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PRETREATMENT OF SI MULATED AAQ D DYE BATHS BY FENTON S
REAGENT

SUMMARY

The textile dyi ngindustry generates huge vol unes of col ored effluents wth nedium
to-high che mcal oxygen de mand ( COD), taa dissdvedsdids (TDS), heavy netals
and nonionic surfactants. Apart fromthe aesthetic deterioration and hi nderence of
light penetrationintothe ecosyste mcaused by color, sonme dyes andt heir degradati on
products are potertiall ytoxic or even carcinogenicincharacter. As a consequence, it
Is essertia to treat dye house effluent prior to discharge into publicly owned
treat nent works and/ or recei ving water bodi es.

Itis knownthat bidogical treat nent of dye house effluert is naot very effective unl ess
dye bat h effl uents are separated and pretreated beforethey are conbi ned wi tht he rest
of the waste streans. Advanced Oxi dation Processes ( AOP) based on the oxi dative
degradation of organic conpounds using hydroxyl radical (*OH are alternative
met hods for che mical pre-treat nent of recalcitrant wastewater. Anong a numnber of
AOP, the Fenton’s reagent (Fe’*/ H Q) is one of the nost effective and succesfuly
enpl oyed processes applied for the chemcal pre-treat ment of textile wastewater.
Fenton’s reagent is usually applied at acidic pH (~2535), thus nmaking it the
treat nent of choice when the natural pHof acid dye- bat h effl uents is consi dered

Inthe present study, thetreatahility of t wo si mulaed aci d dye-bat h effluents ( DB I
and DBII) via Fenton’s reagent was investigated Reaction pH initial Fe** and H Q
concentrations, as well as process tenperature (20 °C < T < 70 °Q were first
opti mzedinter ns of COD and col or removal. The opti mumconditions for acid DB
| were deternined as Fe”* =2 mM HQ =30 mMand pH=3at T =50°Cand
likewise as Fe?* =10 mM HQ =30 mMand pH=3a T =60°C for DB I,
resutingin upto 32 % COD renoval and conplete decol ourization for both acid
dye-baths. Kinetic studies were carried out to deter nine the pseudo first order
reaction rate constants and activation energies for H Q and COD abatement. The
ratio of reaction rate constants wth respect toincreasingtenperature for both dye
bat hs was found al nost constart as 0.1 +0.05 miri*/ niri?, i ndi catingthat a positive
relaionship existed between COD renoval and H Q consunption The activation
energies for COD and H, Q abatenent kinetics were deter mned as 5.8 kJ/ ol and
9.5kJ/ nol for DB1 and as 12 4 kJ/ mol and 9. 8 kJ/ nol for DB, respectively, which
showed that DB Il was nore difficut to treat than DB I. The toxicity and
bi odegradability of the raw and chemcally pre-treated effluents at opti mzed
experi nental conditions were also questioned by neans of an activated sludge
inhibitiontest and sol uble inert COD deter mnation, respectively.



The EG valuefor DBI was found as 311 ng/ L COD for atest duration of 30 mn.
andan F Mratioof 0.19 mg COD' ng MLVSS d?, whereas Fenton pre-treated DB
exhi bited no i nhi bition under the sane conditions. Rawandtreated DB Il exhi bited
no inhibition for atest duration of 30 mn and an F Mratio of 0.20 ng COD ny
MLVSS. d*.

Inert COD results have shown that the Fenton pre-treated DB | had soluble inert
CODcontent of 110 ng/L COD which was significantly hi gher thant hat of raw DB
I having al nost conpletely bi odegradable nature. The inert CODtests for the raw
and Fenton pre-treated DB |1 showed that both are al nost bi odegradable in nature
having sd uble inert COD contents of 4 ny/ L COD and 12 nmy L COD respecti vel y.



Si MULE EDILM S ASIT BOYA BANYOLARIN FENTON REAKTANI ILE
ON AR TI M

OZET

Tekstil endiistrisi ol dukga biiyiik haci nherde, yiiksek KO, t oplamgdziin miis nadde,
agr netal ve aniyonik ylizeyaktif naddeler igeren ¢ikis sular1 iret nektedir. Estetik
actdan olusturdugu kirlenne ve 1518 n ekosisteme ulasmasin engellenesinin yam
sira, bazi boyar naddeler ve bunlarin bozunmalariyla olusan Urilinler potansiyel
toksik hatta kansergen ol abil nektedir. Bunun sonucunda, boyahane ¢ikis sularimn
evsel atiksu arit na tesislerine ve/veya alic ortama desarj edil neden 6nce On-
arit1 nhar1 sarttir.

Boyahane atiksularinmin ayr1 ele alinarak di ger atiksularla birlestiril neden 6nce 6n-
arit1 ndan gegiril ne neleri halinde biyol gik ol arak aritil nal arimn ol anakli ol nach &

bilinmektedir. Qrganik maddelerin hidroksil radikali ( OH ile oksidatif aritt mna
dayananleri Oksidasyon Prosesleri (I OP), arit maya direngli at1ksul arin kimyasal on-
aritim i¢in etkili bir yontendir. Hrgok I OP arasinda Fenton reaktanm (Fe?/ H Q),
tekstil atiksularimin ki nyasal On-ariti mnda en etkili ve basarili yontem ol arak
bilinnektedir. Fenton reaktam, uyguland@ asidk pH (22535 ve asit boya
banyolarinn dogal pH'si goz Oniine alind @nda, uygun bir aritt m segenegi
olabil nektedir.

Bu calisnmada, hazirlanm s 1k asit boya banyosu atiksularinn Fenton reaktam ile
aritilabilirlikleri arastirilm stir. Reaksiyon pH s, Fe?* ve B Q konsantrasyonl arinin
yan sira, deney sicaklikar1 (20°C < T < 70°0, KO verenk gi deri nheri géz 6niine
alinarak opti mze edil mgstir. Boya BanyoIi¢in opti numkosullar F* =2mM H Q
=30 mM pH=3veT =50°C aym sekilde Boya Banyo Il i¢inise Fe?* = 10 mM
H Q =30 mM pH=23ve T=60°Colarak bul unmust ur. Fenton &n-aritt mile her i ki
asit boya banyoda, %32 KOl gideri m ve %100’ e varanrenk gi deri m gdzlenmstir.
Ayrica On-ariti na tabi tutuan Boya Banyolarda biyol gik aritilabilirlikteki 1yiles ne
de arastinl mstir. ' Q and KO gideri nherinin birinci derece hiz sabitlerin ve
aktivasyon enerjilerini  bul nak {izere zamana karst (kinetik) calisnalar
yirit il miistir. Reaksiyon hiz sabitlerinin artan sicakliga karsilik 0.1 £ 0.05 mn
Y miri* degeri nde sabit kalarak KOl gi deri m ve Fp Q;’teki azal ma arasinda pozitif bir
iliski ol dugu goriil miistiir. KO gi deri nheri i¢in aktivasyon enerjileri DB ve DB I
icin 5.8 kJ/ nol ve 9.5 kJ/ mol, b Q gideri nheri i¢in de 12.4 kJ/ nol ve 9.8 kJ/ nol
olarak hesaplanms; DB II’nin DBI’ den daha zor aritild @ bul unnustur. Ha mve 6n-
aritt na tabi tutul nus boya banyolarin biyol giik aritilabilirlikeri ISO 8192 Aktif
Canur Inhibisyon Testi ve ¢oziinmiis inert KO tayini ile sorgulanmstir. DB I igin
30 dak test siresi ve 0.19 mg KO/ ng UAKM giin ' degerinde FM de, EG
degeri 311 ng/ L KO bulunnakla birlike aym kosularda aritilms DB I higbir
inhibisyon etkisi gosterme mstir. Hamve arttilms DB II drnekleri de 30 dak test

Xii



siresi ve 0.20 ng KO/ mg UAKM giin * degerinde F/ Mde, i nhi bisyon etkisi

goster ne m stir.

Inert KO test sonuglari, én-aritil ms DB1’in 110 mg /L KO degeri ile tana mna
yakim biyol ik olarak ayrisabilen ham DB I’ den ol dukca yiiksek bir inert KO’ ye
sahip oldugunu gosternmistir. Ham ve On-aritilms DB II'nin ise dlgilen KO
degerleri, sirasiyla, 4 mg/ L KO ve 12 ng/ L KO goz oniine alinarak her ikisinin
henen henentanamyla biyo gik darak ayrisabilir d dukl ar1 g6zl enmstir.
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1 INTRODUCTI ON

Thetextileindustryis one of t he hi ghest wastewater generatingsectors, i nvol vingt he
addition of a vast variety of chemcals at different stages of production. Dyeing
process and t he dyest uffs constitute a najor share inthe overal textile processing
The annual production of dyest uffs a mount to over 700,000t ons worl dw de of which
10to 15 percent appear int he effl uents fromdyeing operations. B d ogical treat nent
systens, alone, prove unsatisfactory for the treat nent of the dyestuffs and even
having a non-toxic nature they often require to be subjected to pre-treat ment in
separate flows using destructive chemcal oxidation techniques. Anongthem the
Fenton (Fe**/ H Q) process, usually applied at acidic pH(~25- 3.5), was selected
for i nvestigating t he treatahility of t wo exhausted acid dyebaths which come out as
an absolue treat nent alternative when the operating conditions i.e. pH and
tenperat ure of these acid dyebaths are considered as well as the advantages of the
Fenton processinter ns of cost, ease of operation and availahility. For this purpose,
two acid dyebaths, i.e one containing a netal (chromum) conplex dye and acetic
acid as the assisting chemi cal and another one bearingthree acid dyes, and an ester
based and oxyethylene derivative as dye auxiliary chemcals, were simulated in
accordance wththe actual factory spent dyebath conditions with maxi num possibe

residual concentrations of the dyes and assisting che mcals.

The first part of t he experi mental wor ki nvol ves the opti nization of Fe?*iron (1 - 10
mM and H Q (10- 100 mM concentration as well as reaction pH(2 - 5). Inthe
second part of the study, a kinetic evaluation of the Fenton process at different
operating tenperatures (T = 20 - 70 °Q was investigated to assess the ther mal
i nprove ment of COD and color renpoval and to deter mne activation energies for
H Q and COD abatenent. Finally, the effect of Fenton’s pre-treat nent on acute
toxicity based Activated S udge Inhibition Test -1SO8192 and changes inthe i nert
COD fraction of the acid dyebaths were examned



2. THEORETI CAL BACKGROUND

2.1 Textile Industry

211 Hstory

The textile industry is one of the oldest inthe world The ol dest known textiles,
which date back to about 5000 B C, are scraps of linen clah found in Egyptian
caves. The industry was pri narily a famly and donestic one urtil the early part of
the 1500s whenthe first factory syste mwas established It wasn’t until the I ndustrial
Revoluionin England, inthe 18h century, that power nmachines for spinning and
weaving were invented In 1769 when Richard Arkwight’s spinning frane wth
variable speed rollers was patented water power replaced manual power ( Neefus,
1982).

The t wentieth century has seenthe developnent of the first mannade fibers (rayon
was first producedin 1910). Athough natural fibers (woal, catton silk and linen)
are still used extensivel ytoday, they are nore expensive and are often mixed wth
man made fibers such as pol yester, the nmost w dely used synt hetic fiber. Inaddition,
segnents of the textile industry have becone highly autonmated and computeri zed
(ATM, 1997).

2 12 Introduction

Inter ns of its output or productionand e npl oy ment, thetextileindustryis one of the
largest industries inthe world ( UNEP, 1994). The textileindustryis comprised of a
diverse, fragnented group of establishnents that produce and/ or process textile-
related products (fiber, yarn fabric) for further processing into apparel, hone
furnishings, andindustrial goods. Textile establishnents recei ve and prepare fibers;

transfor mfibersintoyarn thread or webbing, convertthe yarnintofabricor related



products; and dye and finishthese materials at various stages of production (EPA
2001).

The process of converting raw fibers into finished apparel and nonapparel textile
productsis conplex thus, nosttextile mllsspecialize Little overlap occurs bet ween
knitting and weaving, or among production of manmade, cotton and wool fabrics.
The pri maryfocus of this sectionis on weavi ng and knitti ng operations, witha bri ef

mention of processes usedto nake carpets (EPA 2001).

Operations typically vary in scale fromlarge mechanized plants to small scale
traditional units but all are characterized by the vast quartity of water required
(textile manufacturing is one of the largest industrial users of process water: >100
liters per kg of finished product) and by the variety of chemcals used ina long
sequence of wet processing stages that generate many waste arisings. \ariations in
the fabric profiles also produce wde fluctuations in flow rates and waste
concentration (UNEP, 1994).

Inits broadest sense, thetextileindustryincludesthe production of yarn fabric, and
finished goods which may be summarized as four production stages; (i) yarn
for mation, (ii) fabricformation, (iii) wet processing and (i V) fabrication These stages

are presentedinthe process flowchart showninFgure 2 1
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Fgure 21: Typical Textile Processing How Chart (EPA 2001)

Finished goods

213 Wt Processing

Wbven and knit fabrics cannat be processed into apparel and other finished goods
until the fabrics have passedthrough several water-irntensive wet processing stages.
Wet processing enhances the appearance, durahility, and serviceahility of fabrics by
converting undyed and unfinished goods, known as gray or greige goods, into
finished consuners’ goods. Also collectivel y known as finishing wet processing has
been broken down into four stages in this section for sinplification: fabric
preparation dyeing printing and finishing These stages, shown in Fgure 12
invol ve treating gray goods wth chemcal baths and often require additional
washing rinsing and drying steps. Note that some of these steps nay be optional
depending onthe style of fabric being manufact ured
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FHgure 2 2. Typical VMt Processing Seps for Fabrics

Inter ng of waste generationand environmental impacts, wet processingisthe nost
significant textile operation. Mt hods used vary greatly dependi ng on end- products
and applications, site-specific nmanufact uring practices, and fiber type. Natural fibers
typicaly require nore processing steps than mannade fibers. For most wool
products and sone manmade products, the yarnis dyed before weaving; thus, the
patternis woven intothe fabric. Processing nethods may also differ based on the
final properties desired such as tensile strength flexibility, unifor mty, and I uster
(Snowden- Swan, 1995).

Most manufacturedtextiles are shipped fromtextile mllsto commssion dyeing and
finishing shops for wet processing although sone firns have integrated wet
processingintotheir operations. Aw de range of equi pnent is usedfor textile dyeing
and finshing (EPA 1996). Mich of the waste generated fromthe industry is
produced duringthe wet processing stages. Relativelylarge vol unes of wastewater



are generated, containinga W de range of contamnantsthat nust be treated prior to
disposal. Sgnificant quartities of energy are spent heating and cooling che mcal
bat hs and dryi ng fabrics and yarns (Snowden- Swan, 1995).

214 Dyeing

Dyeing processes nmay take place at any of several stages of the manufacturing
process (fibers, yarn piece-dyeing) toadd col or andintricacytotextiles andi ncrease
the product val ue. Today, textiles can be dyed with al nost any col or to achieve a
variety of aesthetic and functional purposes. Mbst dyeingis perfor ned either by the
finishing division of verticaly integrated textile conpanies, or by specialty dye
houses. Specialty dye houses operate either ona commission basis or purchase grei ge
goods and finish them before selling them to apparel and other product
manufact urers.

Each dyei ng process requires different amounts of dye per unit of fabricto be dyed
This is significant since color and salts in wastewater fromspent dyes are often a
poll uion concern for textile facilities. In addition, less dye used results in energy
conservation and che mcal savings. S ock dyeing is usedto dye fibers. Top dyeingis

usedto dye cormbed wool sliver.

2141 Dyes and Their d assification

Textiles are dyed using a w de range of dyest uffs, techni ques, and equi pment. Adye
isusedtoi npart color to naterias of whichit becones anintegral part. Dyes used
by the textile industry are largely synthetic, typically derived fromcoal tar and
petrdeum based inter mediates. Dyes are sold as powders, granules, pastes, and
liquid dispersions, wth concentrations of active ingredients rangingtypically from
20 to 80 percert.

An aromatic ring structure coupled wth a side chain is usually required for
resonance andthustoi npart col or. Resonance structuresthat cause displace ment or
appearance of absorption bands inthe visibe spectrumof light are responsible for
caor. Correlation of chemcal structure wth colar has been acconplished in the
synthesis of dye using a chronogen-chromophore wth auxochrone. Chronogenis

the aromatic structure containing benzene, naphthalene, or anthracene rings. A



chromophore group is a color giver and is represented by the folowng radicals,
which for ma basis for the chemcal classification of dyes when coupled withthe
chronmogen: azo (- N=N-); carbonyl (=C=0); carbon (=C=C=); carbon-nitrogen
(>C=NH or - CH=N-); nitroso (- NO or N- OH); nitro (- NG or =NO- OH); and
sufur (>C=S and other carbon-sufur groups). The chronogen-chronophore
structure is often not sufficient toi npart so ubility and cause adherence of dye to
fiber. The auxochrome or bondi ng affinity groups are am ne, hydroxyl, carboxyl, and
sufonicradicals, or their derivatives. These auxochrones are i nportart inthe use
classification of dyes ( World Bank 1998).

Dyes may be classified in several ways, according to chemcal constitution,
application class and end use. Chemcal classificationis based on chromogen. For
exanple nitro dyes havethe chromophore - NG. The pri mary classification of dyes
is based ont he fibers to whichthey can be applied and t he che mcal nature of each
dye. Table 1L 1liststhe major dye classes, fixation rates andthe types of fibers for
whi ch they have an affinity.

