
wastewater) from a denim producing textile mill revestudied and removal
efficiencies with respect to color and COD wereestigated mainly. Optimum
ozone dose and optimum ozonation time have alsp determined for all types of
wastewater. The study demonstrated that, in adzaSOD and color can be rapidly
removed from indigo dyeing wastewater using ozamasind the removal efficiency
and rate are not affected by the addition @D For all types of wastewaters,
satisfactory color removal ratios have been obthiat around 86 % to 96 %.
Whereas, COD removal ratios were not as high a® ceioval ratios and remain at
around 31% to 62% when optimum cases are consid@adr removal ratio was
the highest in the biologically treated wastewaitst the least in the wastewater after

measures were taken.

Regarding the COD removal, most satisfactory resulere observed in indigo
dyeing wastewater as 80%, approximately. Experimevith biologically treated
wastewater also yielded respectable COD removiaistatiowever, removal ratios in
the wastewaters both before and after measuren takbe mill was not in desired

level in COD removal ratios on the contrary to calemoval ratios.

68



By considering only color and COD removals, it cée concluded that
implementation of ozonation as post-treatment oldgically treatment wastewater
seems the most effective method in the textile .nWhen ozonation has been
considered as pre-treatment, like the case in thetewaters before and after
measures taken, especially COD parameters obtaméte effluent was not low.
Therefore, application of ozonation after biologiteatment seems more effective

in the wastewaters of the textile mill.

As explained in previous chapters, some measures planned to be taken in the
textile mill as caustic recovery in finishing preseand water reuse after dyeing
process in the mill. The characteristics of the texaater of the textile mill after
measures are taken had changed and a much strwagewater was obtained with
respect to the wastewater when no measures extst imill. This condition effected
the treatment of wastewater with ozonation anchexéxperiments with wastewater
after measures the lowest removal ratios were ddaiFrom this point it can be
concluded that ozonation is not an efficient metfmdwastewater after measures
because of high ozone consumption and waiting lotigees for achieving good

color removal ratios.

BODs/COD ratio is an important indicator demonstrating biodegradability of the
wastewater. In this study, for the wastewaters whosatment was considered as
post-treatment, improvements in the BLOOD ratio was also investigated and the
question whether the ozonation would be effectorefdirther biological treatment or
not was answered. The results of the experimerdwesth that an increase in this
ratio was obtained only in wastewater before messsurhe initial BOB/COD ratio,
which is 0.23, was increased up to 0.39 in the yst@n the other hand, no
considerable improvement was observed in the wadeswafter measures.
BODs/COD ratio was increased from 0.40 to 0.47 for weestewater after cleaner

production measures have been taken in the mill.

In this study, effects of hydrogen peroxide additizvere investigated in the
wastewaters before and after measures and no ienpev was observed in both

wastewaters. Moreover, at some doses f&d.Hower removal ratios were seen with
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respect to the treatment only with ozonation. Tloges it is obvious that addition of
H,0, is not an effective method for the wastewaterdeftextile mill.

For indigo dyeing wastewater, effects of pH on tremt efficiency were also
investigated in the scope of this study. Optimurtorcoemoval and COD removal
ratios were obtained when pH is 4, and lowest reah@tios were obtained when pH
is 10. Therefore, it can be said that in acidicdibons treatment with ozonation

gives better results in indigo dyeing wastewater.

Conductivity values were measured in the experimenth all types of wastewater
and no drastic changes were observed. The condyatalue is important in indigo

dyeing wastewater because it is one of the indiegtarameter in the determination
of reusing of wastewater in the process. The resslibow that reusing of indigo

dyeing wastewater does not seem possible onlyezitimation (BTTG, 1999).

Ozonation time and applied ozone dose are impodjp@tation parameters in ozone
treatment. In this study, optimum treatment times wlatermined as 60 minutes for
indigo dyeing wastewater; 40 minutes for biolodicatreated wastewater; 70

minutes for the wastewater before measures andi®tes for the wastewater after
measures. This shows that when the strength ofvdstewater increases treatment

time also increases, like the case in ozone dose.

Optimum applied ozone doses were found as 1320 mngthe experiments with
indigo dyeing wastewater during 60 minutes; 420 hmfgr biologically treated

wastewater during 40 minutes; 3960 mg/h for thetewasters before and after
measures, during 70 minutes and 80 minutes, ragpbct3240 mg/h ozone dose
may be chosen for the wastewater before measuresewvbr only color removal

from the wastewater is the concern.

