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ABSTRACT 

The use of ultrasound in environmental applications is a novel advanced 

oxidation process that is currently being investigated as a method to degrade refractory 

organic wastes, which can not be degraded by conventional wastewater treatment 

methods such as biological, chemical and combinations thereof The application of 

ultrasound to environmental problems relies on the process of acoustic cavitation: the 

formation, growth, and implosive collapse of micro bubbles in a liquid. The collapse of 

such bubbles creates hot spots with temperatures as high as 5000 K, and pressures up to 

800 atm, and cooling rates in excess of 1010 K S-1. These conditions are responsible for a 

variety of physical and chemical effects. Hydroxyl radicals that are formed during the 

homolytic cleavage of water molecules upon bubble collapse can be utilized to degrade 

many compounds including persistent environmental pollutants. In addition, radical 

formation can be enhanced by coupling ofultrasound with oxidants andlor UV light. 

In this dissertation, the degradation of pure and synthetic dye bath solutions of 9 

textile dyes were investigated in three ultrasonic systems (System I: 300 kHz, SystemII: 

520 kHz, and System nI: 3 x 520 kHz frequency), in the presence and absence of 

chemical oxidants (ozone, hydrogen peroxide, ferrous ion) andlor UV light. The 

impacts of system conditions, physical/chemical agents, dye properties and dye-bath 

matrix on sonolytic destruction of textile dyes were studied. The performance of the 

systems was assessed and compared with each other by monitoring color, organic 

matter, toxicity, total dissolved solids, total organic carbon, and chemical oxygen 

demand degradation, and the increase in biochemical oxygen demand. 

In case of system comparison, the efficiency of the studied systems with respect 

to decolorization of the test solutions was such that: System I> System II> System 

System efficiency with respect to the calculated product yield was in the order: System 

n > System I > System HI. Injectkm of different gasses during ultrasonic irradiation 

showed that rate of decolorization increased in the sequence: A.r > O2 > Air, and 
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maximum decolorization was obtained with an Ar:02 gas mixture, at a ratio of 66 per 

cent Ar to 34 per cent O2. 

It was found that, the decolorization rate of all dyes was more closely related to 

their structural properties than to the composition ofthe dye-baths. Anthraquinone dyes 

bleached faster than azo dyes. The presence of a-substituents around the -N=N- bond 

accelerated the decolorization rate. Decolorization of dyes with a single OH substituent 

in ortho position to their reactive component was faster than those with a second a­

substituent such as S03. Decolorization was decelerated by the formation of ionic sites. 

Decolorization in dyebath effluents was inhibited only in the presence of sufficiently 

large carbonate and chloride ions. 

The abatement in the visible absorption of sonicated dye solutions and dyebaths 

was always larger than the abatement in their UV absorption. Toxic dyes were 

detoxified by ultrasound within short contact, but ultrasound was not effective in the 

overall degradation of the dyes as measured by chemical oxygen demand and total 

organic carbon of the effluents, unless combined with physical/chemical agents. 

Sonication of dye solutions in the presence of 0 3, Fe2
+, H20 2, andlor UV irradiation 

increased degradation yields considerably with respect to those applied individually. 

The most effective combined scheme was ultrasound/ozone/UV irradiation. 

Estnnated bimolecular rate coefficient of azo dyes with hydroxyl radicals was 

calculated as 1.22 x 109 M-1s·1. Estimated operational costs of System I, II and III for 45 

per cent bleaching of azo dyes were 3.52 USD m-3
, 3.37 USD m-3

, 9.98 USD 111-
3

, 

respectively. The cost of 03IUS combination in System HI was 2.S7 USD m-3
, and the 

operation cost of ozonation was 3.60 usn m-3
• 
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QZET 

SesiistU dalgalann yevresel uygulama alanmda kullamml yem bir Ueri 

oksidasyon prosesidir. Kimyasal veya biyolojik antIm gibi klasik atiksu antnn 

yontemleriyle ayn~masl gUy olan organik maddelerin indirgenmesinde kullanmll son 

zamanlarda ara~t1f11maktadlf. Sesustu dalgalann <;evresel problemlerin <;ozurniinde 

kullamlmasl SlV! h;erisinde mikro ol<;ekli vakum kabarclk:.larm olu~umu, bUyiimesi ve 

iyeri yokerek patlamasl olarak tarif edilen ak-ustik kavitasyon prosesine dayanmaktadrr. 

Patlama srrasmda yakla~:ik 5000 K slcakhgmda, 800 atm basmcmda ve soguma hlZl 1010 

K sn- l olan slcak noktalar olu~maktadlf. Bu ~artlar sonucu meydana gelen fiziksel ve 

kimyasal etkiler ile organik maddeler indirgenmektedir. Kabarclgm patlamasl sonucu su 

molekfilfi paryalanarak hidroksil radikallerini olu~turmakta ve meydana gelen bu 

radikaller giderimi gU9 olan bile~ikleri i<;eren <;evre kirleticilerini oksitleyerek 

indirgemektedir. Radikal olu~umu sesiistu dalgalarm yUkseltgenler ve/veya mor otesi 

l~lma He birlikte kullarnlmaslyla arttmlabilir. 

Bu doktora 9ah~masmda, 9 adet tekstil boyarmaddesinin saf ve sentetik boya­

kazam ~ozeltilerinin 3 farkh sesustu sisteminde (Sistem I: 300 kHz, Sistem II: 520 kHz, 

Sistem HI: 3 x 520 kHz frekansh) sesustii l§1IDa ile tek ba~ma veya kimyasal 

oksitleyiciler (ozon, hidrojen peroksit, demir iyonu) ve/veya UV l~lmaSl He birlikte 

kuHamlarak indirgenmesi ara~tmlml~t1r. Sistem ~artlanrnn, fiziksellldmyasal ajanlarm, 

boyalarm kimyasal ozeHiklerinin ve boya kazam matrisinin test boyalarmm sesilstu 

dalgalar lPar~alamnasma etkisi incelenmi~tir. SistemJerTI1 performanlan renJ;:, organilc 

madde, zelhirlHik, toplam ~ozUrunu~ kat! madde, toplam organik karbon, kimyasal 

oksijen ihtiyacmdaki azalma ve biyolojik oksijen ihtiyacmdaki artma izlenip belirlenrni§ 

ve renk ve organik madde giderimi aylsmdan birbirleriyle kar~lla~tmlml~hL 

SistemJcr boya 90zeltisindeki renk giderim ruzlarma gore kar~llia9hnldlldannda 

Sistem I > Sistem II > Sistem HI oldugu, hesaplanan ttriin verimlerine gore 

kar§da:}tmldL.1darmda ise Sistem II> Sistem I> Sistem HI oldugu goril1mu~turo Sesfistii 

dalgalax He l~llma srrasmda farkh gazlarm sisteme beslenmesi sonucu boya 90zeltisinde 
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renk giderimi ~u srradadrr: Ar > O2 > Hava. En yuksek renk giderme verimi Ar:02 (% 

66 Ar : % 33 02) kan~1ll11 He elde edilmi~tir. 

KuHamlan boyalarm tamammda renk giderme h1zmm boya kazanmm 

i<;eriginden 90k kimyasal yapl ozelliklerine bagh oldugu saptamm~tlf. Antrakinon 

boyalarda renk gideriminin azo boyalarmdan daha hlZh oldugu belirlenmi~tir. Azo (­

N=N-) bagmm <;evresindeki argrubun renk agarmasml hlZlandrrdlgl ve reaktif yaplya 

orto pozisyonda bulunan tek bir OH yan grubuna sahip boyalarda agarmanm S03 gibi 

ikinci bir orto yan gruba sahip boyalara nazaran daha htzh oldugu gozlenmi~tir. iyonik 

yapllar olu~tuk<;a agarmarun yava§ladlgl belirlenmi~tir. Boya kazam atlk suyunda renk 

gideriminin sadece yeterince yiiksek karbonat ve klorfu iyonu konsantrasyonunda 

engellendigi saptamm~tlf. 