Affinity is an i nportant factor in deter mning dye exhaust but one that resists
generalizations. Each dye classis generallyapplicableto (or has affinityfor) specific
types of fibers. Individual dyes within dye classes, however, can show large
variations in affinty. Therefore °‘typical’’ exhaustion data provide only general
guidelines. It is seenthat reactive dyes have rather lowrates of fixation while the

hi ghest fixation rates are achieved wth basic dyes.

Typical val ues for affinity, bathratiq and exhaust are

K (affinity) =50to 1 000 various dye/fiber cobinati ons

L (bathraio) =5to 50 for various equi prent

E (exhaustion) =0.50to0 1 00 (50- to 100- percent exhausti on)

K (affinity) is a partition coefficient, or the ratio of the concentration of the dye in

sa uiontothe concentration of the dye inthe substrate, a equilibrium i.e:

K=¢/¢ (21



Where:
¢ =concentration of dye infiber a equilibrium
C =concentration of dye insd uion a equilibrium

An i nportart relaionshipis:
E = K(K+L) (22

This equation i nplies that when L increases, E decreases and nore color is
discharged The effect is more pronounced onlow-affinitydyes (i.e, when Kislow).
When K decreases, the dye renains inthe so ution and the color inthe wastewater

increases, especialyif Lis high

Factorsthat companies consider when sel ecting a dye i ncl udet hetype of fibers bei ng
dyed, desired shade, dyeing unifor mity, and fastness (desired stahility or resistance
of stock or cd orants toinfl uences such as light, alkali, etc) (FFTA 1991).

Most comnonly in use today are the reactive and direct types for catton dyeing,
dispersetypes for pol yester dyei ng and acid dyes for nyl on dyeing Vat dyes, such as
indigo, are also comnmonly used for catton and other cell u osic fibers. Reactive dyes
react wth fiber nolecules to for mcovalent bonds. Orect dyes can colar fabric
directly with one operation and wthout the aid of an affixing agent. Drect dyes are
the si nplest dyes to apply and the cheapest intheir initiad and application costs
although there are tradeoffs in the dyes’ shade range and wetfastness. Direct and
reactive dyes have a fixation rate of 70 to 95 percent and 50 to 80 percent,
respectively. Avariety of auxiliary chemcals nay be used during dyeing toassist in
dye absorption and fixationintothe fibers. Dsperse dyes, wthfixationrates of 80to
92 percent; require additional factors, such as dye carriers, pressure, and heat, to
penetrate synt hetic fibers (Snowden- Swan, 1995, AT M, 1997).



Table 2 1: Myjor dye dasses, fixationrates andtypes of fibers for whichthey have affinty

Dye GQass  Description Met hod Hberstypcaly Typicad Typica Poluants Associated wth
appliedto FHxation Various Dyes
(%
Acid Water-sa uble anionic Exhaust/ Back Wbol, nylon 80- 93 Col or, arganic acids, unfixed dyes
conpounds Conti nuous (car pet)
Basic Water-sd uble, appliedin Exhaust/ Back Acrylic, 97-98 NA
weakl y acidc dyebat hs, very some pol yesters
bri ght
D rect Water-so uble anionic Exhaust/ Back Cotton, rayon, 70 - 95  Color, salt, unfixed dye, cationic fixing
conpounds, can be applied Conti nuous ot her cell U osics agents, surfactant, defoanmer, leveling and
directlyto cellu osics wthout retard ng agents, finish diluents
mor dants (or netalslike O
and Qu)
D sperse Water insd uble H ghtenperature, Pol yester, 80 - 92 Col or, arganic acids, carriers, leveling
Exhaust Acetate, agents, phosphates, defoarrer, |ubricants,
Conti nuous ot her synt hetics dispersants, del ustrarts, dil uents
Reactive Water-so uble, anionic Exhaust/ Back Cotton, Col or, salt, dkali, unfixed dye, surfactan,
conpounds, largest dye class Col d pad batch/ other celluosics, 50 - 80  defoaner, finsh dluents
Conti nuous wool
Sulfur Or gani ¢ conpounds Conti nuous Cotton, 60 - 70  Color, dkali, unfixed dye, 0x diz ng agert,
containing sufur or sodium ot her cell u osics reduci ng agent
sufide
Vat A dest dyes, nore chemcally Exhaust Cotton, 80- 95 Col or, dkali, unfixed dye, ox dzing agert,
conplex water insduble Package ot her cell U osics reduci ng agent
Conti nuous




2142 Dyeing Wth Acid Dyes

Most aci d dyes are sodi umsalts of organic sulfonicacids andthe anionis the active
colored conponent. There are a few of acid dyes containing carboxyl groups. The
acid dyes have a direct affinitytowards polyamde and prateinfibersinan acidc
dyebath (B us, 1999).

The nost significant assistant inthe application of these acid dyes ontothe desired
fabricis the acid added tothe dyebath which pronotes dye exhaustion Many acid
dyes wil nat exhaust at all unlessthe dyebath has beenacidfied Boththe anmount of
dye adsorbed ont he fiber andthe rate of exhaustionis dependent uponthe acidity of
the dyebath The acid strength and concentration used are carefully selected
depending onthe acid dye nolecular size. The smaller the dye structure, the nore
acid or stronger acidis requiredto have alower pH However, exhaustion of high
affinity dyes at higher rate or at lowpH woul d cause uneven dyei ng because of t he

difficuty of the dye migration whichis necessary to have an even dyeing results.

The acid dyes are relativel y easy to dissdve in water because of the presence of
water solubilizing groups. However, there is also the possihility of undissdved
partides becomng deposited on the goods. The required amount of dyestuff is
dissdvedin water betterthrough a pasting step, preferably witha s mall anmount of

anionic wetting agent.

Acid dyes are used for dyeing of nainly nylon fibers, as well as wool, silk and
modified acrylics. Acid dyeing of nylon resultsinionic bonds or salt links bet ween
the dye nolecules and the polyner. The terminal amno group - NH of nylon
provi des the dye site wheretheioniclinkis formed. The dyeing of nylon wth acid

dyes can be represented as fdlowvs:

Nyl on- NH, + H > nylon- NH,* (23
Nyl on polyner wthter mnal anmino group  Hydroniumion nylon pol yrer with +charged ter minal anino group
Nyl on- NH; ™ + D8Q > njonrNH™"SQD (24
Nyl on pol yner wth + charged dye anion ioniclink for med

ter mnal amno group

10



Inadditionto dom nant ionic bonds, hydrogen bonds and Vander Walsforces play a
rdeinthe bondi ng bet weent he ot her part of t he col ored ani onandt he fiber. Wsually,
large dye nolecular structure wll have a higher affinity to the fiber and better
wet fast ness.

Salt is usually contrd the evenness of dyeing withlarge nolecule dyes. Q aubert’s
salt (N, SQ.10H O is usually used as alevellingagent. It acts as aretarding agent.
When dissdved in water, sodiumsulfate wll dissociate and generate SO, anion
These s maller anions i nthe dye liquor are attracted nore quicklythanthe larger dye
anions, DSQ;", tothe positively charged nyl on fibers, nylon NH*. The dye ani ons
movingat a muchslowerrate will graduall yreplacethe sulfate anion ont he dye sites
due tothe high affinity of their nolecular structure, resutingina nuch more even
dyeing (Fan et a., 2004).

2143 Mthods of Dyeing

Dyeing can be perfor ned using continuous or batch processes. In batch dyeing a
certain anount of textilesubstrate, usually 100to 1,000 kilograns, isloadedinto a
dyeing machine and brought to equilibrium or near equilibrium wth a sol ution
containing the dye. Because the dyes have an affinity for the fibers, the dye
mol ecul es leave the dye sol ution and enter the fibers over a period of minutes to
hours, depending on the type of dye and fabric used Auxiliary chem cals and
contrdled dyebath conditions (nmainly tenperature) accelerate and opti nize the
action The dyeisfixedinthe fiber using heat and/ar che mcals, andthetintedtextile
substrate is washed to renove unfixed dyes and chemcals. Comnon methods of
batch, or exhaust, dyeinginclude beam beck jet, andjig processing Pad dyeing can
be perfor med by either batch or continuous processes.

In continuous dyeing processes, textiles are fed continuously into a dye range at
speeds usually bet ween 50 and 250 neters per mi nute. Continuous dyeing accounts
for about 60 percent of tatal yardage of product dyedinthe industry (Snowden-
Swan, 1995). To be economcal, this may require the dyer to process 10,000 neters
of textiles or nmore per colar, although speciatyranges are nowbeing designedtorun

as little as 2 000 neters econoncally.

11



Continuous dyei ng processes typically consist of dye application dye fixation wth
chemcals or heat, and washing Dye fixationis a neasure of the anmount of the
percerntage of dye ina baththat wll fixtothe fibers of the textile naterial. Dye
fixation on the fiber occurs much nore rapidy in continuous dying thanin batch

dyei ng

215 Hnishng

A nishing enconpasses chemcal or nechanical treat nents perfor med on fiber, yarn,
or fabrictoi nprove appearance, texture, or perfor nance. Mchanical finishes can
invol ve brushing ironing or ot her physical treat ments usedtoincreasethe luster and
feel of textiles. Application of chemcal finishestotextiles cani npart a variety of
properties rangi ng from decreasing static cling to increasing flame resistance. The
most comnon chemcal finishes are those that ease fabric care, such as the
per manent-press, soil-release, and stain-resistant finishes and the anti- mcrobial
finishes. Che mcal finishes are usuallyfalowed by drying curing and coolingsteps.
Application of chemcal finshes is often done in conjunction wth mechanical
finishing steps (Snowden-Swan, 1995).

216 Textile Industry’s Profile

The textile processing industry is characterized by its fairly high specific water
consunption (2000 ni/day) anditslarge amount of wastewater discharges. Dueto
processingin aqueous soluions or suspensions, wastewater is by far the dom nating
waste stream However, due tothe nature of the textile industry, it is difficult to
define specific li mts for the water use and wastewater flowrates. The techni que
used for a certain fabric - such as wool or catton nostly affects both wastewater
quality and quartity. The specific wastewater discharge, for exanple varies
accordingtothe production nethod, bet ween 110 n? and 180 nt per ton of fabric.
The organicloads fromtextile effl uents range between 2.5 - 800 kg COD per ton of
fabric which corresponds to arange of 150 - 5000 ng/l COD ( Ger mirli et al., 1990).

The textile industry is chemcal intensive; wastewater from textile processing

contains bath residues from preparation dyeing, finishing application of sizing

12



and ot her operations. Reduction of che mcal usage, and substitution of less har nful

chemcals for traditional ones, is a pri nary goal of the industry.

The conposition of raw mxed wastewater in textile processing industry may be
briefly characterized as foll ows (Schonber ger and Kaps, 1994):

e Mediumto highstrength COD (organicload), mainyfromthe desizing and
dye printing stages

e intense cdoring caused by large amounts of unfixed re nai ning dyes

e hightenperatures, since many reactions require high tenperatures

e polluion wth organic materials corresponds in average to the polluion of
domestic wastewater. Incase of e npl oyi ng wat er-savi ngtechni ques, it can be
hi gher

e high conductiuity because of the salt character of many textile auxiliaries

e high AOX, sulphide- and heavy netal concertrations due to chlorinated
bl eaching agents and halogen-, sufur- or heavy netal containedin dyesin
Some cases

e high phosphate contents, when pol yphosphates for conditioning are added
because of the use of hard process water

More specifically, these large volumes of wastes include wash water from
preparation and continuous dyeing al kaline waste from preparation and batch dye
waste containing large amounts of salt, acid or alkali. Pri mary sources of bi d ogical
oxygen denmand (BOD include waste chemcals or batch dunps, starch sizing
agents, knitting oils, and degradable surfactants. VMt processing operations,
including preparation dyeing and finishing generate the ngjority of textile
wastewater. Types of wastewater i ncl ude cleaning water, process water, non-contact

cooling water, and stor mwat er.

One other source of wastewater polluants of the industryis the Desizing, or the
process of renoving size chemcals fromtextiles. Inthis process, large quartities of
size used in weaving processes are typicaly discarded Hgures fromthe US show
that morethan 90 percent of t he size used bythe U. S textileindustry, or 90,000t ons,
is disposed of inthe effluent stream The remaining 10 percert is recycled (EPA
1997). Desizing processesis clai nedto oftencontribute upto 50 percent of the BOD

load in wastewater fromwet processing (Snowden- Swan, 1995).
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Hnishing processes typically generate wastewater containing natural and synthetic
pol yners and a range of other potertiall ytox c substances (Snowden- Swan 1995).
Poll ution fromperoxi de bleaching nor mallyis not a nmajor concern In most cases,
scouring has re novedi npuritiesinthe goods, sothe only by-product of t he peroxi de
reactionis water. The magjor polluionissues inthe bleaching process are che mcal

handling water conservation and high pH

Hazardous waste generated bytextile manufact urers results pri narilyfromt he use of
sdvents in cleaning knit goods (ATM, 1997). Solvents nmay be used in sone
scouring or equi pnent cleani ng operations, however, nore often scouring processes
are aqueous- based and cleaning nateriasinvol ve mneral spirits or other che mcals
(ATM, 1997). In addition Table 12 sumnarizes the typical polluant releases
associated wth various textile manufact uring processes.

Table 22 Patertia Emssions from nmaj or textile processes (EPA 1996)

Process A r Enission WAstewater
H ber preparation Little or no e nissi on Little or no wastewater generated
generated
Yarn spinning Little or no e mission Little or no wastewater generated
generated
Sizing VOC's ISB;(ZDED COD netals; deaningwaste;
Weaving Little or no e nissi on Little or no wastewater generated
generaed
Little or no e nissi on BOD from water-sad ubl e desizes;
Desizing synt hetic size; lubricants; hiocides;
generaed S
antistatic conpounds
O sinfectants and i nsectid de resi dues;
Scourin VOCs fromgycol ethers NaOH detergents; fats; dls; pectin
g and soverts wax; knitting lubricants; spin finshes;
spert sd vents
Metals; sadts; surfactants; organic
processi ng assistarts; cationic
Dyei ng VOC's materials; cdor; BOD COD

tenperature; sufide;

aci dity/al kalinity, aquatictoxcity;

spert sd verts
Sol verts; acetic acid from

Printing dyei ng; combustion
gases; particuate natter
VOC's; for nal dehyde

H nishing vapors; combustion gases;
particu ate natter

Suspended sdids; urea; sdvents;
cdor; netals; heat; BOD foam

BOD COD suspended sdids; toxcs;
spert sd vents
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Many textile mlls have fewor no netalsintheir effluent, but whenever netals are
present, they may include netals such as copper, cadmum chromum nickel, and
zinc. Sources of netals found intextile mll effluents may include fiber, incomng

water, dyes, plunbing and chemcal i npurities.

Athough the textile industry is a relaively mnor source of HAP ( Hazardous Ar
Poll uants) conpared wth other manufacturing industries, air e mssions have been
idertified as the second greatest pollution problem (after aqueous effluent) for the
industry. Because many different types of conmodity and speciaty chemcals are
usedto manufacture textiles, characterization and manage ment of air e mssions for

textile nmllsis a challenging responsi hility.

Emi ssions conprise baoth poi nt sources and fugitive e mssions. Poi it sources i ncl ude
high-te nperature coating, drying and curing ovens, which emt volatile organic
conpounds ( VOGs); boilers, which are a source of particuates, nitrous oxi des, and
sufur dioxide; and bulk storage tanks for commodity and specialty chemcals.
Fugitive air emssions resut from spills, solvent-based cleaning wastewater
treat nent plant operation, and warehouses used tostaore finished fabric.

Solid waste is the largest waste stream produced (by volune) falowng aqueous
effluent. The quantity of sdid waste generated depends ont he size andt ype of textile
operation the nature of the waste, and the efficiency of the machinery used Not
surprisingly, solid waste generation varies wdely among nills. According toa 1994
survey conducted by the ATM, tatal nonthly sdid waste generation for the 290

facilities surveyed was nore than 51, 000 tons per month

2161 The Probe mof Residual Dyes in Textile Bfluents

Dyeing operations generate a large portion of the industry’s total wastewater. Dyes
and pignents fromprinting and dyei ng operations arethe principal sources of col or
intextile effluent (EPA 1996). Dyes and pignents are highly col ored materials used
inrelativel ys mall quartities (afewpercent or less of the weight of the substrate) to
i npart col or totextile materialsfor aest hetic or functional purposes. Intypical dyeing
and printing processes, 50to 100 percent of the col or is fixed onthe fiber, as shown

inTable 6. The renmainderis discardedinthefor mof spent dyebat hs or i n waste wat er
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from subsequent textile-washing operations (EPA 1996). The pri nary source of
wastewater in dyeing operations is spent dyebath and washwater. Such wastewat er
typically contains by-products, residual dye, and auxiliary che mcals. Additional
poll uants include deaning sd vents, such as oxalic acid

Of the 700,000t ons of dyes produced annually worl dw de, about 10to 15 percent of
the dye is disposed of in effluent from dyeing operations (Snowden- Swan, 1995).
However, dyes in wastewater may be chemcally bound to fabric fibers (ATM,
1997). The average wastewater generation froma dyeing facility is esti nated at
bet veen 3800 and 7500 ni per day. Dyeing and rinsing processes for disperse
dyeing generate about 50 to 130 liters of wastewater per kg of product. S mlar
processes for reactive and direct dyei ng generate even nore wastewater, about 100to
150 liters per kg of product (Snowden- Swan, 1995).