In conclusion, with the optimum ozone doses andraph ozonation time for each
wastewater, 95% color removal and 61% COD remowaewobtained for indigo
dyeing wastewater; 86% color removal and 46% COforal were obtained for

overall textile wastewater (before measures); 8@#rcremoval and 31% COD
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removal were obtained for indigo dyeing wastewated 96% color removal and
47% COD removal were obtained for biologically teshwastewater.
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CHAPTER 6

RECOMMENDATIONS

In this study, ozonation has been investigatedhereffectiveness in COD and color
removal, increase in biodegradability and resulth&f experiments has shown that
except from biologically treated wastewater longrtion times are required past in
order to reach expected values in the wastewaldrsrefore, implementation of

ozonation method as post-treatment after biologiegtment should be favored in
textile mills using indigo dyes.

Measures taken in the textile mill created a waatewwhich can be treated more
difficultly. Therefore, an analysis explaining whet taking of some measures is a
logical decision or not should be done. This analgbould include cost effects of
planned measures in the mill and treatment of wasty after measures and

comparison of these costs.

In the study, both optimum ozonation time and ozdoge have been determined at
high levels for the wastewaters containing high C&1id color content. Therefore,
detailed cost estimation for the wastewaters stlhehe thesis should be conducted
in the future, and a comparison of this cost sholkd done with alternative
technologies, such as coagulation, Fenton oxidatr@mbrane filtration etc., for the

removal of color and COD.

72



REFERENCES

Aben H., Kurnitski V., (2006). Chemistry- Proceaghnof the Estonian Academy of
Sciences, EBSCO Publishing, Tallinn, Estonia.

Akal Solmaz S.K, Birgil A., Ustiin G.E., Yonar T2006). Color and COD removal
from textile effluent by coagulation and advanceadation processes;oloration
Technology 122102-1009.

Akmehmet Balciglu 1., Arslan Alaton 1., (2001). Partial oxidatioof reactive
dyestuffs and synthetic textile dye-bath by the @@ O3/HO, processesWater
Science Technology; 43(221-228.

Alternative Disinfectants and OxidanEPA Guidance Manual,999.

APHA, Standard Methods for the Examination of Water andsté@ivater 20"
Edition. American Public Health Association, AmarncWater Work Association,
Water Environment Federation, Washington, D.C. 9198

Arslan Alatoni., (2007). Degradation of a commercial textiledie with advanced
oxidation processes and ozodeurnal of Environmental Management, 825-154.

Arslan Alatoni., (2003). The effect of pre-ozonation on the biopatibility of
reactive dye hydrolysate€hemosphere, 5B825-833.

Arslan Alatoni., Eremektar G., Germirli-Babuna fnsel G., Selguk H., Ozerkan B.,
Teksoy S., (2005). Advanced oxidation of commertgatile biocides in aqueous
solution: effects on acute toxicity and biomassibiiton, Water Science &
Technology 52309-316.

73



Anouzla A., Abrouki Y., Souabi S., Safi M., Rhbal,H2009). Color and COD
removal of disperse dye solution by a novel coagulApplication of statistical
design for the optimization and regression analygiarnal of Hazardous Materials
166, 1302-1306.

Assalin M.R., dos Santos A.E., Duran N., (2009)mBmed System of Activated
Sludge and Ozonation for the Treatment of KrafE&#luent, International Journal
Environmental Research and Public Healtt45-1154.

Baban A., Yediler A., Lienert D., Kemerdere N., ep A., (2003), Ozonation of
high strength segregated effluents from a wooléxtile dyeing and finishing plant,
Dyes and Pigments 583-98.

Baig S., Liechti P., (2001). Ozone treatment faréiractory COD removalVater
Science and Technology Vol 43 Nat27-204.

Banati.M., Nigam P., Singh D., Marchant R, (1997Microbial decolorization of
textile-dyecontaining effluents: A revieBipresource Technology 5817-227.

Beltran J.F.,0zone Reaction Kinetics for Water and Wastewateste8ys Lewis
Publishers, Florida, United States of America, 2004

Birgul A., Solmaz S.K.A., (2007). Investigation @OD and color Removal in textile
industry by using advanced oxidation and chemieaitinent Ekoloji 62 72-80.

Blonskaja V., Zub S., (2009). Possible ways fortjasatment of biologically treated
wastewater from yeast factoryjJournal Of Environmental Engineering and
Landscape Management, 17 (489-197.

BTTG, British Textile Technology Grougeport 5: Waste Minimization and Best
Practice 1999.

74



Cervantes J. F.Environmental Technologies to Treat Nitrogen Padot IWA
Publishing, 2009.