SesiisUtu l1?lmaya tabi tutulan boya ve boya kazam 90zeltilerinde goriinen dalga 

boyundaki absorbans azalmasmm her durumda UV absorbansmdaki azalmadan daha 

fazla oldugu sa:ptanml~rr. Zehirli boyalarm zehirlililderinin sesustu l~lma He klsa surede 

giderildigi9 fakat sesiisru ~unanm 9llcl~ suyunda kimyasal oksijen ihtiyacl ve toplam 

orgrurik karbon olarak (Hi~ulen genel boya gideriminde tek ba~ma etkili olamadlgl ve 

flziksellkimyasal ajanlar He birlikte kuUamlmasl gerektigi goru1mu~tUr. SesustU l~lmaSl 

He 0 39 Fer9 H20 2, ve/veya UV l~lmaSl birlikte kuUamldlgmda, boya giderme veriminin 

her biril11n tek kuUamkhgl durumlardan I\(ok daha yfiksek oldugu belidenmi;;tir. Bu 

sistelwer arasmda en etkiH sistem sesustli l~lma/ozonjUV l~lmm1ill beraber kuHamldlgl 

sistemdir. 

Puo boyalarmm hidroksil mdikalleri He reaJk.siyollu;nda tah..1l11ini ikinci derece hlZ 

katsaYlSl 1.22 x 109 M-l 
S-l olarak hesaplamln~rr. Sistem I, n, ve nr un azo boyalarmda 

sesustu li.§Jma He % 45' lik renk giderimi ivID tahmini i~letme gidederi snaslyla 3.52 

usn m-3
9 

337 USD m-3
, 9.98 USD m-3 olarak hesaplmmll:;>trr. Siste:rn OZOR1 

birlikte kullamldlg;l durumda i~letme gideri 2.S7 USD m-3
, ve ozonun tek ba;;ma 

kullamldlg1 sistemm i1}letme gideri 3.60 USD m-3 olarak hesapla]:lml~trr. 
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CHAPTER 1. INTRODUCTION 

Clean safe water enviromnents are essential not only for grO\ving economies to 

sustain their develonments~ , , aiso modern societies to sustain their life standards. On 

the other maintaining a clean environment is becoming more and more difficult with 

the for synthetic organic chernicals as which are 

ultimately and/or fed into wastewater treatment 

,vater a great are ni~'fC.n" biodegraliable, 

conventional 'wastev,;ater trea.trnent methods such as biological, chemical and/or 

stricter Vl'U.U"UC"'e> regulations and societies' growing concern fur public health. 

Recent developments ill "Advanced ProGesses" (AOP) have raised new 

\vith this probleln. 

A~d",lanCe(! 1S a term to define processes that generate powerfhl and 

all orgarnc 

or complete 11'1VOlves 
~ 1 • >. 
llTamatlOn of 

IS 

are 

addition of chen~icals and/or ultraviolet light to support radical -.tr"·l7'l"~' 

is de'votecl to the inVestigation. 

synthetic processes) to assess 

properties on 50n01ytic degradability of dyestuff. Selection of textile dyes as test chemicals 



2 

is due to the fact that textile industry accounts fur tv~o thirds of the total dyestuff Inarkt'i. 

and is 

with unfixed dye residuals and dyebath auxiliaries. 

The systems and dyes under investigation are specified and identified 111 terms of 

SYSTEr~/[ I: G-enerator capacity==25\V~ frequel1cy==300 'volume==150 nIL. 

ii) SYSTEM IT: Generator capacity=100Vl" frequency=520 kHz, voiume=1200 

rnl, 

iii) i~ 520 

voiume=2000 mL 

i) CT Acid Black 1 

Ii) Acid Orange 7 

iii) C.I. Basic Blue 3 

Blue 16 

Basic Brown 4 

5 

Blue 19 

1,r 
[0 

performance was assessed and vvitl1 one 

SOBle cases') 

catalysts peroxide, ozone, ferrous irradiatioll \vere 

added to rate test 



ultrapure deionized water to study the impacts of dye structure, or in tap water splked 

typical stnJcture 

In 

advanced 

reVlew of ultrasonic processes and their applications m environmental remediation, as 

discussed as part of 

this doctoral 2(01). Chapter 4 presents investigation of SYSTEM I, 

divided into two sectlOns: the first one IS a copy of the artide published m Dyes and 

Pignlell/S 

II by combined sonolys15 and ozonation were reported; the second part presents the 

inlpacts of on the degradatiofl 3EH11e system. Chapter 
, 0 "tt. 0, , ,., d' Tn, . (1 , ',,~ 10 

".. d- ~ o 1S a copy or ,ne arnCle pmmsne m uurasomcs 10Jonocnermsoy \ i ezcan I-vuyer an lnce, 

2003), of 

Society of Sonochemistrv (ESS8), Italy, 

.r.~",-
1-VU1 

of European 

The article encompasses 

color and 

toxicity monitoring in the effluents" and a comparative evaluation of results. Chapter 7 is 

on.e 1S a 

dyebaths (simulated 

dyebath 

recIpes, on the effects 
,.. 

or variations and hydrogen 

sonicated at acidic sectlcrn is all extel1ded 

the '8 is also divided first one is made of the 

and the submitted to 

and molecuiar structure 

extensively investigated usmg SYSTEIvi 1: the second part reports the results observed 

exact!~y at sarn.e a:n. {ive set o 
./ 

presents a study of ultrasound and its various combinations ultraviolet light 

applied to deionized water solutions of suinhonated 
- - -

tll 
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HI. Comparative evaluations were made using effluent aualitv narameters such as color. 
"" I.,...:: .£.; iL 

uv 
was presented in Ultrasonics 03, Spain, July 2003 (manuscript printed in Proceedings) and 

is recently t(y afler data e~/aJuati.on. c{Yvers a rrlodellng 

approach to kinetics of hydroxyl radicai production and consumptwn reactions in 

deionized W,'Her azo dyes tc~ radical 

generation 

brief 0Ul,H11CQ.> 

bhnolecular radical reaction rates with the dyes. Finally, Chapter 11 is a 

some concluding 

remarks suggestions for future work. 
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CHAPTER THEORETICA~ , BACKGROlJf~J. 

half of the last century has 1Nitnessed a rapidly deteriorating 

er1'vironrnent as {mOST 

of which afe non-biodegradable and hazardous; and the discharge of speTH or wasted parts 

into Scientists and 

engmeers, therefore, have been 'widely cnaHenged m recent years for developing 

and toxic 

organic compounds to less hazardous or more biodegradable forms before 1hey end up in 

recei~iing -\vaters or et 

Although chemical oxidation reactions are very common m water and wastewater 

treatrrlent " , remananon waters 

feasible 
~ ~-

long reactIon 1 A technique Ihm: has recent 1 y 

~3 i-tdvar~Ced ()xidatiol1 

even the most complex orgamc 

1997; Ince_ 

1 f1e elliclencv of 

to exterr'i tirne 

pre~defi~ned conditio!lS '~illere tIle rate constants tor the reactl()n of 001-1 ~vvitb illOSt organIC 

reaets o:ne 

million to one binton times taster than O) and H20 2: resu!nng m greatly reduced treatment 

costs system et 



r 
i 

b 

Table 2.1. Reaction rate constants (k, in Lmoris-1
) of some organic pollutants vvith 0::; and 

, . , "'-

Compounds 

10 to- ]0"': 

1 

Once @OH lS gel1erated, it aggressively attacks all iJrg8111c cornpounrls and leads to 

the nature organIc speCIes, t\\!O types of ~OH reactIons are possible: i) 11ydrogev. 

abstraction 

Carbon Oxidation Technologies). Hydroxyl radical can 

belmN. 