Several authors have idertified salts in textile-dyeing wastewater as a potertial
problemarea (EPA 1996). Many types of salt are either used as raw materials or
produced as by-products of neutralization or ot her reactionsintextile wet processes.
Salt is used mostlyto assist the exhaustion of ionic dyes, particuarly anionic dyes,
such as direct and fi ber reactive dyes on catton Somne dyes require as much as 250 -
300 ¢/l of salt to have high dye exhaustion fromthe dyebathtothe target textile
materials (Fanet al., 2004). Typical cotton batch dyei ng operations use quartities of
salt that range from 20 percent to 80 percent of the wei ght of goods dyed andthe

usual salt concentrationin such wastewater is 2 000 ppmto 3 000 ppm

Common salt (sodiumchloride) and G auber’s salt (sodiumsulfate) constitute the
mej ority of tatal salt use. Qher salts used as raw naterias or for med in textile
processes i nclude Epsomsalt ( magnesiumchl oride), potassiumchl oride, and ot hers

inlowconcentrati ons.

Dyes may contain netals such as zinc, nickel, chromum and cobalt ( ATM, 1997).
Insone dyes, these netals are functional (i.e, they for manintegral part of the dye
mol ecul e) as one conponent inthe dye chromophore; however, in nost dyes, netals
are si nply i npurities generated during dye manufacture. For exanple, mercury or

other netals may be used as catal ystsinthe manufact ure of certain dyes and may be
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present as by-products (EPA 1996). These netal ions, after enteringthe environment

can cause serious healthproblens and environnental palluion

Previous studies have clai ned that the effluents from textile dyeing industries
contain a variety of chemcals and dyes, which are carcinogenic and mutagenic
( Mit hukunar et al., 2005). The aquatictoxicity of textileindustry wastewater varies
consi derabl y a mong productionfacilities. The sources of aquatictoxicity canincl ude
salt, surfactants, ionic metals and their conplexed netals therein toxic organic
chemcals, biocides, andtoxic anions (EPA 1996, AT M, 1997). Most textile dyes
have low aquatic toxicity. On the other hand, surfactants and related conmpounds,
such as detergents, enulsifiers, dispersants, are usedin al most everytextile process
and can be ani nportant contributor to effl uent aquatictoxicity, BODQ and foamng
(EPA 1996).

2.2 Textile Industry inTurkey

As a quality caton-producing country, Turkey has an integrated and diversified
productioninall sub-sectors of thetextileindustry, produces and exports all t ypes of
yarn fabric, dahing househol dtextiles and d her ready- nade products.

The industrialization efforts of the sixties and severnties gave birthtothe nmodern
textileindustryin Turkey. A the beginning, this sector operatedas s mall wor kshops.
In tine the sector showed rapid development and during the seventies began
exporting Currertlyit is one of the nost i nportant sectarsinthe Turkish econony
inter ns of GDP, enpl oynent and exports. The share of this sector inthe country’s
GDP was around 10 %andthe sector’s share of empl oynent intatal enploynent in
the country was 20 % Its share of productionintatal industrial production of the
country was around 40 %accordingtothe | TKB figures (I TKB 2003).

Inthelight of thetextile sector of Turkeyandthe devel opnentsinthe exportation of
textile products, it is evident that the share of invest nents inthe textile sector has
increased conparedtothe invest nentsin other sectors. For instance, whilethetotal
invest nent (wth current prices) inthe scope of i ncentive certificatei nthetextile and
gar ment sectors was 631trillion TLin 2000, it increased upto one quadrillion TLin
2001
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Today, Turkey is one of the nost i nportant textile and clathing producers and
exportersinthe world The tatal export val ues of textile and apparel products was
declaredto be 46.877.598. 000 USD( April 2004) by the Undersecretaria of External
Trade and the share of Turkeyinthe world market was statedto be 32 2 % (1 TKB
2003).

80 %of the gar nent industryis conposed of SMEs and a large part of itis nmaking
commi ssion production However, thetextilesector is nmainly conposed of bigsized
firns. The nunber of firms inthis sector is approxi nately 40 thousand and 1/ 4 of
them are active exporters. Approxi nately 1/4 of the 500 large industria
organizations areinthetextile and gar nent i ndustry. The nunber of conpanies wth
foreign capital is 294. 93 of these conpanies are inthe textile and 201 are inthe
ready- made clathingsector. Alarge nunber of gar ment firns arein Mar mararegion
and textile firns are concentrated mainly in Southeast Anatdia, Mditerranean
Aegean and Mar mara regions. The biggest share in manufacturing is that of the

textile sector.

The biggest shares in manufacturing sector belong to weaving and gar nent sub-
sectorsinorder of i mportance. 9,563 I nvest nent Incentive Certificates wereissuedin
the weaving and gar nent sub-sectors (I TKB 2003).

Total fixedinvest nent amount of these certificates is 10. 736.500 mllions TLinthe
weaving and gar nent sub-sectors. Manwhile, the numnber of the empl oyees
predicted inthese certificates is 822 664 (1 TKB 2003).

23 Onventional Textile Wastewater Treat nent

A variety of physical, chemcal, and/ or bidogical processes have been usedtotreat
textile effluents. Physical andor chemcal treatnent processes including
coagul ati on/fl occul ation ( Koprivanac et al., 1993), adsorption ( Ranakrishna et al.,
1997), flatation (Lin and Lo, 1996), and oxidation reduction including Fenton’s
reagent (K w et al., 2000) have been effective ineli mnating nost of the poll uants
of concern Conventional aerobic bidogical treat nent processes can successfully
degradethe organic natter present intextile waste waters; nevert hel ess, t hese syste ns

usually exhibit a relatively lowcolor and nutrient renoval potential. Onthe ot her
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hand, anaerobic treat nent may be promsing in enhancing dye color reduction
(\Vandeviviere et al., 1998). Conventional bidogical treat nent systens processes
cannot address the nutrient re noval issue adequatel y, beyondthe li mts of satisfying

metabolic require nents of the biomass invol ved

Sequencing batch reactor (SBR technology served as an attractive soluion
particu arly when land availahility as well as flexi bility and si nplicity of operation
are of concern SBRs have been traditionally empl oyed in the biodegradation of
organic conmpounds from muni ci pal andindustrial wastewaters. The potentia of SBR
systens inrenoving organic nmatter, nutrients and color fromtextile wastewaters
have been realizedinthe recent years. Several studies were conductedto asses the
effidency of SBR systens as single process or in conjunction wth chemcal
treat nent either before or after bid ogical treat nent (Fongsatitku et d., 2004).

Commonly e npl oyed methods for caor removal such as adsorption coagul ation-
flocculaion oxidation and electroche mcal nethods are quite expensive and have

operational problens (Lin and Peng, 1996, Ramakrishna and Mraraghavan, 1997).

B ological treat nent of dye-containing wastewater is considered unsatisfactory
because of the loweffidency and | owreaction rate of the treat ment. Consequently,
dye wastewater is usuallytreated using physical and che mcal nethods ( Changet al.,
2003). Hocculation and activated carbon adsorption have been used totreat dye-
containing wastewater. However, sludge generation and adsorbent regeneration are
the principal weakness of these processes (9 okar and Mjcen Le Mrechal, 1998).

24 Advanced Textile Wistewater Treat nent

Processes such as coagulation carbon adsorption and bidogical treament, used
currently for the purification of textile dyeing wastewater can be e npl oyed for the
treat nent of printing wastewater. The physical -che mcal processes al one were nat,
however, considered appropriae for the treat nent of wastewater, because of their
hi gh costs and due tothe fact that they are nat effectiveto neet the requiredlevels.
Me mbrane processes are very promsing advanced treat nent nethods for col our
renmoval as well as for reducingthe vol une of wastewater generated and recovering

and recycling val uable conponents fromt he waste stream Several approaches have
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been proposed to i nplerment nenbrane processes in the treat nent of textile

wastewater fromdifferent production streans.

Utrafiltration ( UF) is effective for the removal of partides and nacronol ecul es and
does nat decd ourisethe waste stream Nanofiltration ( NF) all ows t he separation of
low nolecuar weight organic conpounds and divalent salts, wth an appreciable
softening effect. Reverse osnosis (RO is suitable for renoving ions and larger
species from dyebat h effluents. The reverse osmosis e mbrane also renoves the
coour and desalinates the waste stream considerably (NaQ retertion of 939,
however, the retertion for t he reactive dyes is sonewhat lower i nthe nanofiltration
process (Sostar et al., 2005)

25  Advanced O« dation Processes ( AOP)

251 Basic Princides of ACP

Among che mcal processes, the advanced oxi dation process ( AOP) has been usedto
reduce the organic load or toxicity of different waters and wastewaters. In general,
AOP are defined as oxi dation processes, which generate hydroxyl radicals ( OH in
suffident quantitytoaffect water and wastewater treat nent ( Hiang et al., 1993). The
hydroxyl radical is one of the nost reactive free radicals and one of the strongest
oxi dants, which have a high electroche mical reduction potertial ( OH + H +¢& >
HQ B =233 mV, STP). Miny systens can be classified as AOP based on the
generation of - OHand most of t he muse a conbi nation of t wo oxi dants (e.g., & plus
H Q); catal yst plus oxidart (e.g, Fe** + H Q); oxidant plusirradiation(e.g, H Q
plus solar or near (long) UV); oxidant plus phato-catalyst (e g, B Q plus Ti Q plus
UV); oxidant plus ultrasound (e.g, B Q plus ultrasound) for the generation of - OH
The for ned radicals react wth organic materias breakingthe mdown graduallyina
stepwse process. The major AOPs are classifiedinto &, UMV-0 Q, UV-C H Q,
UV- AT Q, Fe** or Fe**/H Q (Fenton or Ferton like processes) and UV-Aor UV- C
/Fe**/H Q processes (photo-Fenton process), depending on the method of ~ OH

producti on
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The advantage of AOPs is that they effectively destroy the organic conpounds,
converting them nainly to carbon dioxide and water (Legrin et al., 1993). In
particu ar, the honogeneous (phat ) catal ytictreat nent usingthe dissd vedironsuch
asthe Fe®*/ H Q and UV Aor UM Q Fe**/ B Q processes are known to be suitable
for the treat nent of wastewaters, wth high concentrations of organics, duetotheir

hi gh perfor mance and competitive econony.

There are various examples of AOP studies in the literature with nmany industrial
wastes. Below are sone exanples, which investigate the efficencies of different
AOP for textile applications.

252 Applications of AOP inthe Textile Industry

There are hundreds of citaions inthe literature regarding the treat ment of textile
dyes wth AOP and it isquitei nportant to nention these studies herein

Oguz et al. (2004) studied the dye and COD removal from ozonation of synt hetic
wastewater containing Bonaplex Red CR- L dyeinasem-batchreactor as functions
of initial dye concentration (400, 600, 800 and 1000 ny/ L), tenperature (18, 40 and
70 °Q, ozone-air flowrate (5 10and 15 L nin'), pH(3 6, 9 3and 12) and ozone
generation percentage (0.7, L1and 1L 4 Q %. Theyfoundthat the dye removal from
synt hetic wastewater i n excess of 99 % was obtained at an oxi dationti ne of 15 nin.
The efficencies of CODrenoval were bet ween 56 and 35 %at an oxidationti ne of
30 mn A the end of the study, it was concluded that ozonation is an efficient
process for dye renmoval fromsynthetic wastewater of Bormaplex Red CR-L, but
al one ozonation was not an effident methodtoremove all the CODfromthetextile

wastewater.

Saneiroet al. (2004) concludedthat the commercial azo dye Cl. Reactive Qrange 4
in its reactive and hydroysed forns can be effidently photodegraded, using
comnercia sanples of Ti Q as a photocatal yst and sunlight was also very effective

as alight source.

Degradation of commercial reactive dyestuffs by heterogeneous and homogeneous
AOPs resultedin higher treat ment efficienciesin ter ns of coor, TOG COD ( Aslan
and Balcogly 1999 Aslanet d., 2001).
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Common problens anmong all the AOPs arethe hi gh de mand of el ectrical energy for
devi ces such as ozonizers, UV lanps, ultrasounds, and/ or consunption of che mcal
reagents which resutsinrather hightreat nent costs (Yediler et a., 2003).

The only exceptionis the Fenton’s process. In such a process, infact, under acidic
condition a Fe?”/ H Q mixture produces” OHradicalsin a very cost-effective way.
The nmjor advantages of the Fenton’s reagent (Fez++Hg Q) are: (i) bothiron and
hydrogen peroxi de are cheap and non-toxic; (ii) thereis no mass transfer |i mtation
duetoits honmogeneous catalytic nature; (iii) thereis no for mof energy invol ved as

catal yst; (M) the process istechna ogically si nple.

Because of these features, Fenton’s process has been applied in many fields

includi ng recal citrant wastewater and/ or landfill leachates treat nent.

2 53 Fenton Processes

Fent on-type reactions using H Q as an oxi dant int he presence of ironions at acidic

pH have been anong the most comnon honogeneous syste ns.

Reported first by H J. H Fentonin 1894 for its abilityto oxi dize various organic
conpounds dissd vedin water, Fenton’s reagent is an aqueous sol ution of hydrogen
peroxi de and ferrous i ons. The ferrous ion acts as a honogeneous catal yst, whilethe

hydrogen peroxi de serves the rde of the ox dart.

Anong the different AOP, Fenton’s reagent has been used for different treat ment
processes because of its ease of operation and l ow cost. A wide variety of Fenton’s
reagent applications have been reported such as treat nent of textile wastewaters,
treat nent of industria wastewaters of phar maceutical origin treat nent of acid
manufact uring wastewater, reduction of pol ynuclear aronatic hydrocarbonsin water,
treat ment of brines or treat nent of paper pul p manufacturing effluents (Martinez et
al., 2003).

The Fenton and photo-Fenton reaction using Fe*, H Q and UV light have been
shown to be effective in mineralizing severa recalcitrant polluants like PCBs,
chlorinated herhbicides, phenolic wastes, chl orophenadls, perhal ogenated alkanes, dye
effluents and many other wastewaters of different orign (Fgnatello and Chapa,
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1994; Pignatello and Sun, 1995 Huston and Pignatello 1996, Aslan et al., 1999;
Huston and Pignatellg 1999, Kang and Chang, 1997, Hsenhauer, 1964; Barbeni et
al., 1987).

2531 Hbnogeneous Processes

The reaction bet ween dissdved Fe?* and hydrogen peroxide in acidic aqueous
sd uionleads to oxidation of Fe’* to Fe** andisthought tofor mt he highl y reactive
hydroxyl radical ( OH. The reaction is spontaneous and can occur without the

influence of light ( Vddley and Wite, 2004).

The nmechanismof the Fenton process was first proposed by Haber and Wiss 40
years after the discovery of Fenton’s reagent ( Haber and Weiss, 1934). It has been
further el uci dated by athers (Synons and Qutteridge, 1998).

The principal inorganic reactions which are considered comnon to the Fenton

reaction syste mrepresent the i nteractions a nong various i norgani ¢ species i ncl udi ng

"OH HQ, @, HQ, Fe? and Fe** as shownin Egs. (51) - (5 18), respectively;

Fe®* +HQ SF*" + H+ HO k=76 M'st (25
HQ + OH >H O+ HOO k=(12-45x10 Ms' (26
Fe’* + OH >Fe*" + HO k=43x10° M's?! (27
Fe’* + HOO >F + 1 Q k=12x10° M's? (28
HOO >Q +H k =7.9x10° NM's?! (29

Fe’* +Q° SR +Q k=1x10" NM's? (2 10)
F**+Q S +0Q k=15x10° M's? (2 11)
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Fe** + BQ S>F*" +HOO + H k=001-002 M's* (212

Fe** + HOO SF** + 0O + H k <2x10° NM's? (213)
2°0H >H 0 k=53x10° M's?! (2 14)
2 HOO 2HQ +Q k =85x10° M's?! (2 15)
RH+ OH DR +HO k =10° - 10" M's? (2 16)
R + OH >ROH (217)
R+HQ DROH+ H (219
R +F®" >F* +products (219
R +F*" >Fe* +products (2 20)
R + Q ->products (221
2 R —>products (222

These reactions listed above presents sone of the nultiple parallel processes that
occur i mmediatel y after - OH generation by Reaction (2 1). The relevance of each
reactioninthe mechanismis equally dependant of t heir reactionrate constant (K) and
the concertration of each partidipating species. The * OH scavenging by Fe?* and
H Q is shown in Reactions (22) and (2 3). The hydroperoxyl radicals ( HOO)
generated from Reaction (2 2) nay be transformed to superoxide radica (Q-)
according to Reaction (2 4). Since the pka Of this reactionis 4.8 this process is

favored at basic pH whilethe equilibriumis shiftedtowards HOO at acidic pH As
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shownin Reactions (2 5) and (2 6), and depending onthe reaction pH either Q- or
HOO are linked tothe pathways of oxygen generation via reaction wth Fe** and
Fe®*, respectively. Oxygenis also generated duringt heter minati onreaction of HOO,
which alsoresutsin H O, regeneration (Reaction 2 11). HOO is also generated via
reaction of Fe** and H,Q as shown in Reaction (28). Reaction (210) is a
ter mnationreactionfor "OH whichregenerates H Q. Onthe other hand, Reactions
(212) to (2 18) are the reactions bet ween the organic conmpounds (R H), organic
radicals (R) and" OH whichinvolve OH attack on a R Hsubstrate present inthe
system(i.e, acid dyes), andthereforethe correspondi ng reactionrates are a function
of the substrate properties. The outcone of Reaction (2 12) resutsinthe generation
of R, whichareresponsible for a series of further reactions. Sone of the mincl ude
scavenging of * OH ( Reaction 2 13) and Fenton comnponents ( Reactions 2. 14 and
2 15), Fe** regeneration (Reaction 2 16), and for metion of ot her products by reaction
with oxygen (Reaction 2.17) or other R radicals viater mnation reactions. Anot her
case is the reaction between R and " OH (Reaction 2 13), which constitues a

ter mnation reaction for both radicals.