Chu L-B., Xing X-H., Yu A-F., Sun X-L., Jurcik B(2008). Enhanced treatment of
practical textile wastewater by microbubble ozamati Process Safety and
Environment Protection 8@89-393.

Ciardelli G., Capanelli G., Bottino A., (2001). Owo treatment of textile
wastewaters for reus®&yater Science and Technology Vol 44 No 5 pp 61NMBA
Publishing.

De Morais J.L, Zamora P.P., (2005). Use of advanceilation processes to
improve the biodegradability of mature landfill &stes,Journal of Hazardous
Materials B123,181-186.

Demirbg, A., (2009). Agricultural based activated carbémsthe removal of dyes
from aqueous solutions: A reviedgurnal of Hazardous Materials 161-9.

Doble M., Kumar A.,Biotreatment of Industrial Effluent€lsevier Inc., Oxford,
United Kingdom, 2005.

Dogruel S., Germirli Babuna F., Kabdal., Guclu I., Orhon D., (2002). Effect of
stream segregation on ozonation for the removalgfificant COD fractions from
textile wastewaterJournal of Chemical Technology and Biotechnology6¢84.

Dos Santos A.B., Cervantes F.J., Van Lier J.B.0{20Review paper on current
technologies for decolorisation of textile wasteavat Perspectives for anaerobic
biotechnologyBioresource Technology 98369—-2385.

European Commission, http://ec.europa.eu/entefiidde/index_en.htm, last
visited date: 27/03/2010.

75



Eckenfelder W.W., Rowers A.R., John A.RChemical Oxidation Technomic
Publishing Company Inc., Basel, Switzerland, 1994.

EPA, Technical Support Document for the 2004 Effluenid&lines Program Plan
2004.

Fanchiang J.M., Tseng D.H., (2009). Decolorizatiand transformation of
anthraquinone dye Reactive Blue 19 by ozonatiemyironmental Technolog$0,
161-172.

Fersi C., Gzara L., Dhahbi M., (2005). Treatmentepdtile effluents by membrane
TechnologiesPesalination 185399-409.

Gharbani P., Tabatabaii S.M., Mehrizad A., RemoyaiCongo red from textile
wastewater by ozonatiomnviromental. Science and Tecnology, 5 (4), 495-500
2008.

Gianluca C. and Nicola R. (2001). Technical Notége Ttreatment and reuse of
wastewater in the textile industry means of ozamatind electroflocculatioiWater
Research 35567-572.

Gilbert E., (1988). Biodegradability of ozonatiorogucts as a function of COD and
DOC elimination by the example of humic acidd/Vater Research
Vol. 22, Iss. 1123-126.

Gogate P.R., Pandit A.B., (2004). A review of ingiere technologies for
wastewater treatment Il: hybrid methodsjvances in Environmental Reseai@h
553-597.

Hoigne J. and Bader H., (1976). The Role of HydroRgadical Reactions in
Ozonation Processes in Aqueous Solutidviater Research Volume 1877-386.

76



Kabdali 1., Olmez T., Tunay O., (2002). Factors affegtioolor removal from
reactive dye bath by ozonatiowater Science and Technology Vol 45 No 2&21—
270.

Khadhraoui M., Trabelsi H., Ksibi M., Bouguerra SElleuch B., (2009).
Discoloration and detoxicification of a Congo regedsolution by means of ozone
treatment for a possible water reudarnal of Hazardous Materials 16974—-981.

Ko C-H., Hsieh P-H., Chang M-W., Chern J.M., Chi&g., Tzeng J-M., (2009).
Kinetics of pulp mill effluent treatment by ozonaded processedpurnal of
Hazardous Materials 16875-881.

Koch M., Yediler A., Lienert D., Insel G. and Keffr A. (2002). Ozonation of
hydrolyzed azo dye reactive yellow 84 (GIhemosphere 44,09-113.

Konsowa A.H., (2003). Decolorization of wastewatamtaining direct dye by
ozonation in a batchbubble column reaciesalination 158233-240.

Koyunlu 1., Sevimli M.F., Ozturk I., Aydin A.F., @®1). Application of membrane
and ozonation Technologies to remove color frompagdustry effluents Water
Science and Technology Vol 43 Ng 233-241.

Koyunlugglu S., Arslan Latoni., Eremektar G., Germirli Babuna F., (2006). Pre-
ozonation of commercial textile tannins: Effects lmiodegradability and toxicity,
Journal of Environmental Science and Health Pard},1873—-1886.

Kuo W.S., (1999). Effects of photolytic ozonatiom lmodegradability and toxicity of
industrial wastewater, Journal of Environmental Science and Healthart A,
Volume 34, 919 — 933.