The mechanism. most commonly accepted for 

of 

molecuk:s (Legrini et aI., 1993): 

(Calgon 

generated by photochemical and 

are 

all 

IS the 
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(1\..==200 nlli radiatio11) 

If an excess H20z IS used, ~OH will produce hydroperox-vl radicals, ®OOH, 

which are extineticrn 

This rne211S sarne arn,CHlnt 

(Glaze et ai., 1987). 

2.1.1.1.2. Ph03t03lysis 03f Ozone 

The OC} / tTV process seems at present to bettie most n'equently applied AOP for a 

\vide is due 10 ozonation is a vveil-known procedure 

for water and \vastewater tecPJ101ogy. For the photolytic oxidation by ultraviolet light 

combined ozone, as 

(/t.==254 rill1 radiation) 

(2.3) 

+ (2.4) 

that is to 

c~f 11~ydrogen peroxide 

5) 

(2.6) 
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7\ , ! 

(2.8) 

15 based 011 tile catalyl]C eflect of rerrOt-1S ions on the 

e1 

Tile step is oxidatic~n of ie:rrous to 

j:\U-'1:er the complete disappearance of the oxidant, no 1110re Fe(H) can be consumed. In 

{If can be 

regenerated feedback reaction tal<es reactIon occurs at acidic 

conditions, 

+ > (2.10) 

an. aqtleOus soluTion, ozone reacts \Vltn 

reactliJfl 

depending upon pH of v\-rater. reacts 

as selectIve reaction oxidation 

(mainly ",OH) becomes predominant at pH>7 as a consequence of OIr accelerated 0 3 



9 

decomposition (Glaze et aI., 1987). The net reaction of ozone '1;1ith OH~ ions IS gwen belen\" 

(Cahmn 
, ,,-" 

(2.11 ) 

Staehelin and Hoigne (1982) showed that the mecnamsm of reaction of ozone with 

another chain 

reactIOn e\Ten at neutral pH the relatl\'e proportions of 

vanous or :.> IO.3 where 

carbonate ion IS a more prevalent species than bicarbonate ion, Its scavengmg effect IS 20 

Hydrogen peroxide is a weak acid and depenoU1g upon the pH of the medium it 

partially H1Ia reacts 

peroxide results in ~OH ron:nation (Glaze et ai., 1987). 

- , 
T 

.--+ 

-> + 

+ 

11.8 

',":" '~~ 

~. j .. It.~ .A. 

~' r:: 
f.J X 1. 

(H~COi1l10()SlnO]C~ 1S as 

The cOl1centratioll ofH2,02 added is all il11ponall1 

excess 8rrltlu"n~~s effect 

radicals (Ince and Gonenc, 1997). 

~JZi}ne than 11~ydrogen 

(2.12) 

(2.13) 

(2.16) 

fur tI1e fact 
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2. L1.2.3. JF elllton 7 s Reaction 

If I-I20 2 15 added to all aqueous rriediurn containing orgalHc CO!11pOUIlas and excess 

ferrous ions 

will occur [13]: 

formation 

RH+ 

or 

+ 

()[ 

+ 

at 

+ 

, 
T 

~.. -raCllcalS 

aItemari ves are 

redox reaction 

(2.17) 

(2.18) 

aItack the orgamc substrate m the 

(2.19) 

(Oxidation) 

(Din1erization) 

rrlcre 
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It 1S based o:n the c.llernicar ch:anges produced or racHatHJn of 

sutI1cientiv most widely used 

commercial sources In use at present tlffte are cobalt-60 ror y-irradiaticHl-; and 

Ultrasonically-induced cavitation IS being irtvestigatec! ,- - as ali AOP, and chemical 

effects aCOUSIIC it IS the formation, 

grO\:yi~h and H COllapse bubbles fOfIned bJ! coupling the pressure '~/aves of 

ultrasound a iiquid {Hua 1996: Upon ultrasonic 

irradiation orgarnc compounds in water are degraded VIa several rnechanisms, due to the 

extreme 

pyrolytic degradation, and the existence of supercnHcal water oxidation. In Chapter 3, 

more ICA"-',',W"',""-' 15 glverL 

reaction: 

+ 

or 

band to 

such .as 

from electrofl dOil0rs to positi-ve 110Ies. (Jrganic COlnpOlXl1GS tl1eri are destro:led either b:y 

hydroxyl or hoies 



dyeing/finishing IS one of largest industrial producers of wastewater 

with solids (ISS). tmal 

dissolved soEds unstable levels of pH, tOXIC variability arises 

both ftmn the types indllstriui pr()cesses emp'oyed the 11tlge amOlHlt 

of chernicals and rn.aterials involved. The individual processes textile 

industry. the assoc~ateG are 

summarized in Table 2.2. (EPA., 1996; Nemerow, 1978). 

Table 2.2. Textile processes and their contribution to the pollution load (EPA, 1996) 

Process 
r-~ " .. 

~l.zmg fl10dified 
i acetate" and TSS 

I Desizing ztcids or allcali 
I 

i 
I 

o-f starcl1 

to 

···---···~·1 

r 

I I'\'f~rcerizing .. 
-L3:gt~5;Yi~_~ ____________ ~ _____ <--iL., .------.-.~----~-----~-~~---~J 

f i 

I-~-~--~-' 

~·-~-,,~~--··---------t 

IOymg I 

I I chemicals 

I 
." .. ;--------·--·-----·~-i-------·---·------·-----, 

fEllshmg i 

I ---

I ethy1chlomphosphateso 

~ chloriilated fllbbers'l 

t(~xic 

_____ . ___ ._ .. ____ . ...1 
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Conventional (biological~ ChJ~111ical or cOlnbi:natifH1S treating 

a variet:1 of Diller (Lin 8J1d Pe:n.g, 199-6). It~ orga!lIC substa:nces stich as dyres,! 

starches are I}fOCessed they' not only 

deteriorate tIle aestl1etics of recel~l111g "vaters"; but also threat ell atll.!atlc life f:orrris VIa 

hydrolysis to CClrCl!10gel11c enct 

products. 

Higl1 cc~n.c.er~tratiO!lS of soluble 
, . 
1110rgal11c salts recelvmg body 

unsuitable ana fl1U111cipal use such as 

chromium, and Zil1C originate fiom tile dyes then1sel,res and are toxic to aquatic lite 

and hence to dlsc·harf!e. chemicals used In dyeing, 

such as phenol, may be tOXiC and add odors. I\1anagernenI of such waters, therefore, 

reqlHres 

while fulfilling the discharge standards. 

2.2.2. Pollhntants Associated with Dyeing 

are very diftlcult to treat Via 
" , convennonal methods. The 

a.re and even 

from em the type or fabnc, and concentration 

of 

operations mav not be more cent - per cent, but the 

spent Del" cern el 

1 

originate themselves 

(e.g., sait, surractants, levellers" lubricants, and alkalinity). Dyeing contributes essentiaHy 

an of relTIO\13J 

remains a very difi1cuIt environmental problem for tex.'tile industry since most of the dyes 

are non-biodegradahle and sometimes toxic. Dves are the princinle source color because 

of their low fixation capacities. In typical dyeing processes, 50 to 100 per cent of the color 
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is fixed on the fiber as can be in Table 2.3., and the remainder is discarded in the form of 

\vastevlater fro:rn. stlbseq~.1ent textile-~lashing operatIons 

Reactive dyes are wideJy used because of their bright and highly saturated COlOf, but 

unfortunately Imver range of the tlxation scale. In foHmving sectIOn. more 

detailed inforrnation of dyestuffs is given. 