Accordingtothe val ues presented above, the Fentonreaction ( Reaction 2 1) exhi hits
one of thel owest k val ues armongthe reactions of this nechanism Thisindicatest hat
Reaction(5.1) plays a mgjor role only at t he beginni ng of t he process, at ati ne when
only Fe?*, H Q andthe substrate are presert. Shortlyafter the hydroxyl radicals are
produced, the paralel mechanisns described by Reactions (22)-(21) become

influentia inthis process dependi ng ontheir reaction rate constant val ues.

These equations showt hat iron acts like a catal yst, however since the reduction of
Fe®* is generally much slover than the oxidation of Fe?*, iron exists mainlyinthe

Fe** for minthese systens (Fignatellg 1992).

Inthe so called Fenton Processestheiron caninitially be i nthe for mof either Fe?* or
Fe®*. Theinitia degradationrateis slover for Fe*/ H Q thanfor Fe*/ H, Q since,
inthe for mer case, Fe** must be reducedto Fe?* before hydroxyl radicals (or ferryl
species) are produced ( Wadley and Wdite, 2004).
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2.53 2 Photo- Fenton Processes

When irradiated wth light of suitable wavelength (A = 180 to 400 nm, i.e
utravidet and some visibe light, Fe**can catalyze the for mation of hydroxyl

radicals (or ferryl species):
Fe** + BO+hy Fe?*+ H + OH (223

Thisis calledthe phato-Fenton reaction andis followed by reaction (5.1). The  OH
productionis deter nined bythe availahility of ligt and B Q.

The nodified photo-Fenton processes include conplexion of the Fe** with a
carboxylic acid anion such as oxalate. The ferriooxalate conplex [Fe(C, Q)s]* is
hi ghly phot o reactive and the reduction of Fe** to Fe** can occur at a wavelength
further intothe viside spectrum(about 550 nn) (Hslop and Bolton, 1999).

Nu rrer ous transition netal ions andtheir conplexes intheir | ower oxidation states,
such as Cu(l), a(ll1), Co(ll) and Ti(Ill) have the oxi dative features of the Fenton

reacti on

2533 Heterogeneous Processes

The source of iron used as a catalyst for the Fenton process can be a salid surface,
including iron containing mnerals or iron coated silica particdes (sand), as well as

iron adsorbed ot o zedites or ion exchange ne nbranes.

The dark heterogeneous Fenton process (Fe**oxide/ H Q/dark) makes use of a
particdate mneral oxide catalyst usually goethite (o« FeOOH and an oxidant,
usually hydrogen peroxide. Oxidation of organic conpounds is carried out by the
hydroxyl radical, which is thought to be produced through the interaction of
hydrogen peroxi de withthe surface sites ont he goet hite wherethe oxi dati on reacti on
occur as well. The advantages of the heterogeneous Fenton processes include the
application over extended periods wthout requiring regeneration or replace nent,
preventingthe production of large vol unes of non-reusabl e ferric hydroxide sl udge,
increased hydroxyl radical generation at pHbet ween 5to 9
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The heterogeneous Fenton processes also nay take place inthe presence of light as

het er ogeneous phat o- Fenton processes.

254 Factors Afectingthe Fenton Process

Many paraneters, such as the intia concertrations of ferric salt and hydrogen
peroxide, the ratio of initia iron to hydrogen peroxide concerntrations, pH light
intensityandte nperature, caninfl uence t he effidiency of the Fenton and Fent on-like

[or ocesses.

2541 pH

pHis probably the most i mportant contrd variable in the Fenton process. As
indicated in Eqn (51), the anount of HO generated by the Fenton process is
affected bythe pH The hydroxyl radicals can be efficientlyfor ned especially under
aci dc conditions bet ween pH2 and 4. A higher pHiron may precipitate (K w et al.,
1993; Pulgarinand K w, 1996). Theinactivity of Fenton’s reagent at pH >4 has also
been attributed to faster deconposition of H Q to water and oxygen through the
reaction (5.20) (Pul garinand K wi, 1996), oxi dation of Fe?* by an oxi dant ot her t han
H O (Kuo, 1992), or the reaction bet ween Fe** and H @ nat produci ng hydroxyl
radicalsinthis pHregion.

HhO >HO0+%Q (2 24)

The optimum pH range for the treat nent of certain xenobiaics and industrial
effluents with Fentonis pH=2- 5(Caseroet al., 1997, Kwon et al., 1999, Perez et
al., 2002, Ghalyet al., 2001, Kang et al., 2002). This nay be explained witht he fact
that theironspecies are mostlysolubleinthe pHrange 2 - 5, and hence abletoact as
active cataysts duringthe Fentontreat ment (Hgure 2 3).
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Fgure 23 \ariaion of concentration of monometric Fe(lll) and Fe(l11)-hydroxo
species as a function of pH (Safarzadeh Amri ¢ al., 1996)

Pignatell 0(1992) hadreportedthat photo- Fentonreactionis opti mumat pH 2.8 The
reason may be due tothe fact that the main specie Fe(OH(H Os** at pH=2-3
(Refer to Table 5.1) is the one withthe largest molar absorption coefficient and
quartumyiel dfor OHproduction along with higher Fe?* regeneration abilityinthe
range 280 - 370 nm as described inthe fdlow ng part; effect of light irtensity.

Table 2 3 Hydratediron (I11) species insol uion as a function of pH ( Safarzadeh-
Aniri et d., 1996)

Do ni nant Fe®* species pH range
Fe(H Q6" 1-2
Fe(OH(H Qs 2-3
Fe(OH2(H Q." 3-4

2542 Light Intersity

The rate of degradation of organic poll uants by Fentonreactionisincreased when an
irradationsourceis present. The positive effect of irradiation onthe degradationrate
is due to the phatoreduction of Fe** to Fe** ions (photochenical regeneration of
Fe®*), that canfurther react with more H Q. It has been provent hat t he i rradi ati on of
Fe** + H Q, also called Ferton-like reaction, enhances the rate of oxidant

production, throughthe invol ve nent of hi gh valence Feinter nediates responsiblefor
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the direct attackto organic matter (Bossmann et al., 1998 PFignatello et al., 1999)
Absorption of visiblelight bythe conplexfor ned bet veen Fe** and H O, seens to
be the cause of formation of such high valence Fe based oxidants. Another
mechanismis believed to be the photoexcitation of the conplexes for ned bet ween
Fe** and organic matter. The nolar absorption coeffidients of such complexes and
the quantumyiel ds of t heir reaction of photd ysisare evenlarger thanthe val ues for

Fe** aquo conplexes (Boss man et d., 1998).

2543 Tenperature

The effect of tenperature on the Fenton reactions has been studied by many
researchers (Lunar et al., 2000; Gob et al., 2001, Sagawe et al., 2001 Lee and Yoon
(2004) i nvesti gatedt he ther mal enhance nent of the for mation of - OHby the hv/ Fe®*/
H O system(including the Fe**/ H Q systen) with reactionte nperatures ranging
from 25 to 50 °C Particularly, the ther mal enhancenent of Fe( OH** photd ysis
which is the nost significant step inthe hv Fe*"/ H Q system was effectively
explained by two factors; (1) the variaion of the Fe(OH?" concertration with
tenperature, and (2) the tenperature dependence of the quantumyiel dfor Fe( OH 2"
phatd ysis ( measured activation energy/ 11 4 kJ mol™Y). Athoughin boththe U\ A
IFe**! H Q and Fe**/ H,Q systens, elevated temperatures enhanced t he for mation
of - OH the ther mal enhancement was nuch higher inthe dark Fe**/ HO, system
thanthe UM AlFe**/ H O, system Further nore, it was foundt hat the relativet her nal
enhance ment of the formation of - OHinthe presence of - OH scavengers (tert-but v
alcohol) was nagnifiedinthe Fe**/ H Q systembut was not inthe hv/ Fe**/ H Q
system

26  Treatnent of Textile Dyes Wing Fenton's Reagent

The Fenton’s reagent has received particuar attention for the treat nent of textile
wastewaters in the recent years. The Fenton’s reagent works effectively for
recal citrance, color and inert COD renoval for dye house effluents. The Fenton
process has been proposed for the degradation of dye polluants ( Kang et al., 2002;
Feng et a., 2003; Swamnathan et a., 2003 Tang, 1996).
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Astudy by X ang- Rong et al., 2004 i nvestigatedthe degradati on of 20 different dyes
in agueous sol wions by the Fenton process was perfor ned. These dyes include 6
types: acidic reactive, direct, cationic, disperse and vat dyes. The for ner four types
of dyes were decol orized and their TOC val ues were decreased greatly, while the
caorand TOCrenovals of the lattert wot ypes werel ower. The efficiencies of three
oxidation processes, indudng H Q/ UV Fe**/ HQ and Fe*/ H Q/UV were
conpared and the results shoved that the oxidation by Fe?*/ H Q/ W was the
strongest. The for mer four types of dyes were decolarizedandtheir TOC values were
decreased significantly, while the color and TOC renovals of the latter t wo types
were lower. It was also found that the Fenton process could be used to enhance

bi ctreat ment of the dye wastewater inthe sewage treat nent plart.

Swa mnathan et al. (2003) have studiedthe Fenton’s reaction for the decol orizati on
and degradation of t wo comnercial dyes viz, Red MbB Hue MRand Hacid a dye
inter nediate usedin cheni cal i ndustries for the synt hesis of direct, reactive and azo
dyes. Mixi mumcolor and COD renoval was obtained for Red MbB Hacid and
Bue MRat 10-25 ny/l of Fe?* dose and 400-500 my/l of H Q dose at pH 3. 0. The
intial oxi dationreaction was foundtofitintofirst order rate kinetics andthe rate of
oxidation of Hacid was higher than the other dyes. It was found that the dye
degradati on proceededt hrough cl eavage of t he substituent group duetothe rel ease of
chloride and sulfate fromt he Fenton’s treated Red Mp B dye and sulfate from H-acid
and Bue MR

Yediler et al., 2003 have studied the degradation of two azo reactive dyes, CI.
Reactive Yellow84 (RY(+) and CIl. Reactive Red 120 ( RR120)) by phato- Fenton
and Fenton-li ke oxi dati on. The effective syste mconditions were foundto be pHof 3,
hydrogen peroxi de-to-iron nol ar ratio of 20: 1and UV or solar irradiaion The col or
renoval efficency at the opti mumconditions during different Fenton-like processes
was also eval uated The resuts showedthat the col or renoval of RY84 after 15 mn
reactionti ne follows the decreasing order: sdar/Fe(l11)) HQ > UV Fe(Il)) HQ >
UV Cu(ly Fe(lll)) H O, > UM Fe(Il)oxalaed HQ > UVFe(lll) HQ >
dark/ Fe(I)/ 22 > solar/Fe(lIN)oxalat/ HQ> UV HQ > UV Fe(ll) = UV
During the sane reaction period the relaive order for RR120 renoval rate was
slightly different: solar/Fe(ll)) HQ > UMFe(ll)) HQ > UV Fe(lIl) HQ =
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UV cu(I)/ Fe(1I1)) B Q > UM Fe(lll)oxalae H,Q = UM HQ > UV Thetoxic
potential of the dye’s degradation was i nvesti gated by t he bi d umnescence test using
the LUM Stox 3001 nstrument and results were expressed as t he percent i nhi biti on of
the lum nescence of the bacteria Mbriofischeri (Yediler et a., 2003).

The oxi dati ve degradation of t wo direct dyes, Hue 2B(B54) and Red 12B(R31) in
aqueous soluion has been studied using Fenton’s reagent by Mlik et al. (2003).
Results showed t hat dyes are deconposedin atwo-stage reaction Inthe first stage,
dyes are deconposed rapidy, and sonmewhat less rapidyinthe second stage. The
effects of different system variables like initid pH of the nedium initia
concentrations of the dye, Fe?* and H Q, reactiontenperature, and added A" and
SQ ions have beeninvestigated The degradationrateis strongly dependent onthe
intia concentrations of the dye, Fe?* and H Q. The resultsindicatedthat the B54
and R31 can be nost effectivel y oxi dizedinanaqueous nediumof pH3 at aninitia
[Fe**]:[ B Q]:[dye] ratio of 1:32924 and 1:16.518 (mN), respectively. A the
opti mumi nitial ratio of [Fez+]:[ H Q]:[dye], 97 %degradation can be achievedin 30
minat atenperature of 30° G and 70 %re moval of i nitial che mical oxygen de mand
(COD) is achieved after 60 nin The degradation of boththe dyes obeys first order
rate kinetics wth respect to the concentration of the dye in the second stage of

oxidation The results wll be useful in designing wastewater treat nent plants.

Astudy by Lioet al. (2003) usedthe Fenton process wastoexpl orethe possi hility of
treating expl osi ves, namely 2, 4 6- trinitrophena (PA), amnoni umpicronitrate ( AP),
2, 4-dntratd uene ( DNT), nethyl-2 4 6 trinitrophenyl nitramne (Tetryl) and 2 4 6-
Trinitratd uene ( TNT), hexahydro-1, 3 5-trinitro-1, 3 5triazine (RDX) and octahydro-
1,35 7- tetranitro-1, 3 57-tetrazocine (HMX). The photo-Fenton process was also
conducted to conpare its oxidation efficdency with the Fenton process. Results
showedthat oxi dation efficienciesin Fentonsyste mwereinthe fdlowngsequence:
DNT>PA>AP>TNT>Tetry >SRDX>HMX They found that the degradation of the
expl osi ves obeyed a pseudo-first-order behavi or and; for all expl osi ves, t he oxi dati on
rates significartly increased wthincreasing the concentration of Fe(ll), as well as
illumnation wth UVIight.
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27. Hfects of Industrid Polluants on the Bologicd Activated S udge
Treat nent Process

There are different approachesthat may be usedto eval uatethe bid ogical treatability
of industrial polluants. Anong them the most wdely used ones are the
deter mnation of the <‘BOD;/ COD’ ratiq uilization of respironetric net hods
(neasurenent of oxygen uptake rates) and COD fractionation of wastewaters
(Perkins et al., 2001, Arslan- Aaton 2003 Xao et al., 2002 Qhon et al., 1999,
Tinay et al., 1990, Ger mirli et al., 1990).

There exist many exanplesinthe literature studyi ngthe effect of Fentontreat nent
onthe i nprovenent of bio-treatability. For example, Lopez et al. investigated the
effectiveness of the Fenton's reagent (Fe?"+ H O+ H) for the pre-treat nent of a
municipal landfill leachate wth the objective of inproving its overal
bi odegradability, eval uatedinter ns of BOD;/ CODratiag upto a value conpatible
with bidogical treat nent. BODs/ CODratio of the leachate coul d be i ncreased from
0.2 [(2300/10540)=0. 2], theinitial value, upto 0.5 the mni mumval ue conpatible
with asubsequent bidogical post-treat nent.

For instance, Chanarro et al. (2001) studiedthe use of Fenton’s reagent to i nprove
organic chemcal biodegradability wth different organic conpounds (for nic acid
phenoal, 4-chlorophenal, 2 4-dichlorophend and nitrobenzene). It was seenthat the
ratios of BOD;/ COD whileinitialy bei ng near zerq increasedto approximately 0.4
after partial oxidation of these toxic conpounds wth the Fenton treatment and
Fenton pre-treat nent wth subsequent | ow cost biol ogical treat nent was proposedto

be an effecti ve dternative.

Inthe present study, Activated S udge Inhihbition Test (1SO8192) was usedt o assess
the acute effects of the rawand pre-treaed dyebath effl uents ont he activated sl udge
mcroorganisns and the soluble inert COD fractions were deter mned in order to

eval uate the i nprove nent of bid ogical treatability of these spent dyebat hs.
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271 Acute Inhhbitory Bfects on Sewage 3 udge

The Activated S udge I nhibitiontest relies onthe measurement of Dssdved Oxygen
(DO inthe sanples containing varying diluions of the test conpound in contact
with synthetically grown activated sludge, in order to calcuate the correspond ng
Oxygen Uptake rates (OUR). The reductionin OUR withti ne, relativetot he blank
containing onlythe synthetic feed is explained withthe inhibitory effect of the test

conpound exerted onthe activated sludge mcroorganis ns.

It should be notedthat the activated sludge inhibitiontest is not a bi odegradability
test but it is atoxicitytest that is usedto studythe acute tox c/i nhibitory effect of
polluants on WWIP’s.