Laccasse K. and Baumann W., Textile Chemicals- iénmental Data and Facts,
Springer-Verlag, Dortmund, Germany, 2004.

77



Lackey, L.W., Mines Jr. R.O., McCreanor P.T., (20@Bzonation of acid yellow 17
dye in a semi-batch bubble colundournal of Hazardous Materials B13857-362.

Li-Bing Chu, Xin-Hui Xing, An-Feng Yu, Xu-Lin SunBenjamin J., (2008).
Enhanced treatment of practical textile wastewdigr microbubble ozonation,
Process Safety and Environmental Protection, Vol8f)dssue 5389-393,

Liakou S., Pavlou S., Lyberatos G., (1997). Ozambf azo dyesWater Science
Technology Vol.33279-286.

Lin S.H., Lin C.M., (1993). Treatment of textile sta effluents by ozonation and
chemical coagulation)ater Research Vol.27, No,12743-1748.

Lopez, A., Benbelkacem H., Pic J.S., Debelleforaid., (2004). Oxidation
pathways for ozonation of azo dyes In a semi-bageittor: a kinetic parameters
approachEnvironmental Technology, Vol 2511-321.

Mantzavinos D., Psillakis, E., (2004). Review ergdemnent of biodegradability of
industrial wastewaters by chemical oxidation pestment,Journal of Chemical
Technology and Biotechnology,, ZB1-454.

Mehrvar M., Tabrizi G.B., Abdel-Jabbar N., (2005kffects of pilot-plant
photochemical pre-treatment (UV48,) on the biodegradability of aqueous linear
alkylbenzene sulfonate (LASkternational Hournal of Photoenergyol 07, 169-
174.

Meri¢ S., Selcuk H., Belgiorno V., (2005). Acutitoty removal in textile finishing
wastewater by Fenton’s oxidation, ozone and codégulaflocculation processes,
Water Research 39147-1153.

78



Metcalf &Eddy Inc., Tchobanoglous G., Burton F.IStensel H.D., Wastewater
Engineering : Treatment and Reus&, edition, McGraw-Hill, New York, USA,
2003.

Mock M., Hamouda H., (1998). Ozone application éboc destruction of industrial
wastewater- Part |: Experimentalnerican Dyestuff Reporter, Vol 8/8-22.

Munter R., Ozone Science and Technolpgy Department of Environmental
Chemistry and Technology of the Institute of Chdmgisat Tallinn Technical
University, Estonia, 1999.

Namboodri C.G., Perkins W.S. and Walsh W.K. (1993¢colorizing dyes with
chlorine and ozone: Part Il, Aericaddyestuff Report33, 17-26.

Neamtu M., Yediler A., Siminiceanu I|., Macoveanu, MKettrup A., (2004).
Decolorization of disperse red 354 azo dye in whieseveral oxidation processes -
a comparative studypyes and Pigment§0, 61-68.

Oguz E., Keskinler B., (2008). Removal of color an®@Z from synthetic textile
wastewaters using HOPAC, O, and HCQ ", Journal of Hazardous Materials 151
753-760.

Ozone Solutions, http://www.ozoneapplications.cafo/color_removal_ozone.htm,
last visited date: 15/06/2010.

Olmez T., Kabdgl 1., Tiinay O., (2003). Determination of factoreeting color
removal with ozone in reactive dyebaths of textil@ustry, Water Pollution Control
Vol.13, No:1 19-24.

Ozturk H.K., (2005). Energy usage and cost in kextidustry: A case study for
Turkey,Energy,Volume 30, Issue 12424-2446.

79



Peng R.Y., Fan H.J., (2005) Ozonalytic kinetic oroiedye decoloration in aqueous
solution,Dyes and Pigments 67 (2153—-159.

Perkowski, J., Kos L., Ledakowicz S., (2000). Adweah oxidation of textile
wastewatersDzone Science & Engineeringol 22 535-550.

Pirgalicglu S., Ozbelge T.A., (2009). Comparison of nondgéita and catalytic
ozonation processes of three different agueoudesohge solutions with respect to
powder copper sulfide catalygtpplied Catalysis A: General 36357—-163.

Rai H.S.,(2005). Removal of dyes from the efflueft textile and dyestuff
manufacturing industry: A review of emerging teciues with reference to
biological treatmentCritical Reviews in Environmental Science and Tedbgy, 35:

3,219 - 238.

Rice, R.G., P.K. Overbeck, K. Larso®zone Treatment for Small Water Systems.
First International Symposium on Safe Drinking wabte Small SystemsNSF
International/PAHP/WHO, Arlington, VA,1998.