Table 2.3. TYllicai e:rdiaustionlfixation rates tor dyes of various claSSeS (EPA, 1996) 

Acid SO tc~ 93 

DaSle 97 to 98 acryiic ----I 
I 

r~;r"'rt 70 to 95 cellUlOSe I 
~ _____ L_'h_vv_' ____ ~ ______________ -+ ________________ l I _Disperse - - ! _ - 80 to 92 _ synthetic . 

Reacti've I to 80 r- cellulose III 

'lat ~, -to 95 celh.ll{~5e 
I i I 

High concentrations of salt are another problem that textile industry 

faces. for ceH~Jlose 

fibers. It is added to the dye solution to displace the dye to the 1ibre. Among the other 

the maXiml.lrn amount of sa!t~ to lOO g L-1 to maximize 

dye fixation. 

concern. Preparation 

processes 

IS introduced to cause 

tn 

result loss of dyestuff 

2.2.3. 

Textiles are dived using many Jl:i:lerent colorants, which may bc classified in se'veral 
-! ...... -' '.-> 

ways (e.g. according to chemica! conslitutions, dyeing nroperty, SOlubility). The primary 

classification of dyes is based on the fibers to which they can be applied, and the chemical 
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nature of each dye determines the fibers for wrtich the dye has affinity_ Table 2.4. lists the 

major dye 

Table 2.4. Dye classes and their associated fibers (.bl-'A, 1996) 

i DyeUass Fibers ) 
-l 

I 'Vi/ool ana ny-l'on(polyamide) 

I Disperse I 
1__ reactive 

1 " 
ner~cs PolyesTer, I 

Cotton and other ceHulosic·, 1;'\I'(~1·-···-1 
fibers 

Vat Cotton and other cellulosic 

Despite I(Jv/ fixing capaclty, reactive have greatest consumption m 

dyeing are commonly used in 

dyeing of other than cutton. Basic dyes are not as popular as reactive and acid dyes, 

because 10 minimize discharge of 

unfixed basic and reactive dyes have been 

used as 

m 1l'l-ere azo at 

one 

red, 

as 

hright blue colors. 

wool, silk, and 

some modified acryhc textiles in an aCidIC medium. exhibit affinity for 
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excellel1t tastrless nfopenies. Pastness of d~./es IS a rerrn rererrirlQ IO iIs relati~ve resistance 10 

cllen1ical aild !Jny!slcal breakdovvl1 or renlovaI Vi/hen in use. l\cid dves I1!rve one or ITIOre 

sulfonic or £:fOUOS In 11101ecular strtlcture~ dye-Hber affinitv is the 

result of ionic bonds between the sulfonic acid part of the dye and the basic amino groups 

in wool, (u.s. EPA 1996), 

Basic dyes are caimmc compounds and have limited water solubility and are 

applied in d~~lebatb.s~ IOI11C i.J0110S are tOfxned betv~leen the cation ill t11e dve 

and the ammHC sIte on the fiber. Thev have unlimited cOlor range and good fastness 

properties. most textile dves do not have aouam:: toxicitv. cationic (basic) dyes 

generally are moderately toxic due to metai content. Most the basic dyes include metals 

as an ofthe dye moiecuie. cationic elves exhaust essentially 97-98 

per cent In batch dyeing operations (see 1 able (EPA, 1996). The metais most 

commonlY round in basic dves are zinc and CODl)eL but tms does nm imply that ail basic 

dyes contain metals. 

are !11ainl)! used dyeing 

commerCIal 

becmne 

part e;~Geilel1t fasll1ess 

amount:; 

at the ot the process. A..fter dyeing, the fabric washed an amomc 'CO 

remove Ullreactea characteristic structural features of a H:active dye are shmvn in 

Figure 2.1. (Bird and Boston, 1975) 
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reactive grOl,lp 

B bridt:e link 

F chrornogen. 

a 

AU reactIve eroups are based on the fact that cellulose, protein 

and nylon groups that aIe abie to react as nudeophilic substrates, i.e. 

hydroxyl, amino groups. 

Bridge Link: Generally the reactive system is attached to Ihe cnromogen by a 

bridging group. reactivity and other dyeing characteristics of a reactive dye are 

influenced by bridging group, and still more, by other substituents attached to the 

reactive A[ inftuences a) the reactivilv the reactive system since dissociation of 

reactive groups can lead to lower fixation, degree of fixation; some isomeric forms 

of the dyes lower selectivity towards smbiEtv of reactive dyeing. 

Chromogen: The colored part of a reactive dye, usually an azo, metal-complex azo, 

or Fastness to and to chemicai treatments are 

detennined by ofthe chrorrlOgel1. 

is generally conferred by sulphonic 

There are many smdies for the treatment of azo-dyes with u~llii201. 

(without -rrealmeIU:S \ivere fOllnd tCy be el1-1Cleflt to (h~C0111pose 

azo dyes significantly (Shu £1 al., 1994) The I\VO non-biodegradable azo-dyes Acid 

Red 1 and i\c1d Yellow 23 were degraded efficie:rnlv under nsmg a low 

pressure mercury lamp. The high reaction was due to the generation of radicals IrOm the 
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UV irradiation of hvaroQen neroxide at acidic DR. T oial omanlc carbon removal \vas found -' ....- -'. ..c.......-

to be .at reaction as the @OH was used for rlecolonzation reaction and 

after the color was removed, the $OH "vas then spent 011 the degradation of TOe 

compounds. 

and Gonenc (1997) studied the H,O]!uv oxidation ofC.!. Reactive Black 5 in 

aqueous EffecTS of concentration and 

alkalinity at was tested by calculating pseudo-first order reaction rate constants 

,and electrical requirements per order of poHutant removai were calculated. 

Ince el aL (1997) studied the degradation and toxicity reduction of C.L Reactive 

Black 5 process, using a medium pressure merCllr:-v lamp. Complete cOlor 

degradation "vas accompanied with 44 per cem: mineralization and 68 per cent toxicity 

reduction under experimemai conditions employed. 

Tvlajcen-Le et ai., (1997) described the decDlorizatl0n monochlorotriazine dye 

CJ. the absence and presence iJf dyebain constiRlents. It 1tvas 

that dye auxiliaries reduced the eftkiency or the decolorization process significantly. The 

rr;te ~va~ proportional to output §Ot~rce. 

studied tl1e pll0todegradatlol1 some azo and amhraouinone 

degradation 

Nam.boodri (1996) investigated the H20 2JUV treatment . ,. d 
§lll1U{l1:e 

reactive 21 

solutions) by using both batch operation and continuous circulation methods. A pilot plant 

study was also conducted using a high intensity reactor. - - - -
both reactive dyes under 

similar dye concentration, radiation dosage and H20] concentration leveis, the continuous 
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circulation method gave higher rates of decolorization. Though compared to the low 

intensity lamp experimer~ts in lab scale~ 

input per volume of Vifustewater. thev were more compaCI and the number of bulbs were 

fewer that becomes an imnortant cIiteria for -filII scaie aQDhcation. 

lnce et ai., (2002) studied the treatability of textile dyebath eft1uents by two 

simultaneouslv onerated Dmcesses cOInvrislnQ adsorotion and advanced oxidation using 
,.;-,' ,- J... '-' " ',-

Everzol Black-GSP. The method was performed by contacting dye solutions with H202 

and granulated activated carbon (GAC) during UV irradiation. Each individual processes 

were nm separately as control experiments. In combined scheme color was principally 

removed by oxidative degradation whiie adsorption contributed to the longer process of 

dye mineralization. Economic evaluation (tor total color and 50 per cent TOe reduction) 

showed that the combined scheme provided 25 per cem and 35 per cent reduction in H20 2 

and energy consumption relative to the UV!H20] system. 