2 7.2 Deter mnation of the Inert CODin Industria Bfluents

The i nportance of sd ubleinert COD contert (§) of theinfluent wastewater has been
e nphasized by many researchersintheliterature. There are several nethods availabl e
for the deter mnation of this conponent (Ekana et al., 1986, Henze et al. 1987).
However these net hods are nat ableto differentiatet he sd ublei nert organi ¢ substances
fromthe sduble inert microbid end products as a najor disadvantage. Q her
procedures based salely onthe neasurenent of COD allowedthe direct experi nental
deter mnation of sd ubleinert organic substances inthe influent ( Kappeler and Gujer,
1992, Qhon et d., 1994).

The met hod proposed by Ger nirli et al., 1993i nvol ves the nonitoring of CODinthe
sduble wastewater reactar and the glucose reactor of equivalent soluble COD
content bath seeded with mninal bionmass (10-50 ng M_VSS L) previously
accli mated to the wastewater and the glucose substrate. These reactors eventually
reach a stablethreshol d obtai ned fromt he COD measure nents after consu nption of
the tatal biodegradable substrate and ulti mate mineralization of the bionmass. The
inert COD profiles to be obtained by this nethod are presentedin FHgure 24.
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Hgure 2 4: Inert COD Profiles (Ger mirli, 1993)
The method assunes that t he resi dual so uble CODi nthe wastewater reactor is equal

tothe sumof sdubleinert COD (S) and residual souble mcrobia end products

generatedinthe reactor.

St =3 +3 (225

The anount of residual sduble mcrobia end products generatedinthe reactor is
al vays a fraction ( Ysp) of the degradable COD content of the initial COD (Sso)
whichis calcuaedfromthe glucosereactor wth the assunptionthat Yesiwastevater) =

YPS (d ucose) (2 26) .
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Yes = 6/ Seo (226)

This allows the calculation of § fromthe followng two equations with two

unknowns:
Sso +9 =Spo (227)
YpsSo +§ =5r (228)

Sec  :residual sduble microbial end products generated in g ucose reactor (nmy/ L)

S : residual sduble mcrobial end products generated in wastewater reactor
(ny D

Sco  :intia sduble COD of glucose reactor (ny L)

Sto  :intiad sduble COD of wastewater reactor ( ny L)

Sso s intia sduble biodegradable CODin wastewater reactor (ng/

St : final sduble COD of wastewater reactor (ng/ L

S sintia sdubleinert COD of wastewater (nmy L)

Yes . fraction of biodegradable COD converted into soluble inert netabolic
products (ng cell COD/mg COD)

This method has been applied inthe present study to deter mne the soluble inert
COD fractions inthe investigated acid dyebaths t o examne the effect of Fenton’s
pre-treat nent onthe i nprove nent of bio-treatability whichis i nportant inter ns of
effectiveness of the precedi ng bid ogical treat nent.
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3 MATERI ALS AND METHODS

31 Mterids

Inthe present study, Fenton’s treat nent of acid dyebath effluents was investigated
because of t wo naj or facts which were; the high COD content andthelow pH of the
acid dyebaths which the Fenton’s treat nent fits best in terns of the renopval

efficiencies for COD as well as the cd or.

311 Textile Acid Dyebaths

Two different texile acid dye-bath conpositions were used in this study. The
comnercia dyes and dye assisting che mcals to for mt wo dyebaths were obtai ned
froma l ocal textilefinishingfactory. The dyebaths were prepared exactly asthey are
used inthe factory to simulate real acid dyeing bath conpositions. Theoretically,
acid dye materials are well attained onthetargeted fabricand only 10 - 20 %of the
dye remains inthe dyebaths. However inthis study, it was assumed that the dye
conponents of the si nulated dyebath conpositions taally remained unfixed and
appearedinthe exhausted dyebaths in order to observe the worst case, andthe dye
baths were prepared accord ngly.

Dyebath1 was conposed of a netal-conplex dye ( Nortalan Back MRX) and acetic
acid as the assisting chemi cal. This dyebath was used for nyl on dyeinginthe factory.

Dyebath Il consisted of 3 different acid dyes (Telon Gelb ASRL, Telon Bau GL,
Telon Rot F2BL) and 2 assisting che mcals. The dye assisting che mcals are an acid
donor (Ruco Acid GBK); an ester-based che mcal and aleveling agent (Laugal TP).

The conpositions of the two dyebaths are provided in Table 31 and Table 3 2

36



Table 3 1. Exhausted Acid Dyebath | Gonposition

Dye Stuff Trade nane Co npany Che mca Conc.
(A Index) nat ure (ngy/l)
Acid Yellow?242 Telon Gelb ASRL Dystar Azo 30
Acid Red 360 Telon Rot F2BL Dystar Azo 30
Acid Hue 264 Telon Hau GL Dystar Antrachi non 30
Assisting Che mcals
Laugal TP Ercaspa  Oxyethylene 1500
derivative w
amne &
sul phonic
prop.
Ruco Acid GBK Rudol f Ester 500
Cheme

COD = 2747 £33 ng/ L

Table 32 Exhausted Acid Dyebath Il Gonposition

Dye Stuff Trade nane Co npany Che mcal Conc.
(A Index) nat ure (ny/l)
Metal Gonplex Neutrilan Back  Yorkshire Q (1) 350
B ack M RX Chemcals conplex azq
sul phonate
groups

Assisting Che nicals
Acetic Acid CH; COOH 1500

Weak acid

COD = 1752 +21 g/ L

The reason why Fenton pre-treat nent was chosen for this study was that the acid
dyes are wdely applied intextile dye houses world- wde and t hey have the hi ghest
sharesin Turkey anong ot her dyes. The dye-bat h for mul ati ons studied are frequently
bei ng used for nyl on dyeing inthe factory.

3 12 Reagents and Supplies

Al chemcals used were reagent grade and obtained fromHuka, Adrich Merck o
R edel dependi ng upon the price and availahility.

More specificaly, the chemcals used for the Fenton pre-treat ment were; reagent
grade hydrogen peroxide (35 % Vv/v, Huka), ferrous iron sulfate hepta hydrate
(Fe(SQ).7H Q Merck), sodium hydroxide pure pellets (NaOH Merck), Catalase
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(from Mcrococcus lysodeikticus, 1 AU destroys 1 umol HQ at pH = 7 RTP,
100181 U n, Huka), reagent grade Sulfuric acid (H, SQ;, Mrck).

Reagents usedfor the H G deter mnation were; potassi umi odide sol uion (1%w V),
Ammonium nol ybdate sduion (9 grans ammonium nol ybdate in 10 mM & N
NH, OHand diluedto 100 nt), sulfuric acidsol ution (one part H SQ, -98 %t o four
parts dstilled water), starchindicator, sodiumthiosufate (0 1 N.

3. 2 Experi nental Procedure

3 21 Fenton Experi nents

The si mulated acid dyebat h effl uents used i nthe opti mzation ki netic andi nhi bition
studies were prepared by dissdvingthe dyes and dye assisting chemcals in hat (~
80°Q distilled water and stirring for about three hours to nix well using a
tenperat ure contrdlable magnetic stirrer (Yellowine MBT Basic, | KA WERKE).

Appropriate anount of Fentonreagents weretaken fromthe stock sol tion of 11 42
MHQ (35 % wWw sduion to yield the desired H Q concentrations in the
experi ment mediumand likewise, the eval uated Fe?* concertrations were attainedin
the sol tiontakenfromthe 0.36 MFeSQ,. 7H O(10 g FeSQ,. 7H Oin 100 ) stock
sa uwion

The pH of the nedium was adjusted to the desired value before starting the
experi nent wth concentrated (6 N NaOH and H, SQ, sol uions. Mgnetic stirrers

were usedto ataina constant mixingirntensity of 300 rpmduring the experi nents.

The reaction was assuned to start withthe addition of Fe?* al nost si nultaneously
withthe addition of H O,. After the selectedreactionti ne, usuallyset as 30 mnfor
preli mnary opti mzation experi nents, the experiment was ceased wththe addition
of NaOHto increase the pHaround 10 - 11 where Fe** would no longer stay in
sa ution and precipitate as iron sludge (Fe( OH 3).

Sanples were taken for the neasurenent of remaining color and the COD of the
dyebat hs after enoughtime passed for the settling of iron sl udge fromt he sa uion
Before measuring COD the remaining H G insoluwion was checked with H Q
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strips. The sanples having H Q concentrations above 10 ng/l were digested wth
appropriate anounts of catalase in order to prevent the interference withthe COD

deter nmination

3211 Preli mnary Qoti nzation Experi nents

The opti mzation experiments for the t wo dyebaths were carried out at anbient
tenperature (20°Q for different concentrations of Fe?* (1- 10 mN), H G (10 -
100 mM and at different pHvalues (pH =2 - 5). Experi nents were conducted as
described in Fenton experi nents. The experi nental sche ne consisted of monitoring
the renoval of COD and col or of the dyebat hs after 30 ninutes of reaction ti ne.

3212 HKnetic Experinents

The kinetic studies were conducted for bath simulated acid dyebath effluents at
different tenperatures in order to eval uate the temperat ure effects onthe COD and
caor rermoval kinetics together withthe consunption of H Q. Al of the kinetic
experi nents wererunat pH=3for 90 mnutesin?2 L beakers withananount of 1 L
of dyebaths. The tenperature of the experiment nedium was kept constant
autonatically wthatenperature probe includedinthe heater- magnetic stirrer.

Sanmples of 25 M were withdrawnatt =0, 2 5 10, 20, 30 40, 60, 75 90 mn ti ne
intervals. 15 nl of the sanple was pouredin glasstest tubes wth appropriae drops
of NaOHtoincreasethe pHto 10 - 11 and catalase was addedi mnediatel yto each
sanpleto destroy the residual H Q to prevent its possible interference with COD
measure nents. The supernatants taken fromthe test tubes were anal yzed for COD
and color likewse the opti mzation studies. In separate experi nents where H Q
abatement was folowed at varying tenperatures, catalase was not added for H Q
deter mnation The remaining 10 m was poured to 50 m beakers and again
appropriate drops of NaOH were addedtostopthe reaction After filtering fromO. 45
u filter papers to anather beaker, the remaining concentrations were deter mned by

titrati on agai nst sodi umthi osulfate.
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322 Analytica Procedure

3221 COD Masurement

COD neasurenents were conductedinaccordance wththe 1SO6060 (1986) byt he
titri netric open reflux nethod

3222 Olor Masurement

Inthisstudy, col or was referredtoasthe neasured absorbency whichisthe neasure
of how nuchlight is absorbed by a substance compared wtha blank (clear, cd orless
water). Color of the solutionis relatedtothe wavelength of light absorbed by the
sauion Snce soluions which absorb visible light are generally colored, they are
good candi dates for analysis ia spectrophatonetry:.

The absorbance of the raw and pre-treated sanples were performed on a
spectrophotoneter ( Novaspec 11, Phar nacia LKB) which uses wavelengths of light
rangingfrom350 nmt o 900 nm For the nulticdor Dyebathl the absorbencies were
measured at the three specific wavelengths of 436, 525 620 nmcorrespondingto
perceived colors yellon red and blue, respectively, which are the selected
wavel engths for the discharge standards for colorinthe Ger man Cuidelines ( Gaehr
et al., 1994). The Turkish legislaion currently has no discharge standardfor color;
however, wthinthe frame wor k of the adoption of the European Union Aquis t hese
standards wil also be adopted For Dyebathll, the color nmeasure nents were done at
the wavelength yieldng maxi mum absorption bands. Absorbance neasuremnents
were perfor ned wth 1cm optical pathlength disposable cells.

3223 Deter mnation of Hydrogen Peroxi de

Residual hydrogen peroxide was deter mned by nolibdate-catal yzed potassium
iodi de titration et hod (Kor mann et a., 1988).

H Q oxidizesiodideto iodineinthe presence of acid and nol ybdate catal yst. The
iodine for nedistitraedwththosulfate sa uion incorporating a starchindicator.

HGQ +2K +HBSQ 21, +KkSGQ +2HO0 (39
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L +2 NS Q 2N SG + Nl (32

10 m sanples aretransferredto 50 nl s mall beakers and filteredfrom0.45 pmfilter
papers wththe help of 20 nl syringes. Then 5 ni of sulfuric acid 3 m of K
sa uion 3 drops of ammoni um ol ybdate and 2-3 drops of starchindicator is added
respectively. The sanpleistitrated wth 0.1 Nsodi umt hi osulfate until the dark bl ue

color just disappears.

The H Q concentrationinthe sanpleis calcuated viathe fdlowng for mul a

M X NX MWz o
H Q (M1) = wommeeromercmer s (33
\V4
\V4 : Wolune of titrant (nh)
N : Nor mality of titrart (1 N
AV : Wolune of sanple (nh)
MW, o : Mlecuar veight of HOG, (ng/ nol) (=34 000 mg/ ol)

3224 Ativated Sudge Inh bition Test

Activated sl udge i nhi bitiontests were conducted inaccordance wthatest procedure
describedinISO8192. All experi nents wererun at a constant tenperature of 20 + 2
°C The heterarophic mass usedinthe activatedsludge i nhibitiontest was fed witha
synt hetic wastewater (SWW tosi mulate municipal wastewater as describedin Table
33

Table 3 3. Synthetic Donmestic Wstewater Sol ution (COLQ =30, 000 ny/ L)

Reagent (dD
Pept one 16
Meat extract 11
Uea 3

Nad 07
Cad,.2H O 0.4
MySG.7TH O 02
K HPQ 28

The sanples were dil wed withappropriate anmounts of SWW( CODs ww =500 - 1000
mg/ L) to obtain a series of different dyebath COD fractions thereby keeping a
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constart tatal CODinthe dyebath + SWWeffluent mxtue. SWWas well as raw
and pre-treated dyebat h effluent sanples were aerated for 30 mnintest beakers
contai ning proper anounts of activated sl udge being previousl y accli matedto S WW
The H M(Food-to- Microorganisns) ratio was set bet ween 0.19- 0.20 ng COD/ ny
MLVSS. dl (MLVSS = 600 - 900 ny/ L). The decrease in dissdved oxygen
concentration (in ng/ L) inthe blank synthetic wastewater (SVWW as well as in
different dil utions of rawand pre-treated dyebat h effl uent sanples was nonitored for
2-4 mnusinga WIr'W Oxi Dg 2000 nodel oxygen neter. Oxygen uptake rates
(OUR) (expressedin my LHY) inthe blank (SWW and dil ued dyebath effl uent
sanples were calculated based on the linear part of decreasing dissolved oxygen
concentration curves as a function of the aeration (i.e bidogcal trea nent) ti ne.
Percent inhibition of OUR i.e lour for everytested sanple dil uion was calculated
using the fdlow ng equation;

lorr (% = [(Re- R)x100]/ Rs (34

where Rristhe oxygen uptake rateinthe sanpleeffluent mxture, Rsisthe oxygen
uptake rate inthe blank sanple (i.e in SWW). The I our values were thereafter
plated against InCOD's (natural logarithmof the CODs at different acid dyebath
effl uert dil uions) of acid dyebat h effl uents. The COD content of rawand pre-treated
dyebat h effluerts resultingin 50 %decreasein OUR (i.e. EG value; in ng/ L) was
calcuated by interpaaion of the InCOD versus percent Iour plats obtained for
different dyebat h effl uent sanpl es.

The heterarophic sludge sensitivity was checked by neans of a reference test
chemcal (3 5-dichlorophenal). Its EG, value (530 ng/L) was reconfir med by
appl ying the above indicated SO 8192 test procedure and found as 29 ny/L

3.225 Deter mination of the Solud e Inert COD

The soluble inert COD fractions were deter mned for baththe rawand Fenton pre-
treated dyebat hs i naccordance withthe procedure described by O hon et al. (1999).
2-batchreactors which were constantly aerated were used Al reactors wereinitially
seeded with 50 ng VSY L of accli nated bi ormass. The seeding was i ntentionally kept

m ni nmal toavoidinterferencesto carry over of endogenous residues. The accli nated
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bi ormass for each of the rawand pre-treated dyebaths were obtained fromthe m xed
liquor of the fill and drawreactors fed wth 50 %dyebat h effl uents and 50 %gl ucose
sa uions (intial seed obtained from WWTP of the textile finishing factory). Each
runfor the inert COD deter mnation of dyebat h effluents was continued for 50 days
until all bidogical activity was conpleted and no appreciale COD change was
detected The experi nents were conducted at roomte nperature and at a pHrange of
7.0- 80

The buffer and nutrient sol uions containingtrace elenents ( My, M, Fe, Znand Ca)
and conpounds to supply the nutrierts, nitrogen and phosphorus are herein called
Solution A and Soluion B (Table 3. 4). Appropriate anounts of Sol ution A and
Solution B formulations (10 m Soluion Aand Sol ution B for 1000 mg L COD)
were addedtoall reactorstoeli mnatethe effects of nutriert |i mtation andto buffer

the react ors for possible pH variations.