Robinson T., McMullan G., Marchant R., Nigam PQ@2). Remediation of dyes in
textile effluent: A critical review on current titeaent technologies with a proposed
alternative Bioresource Technology 7247-255.

Santana M.H.P., Da Silva L.M., Freitas A.C., Boodik.C., Fernandes K.C., De
Faria L.A., (2009). Application of electrochemigallgenerated ozone to the
discoloration and degradation of solutions contajrthe dye Reactive Orange 122,
Journal of Hazardous Materials 1640-17.

Selcuk H., (2005). Decolorization and detoxificatiof textile wastewater by
ozonation and coagulation procesdages and Pigment§4, 217-222.

Sevimli M.F., Kinaci C., (2002). Decolorization tixtile wastewater by ozonation
and Fenton’s proces®/ater Science and Technoloypl 45 No 12279-286

80



Sevimli M.F., Sarikaya H.Z., (2002). Ozone treatimentextile effluents and dyes:
Effect of applied ozone dose, pH and dye conceatratiournal of Chemical
Technology and Biotechnology,B42-850.

Shaw C.B., Carliell C.M., Wheatley A.D., (2002). #arobic/aerobic treatment of
colored textile effluents using sequencingbatcltiara, Water Researcl36, 1993—
2001.

Shu H-Y. and Huang C-R., (1995). Degradation of mwmrtial azo dyes in water
using ozonation and UV enhanced ozonation prog&ssmosphere Vol.313813-
3825.

Shu H-Y., Chang M-C., (2005). Pre-ozonation couplgtth UV/H202 process for
the decolorization and mineralization of cotton idgeeffluent and synthesized C.I.
Direct Black 22 wastewatelpurnal of Hazardous Materials B12127-133.

Soares 0O.S.G.P., Orfao J.M.J., Portela D., Vieira PRereira M.F.R., (2006).
Ozonation of textile effluents and dye solutionsdem continuous operation:
Influence of operating parametet®urnal of Hazardous Materials B1371664—
1673.

Somensi C.A., Simionatto E.L., Bertoli L.S., Wisngki A., Radetski M.C., (2010).
Use of ozone in a pilot-scale plant for textile weagter pre-treatment: Physico-
chemical efficiency, degradation by-products id&sdtion and environmental
toxicity of treated wastewatefpurnal of Hazardous Materials 178335-240.

Sundrarajan M., Vishnu G., Joseph K., (2007). Otionaof light-shaded exhausted
reactive dye bath for reudeyes and Pigment35, 273-278.

Swaminathan K. , Pachhade K., Sandhya S., (2008tomposition of a dye
intermediate, (H-acid) 1amino-8-naphthol-3,6 disoi€ acid in agueous solution by
ozonationDesalination 186 155-164.

81



Tooregrasa J.l., Navarro Labaulais F., Lopez Prd@ea S.C., Abad A., Capablanca
L., (2008). Study of the Ozonation of a Dye Usingndic Information
Reconstruction®zone: Science and Engineerid®, 344—-355.

TUBITAK, Adoption of EU’s IPPC Directive to a Textile Milh iTurkey: BAT
Applications 2008.

Turhan K., Turgut Z., (2009). Decolorization of elit dye in textile wastewater by
ozonization in a semi-batch bubble column rea®esalination 242 256-263.

Unlu, M., M. Sc. Thesis, Indig®yeing Wastewater Treatment by the Membrane
Based Filtration Proces2008.

Wang X.J., Chen S.L., Gu X.Y., Wang K.Y. and Y.ZiaQ (2008). Biological
aerated filter treated textile washing wastewatar rfeuse after ozonation pre-
treatmentWater Science and Technology 5849-923.

Wu J., Doan H., Upreti S.,(2008pecolorization of aqueous textile reactive dye by
ozone,Chemical Engineering Journal 1456-160.

Wu J., Wang T., (2001). Ozonation of aqueous azd idya semi-batch reactor,
Water Research Vol. 35, Nq.#093-1099.

Yasar A., Ahmad N., Chaudhry M.N., Rehman M.S.LhaK A.A.A., (2007). Ozone
for Color and COD Removal of Raw and Anaerobicdiptreated Combined
Industrial WastewateRolish Journal of Environmental Studjasol 16, No:2,289-
294.

82



i

Ozone Concentration [g/Nm

200

180

160

140

120

o
o

80

60

40

20

APPENDIX A

PERFORMANCE CURVE

Performance MODULAR 4 HC with external Potentiometer

Sauerstoff: 1,5 bar abs.
Oxygen: 1.5 bar abs.
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Figure A. 1. Performance curve
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