Wu and Wang (2001) studied the ozonation of Reactive Black 5 in a semi-batch 

reactor. pseudo-first-order decoioD7ation rate constant was fOl.md to increase with 

1l1creasmg "-1_'E.n.-''-,", ozone dose and increasing temperature. decreased with initial dye 

observed ozonation and enhanced the 

biodegradability 

investigared DerOXlGe coupled 

uv cu."'"'''''"' rive bath effluents 

contammg SiX reactlve dyestuffs and theIr assisting They observed and 

complete dec~JIDIizatiol1 sYstems wIth 

increase in pH frorn acidic conditions to baSIC conditions yidded 41 per cent ~',""''',H.,","-'H',U'_'' 

in ozone absomtion rate. T otai decoIorization of synthetic dyebath eit1uent vva:; achieved 

after 20 minuteS ofozonation (33 mg at pH=l 1.5. 

,;Varnen et aL (1999) reported the ozonation and bioiogical treatability of composite 

textile wastewater and two spent dyebaths. They achieved an increase in biological 
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treatability of dye \vastewater. The decrease in the toxicity of the spent dyebath was carried 

out with fOi'1(I'J)J1ll1a dubia. 

Huang ana Shu (1994) assessed the decoLorization and mineralization of textile 

wastewater containing the direct dves Black 22 and Biue 199 the sequentiaL application 

of 0 3 and H 20:lI..JV. The effects of pH and H20] dose '.vere also investigated. Fastest 

decolorization ,vas at neutral nH and an initial ootirnum concentration of 1 per 

Lin and Lin (1993) investigated the treatment of low, medium and high strength 

tex'1ile waste effluents Gzonation and chemical coagulation. it was observed that ozone 

is highly effective In removing color of these eftluems but relatively ineffective in 

reducing the especiaHy for the high and m.edium strength eftluents. The COD 

reduction was improved to a maximum of 70 per cent after a proceeding chemical 

coagulation. 

el (1998) evaluated membrane filtration coupled with ozonation of a 

simulm:ed VifiiStewater representing an exhausted dyehath. The membrane filtration 

process generated a perrneate over 99 cent of color and copper removal and 

reusable 

decolorization. 

Ulcreasmg 

ei 

rel'IlOVal rate. 

eiegans, respectively. 

stage ror its 

order decolorization raIe COilsrant decreased \vith 

concentraTIon. 

the treatment COttOil 

no 

the 1'-faCl th:;e reactive and 

nut increased the toxicitv towllnis Hlf.2; 

n.-f 
VL 

Fenton ox:idatiort COf11plete color and 79 per cent TOt--: T-",)7:::1rG';' 
,"'I' "A.".~ 
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Namboodri and \Valsh (995) conducted a stUdy ror decolonzmg spem dvebaths 

using small amount hYClwgen peroxide 1n the absence oi mtravioiet lIght, at neutral pH. 

and a temperature dose to the boiling point of water. SmaH amounts of ferrous or ferric 

ions (ferric ion gave a hjgner rate of decolorization I as cm:alyst with peroxide at pH 7, and 

at 95-98 °C decolorized the resistant azo direct dye. 

Herrera el al, n999) studied the deCOlorization of anthraquinone dyes, Remazol 

Brilliant Biue Remazoi Uniblue in the presence of IJUJ under various UV 

lights. Electron traImIer between the excited dye and Fe(IU) was repOlied as initiating step 

and the photoreduction of Fe(UI) tD Fe{llJ was poimed for the acceleration during the 

initiation of radical chain reactions. 

Lin and Peng (1995) used a continuous process of combined chemical coagulation, 

Fenton's reagent, and activated sludge tor the fun treatment of textile wastewater. 

Optimum Fe2
', HzOz dose and pH conditions were explored to detennine their respective 

effects on £c.OllQmlC continuous Fenton's 

treatment method indicated that the combined system was highly competItIVe with 

conventional rrearrnent methods practiced in the textile finishing industry. 

Kuo ~ 1992) investigated the decolorization of slmulaled dye wastewater by the 

Fenton"s both color and COD 

removaL Vias discussed. The treatm.ent 

yield 

el (1998) have investigated the ultrasonic mineralization of a textile 

dye, RemazOi B at 640 kBz under a SIrearn 

destruction of the dye starts by the rupture of the azo-oono by @OH attack in the solution 

sufiJ.cient contact was allowed. The authors concluded that ultrasonic remediation should 

be considered as a SOlution alternative to the reuse ana/or recycle or lextlte dyeing mill 

effluents as process water. 
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In another study by Vmdgopal and Kamat ()998), rhe authors have reponed the 

results of three hydroxyl radical medicated oxi(i.ation reactions !pnotocat(llysls y-radiolvsis 

and sonolY815) tor the degradation of the dye Acid Orange 7 under oxygen-saturated 

conditions. They noted the similarity of reaction pathways in aU three processes, as made 

evident from the single identifiable intermediate produced in ail experiments, and 

l' < conc.uaec! ilzo-dyes can be effectively destroyed by advanced oxidation 

processes, or any hydroXYl radical medicated reaction pathways. 

Joseph et aI., (2000) studied the effect of Fenton's reactIOn on the sonochemical 

degradation of azobenzene and some rdated azo dyes at 500 kHz. liS the previous work 

of Vinodgopal et at., (i 998), they also reponed that the first step in the reaction scheme 

was the cleavage afthe azo-doubte bond upon hydroxyR radical attaCK. Fenton's reaction at 

optimal Fe(U) concentrations was fuund to mauce a three ibid increase in the reaction 

rates. They also reported that saturating the solution with AI increased the eftlciency by 10 

per cent thereof with saturation by O2. 

Inee and Tezcanh (2001) studied the degradation of Remazol Black B by combined 
"'" .,:,.,...... 

sonolysis ~520 ozonahon. Thev found that color removal in 15 minutes with the 

com:bined system was twice as raster than that of ozone, while no significant removal v,ras 

observed The coior degradation UH:r8.sound was attributed 

to the contact period. They observed that total fl1inerahzation over 1 hour 

and cent. 

respectively. that longer contact ror appreCI<ltHe 

converSiOn to Ultrasonic treatment 

1 e2canH (2003) studied tOXICity 

Reactive L Blaclc5" Basic 

solutions during !d..u ultrasonic irradiation. destruction of aromatic COl1re.rn: in azo 

dyes was siower than that of color. Toxicity analvsis of the initial dve solutions revealed 

that reactive dyes were non-toxic, and basic dyes were toxic at the test concentrations 

employed. Siflnificant deQrees of toxicitv reduction 'were achieved by ultrasonic 

irradiation. 
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Lorimer el ai., (2000) studied the decolorization of Sandolan Yellow with 

sonoiysis, eleclroiysis and sonoeiecIroivsis. Thev observed a synergu;m m dye 

decolorization rate vviIh the combined system, while no decolorization was obtained with 

ultrasound alone (20 kHz). Platinum electrodes were used for the electrolysis. 
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CHi\PTER 3. INtRODUCTION TO SONOCHElVUS1«RV 

SectlOll 3.2 of this chapter IS. the reVleVI,' entitled "'Ultrasound as a Catalyzer of 

Aqueous Reaction Systems: [he State oEtne Art and Enviroml1entai Applications," which 

was published in Applied catalysis B: Environmental, 29, 167- i 76, 2001< 

Sonochemistry 1S an emerging field of science that uses ultrasound to promote 

chemical reactions. ulsmrv of sonochemistrv begins In the late 18008. During field 

tests of the Hrst high-speed torpedo boats in 1894, Sir John I. Thornycroft and Sydney \Ai. 