Table 3 4: For mul ations of nutrient and buffer sduti ons

Sol ution A Sol ution B
Reagent (gD Reagent (db
K HQ 320 MySQ. 7H O 15
KHP QO 160 FeSQ.7H O 0.5
NH d 120 ZnSQ.7H O 0.5

MhSQ.3H O 0.5
Cad, 20

The soluble COD was defined as the filtrate t hrough 0. 45 pmgl ass fiber filters, also
usedinthe deter mnation of VSS and SS paraneters.
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4. RESULTS AND DI SCUSSI ON

4.1  Pretreat nent wth Fenton's Reagent - Qpti mization Experi nents

Referringtothe Fenton process, it is well knownthat higher hydrogen peroxide to
substrate ratios result in nore extensive substrate degradation while higher
concentrations of ironions yield faster rates. However, in order to naxi mze the
effectiveness of the process, it is preli mnarily necessaryto deter mine the opti num
operational Fe?": H Q massratia As previouslydescribed Fenton’sreagent (Fe?” +
HQ+H SFe**+H O+HO) is usedto produce the hydroxyl radicals necessaryto

oxidize organic substances (R accordingto the folowng reaction ( Huang et al.,
1993):

HO + R - Oxidation Products (lkec =10'-10"° M sh) (419

Particu ar attertion must be paidto Fe?* and H O, concentrations i n order to avoid

the fdlowng undesired HO scavenging reactions occurring inthe presence of an

excess of each of the t wo reagents (Tang and Hiuang, 1997, Hsueh et d., 2004).
Fe’* + HO SR + OH (kec =3x 1 M s (42
HQ +HO >H O0+HO, (kec=27x10" M s} (43

Previous studies, infact, have denonstratedthat the highest oxi dation effidency is
achieved by reaction (41) when neither Fe?* nor H Q is overdosed, so that the

maxi muma nmount of HO is availabl e for t he oxi dation of organic conmpounds ( Tang
and Huang, 1997). In other words, an opti mal molar ratio bet veen HQ, and Fe?”
(Fe**: H Q) nust be fixedin order to nini nize scavengi ng effects.

In the presence of excess Fe’*, reaction (4 2) predomnates over reaction (4 1).
Therefore, the higher the Fe?* concentration the l ower the amount of HO radicals

availableto oxidize organic natter accord ngtoreaction (4 1).
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411 BEffect of Intid Ferrous lron Gncentration

In order to deternine the opti mum Fe’* and H Q concertrations, a set of
experi nents was carried out for the exhausted acid dyebaths while progressively
increasi ngthe concentration of Fe?* (0.5- 10 mM) i ntainingthe concentration of
H Q constant at an arhbitrary val ue of 30 mM Accordingto previous studies ( Malik
and Saha, 2003 Burbano, 2005), all the experiments were carried out at a fixed
reactionti ne of 30 mn and anintia pHof 30

4111 Dyebath

Percert CODrenoval efficencies obtained after 30 min treat nent at varying Fe**
concentrationsis presentedin FHgure 4. 1L Theiron concentrations studied wereinthe
range 0.5- 20 mMas 0.5 1, 2 3 4 5 7.5 10 15 20 mM respectively. Control
sanples wth only hydrogen peroxide were alsotested for CODrenovals.

n
o

COD Removal (%)
8 8 &
2
L 4
L 4

5
L 2

0 ? T T T T
20 25

10 15
Fe " (mM)

Fgure 41 Hfect of Fe®* concentration on COD renoval for DBI (H Q = 30 mM
pH=31t =30 mn CODy =2741 ny L)

It may be observedfromthefigurethat CODre noval increased withincreasingiron
concentrations. Qnly, after 10 mMthe CODrenoval dd nat increase significartly.

Percent col or renoval effidencies at the predefined wavelengths may be observed
fromFA gure 4 2 Color removal coul d not be observed for the iron concentrati ons of

0.5 1and 2 mM hence not showninthe figure. The col or re noval showed a si mlar
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trendtothe CODrenoval. Accordngly, the optimu miron concentration was chosen
tobe 10 mMfor DB correspondingto 24 % COD renoval (CODy =2741 ny/ L).
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0 5 10 15 20 25

Fe?" (mM)
0436 nm A 525nm O 620 nm

Color Removal (%)

Fgure 42 Hfect of Fe?* concentration on cd or (absorbance) removal for DB |
(HQ =30 mM pH=3t =30 nin, CODy =2741 ny L Ass 0=0833cm*;
A§25' o =0612 ]./CTTJ /%20, 0=028 ]ijT)

The results for the optini zation of initid Fe?* concentration are presented in Table
4.1

Table 4 1: Efect of Fe®* dose on COD and Colour Reroval Efficiency for DBI.
(HQ =30 mM pH=3 Reaction duration =30nin, CODy =2746 nmy L; Az o=
0.833cm’; Az 0=0612 cm’; Az 0=028cm?)

Fe”* COD Col or
Concentration| H nal Re noval H nal Absorbance Re moval
(mN) COD |Eficiency (cmb) Efficiency
(nmy D (% at A =436, 525 620 | (% a A =
nm 620 Nm
436 | 525 620
0 2692 2 -* - - -
0.5 2621 5 - - - -
1 2582 6 - 0.498 | 0.273 -
2 2573 6 - 0.520 | 0.215 -
3 2419 12 0.544| 0.315 | 0.150 46
4 2477 10 0.389| 0.196 | 0.108 61
5 2419 12 0.554 | 0.253 | 0.109 61
7.5 2371 14 0.29 | 0.097 | 0.057 80
10 2107 23 0.14 | 0.049 | 0.022 92
15 2189 26 0.241| 0.091 | 0.040 88
20 2078 30 0.203| 0.065 | 0.019 93

* norenoval observed
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4112 Dyebathll

The COD renoval efficiencies achieved after 30 mn Fenton’s treat nent are
depictedin Fgure 43 The iron concentrations studied were inthe range 0.25 - 6
mM 0.25 05 1 15 2 25 3 35 4 5 6 mMas Fe?". Contrd sanples were also
testedfor CODrenoval without the addition of iron. The results obtainedinter ns of

CODrenoval are presentedin Fgure 4.3
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Figure 43 Hfect of Fe”* concentration CODremoval for DBII (B Q =30 mM
pH=3t =30 nin COD, = 1705 ny L)

It may be observed fromthe figure that the COD renpval was not enhanced
significantly wthincreasingiron concentrations froml mMupto5 mM withthe
exception of 2 mM where there happens to be a slight peak of 26 % CODre noval
(CODy = 1705 ng/ ). It was observed that COD renoval decreased significantly

above 5 mMof Fe?" concentration

This may be explained as acceptedinthe literature t hat, inthe presence of an excess
of Fe?", reaction (4 2) predominates over reaction (4 1). Therefore, the higher the
Fe’* concertration the lower the amount of OH availableto oxidize organic matter
accordi ngtoreaction (1) (Lopez et a., 2004).

The reductionin color with different Fe?* concentrations for DB 11 is presentedin

Foure 44
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Fgure 4 4 Effect of Fe?" concentration on cd or abatenent for DBII (HO, =30
mM pH=3t =30 nin, CODy =1705 nt/ L, Asgo, 0 =7.32 cri')

The color renoval proved to be constart above aniron concertration of 2 mM Fe?*

which corresponded to a renoval by 90 % Accordingly the optimum Fe?*

concentration was selected as 2 mMfor the proceedi ng experi nents.

The experi nental resutsare summarizedin Table 4. 2

Table 4 2 Hfect of Fe** concertration on COD and Col our Renoval Eficiency for
DBIl. (HQ =30 mM pH=3 Reaction duration =30 mn;, CODy =1705 ny L;
Asee 0=7.32cm’)

Fe** COD Col or

Concentration| H nal Re noval H nal Re noval

(mM COD Efficency | Absorbance Efficdency
(ny D (% (cri) (%

at 569 nm

0 1688 1 7.31 -

0.25 1466 14 1 858 75

0.5 1345 21 151 80

1 1296 24 0.81 91

15 1330 22 0. 765 90

2 1262 26 0.727 90

25 1296 24 0.313 96

3 1296 24 0.416 94

35 1296 24 0.602 92

4 1279 25 0.52 93

5 1262 26 0.361 95

6 1483 17 0.58 92

8 1449 15 0.57 92

10 1432 16 0.58 92
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4.12 Hfect of Intid Hydrogen Peroxi de Goncentration

4121 Dyebath

The effect of H Q concentration ontreat nent efficiency was i nvestigated by trying
different concertrations of H Q at the opti mum Fe?* concertration found as 10 mM
and pH=3. The H Q concentrationrange was selectedto be 10 - 100 mMas 10, 20,
25, 30, 35, 40, 50, 75 100 mMof H Q respectively. Aseparate contrd experi nent
was conducted to observe the effect of Fe?" inthe absence of H Q.

The results are shown inH gure 4 5inter ns of percent CODrenovals.
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Fgure 45 Hfect of HO, dose on COD abatement for DBI (Fe®* =10 mM pH=3
t =30 mn, CODy =2745 ny L)

As can be seenin Hgure 4.5 the highest percent CODre noval efficency was found
as 24 %for the H Q concentration of 30 mM( CODy = 2745 ny L).
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Fgure 4 6 Efect of HO, concentration on color reroval for DB (Fe** = 10 mM
pH=3t =30 nin Ass o =0833cm’; Az 0=0612cm’ A o=028cm)

The col or renoval effidencies may be observedfromHA gure 4. 6 There was no col or
removal wth H Q concentrations less than 20 mMand the renoval effidency did
not increase wWth dosages higher than 30 mM Therefore the optimum H, G
concentration was observedto be 30 mMfor DBI.

The results of the experiments are presentedin Table 4 3

Table 4 3: Hfect of theinitial H Q concentration on COD and Col or Re noval
Efficiency for DBI. (Fe®*=10 mM pH =3 Reaction duration =30 nir; QOD, =
2745 ny L Azg 0 =028 cm?)

COD Col or
H QG H nal Re noval H nal Re noval
Concentration COD Efficdency Absorbance Efidency
(mM (ny ) (% (cm') (%

at A =620 nm

0 2636 4 0.267 5
10 2347 15 0.186 34
20 2386 13 0.054 81
25 2405 15 - -
30 2086 24 0.022 92
35 2290 19 - -
40 2328 18 - -
50 2438 11 0.042 85
75 2448 11 0.022 92
100 2386 13 0.017 94
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4122 Dyebathll

The experi nents were carried out withthe optimum Fe?* concentration found as 2
mMandforthe H Q concentrationrange =10 - 60 mMas 10, 15 20, 30 40, 50, 60
mMrespectively. The results are presertedin Table 4 4andina single graph with
corresponding COD and col or renoval percentages (Hgure 4.7). Coloris referredto
as absorbance at 569 nm. It is evident fromt he figure that boththe COD and col or
renoval re mai ned stagnant above B Q concentration of 30 mM Hencethe opti num
H Q concentration was found to be 30 mM with a corresponding COD re noval
efficdiency of 26 %(CODy = 1677 ng/L).
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Hgure 4 7. Bfect of intial H Q concentration on COD and cdl or renoval for DBII
(Fe** =2 mM pH=3 t=30 nin, COD, =1677 mg/ L; Aeg 0=7.32cm’)

The results of the experiments that eval uatedt he effect of initidl H Q concentration
are presentedin Table 44.
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Table 4 4. Hfect of B O, concentration on COD and Col our Re moval Hficiency for
DB II. (Fe**=2 mM pH=3 Reaction duration =30 nin; COD, = 1677 ny L,
Asegy 027.32 le)

COD Col or
H Q H nal Re noval A nal Re noval
Concentration COD Eficency Absorbance Efficency
(MmN (ny D (% (cm) (%

at 569 nm

0 1643 2 - -
10 1608 4 2.122 71
15 1506 10 1341 82
20 1375 18 161 78
30 1157 31 0.293 96
40 1258 25 0.952 87
50 1266 25 0.294 96

It was foundt hat the optimu m molar Fe**: H Q ratiofor the Dyebathl and Dyebath
Il were 1:3and 1: 15 respectivel y. However, many si mlar nolar ratios of the initial
Fe’* to H Qconcertrations for the Fenton reaction have been reported in the
literature. For exanple 1.3 for phenol (Esenhauer, 1964); 1.4 for chl orobi phenyls
(Sedlak and Andren 1991), 111 for 2 4-dichlorophenal (Tang ang Hiang 1996).

Martinez et al. (2003) have reported the optinized values of HQ and Fe?*
concentrations as 3 and 0.3 M respectively, for an extrenely pollued
phar maceutical wastewater (COD, = 362 000 mg/l). They have achieved a COD
gl obal reduction of 56 %

Armong the studies investigating the effectiveness of Ferton reactions on the
treat nent of dyes, Neamtuet al. (2003), have reported a val ue of 20: 1 forthe nolar
raio of HQ : Fe** for the oxidation of commercial reactive azo dye aqueous

sa uions.

4.13 Hfect of pH

As indicated inthe previous sections pH has a significant effect on the Fenton
reactions andthe nost suitable pHrange for the removal of various organics was pH
=2 - 5(Lunar et al., 2000, Perez et al., 2002 Ghalyet al., 2001, Kanget al., 2002).
The effect of pHon Fenton’streat nent of t he exhausted dyebat hs was studied alsoin
ter s of CODand col or renoval efficiencies obtained after 30 nin at optimu m Fe?*
and H Q concentrations. The studied pH val ues ranged bet weenpH=2 - 5as pH=
2253354455
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4,131 Dyebath |

The obtai ned pl as of COD and Col or (absorbance at 620 nn) renoval for Dyebath|
at dfferent pHval ues are presentedin Fgure 4 8 and Fgure 49 respecti vely.

30

&
*

8
2

COD Removal (%)
8 &
L 4

a1
1

Fgure 4 8 Hfect of pHon CODrenoval efficiencies for DB (Fe** =10 mM
HQ =30 MMt =30 min CODO, =2731 ny L)
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Fgure 49 Hfect of pHon coor renoval efficiencies for DB1 (Fe?* =10mM
HQ =30 mMt =30 mn COD, =2731 ny L; Aizs 0=0833cm’; A 0=0612
le; /%20,020.28 le)
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As can be observed from Figures 48and 4 9 the opti mumpHinterns of COD and
ca or renoval efficencies was selected as pH=3

The experi nental resutsare summarizedin Table 4.5

Table 45 Efect of pHon COD and Color Reroval Efficiency for DBI. (Fe?*=10
mM HQ =30 mM Reaction duration =30 min CODy =2731 ny/ L, A0 0=028

cmb)

COD Col or
pH H nal Re noval H na Re noval
COD Efficency Abs orbance Efficency
(ny D (% (cr') (%
a 620 nm

2 2185 20 0.05 82
25 2349 14 0.021 93
3 2076 24 0.022 92
35 2348 14 0.064 77
4 2403 12 0. 057 80
4.5 2294 16 0.058 79
5 2376 13 0.06 79

4,132 Dyebath Il

The results obtained fromthe pH opti mzation experi nents interns of COD and
caor renoval efficiencies illustrated inthe Fgures 4 10 and 4.11, after 30 nin

reaction ti me at opti mum Fe** and H Q concentrations of 2 mM and 30 mM

respectivel y.
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Fgure 4 10: Efect of pH on CODrenoval effidiencies for DBII (Fe?* =2 mM
HQ =30 MMt =30 mn COLy =1677 ny L)
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Fgure 4 11: Effect of pH on Col or reroval efficiencies for DBII (Fe** =2 mM
HQ =30 mMt =30 nin COD, =1677 nt/ L Ases 0=7.32 cm’)

The cal or renoval for Dyebathll at varying pHwas observedto be constant bet ween
pH=2-5

The opti mumpHfor the effectivere noval of CODand col or was foundtobe pH=3
for both Dyebath | and Dyebath 1. It isi nportant to notethat pH =3 is the nearest

pHval uetothe ori g nal pHval ues of t he exhausted aci d dyebat hs whicharepH=3.5
and pH=45for the dyebaths | and Il respecti vely.

S nmlarly, Neantu et al. (2003) and Tang and Chen (1996) have also shown the
resuts for degradation of azo reactive dyes, Cl. Reactive Yellow 84 and CI.
Reactive Red 120 by Fenton reactions as pH = 3 and pH = 2 respectively. Col or
renoval of synthetic dye wastewater by Fenton’s and photo-Fenton’s reaction was

achieved & pHrange 3 - 4 (Sol ozhenko et d., 1995, eng et a., 2000).

The experi mental results obtained are summarized in Table 4 6
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Table 4 6: Effect of pHon COD and Col our Renoval Eficiency for DBII. (Fe**=2
ml\q B Q =30 mM Reaction duration =30 min; CODy = 1677 ny/ L, Aggo0=7.32
cm’)

COD Col or
pH H nal Re noval H nal Re noval
COD Efficdency Absorbance Efidency
(ny D (% (cm) (%
A 569 nm

2 1341 20 0.578 92
2.5 1219 27 0.385 95
3 1219 27 0.341 95
35 1309 22 0.355 95
4 1478 12 0.789 89
4.5 1530 9 1230 83
5 1491 11 1536 79

4.2 Ki netic Sud es

4.2 1 Hfect on Te nperature on COD and (olor Re novals, and Fate of H Q

Recertly, several studies have reportedthat i nthe (dark or phato) Fe**(or Fe?*)/ B Q
system increased reaction te nperature can enhance syste mreactivity (in ter ns of
target conpound renmoval, CODQ or TOC (Lunar et al., 2000; Gob et al., 2001).
Sagawe et al. (2001) have also denonstrated the possihility of a combined
phot oche mcall yandt hermall y enhanced phot oreacti ve Fentonsyste m utilizingsol ar
infrared as an energy source. The results presentedinthe literature have shown t hat
inthe case of photoche micallyandther mally enhanced Fenton syste ns, the re noval
rate of target conpounds (i.e, 4-nitrophenal) coul d be increasedto nore than 100
tines that of the dark Fe**(or Fe?") H Q systens. However, some researchers
poi nted out that the increased reaction tenperature mght cause a decrease inthe
utilization of oxidant (HQ), thatis, anincreaseintheratioof H Q consumedtothe
anount of target material re moved (i ncrease of [AH, Q]9 ACOD or TOC]) ( Dutta et
al., 2001). In nost cases, t he t her mal enhance nent of target conpound removal was
reported ( Lopez et al., 2004, Lee et al., 2002, Torrades et al., 2003, Perez et al., 2002,
Lee and Yoon, 2004).

Inthis study, kinetic experi nents were conductedin order to examne the effect of
dyebathtenperature on COD color and H Q abate nent ratestowards the nodeling
of Fenton’s Reagent. It was ai ned to deter mne the fate of COD and H, @ wth

varyingtenperatures for t het wo dyebat hs. The mainreasonfor the consideration of
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the kinetic eval uation was that the acid dyebaths are usually applied at elevated
tenperatures a around 80 °C

The selected te nperature range for the i nvestigation was bet ween 20 °C and 70°C
for bath of the dyebaths. The kinetic experi nents were run as described in the
Vet hods section

4,211 Dyebath |

Dyebathl was treated with Fenton’s Reagent at the predeter mned opti numr eaction
conditions Fe?* =10 mM H Q =30 mMand at pH=3for thetenperatures of T =
20, 30, 40, 45 50, 55 60°G for 90 nin

Houre 4.12 summarizes the COD abatenent kinetics obtained for Dyebath | at

varyi ng te nperat ures.
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FHgure 4 12 COD abatement kineticfor DB at different tenperatures at opti mum
conditions (Fe** =10 MM H Q =30 mM pH=3t =90 nin)

It was observed fromHA gure 4. 12 that the COD renoval did not continue after 30
mn reactionti me. Itis alsoi nportant to note that the difference of COD re noval
with increasing tenperature is nore detectable inthe first mnutes of the Fenton

reacti on

The effect of te nperat ure on CODre noval efficiencies after 30 mnreactionti neis

summarizedin Hgure 413
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Figure 4 13; Bfect of Tenperature on CODrenval efficiencies for DB (Fe** =
10mMM HQ =30 mM pH=3t =30 min, COD, =2616 ny L)

It was observedthat the highest CODrenoval efficiency was obtainedat T=50°C
as 30 %wthafinal COD val ue of 1843 ny/ L after 30 minutes of reaction ti ne.

The residual B Q concentration was also determ ned at varying tenperatures in
parallel sanplestakenforthe deter mnation of remaining COD Hgure 4.14 presents
the residual H Q concentrations in the dyebath souions wth increasing

tenperat ures.
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FHgure 414 H Q consunption for DB | at different tenperatures at opti mum
conditions (Fe** =10 MM HQ =30 mM pH=3t =90 nin)
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The color abateent kinetics were again observed at wavelengths of 436, 525 and
620 nmfor Dyebath I. It was decided to show the results obtained at the best
represertative wavelength which was 620 nm(FHgure 4 15).
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FHgure 4.15: Color renoval for DB at different te nperatures at opti mum reaction
conditions (Fe** =10 MM H Q =30 mM pH=31t =90 nin Az 0=028 cm’)

The effect of tenperature on cd or renoval was summarizedin Fgure 4 16
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F gure 4. 16: Effect of Tenperature oncolor removal efficiencies for DBI ( Fe®* =10
mM HQ =30 mM pH=31t=30 nin A o0=028cm")
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It may be observed from Figure 4.16 that the highest color renmoval (99 % was
achieved a 50°C

4.212 Dyebath Il

DyebathIl was alsotreated wththe Fenton’s reagent at opti mumprocess conditions
deter nined as Fe** =2 mM H Q =30 mMand pH =3 for 90 ninreactionti ne.
The studied Dyebathtenperatures were T =20, 30, 40, 50, 60 and 70° C The results
are preserted in terns of COD abatenent kinetic and overall COD renoval
efficencies, as well asremaining B Q and col or (absorbance at 569 nm) asinthe
case of Dyebath .

The COD renoval efficiencies and COD renoval efficdencies for Dyebath Il are
presentedinthe Hgures bel ow(H gure 4 17).
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Hgure 4. 17: COD abatenent kinetics at varying tenperatures for DB 11 at opti mrum
reaction conditions (Fe** =2 mM HQ =30 mM pH=3t =90 nin)

Hgure 4. 18 provides an overviewof the overall CODre noval efficiencies obtai ned
after 30 mn for the Dyebath Il under the predeter mned experi nental conditions,

poi nting out the best experi ment tenperature as 60 °Cinter ns of CODremoval.

Itisalsoevident fromHAgure 4 18that the difference in CODre novals observed at

20°Cand 60° Cis nore sigrificart at the begi nning of the reactioni.e first 30 nmin
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For instance, after 10 minreactionti ne CODrenoval is only 14 %for T=20°C
but already at 28 %at T= 60 °Cindicatingthat the reactionis a most conplete.
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F gure 4. 18: Effect of Tenperature on CODre moval efficiencies for DB Il (Fe?* =2
mM HQ =30 mM pH =3t =30 mn)

It was observedt hat the best CODre noval for Dyebath |l was obtainedat T=60°C
with arenoval effidency of 31 %and a final COD of 1197 ng/L (COD, = 1738
mg/ L) after 30 mnutes of reactionti ne.

The H Q abatenent kinetics far Dyebathis presentedin Hgure 4 19
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FHgure 4 19: Fate of HO, for DBII at different tenperatures at opti mumconditions
(F**=2mM HQ =30 mM pH=3t =90 nin)
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It was observed that the remaining H QG wth ti ne decreased wth increasing
tenperat ures i ndi cating higher reactionrates uptoT=60°C A T=60°Gthe H Q
consunption was practicallythe same as T=70 °C(H Q consuned =99 %of the

intia concentration) for 90 mn

The color abatenent obtained for Dyebath Il for 90 nin reaction ti ne at 569 nm
wavelength at varying tenperatures isillustratedin Hgure 4 20,
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FHgure 4.20. Color renoval for DB Il at different tenperatures at opti mum
conditions & A =569 nm(Fe®* =2 mM HQ =30 mM pH=3t =90 nin)

It was observed that the color removal was faster during the first 10 min of the
Fentonreaction at elevatedte nperatures, as inthe case of CODrenmoval. However,
al nost the sane efficencies were observedfor col or abate ment after areactionti nme

of 90 mn

The effect of te nperature on col or renoval for Dyebath 1l for areaction duration of
30 mnis presertedinthe Fgure 4 21
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F gure 4. 21: Effect of Tenperature on col or removal effidiencies for DB Il (Fe?* =2
mM HBQ =30 mM pH =3t =30 nin)

FromHAgure 4.21, itisevident that high col or removal val ues (all above 95 % were
obtained even at lower tenperatures, however, the highest color renmovals were

achieved at tenperatures around 50 - 60°C

4.2 2 Deter minati on of Reaction Rate Gonstants

It was previously reported that the rate of the oxidation reaction depends on the
concentration of hydroxyl free radical, reaction conditions and pH(PFignatellg 1992
Zhu et d., 1996, Bossnann et a., 1998).

Previous studies have shown that during Fenton’s oxidation color renoval of dyes
were faster than CODremoval ( Kang and Chang, 1997). The reason was clai nedto
be the for nation of stable inter nediate products, which require longer ti me for
futher oxidation Aslan et al. (2001) reported, on photocatal ytic treat nent of
si mul ated dye effluents, that decol orization was faster than COD and TOCre noval.
Their studies indicated that deco orization due to the eletrophilic attack of the
chronophoric groups by OH m ght be a pri nary step and COD and TOC re noval
indicating the ulti nate oxidation of the wastewater. During solar photocatal ytic
degradation of t wo dyes, col or renoval after 3 h exposure was 100 %and 88 %and
the corresponding TOC renoval was 81%and 42 % respectively. TOC renoval

increased onincrease inexposure ti ne ( Vng, 2000).

Deng et al. (2000) reportedthat the decol orization of reactive dyes by photo- Fenton

systemwas dependent onthe nolecular structure of the dyes. The susceptihility of
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azo dyes to decdorization by Fe**-EDTA- HQ, oxidation is affected by the
substituent onthe phenolicring ( Na mand Tratnyek, 2000). Their study reveal edt hat
the dyes substituted wth hal ogen atons were oxidizedto a greater extent than the

corresponding nethyl or met hoxy groups.

The reaction rate constants deter mned for the degradation of dyes by oxidation
processes range bet ween 0.1 - 0.4 nin'. There are exanplesinthe literature for the
degradati on of several dyes suchas 0.0875 miri ! for areactive azo dye Cl. Reactive
Yellow 84 treated with dark Fenton, 0.2060 nmin' for Acid Qrange 8 0.4182 for
Acid Hue 74, 0.1098 for Methyl Qrange (Neantu et al., 2003, Aeboyeh et al.,
2003).

The reported val ues for observed first and initial reaction rates for several organics
with Fentonsystens i nclude 154 x 10° s* for nitrobenzene (Fe**: H Q =7 mM: 3
mM T=25°Gt =60 min), 26 L/mg min for cork cooking wastewater (Fe?*
HQ=1mM:5mM T=30°Ct=30nn T =30 °c) (Rodriguez et al., 2003,
Guedes et d., 2003).

Inthis study it was aimed to deter mne the reaction rate constants for the t wo
dyebaths treated with Fenton’s reagent at opti num experi nental conditions (initial
Fe** and H Q@ concentrations and pH of the mediun) interns of COD H G and

color renoval.

The pseudo-first order reactionrates (kcop and Kuacp, in mint) for CODremoval and
H Q consunption were deter mned

4.221 Dyebath|l

The results obtai nedfor Dyebath! under opti numconditions (Fe?* =10 mM H Q =
30 mM pH=3;t =30 mn) at different tenperatures (T =20, 30, 40, 45 50, 55 60
°Q are summarizedin Table 4 7.
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Table 4 7. Summary of reaction rate constants for CODQ cdor and H Q for DB
(F** =10 mM HQ =30 mM pH=3t =30 nin, COD, = 2747 + 33 ny/L)

COD
0 Hna COD Kcop Kip oo

T(Q re(rrct))/j\)/al (my D) | (mnd) R (niri ) R

20 23 2109 0.0204 | 0.95 0.152 0.90
30 24 2056 0.0214 | 0.90 0. 148 0.92
40 26 2061 0.0205 | 0.90 0.198 0.96
45 25 1872 0.0224 | 0.88 0.272 091
50 30 1843 0.0268 | 0.90 0.344 0.99
55 25 1895 0.0198 | 0.90 0.338 0.95
60 22 2070 0.0210 | 0.85 0.231 0.85

Houre 4. 22 illustrates the pseudo-first order reactionrate constants obtained for the
COD renoval at different experi nental tenperatures under the opti mum
experi mental conditions deter nined for theiritial Fe** and H Q concentrations and
the pHof the nedium
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Hgure 4. 22 Effect of Tenperature on pseudo-first order reaction constant for COD
abaterment (kcop) for DB 1 (Fe?* =10 mM HO =30 mM pH=3t =30 nin,
COD, =2747 £33 ny L)

It nmay be observedfromHA gure 4. 22 nore clearl yt hat t he fastest reactiontook place
at 50 °G whichis consistert withthe data obtained from COD renoval for the
Dyebath | as the best COD renpval was again observed at 50 °C after 30 nin

reacti on ti ne.
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The pseudo-first order reactionrate constants obtai ned for the H Q consunption at
varying tenperatures under the opti mumexperimental conditions are presented in
Fgure 4 23

0.4000
0.3500 1 * o
0.3000 A
0.2500 A
0.2000 A *
0.1500 A . IS

KHeo2 (Min 1)

0.1000 -
0.0500 -

0.0000 T T T T T
10 20 30 40 50 60 70

Temperature (°C)

Hgure 4.23: Effect of Tenperature on pseudo-first order reaction constant for H G
abatement (Kpop) for DB 1 (F?* =10 mM HQ =30 mM pH=23 t =30 nin)

It may be observed from Figure 4.23 that the pseudo-first order reaction rates for
H Q consunptionfolowed the sane trend wththe CODrenoval efficiencies and
the pseudo-first order reaction rate constants obtained at different tenperatures,
poi nting 50 °Cfor the fastest H Q deconposition

It was observedthat the pseudo-first order rate constant both hadthe hi ghest val ues
at 50 ° Cand tended to decrease at te mperatures above provingthat 50 °C was the
opti mumtenperature for CODrenmoval for the Dyebath 1.

Hgure 4. 24 illustrates the ratio of the pseudo-first order reactionrates for the COD

rermoval to H Q consunption agai nst the te nperature.
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Hgure 4.24: Bffect of tenperature on ratio of pseudo-first order reaction rates of
CODrenoval and H Q consunption for DB | (Fe2+ =10 mM HQ =30 mM

pH=23)

As expected theratioof pseudo-first order reactionrate constantsfor CODand H G

abatenent is al nost constart at around 0.1 minY/min' against the increasing

tenperature. Thisindicates that the observed CODrenoval is directlyrelatedtothe

H Q deconpositionto for mthe HO radicals, which actually are the responsible

oxi di zi ng agents.

4.2 22 Dyebath 1l

The results obtained for Dyebath 11 at opti mum experi nental conditions (Fe?* = 2
mM H QG =30 mM pH=3;t =30 mn) and different te nperatures ( T =20, 30, 40,
50, 60, 70°Q are summarizedin Table 4 8

Table 48 Sumnary of reaction rate constants for CODQ caor and B Q for DBII
(F**=2mM HQ =30 mM pH=3t =30 nin, COD, =1752 + 21 myL)

CoD
o F nal COD kCOD kHZCQ

79 mg%d (wh lwmn! B @ R

20 26 1288 0.0248| 099 | 0.255 | 0.99
30 25 1328 0.0296 | 099 | 0.228 | 0.99
40 25 1319 0.0271| 099 | 0.524 | 0.99
50 29 1210 0.0404 | 099 | 0.261 | 0.99
60 31 1197 0.0456 | 0.90 | 0.430 | 0.90
70 28 1274 0.0295| 093 | 0387 | 0.85
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Houre 4. 25illustrates the variaions of the pseudo-first order reactionrate constants

withthe increase inthe te nperat ure.
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kcop (m in'l)

Temperature (°C)

H gure 4 25 Hfect of Tenperature on pseudo-first order reaction constants (Kcop)
for DBII (FE** =2 mM H Q =30 mM pH=23

Itisseenthat the nmaxi mumval ue obtainedis at 60°C which coincides withthe best

CODrenoval efficiency obtained for Dyebath II.

The variaion of the ratio of pseudo-first order reaction rate constants of COD

renmoval to H Q consunmption agai nst tenperature isillustratedin Hgure 4 26.
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Hgure 4 26. Hfect of temperature onthe ratio of first arder COD and H O,
abaterent rates for DBII (F** =2 mM HQ =30 mM t =30 nin, pH=3)
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It may be observedthat, asinthe case of Dyebathl, theratioof t he pseudo-first order
reaction rate constants is al most constant again at around 0.1 minYmn?' wth
varying tenperatures indicating that the removal of COD was achieved parallel to
the consunptionrate of H Q.

4.2 3 Deter mnation of Activation Energies (E)

The activation energies were calcuated fromthe Arrhenius equation and the results
are shownin FHgures 4.27 - 4.30, by platingthe observed pseudo-first order COD
and H Q abatenent rate constants versusthereciprocal of the absol uetemperat ures.
The magnitude of the activation energy reflected the extent of the tenperature
dependence of COD and H, G abate nert.

The activation energies for the CODrenoval and H Q consunptionreactions wth
Fenton’s treat nent were derived for DB 1 and I1 fromthe kinetic studies and the

pseudo-first order reaction rates as provided inthe previous section

The rate constant k is affected by the tenperature and this dependence nay be
represented by the Arhenius equation

-B/RT

k=Ae (45
where;
k : pseudo-first order reaction constart (i)
E . Activation energy (J nol)
R : Ideal (as constant =8 314 J/ nol- K
T : Absoluetenperaturein (K
A . Frequency factor (1 mn)

andthe Frequency factor Ais assunedto be i ndependent of te nperature. Takingthe
natural logarithmof this equation g ves:

Ink =In A- E/(RT) (46
or

Ink =-E/(RT) +constant (47
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or
Ink =-(B/R(YT) +constant (498

Equation 4. 8indicatesthat ifthe plat of Ink vs. / Tis astraight line thea slopeis
E/R These equations provi de the basis for the experi nental deter mnation of E.

Exanples for the E values foundinthe literature for various degradation reactions
involved inthe Fenton and Fenton-like systens ranged bet ween 9 and 42 kJ/ nol
(Lee and Yoon, 2004). Therefore all these elementary reactions have relativelylow
tenperature dependence over the tenperature range 10-50 °C (i.e, of less than a
factor of 10). The Fentonreaction (4 1), which becones theinitiationreaction when
ferrous salt is used as aniron source, has an activation energy of 36 kJ/ nol (R gg et
al., 1954).

Reported val ues for the activation energies of Fenton reactions wth organi c species
range bet ween 60 - 70 (Rodriguez et a., 2003, Quedes ¢t a., 2003).

The activation energy E; for H Q deconposition is E ~ 23 kJ/ nol for the

fer nentative and E, ~ 76 KJ/ ol for the ther mal deconposition proess.

4,231 Dyebath

The activation energy for the degradation of CODfor Dyebath| was calculated via
thepat of Inkcop Vs ¥ T whichis presentedin FAgure 4 27.