Barnaby discovered severe vibrations from and rapid erosion of the ship's propeller. They 

observed the formation of large bubbles (or cavities) formed on the spinning propeller and 

postulated the formation arKi conapse of these bubbles were the source of their 

problems. By increasing the propeller size and reducing its rate of rotation, they could 

mmlmlze 

senous concern 

confirmed 

of '·'cavitation". As speeds increased, 11owever, this became a 

Royal Navy comrnissioned Lord Rayleigh to mvestlgate. He 

effects were due to the enormous nressU.re 

produced cavitation bubbles imploded on the propeller surface. 

cavitation occurs in 110t 

also 11.hrasonic irradiarion. It is responsibie erOSiOn 

and for the chemicai consequences of ultrasound. Altied L Loomis the tIrst 

chemical enec'ts ofuitrasound In f927, but the of so no chemIstry 

60 years. The renaissance of sonochemistry occurred in the 1980's, soon advent of 

inexpensive and reHable laboratory generators of high-intensity ultrasound. Scientists now 

know that the chemical effects of ultrasound are diverse and include substantial 

improvements in boH1 stOIchiometric and catalytic chemicai reactions. In some cases, 

ultrasonic irradiation can increase reactivities by nearly a miHion fbld (Suslick, 1994). 
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3.1.1. Uhrasm,m,d 

Sound can be viewed as a wave of energy transmitted through a medmm by 

vibrating molecules. fhe vibrating molecuies at one end of the medium propagate their 

vibrational motion to the other end of the medium through minute pressure differences. 

Pressure differences occur in cycles, forming pressure waves that can be vievl"ed in two 

distinct portions: compression a:nd rarer action (expansion). 

Ultrasound is defined as any sound of a frequency above that to which the human 

ear has no response (i.e. above 16 kHz). In practice, three ranges of frequencies are 

reported for three distinct uses of ultrasound (I',IIason and Cordemans, 1998): i) high 

frequency, or diagnostic ultrasound (2- KG IVillz); iiJ low ti-equency or conventional power 

ultrasound (20-100 kHz)~ and low-to-medium-frequency, or <'sonochemical-effects" 

ultrasound (20-1000 kI1z). It is this latter range, where chemical reaction processes are 

uniquely catalyzed througIl very "eXlreme" temperatures and pressures generated by the 

formation, growth and collapse of cavirationai bubbles. use of power ultrasound has 

been wen known ror many years in fields such as medical, flow detections, emulsification, 

solvent degassing, deaning, cutting, welding: however chemIcal applications of 

ultrasound, "sonocnemistry", in environmental processing is an emerging field. The 

chemical effects 
, " ~ ~" ., .,' ~ , 

In HqUHlS are largely nnked to formation of free radicals. 

''''H'V"U''d~' ef'fects of ultrasound are due to the nhenomenon a"coid boiling" 

termed cavitatiort wflich is the rnicrobubines in a liquid a 

large local negativ;e pressure is applied. IS .c>v"",r",,,,,, to an acoustic field, the 

pressure waves the some vibrations create a time ana Irequency dependent 

pressure, consisting of alternating compression and rareiaction cycles ,HU;,Y,-,",", 

applied pressure is equal to the negative pressure deveLoped in the rarefaction cycle of the 

wave such that the distance between the molecules of fhe fluid exceeds the critical 

molecular distance to hold it togethec the liquid breaks apart to fom'! acoustic cavities, 

made of vapor and gas-fined microbubbles (Mason, 1990: Dahlem et at, 1998). The 

phenomenon caHed "-acoustic cavitation" consists of at least three distinct and successive 
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stages: nucleation, bubble grmvlh (expansion), and under proper conditions mllJioSlVe 

col/apse (Susiick, '1 Development and coHapse of cavitation bubbles can be seen J n 

Figure 3.1. (SUSliCK, 1994). 

Figure 3.1. Development and collapse of cavitation bubbles (Susiick, 1994). 

also known, as "cavity form.ation" is a nucleated process, \Nhich 

SuSpenaeo the liquid (Suslick, I the 

a ll1a.1111er restricted 

ultrasound, a small cavity 

whereas at 

a much slmver rate, and lasting many more acoustic cycles before 

1990). The third stage of cavitation occurs oniy the intensity ,,'lave 

exceeds that of the "acoustic cavitationa! threshold" (typically a few '\Yatts/cm2 tor ordinary 

liquids to 20 

vv'here they can no longer efficiently absorb energy from the sound environment to sustain 
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themselves, and implode violently, therefore, in a so called "catastrophic collapse" (Ince el 

aI., 2001; Mason, 1990; Suslick el al., 1990). 

It is reported that during this collapse stage, such extremes of temperatures and 

pressures are released that the entrapped gases undergo molecular fragmentation- the 

underlying phenomenon in homogenous sonochemistry (Hung and Hoffmann, 1998). 

Furthermore, it has been observed that just before the catastrophic collapse of compressed 

gas-filled cavities in water, the bubbles produce a flash oflight called "sonolurninescence", 

as detected by a peak at 310 om and a broad continuum throughout the visible(Ince el al., 

2001; Crurn, 1994; Verrall el al., 1988). Sonoluminescence from a high ultrasonic hom can 

be seen in Figure 3.2. and it can be used as · a spectroscopic probe of cavitation 

(Suslick,1996). The spectrum of sonoluminescent water was associated with the formation 

of high-energy species (e.g. excited hydroxyl radicals) from molecular fragmentation of 

compressed gases, rather than with black body radiation (Suslick el al., 1990; Crurn, 1994; 

Lepoint-Mullie el al., 1996)). Hence, like photochemistry, sonochemistry involves the 

introduction of very large amounts of energy in a short period of time, but the type of 

molecular excitation is thermal, unlike the electronic excitation felt by molecules in 

photochemical processes (Suslick, 1990). It is further reported that sonochemistry lies in 

between "high-energy" and "molecular" physics, requiring therefore, the use of 

microscopic description of matter (Reisse, 1995). 

Figure 3.2. Sonoluminescence generated by a high frequency ultrasound (Suslick, 1994). 
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As mentioned until now" the violent collapse of a bubble due to acoustic stress can 

produce a large amount of energy and this produced energy drives sonochemistry. There 

are several theories as to how this energy is developed. 

The most highly favored explanation is that given by the "Hot Spot Theory", which 

suggests that the collapse is so rapid Ihat the compression of the gas and vapor inside the 

bubble is adiabatic (Rayleigh, 1917; Noltingk and Neppiras, 1950). Consequently, the 

temperatures and pressures within a collapsing mIcrobubble can reach values as high as 

4200-5000 K and 200-500 atm, respectively just before fragmentation (Dahlem et ai., 

1998; Suslick 1990), It is also renorted rhat the localized -<hot sPot' generated bv the ranid 
',- -'" -'" >,... ~. ! 

collapse of acoustic cavities is very short-lived (less than 10 j.ls), implying the existence of 

extremely high heating and cooling rates in the vicinities of lOw K S-l (Mason, 1998; 

Suslick, 1990). Substituents trapped inside or around a collapsing bubble are also subjected 

to these extremes. 

The second most accepted, "Electrical The01y'" by IVIargulis (1vIargulis, 1992; 

Margulis, 1995) suggests that during bubble formation and coHapse, enormous electrical· 

field gradients are generated and these are sufficiently high to cause bond breakage and 

chemical activitv. 

The "Plasma Theory" by Lepoint and MuHie (1994) also suggests the extreme 

conditions associated with the fragmentative coHapse is due to intense electrical fields and 

seems not to involve a true impiosion. They compared the origin of cavitation chemistry to 

corona-like discharges caused by a fragmentation process and supported and indicated the 

formation of micro plasmas inside the bubble. 

"The Supercritical Theory' recently proposed by Hotllnann (Hua et at., 1995) 

suggests the existence of a iayer in the bubble-solution interface where temperature and 

pressure may be beyond the critical conditions of water (647 K, 22.1 lVfPa) and showed 

that supercritical water is obtained during: the coilapse of cavitation bubbies generated 

sonolytically. 
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3.2. Literature Review on Prin.ciples and Environmental Application of lJit!l"2sound 

The belm,,; section IS the extension of revieli'/' Ultrasound as a Catalyzer of 

Aqueous Reaction Svstems: The Stale of the Art and Environmemai Applications," 

Published in ADDiied catalvsis B: Environmental. 29. 167-176.2001. 
.1l. -"- v ,.." 