'3 T T T T T
-3,0,6029 0,003 00031 00032 00033 00034 00035
-3,2 A

-33 7 E, = 5.8 kJ/mol

-34 - I
35 1 A=45min

36 - . R?=0.84
-3,7 1
-38 - L 4
-3,9 -

In kcop

UT (UK)

Fgure 4 27: Aa of Inkcop Vs ¥/ Tfor Dyebath ! (Fe?* =10 mM H QG =30 mM
pH=3t =30 mn)
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Fromthis pla the slope was read to be 705, which corresponds to E/R and
accordingly the activation energy of the COD removal reaction for Dyebath | was
calcuaedas E =58 kl/mol.

The activation energies for the H Q abaterent reactions were also calculated
likewse fromthe Inkipo, Vs Y Tl (Fgure 4 28).

0 T T T T T
0,0p29 0,003 0,0031 0,0032 0,0033 0,0034 0,0035
-05 1 E, = 9.5 kd/mol
o 1 A=73min*
o -1
3 R%=0.90
E _115 7 \
2 2
-25
1T (LK)

Fgure 428 Aa of Inkipe Vs ¥ Tfor Dyebath | (Fe** =10 mM B Q =30 mM
pH=3 t =30 nin)

The activation energy of the H Q degradation reaction was found as 9.5 kJ/ nol. It
may be concludedthat the H Q abate ment in case of Fenton pre-treat ment of DB |
was chemcal oxidative deconposition Hence, the possihlity of thermal H G
deconposition can be rued ou.

4.2 32 Dyebath Il

S mlarly, the activation energy for t he degradation of COD was calculated. The pl a
of Inkcop Vs I/ T drawn for Dyebath Il is presented in Fgure 4 29
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Fgure 429 Ao of Inkcop vs ¥ Tfor Dyebath Il (Fe** =2 mM H G =30 mM
pH=3)

Fromthis pl o the sl ope was readto be 653 and accordingl ythe activati on ener gy of
the CODrenoval reaction for Dyebath Il was calculated as & =12 4 KJ/ nol.

The activationenergies for the H Q consunptionreactions were cal cu ated fromt he
InkBb Q vs ¥ Tpa presentedin Fgure 4 30,

0 T T T T T T
00p28 00029 0003 00031 00032 00033 00034 00035
0,2
04 1 E, = 9.8 kd/mol
A=13min*
~ 06 - ,
o R®=0.81
< 081 .
£ | .
21,2 1
14 - L 4
4
16
UT (1K)

Fgure 430: Act of Inkpo Vs ¥ Tfor Dyebathl (F** =2 mM HQ =30 mM
pH=3 t =30 nin)

The activation energy of the H Q degradation reaction was found as 9 8 kJ/ nol.
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4.3  Deter mnation of Hfects on Hotreatahility

The effects of Fenton’s pre-treat nent of si mulated acid dyebath effluents on
subsequent bidogical wastewater treat nent systens were assessed via Activated
S udge Inhibition Test (ISO 8192) and sd uble inert COD deter mi nati on

Before presenting the resuts of the bio-treatability studies, it is important to
de nonstrate the COD contributi on of t he studied aci d dyebat hs (the dyei ng process)
tothe overall CODIoad of the plart before and after Fenton pre-treat ment. It was
assumed that the average, rawtextile wastewater flowrate fromcommon textile
factoryis 2000 ni/day and t he contribution of t he dyeing processtothis flowis 500
nt/day a its max (Table 49).

Table 49 Textile Qperations Process Profiles

Process H ow( m/ day)
Preparation (scouring/ bleaching) 550

Dyei ng 500

R nsing 750

H nishing 200

Total 2000

The COD contributions of the dyebaths to the total effluent were calculated

consi dering the above nentioned vol unetric fractions as presentedin Table 4 10,

Table 4 10: COD contributions of the dyebat hs before and after treat nent

Before Treat nent After Treat nent
COD Qontri bution DB I DB 11 DB | DB Il
(nyl) 687 438 443 300

It was observed that the organic load from DB | and DB Il before Fenton pre-
treat ment were 687 ng/L and 438 ny/ Las COD, respectively. After the Fenton pre-
treat ment these have fallen to values of 438 mg/L and 300 ng/L as COD

respecti vel y.

4.31 Activated Judge Inhibition Tests

The activatedsl udgeinhibitiontest was carried outtoassessthe acutet oxicityeffects
of the raw and Fenton pre-treated dyebaths to activated sludge mcroorganis ns,
accli matedto S VWW which were nat previ ously exposedto dyebathfor nmulations. by
measuring the oxygen uptake rates in sanples containingthe unaccli nated sl udge

subjectedto synthetic wastewater only as described inthe previous section. It was

73



decidedto keepthe H Mratioconstant at around 0.19- 0.20 ng COD ng MLVSS. d
! for the experi nents carried out withthe rawand pre-treated Dyebaths | and I1.
O fferent dyebath COD dil utions (fractions of CODfromdyebath) weretested which
summed uptothe sane tatal COD val ue together wththe COD comng fromthe
synt hetic wastewater solution The COD contributi ons fromt he synt hetic wast e wat er
sal uion were kept above 250 ng/ Lin order to prevent i nterferences arising fromt he
substrateli mtation The percent i nhi bition val ues were cal culated as describedinthe
previous section and pl otted agai nst the InCOD val ues of the dil utions tested The

corresponding EGo (inmg/ L COD) val ues were deter mned by interpal aion.

4311 Dyebath

The EGso values were found for the rawand the Fenton pre-treated dyebath for 30
min at the previously opti mized Ferton conditions as deter nined before ([Fe?*]o =
10 MM [HQlo =30 mM pH=3 T=50°Q. The H Mvalue was 0.19 ngy
COD ng ML_VSS. d*! for the experi ments carried out wth Dyebath I.

For therawdyebathsanples, thetatal COD val ue was kept at 700 ng/ L Figure 4. 31
provides the pda obtained for raw Dyebath I.

90

80 -
70
60
50 A

40 - ECs, =311 mg/l
R®=0.97

lour (%0)

30 A

20 A

10 A

O T T T T T T T T
55 5,6 5,7 58 59 6 6,1 6,2 6,3 6,4

In COD

H gure 4 31: The Inhibition (% vs. In COD pla for Dyebathl (F M=0.19 ny
COD ng MLVSS.d?Y)
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The EGo (t =30 niy Was found as 311 ng/ L COD The COD contribution of the DB
inthe overall wastewater of the textile plant wthout the Fenton pre-treat nent was
esti nated as 687 ng/ L COD whichindicatesthat it wll exhibit significant toxicity
on the activated sludge microorganis ns.

The sane test procedure was appliedfor thetreated (Fe** =10 mM H G =30 mM
pH=3 T=50°G t=30 nin) sanples of Dyebath| (F M= 0.19 ng COD ny
MLVSS. d) norelativeinhibition was observedin measured oxygen uptake rates as
conpared wth synthetic wastewater after one hour test duration

It nmay be concluded that the inhibition of the Dyebath | on activated sludge

m croorganisns was taallyrenoved after the Fentontreat nent.

4.312 Dyebathll

The EG val ues were also deter mnedfor the rawand Fenton pre-treated Dyebath 1
sanples. However, with an exceptional condition where acetic acid was eli ninated
fromt he dyebat h conpositionsinceinthe first tryit was not possibeto observe any
inhibition effects within 3 hours ( max defined by the test procedure) due to the
readily bi odegradabl e nature of the aceticacid Sincethe COD val ue of the dyebath
was reduced significantly after the eli mnation of acetic acid it was decided to
provide a fixed COD concentration fromthe synthetic wastewater solution while
changi ngt he vol urretric percentage of the dyebathinthetest sanple. The H Mval ue
was 0.19 ng COD ng MLVSS. d* for the experi nents carried out with Dyebath 1.
The OURs calculated for the sanples containingthe raw dyebath were above the
OURs obtained for the blanks during 1-hour test duration even for the highest
possible volunetric ratio of the dyebath in the overall wastewater, which was
selected as 20%¢(by volurne). S mlarly, the results obtained fromthe Ferton pre-
treated sanples run at the sane F Mshown no inhibition on the measured OURs
during 1-hr test duration It was concludedthat Dyebath Il has noinhibitory effects

on the activated sludge mcroorganis ns.

4.3 2 Deter mnation of Solube Inert COD

The soluble inert fractions of the raw and Fenton pre-treated dye baths were
deter mned accord ngto the procedure proposed by Ger mrli et al., 1993 The sol uble
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i nert fractions were cal cul ated fromt he neasuredinitial and final so uble COD data
poi nts of the rawand pre-treated DB 1 and DB 11 reactors.

4321 Dye Bathl

The reductionin COD values inthe bio-reactorsinitialy fed wthrawand treated
Dye Bath | were fdlowed urtil they reach down to a certainresidual COD

The raw wastewater reactor was initially fed withthe dilued Dye Bath | sanple
having 2045 ng/ L COD (dluion =25 % which decreasedto 95 ny/ Lafter 45 days,
whereasthe gl ucose reactorinitiallyat 1475 ng/ L COD decreasedto 65 mg/ L COD
It may be observedthat the CODreductioninthe raw Dye Bath| was much nore
rapidthan Fenton pre-treated Dye Bath I, reachingtothe sane COD value as the
reactor containing only glucose after 20 days. However, they bothrevealed a COD
renoval efficdency of 95 % after 41 days.

The COD abatenent wthrespect totinme for the rawand Fenton pre-treated Dye
Bath | (Table 4 11) is shown in Fgure 4 32

Table 4 11: Results of soluble inert CODtest for DB |

COD(ny/

DB I

T e (d DBl Raw DB 1 Raw DB | Treated
A ucose Treated a

ucose
0 2045 1475 1337 1680
6 1124 689 1065 765
11 786 416 895 527
19 252 315 787 157
21 231 203 657 96
23 194 186 603 82
28 137 145 376 51
32 113 103 177 39
34 95 74 151 35
38 91 65 133 30
41 97 67 135 34
45 95 65 135 34
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Figure 4.32:

Inert COD profiles of raw and Fenton pre-treated Dye Bath I
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The results of the COD fractionation tests for the rawand Fenton pre-treated Dye
Bath | are outlinedin Table 4 12

Table 4 12: Results of irert COD deter mnationtests for rawand pre-treated DB

DB | Sa Sec Sto St Ysp Sso S
(ngh) (b (nylh (nYD (D) (nyD
Raw 1475 65 2045 95 0.0441 2040 5
Pre-
1680 34 1337 135 0.0202 1227 110
treated

The results obtai ned fromt he i nert COD deter mnationtest were corrected accordi ng
tothe actual COD val ues of the rawand pre-treated dye baths (Table 4 13).

Table 4 13: COD fractions of rawand pretreated DB |

DB I COD Sp Sso S S
(ny ) (ny ) (ny ) (ny ) (%

Raw 2750 121 2743 7 0.25

Pre-treated 1925 29 1406 115 6

The resultsindicatedthat Fenton pre-treated Dye Bath | had a significantly greater
inert COD content of 115 ng/ L COD thanthe raw Dye Bath I, which only had an
inert CODof 7 ng/ L Thereasonfor this may be attributedtothe fact that insone
cases the generation of nore recalctrant compounds than the initial conpound

subjectedto oxidationis possibde.

4322 Dye Bathll

The reductionin CODvaluesinthe bi o-reactorsfed wthrawandtreated Dye Bathll
was followed for the same ti ne interval of 45 days until the plateau was reached for
the residual COD

The rawdye bathreactor was initialyfed wth 1636 nmg/ L COD which decreasedto
75 ny/ L, whereas the glucose reactor intially at 1530 ng/ L COD decreased to 65
mg/ L COD The COD renoval efficiencies were 95 %and 96 %for the rawand
Fenton pre-treated Dye Bath 11, respectively. The results of the soluble inert COD
test is depictedin Table 4. 14.
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Table 4 14: Results of solubleinert CODtest for DB I

COD(ny/ 1

DB 11

T sl Raw Dg’“ rRw - DBII Treated
ucose Treated q

ucose
0 1636 1530 1117 1320
6 1123 821 635 611
11 865 603 431 298
19 566 283 126 31
21 423 194 85 32
23 386 165 78 28
28 256 124 53 25
32 133 99 39 22
34 114 85 34 23
38 87 71 35 26
41 76 68 37 30
45 75 65 35 30

CODrenoval inthe test reactors is shown in Fgure 4 37.

It may be observedthat the CODreductioninthe raw Dye Bath 1l took place at a
significantly faster rate than the Fenton pre-treated Dye Bath Il
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Figure 4.33:

Inert COD Profiles of raw and Fenton pre-treated Dye Bath II
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The results of the COD fractionation tests for the rawand Fenton pre-treated Dye
Bath | are outlinedin Table 4 15

Table 4 15: Results of inert COD deter minationtests for rawand pre-treated DB 11

Src Sto St Ysp Sso S

G0
DB 11
(ngh) (b (nylh (nYD (D) (nyD
Raw 1530 65 1636 75 0. 0425 1630 6
Pre-
1320 30 1117 35 0.0227 1107 10
treated

The results obtained from the inert COD determ nation test were again corrected
according tothe actual COD values of the rawand pre-treated dye baths ( Table
4. 16).

Table 4 16: COD fractions of rawand pretreated DB 11

DB I COD Sp Sso S S
(ny D) (ny L) (ny L) (ny L) (%

Raw 1730 73 1723 6 0.35

Pre-treated 1211 27 1200 11 1

The resultsindicatedthat, Fenton pre-treated Dye Bath Il had aninert COD fraction
of 11 nmy/ L COD which was slightly hi gher thant he i nert CODfraction of the raw
Dye Bath 1, which was 6 mg/ L COD
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5. CONCLUSI ONS

Inthis study, the effects of Fenton’s pre-treat ment ontwo different acid dye bath
for mulations, DB 1 and DB Il were investigated inter ns of the observed COD and
co or renoval efficencies. The fdlow ng conclusions nay be drawn fromthe study:

1 Opti mumexperi nental conditions for the si mul ated exhausted aci d dye baths;
DB and DBII were; Fe?* =10 mM H Q =30 mMand pH=3 and Fe?** =2
mM HQ =30 mMand pH = 3; which yielded overall COD renoval
effidencies of 23 %and 26 % respectivel y. The correspondi ng col or re moval

efficencies were 92 %and 90 %

2 The observed effects of increasingte nperat ure showedt hat the CODre noval
i nproved from23to 30 %from20° Cto50° Cfor DBI, andfrom26to 31 %
from20° Cto 60° Cfor DBII. It was observed for bot h dye baths t hat above
a certain tenperawe the COD renoval did not show any further
i nprove ment confir mng an opti numfor tenperatwre for the Fenton pre-
treat nent.

3. The pseudo-first order reaction rate constants for COD renoval for DB |
increased by 35 %from0.020 min*to0 027 min*byincreasingtenperature
from20 °Cto 50 °G and the pseudo-first order reaction rate constants for
CODrenoval for DB Il increased by 84 %from0.025 min*to0.046 mn*
by i ncreasi ng te nperat ure from20 °Cto 60°C

4. For both dye baths, COD content decreased more narkedly in the first
m nutes of reaction, wth asubsequent snaller reactionrate.

5 The pseudo-first order reactionrate constantsfor H. Q consunptionfor DB I
increasedfrom0. 15 min*to0. 34 nin!byincreasingte nperature from20 °C
to 50 °C and for DB Il from 0.26 nmin' to 0.43 nin’ by increasing
tenperature from20°Cto 60°C
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6. The relationshi p bet ween CODrenoval and H Q consunption was found to
directly proportional wth val ues of Kcop/ kipcp With respect totenperature

nearly constant & around Q1 nin%/ mnt.

7. The E, values obtained fromthe CODrenoval kinetics for DB1 and DB 11
were 58 KJ/ nol and 12 4 KJ/ mol, respectively.

8. The E values obtainedfromthe H Q abatenent kineticsfor DB and DB 11
were 95 kJ/mol and 9.8 kJ/ nol, respectively. There was no thermal

deco nposition

9. The EGy value obtained for the raw DB | from activated sl udge i nhi bition
test was 311 ng/ Las COD whereasthe pre-treated sanples of DB exerted
noinhibition whichindicatedthat acuteinhibitory effect of DBl wastotally
renoved wth Fenton’s pre-treat nent.

10. The rawand pre-treated DB 11 (dye ingredients only) exhi bited no inhi bition.

11 The COD contributions of the rawand Fenton pre-treated dye baths to the
overall textile wastewater effl uent were calcuatedas 687 ng/ Land 438 mg/ L
for DB, and 443 ng/ Land 300 ny/ Lfor DBII.

12 It was observedthat rawDB 1 was norerapi dy biodegraded conparedtothe
pre-treated DB1. The solubleinert CODfractions of the rawand Fenton pre-
treated DB1 were 7 ng/L and 115 ng/ L, respectively, i ndicatingthat Fenton
pre-treat nent generated more recal citrant conpounds thanthe orignal spent
DB I for mul ation

13 It was again observed that raw DB Il was nore rapidy biodegraded
conparedtothe pre-treated DB1I. The solubleinert CODresults for the raw
and Fenton pre-trested DB Il were 6 ng/L and 11 ng/ L, respectively,
indicating that the raw as well as the pre-treated dye bath effluents were
al nost ertirely biodegradable in nature.
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