A great majority of sonochemical systems, having potential industrial applications 

involve heterogeneous reactions, "",here enhancement of chemica! reacTivity is associated 

with the physical effects of ultrasound such as heat and mass transfer, surface activation, 

and phase mixing t.Suslick 1990: Reisse. 1995: Leighton. 1994: Seroone el aL 1994). 

Sonocatalysis of liquid-liquid heterogeneous reactions is based on the mixing effect of 

acoustic streaming, "vhieh promotes The emulsification of non-miscible iiquids by 

enhancing reaction rates upon increased interfaces (Reisse, 1995). When the heterogeneous 

system is made a solid-liGuid biphasic medium. cataivsis of reactions is a consequence 

of the disruption of the solid by the jetting phenomenon associated with the collapse of 

cavitation bubbies. It is important to nme that many of such effects are observed when the 

heterogeneous medium is irradiated ,vith low frequency, or power ultrasound at the 20-100 

kHz ,luce ef ). 

other hana, homogenous sonochemistry induced ultrasonic irradiation of 

homogenolls IS a dIrect outcome af '~he extreme f',">.'","''''T''' hI 

microbubbles et 2001; Relsse, 1995). Such extrenl'3S are 

umQue irom inherent advam:ages oi 

ability ta generate tugl1~energy species and (iO the ffinulcry autoclave reaction 

conditions tel11Deratl~res nressures I on a L 

Suslick, These cataiytic effects start in the ""microreactors' are 

made of microbubbies :filled with vapor of the hquid medmn1 

salutes and gases diffused into them (lVlason and Cordemans, i998J. During the coHapse of 

these cavities in pure aqueous systems. gaseous water moleCUles enxrapped in expanded 

microbubbles are ftagmented as in pyrolysis to generate highly reactive radical species 

such as hydroXYl radicals and hydrogen awms fRiesz and Mason. 1991). The formation of 

these radicals in sonicated water has been demonstrated. in various laboratories, using 
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combined spm trapping and EPR techniques; the Weissler reaction: tluorescence 

measuremems from 2-hvriroxv-terephtuaiate produced bv hydroxylation of aqueous 

terephthalate ion; D]\fiPO trapping; and sonoluminescence measurements based on the 

oxidative degradanon of luminol to aminoDhtaiate under the action of sonochemicaHy 

produced hydroxyl radicals (Petrier et ai., 1992; Mason el al., 1994; Weissler et aJ., 1920; 

Negishi. 1961: Hart and Henglein. 1985: Riesz et at.. 19901. In non-aqueous organic 

solvents or aqueous media containing volatile organic gases and solutes, cavitational 

collapse not oniy resuits in hydroxyl and hydrogen radicals, but also m organic radical 

species, as confirmed by experimental studies with ESR spectroscopy (Seghal ei aI., 1982). 

3.2.1. Po§§Ji~ie Reaction Sites in the Cavitation Process 

Experiences in homogenous sonochemistry have shown that there are three reaction 

sites in ultrasonically irradiated liquids {Weavers ef 1998). as illustrated in Figure 3.3 .. 

i) the cavitation bubble itseIt; ii) the interfacial sheath between the gaseous bubble and the 

surrounding liquid; and iii} the solution bulk. 
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Figure 3.3. Possible sites of chemical reactions in homogeneous reaction Inedia 

(Adevv'uvL 2001). 
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The hydroxyl radicals generated by water son01YS1S may either react m the gas 

phase or recombine aT the cooler gas-hquid interface and/Of in the solmion durin!.!: 

cavity collapse to produce hydrogen peroxide and water as (!nce et a!., 2001; Riesz, 1991; 

Fischer et aI., 1986): 

(pyrolysis) (3.1) 

®OH + €lH->I:hO (3.2) 

(3.3) 

(3.4) 

(3.5.) 

If the solution is saturated \vith oxygen, peroxyl and additional hydroxyl radicals 

are formed the gas phase (due to the decomposition of molecular oxygen), and the 

recornbination the former at the cooler sites (interface or the solution bulk) produces 

more l~".ro·~.n,",,"''l' peroxide. as shown Hnce er " 2001: Ivlakkillo er .. 1982; PetrieI' e! al. . 

. 9) 

In water wastewater treatment practices, organic pollutants may be destroyed 

either at the first ("\;YO sites 1.1DOn combined effects of nvrojytlc ctecol11position and 

hydroxylation, or in the solution buik via oxidative degradation by hydroxyl radicals and 
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hydrogen peroxide. The extend of oxidation in the latter site is limited by the quantity of 

uncombined h]!droxYl radicals aval1able in SoluIlon. 

3.2.2. Parame[er-§ Affecting Sonochemical Reactions 

The main concern of scientists and engineers working with ultrasonic systems is to 

accomplish maXimum reaction yields and/Of maximum pollmam destruction at optimal 

conditions. Research and development in sonochemical systems exposed the significance 

of two basic strategies {or maximizing reaction efficiencies: i! omimizatlon of power and 

reactor configuration and/or ii) enhancement of cavitation. The fIrst strategy requires a 

mechanistic approach with features Eke: !a') selection of the transducer (piezoelectric or 

magnetic material that converts electrical impulses to mechanical vibrations) and generator 

(probe types :tor lOW frequency. and 9late tVges for high frequency effects), (b) 

configuration and dimensioning of the reaction celi, and (c) optimization of the power 

efficiency O.e. the effective power density delivered to the reaction medmm). The em~ct of 

frequency, applied pressure, power intensity and bulk sOlution temperature for the 

optimization of pO"vver and reactor confi&.'Uration are eXDlamed. rile effect .of 

physicochemical properties of the pollutant and the soiute, bubbled gas, and the solid 

addition to enhance cavi.tation. and therefore maximize chemical. reactions are explained 

(1 . 7 2· "'~l' nee ei( ai., uu ). 

"'? ,,::-,,"Z, -:1 
';;}(>k0~{jJiC 

more hriponant cavity effects are ,..",,",.nl,-Tpr: W occur iieauencv of the 

ultrasonic wave is equai to the resonatin~ lIle resona11ce 

of a bubbie excited by low frequency waves is reported to 

cavities entraoning such bubbles are said to or 

times of ~ 10 !!S (Ivlason, 1990; Petrier et at, 1994). In this kind cavitation, [he collapse 

stage is delayed after the elapse a number of com~1ression and rarefa.ction cycles, 

during which sufficient volumes of volatile solutes and solvent vapors within the liquid 

may How into the gas phase fMason, 199m. The delayed gro"VH1 and long coHapse 

duration of gas-fined bubbles anow radical scavenging and recombination reactions at the 
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interfacial sheath (as shown bv eauations 3.2. 3.3. 3.4. 3.5 and 3.9t thus inhibiting: the 
"' ~ -'- ~ --' " ~ '*-' 

mass transfer of hydro;.,.'}'! radicals into the solution bulk fBar'tner et aL 1 ')1)61. 

On the contrary, the resonance radii of bubbles excited by medium frequency (300-

1000 kHz) ultrasound waves are extremely smaH (LL6 !JID at 500 kHz), giving rise to very 

short-iived (OA ~s on the average) and mainly void or vapor-fHled "transient" cavitations 

(Ince et . Mason 1999) Furthermore, such cavitations are so shOJi-lived and the 

collapse is so rapid that the time for appreciable degree of radical scavenging reactions in 

the hot bubble or at the interfacial region IS insufficient. As a consequence, medium 

frequency waves are highly effective for oxidation reactions in the liquid bulk, due to the 

highly probable ejection of uncombined hydroxyi radicals into the surrounding liquid 

during collapse (Ince et ai., 2001; Mason et ai., 1994; Barbier et ai., 1996). 

It should be remembered that, lower frequency ultrasound produces more violent 

collapse, leading to higher localized temperatures and nressures. However, cun-ent research 

indicates that higher fi-equencies lead to higher oxidation reaction rates. Beckett and Hua 

(200 1) have postulated that the degree of heat generated upon coHapse would be most 

intense at lower frequencies but there would be more cavitation events and thus more 

opportunities tor tI1:e free ra(lIcals to be nroduced and difulse into the bulk media with 

increasing frequency. Thus, there should be an optimum frequency where the competing 

Lovl"ering the bulk solution temperature has been ;mown to actually increase 

effect sonication (Beckett and 20011. 1S to a decrease in the vaper 

pressure the solvent, which leads to an increase in the intensity of 

vapor pressure, less vapor has an opportunity to diffuse mto the 

more violent collapse. Also, as liquid temperature decreases, the amount of gas dissolved 

increases and the vapor pressure of the liquid decreases. Very VOlatile solvents lead to 

relativeiy high pressures in the bubble and also "cushion" the collapse (Adev,TUyi, 2001). 
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Increase m me pressure of the system wiH gIve fIse to a targer intensity of 

cavitational coUapse and consequently an enhanced sonochemica! ef1ect (JViason. 1999). 

Too much pressure reduces the rate of reaction by decreasing the frequency or efficiency 

of bubble :fbrmations. 

amplitude 

power is increased, and in most cases, as the power is increased, the reaction rate also 

increases. It is important to remember that, as in the other cases, sonochemical activity 

rises ·with increasing intensity to an optimum at which efficiency faUs. VVhen a large 

amount of ultrasonic power enters a system. a great number of cavitation bubbles are 

generated in the solution. IVlanv of these will cmne w!Zether to form lamer and more longer 
~ ~ ~ 

lived bubbles. These wiii certainly act as a barrier to the transfer of acoustic energy 

tt.rough 

-1 
S 

liquid (JVlasoll, 1990). 

of the 

are 

.I' jrT , -' 't J 1] ~1", ti pressure \ or nenry s constant" SO.UOlHl:V an.~. 

dranlatlc ,<>;>-,cp!';>-<:; 01'1. the ~a,/itational collapse. 

(3.10) 

m in 
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Hydrophobic chemicals with high vapor pressures h~!Ve a strong tendency to diffuse 

into the gaseous bubble interior. so that the most effective reaction site ror their destruction 

is the bubble-liquid interface and/or the gaseous bubble itself (Kontronarou, el 1991 ; 

Drijivers et ai., I 999). Hence, irradiation of aqueous soiutions contaminated with volatile 

Pollutants bv Dower ultrasound at 20-100 kHz (where';yy' loml-lived "stable" cavities are 
.., Ji. -.. '"-' 

generated) is a very effective decontamination method. owing to its potential to render 

pyrolytic destruction of the solutes in the gas and gas-liquid phase (Ince et aI., 2001; 

Kontronarou, et oL 19911. 

In contrast, hydrophilic compounds with 1mV' vapor pressures and low 

concentrations tend to remain in the bulk liquid during irradiati.on. due to the repulSIve 

forces exerted to-and-from the slightly hydrophobic bubble surfaces. The major reaction 

site for these chemicais, therefore, is the liquid medium, where they may be destroyed by 

oxidative degradation, provided that sufficient quantities of hydroxyl radicals are ejected 

into the solution during cavitational collapse. As poimed out previously, maximum radical 

transfer into the bulk medium occurs when the collapse is "transient", or when sonication 

is carried out via medium frequency ultrasound waves (lnce et ai., 2001: Drijvers et ai., 

1999). Thermal decomposition of non-volatile solutes is also possible at the interfacial 

bubble sheath., at which solutes may accumulate via adsorptiVe processes during the 

formation and grovvth of acoustic cavities, but is not as eifective as hydroxylation in the 

bulk medium. 

are more readily formed vvhen using sol.vents ""''lith high vapor pressure, 

10v,[ imv surtace tension: however. of cavitation is benetited by 

using solvents opposite characteristics. The intermolecular m ITllust 

overcome m. order to rorm the bubbies. Thus. solvents wiTh high oensities .. 

tensions, and viscosities generally haVe higher threshold for cavitation but 11101'<:: 

conditions once cavitation begins (Young. 1989.1. 
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3.2.2.7. Dissolved Gases 

Dissolved gas bubbles serve as nudei for cavitation. However, since the first effect 

of cavitation is degassing, the solution wiH ranidiy be tree of dissolved gases if gas 

introduction is ceased during sonication (Mason, 1999). Therefore, the liquid is bubbled 

continuously with a gas throughout the sonication to maintai.n a constant gas flow into the 

bubbles so as to sustain the "'extreme" conditions of collapse (lnce et al, 2001). 

The selection of the gas is also of significance, because the final temperature of a 

collapsing bubble is closeiy reiated to specific heat (heat released UDon gas compression), 

thermal conductivity (heat dissipation to the surrounding environment), and the solubility 

of the sparge gas The higher the heat capacity ratio (C/e,l or pOlytrophic ratio (y) of the 

gas in the bubble, the higher the tinal temperature produced in an adiabatic compression, 

and the cause reaction (Hua and Hoffmann, 1997). Assuming adiabatic bubble collapse, 

the maximum temperatures and pressures within the collapsed cavitation bubbles are 

predicted by l\iohingk and Nepprias from approXImate soiutions of Rayleigh-Plesset 

equations as follows (J\foltingk and Neppiras, 1950; Neppiras, 1980): 

(3.11 ) 

.1 

where To = (experimentai) te][nt)eratl 111 = pressure m bubble at 

its rnaximuIT1 size or vapor oressure = pressure in the bubble at 

moment oftransiem coHa:pse (acousTic pressure}, 'Y = polytropIC maex. As can seen from 

these equation§~ higher tem.peratures and pressures axe generated ,,'lith monatomic gases 

with higher y than those with polyatomic gases ~vvith lower y (Riesz ei al., 1990). Another 

parameter that aff~cts cavitational collanse is the thermal conductivitv of the Q:as. Although 
Ji.. '"- - -- '-

compression is adiabatic in the sonochemical process, still small amounts of heat are 

transferred to the buik liquid. A gas with low thermal conductivity reduces heat dissipation 
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from cavuatlOn sue ronowing amabatic cOHapse and ShouiCl tavor l1lgner collapse 

temperature. Thermal conductIvitv o:f rare gases decreases in the order: Xe <. K.r < Ar <. N e 

< He. Despite the equal y ratios of As and Helium, much higher yieids of pyrolysis 

products were detected. 1.Xfith Ar by Colarusso and Ser1)one ( i 996L as attributed. to its 10-

fold lower thermal conductivity. Gas solubility is also an important aspect, the more 

soluble the gas. the more likelv it is to diffuse mto the caVItatIOn bubble. Hence. larger 

number of cavitation nuclei wiH form and will lead to an extensive bubble collapse 

(Kontronarou et ai.. 19911. fhe reactions that occur and the radicais that can be formed 

upon bubble under sparge gases Ar and O2 can be found in Section 3.2. i. 

3.2.2.8. Addition of Solids 

The addition of solid catalysts, such as glass beads, ceramic disks, Si02, AhO) and 

talc into the reaction medium IS another common method for ennancmg cavitation effects. 

Furthermore, the presence of such material is reported to be especiaHy useful for 

micronization of species (in ultrasonic ceii disrumionL and tor the abraslOn, activation and 

alteration of the chemical nroDerties of catalvst surfaces durinQ ultrasonic irradiation of 
~ 1 ~ _ 

liquid meClla {Sernone et al.. 1994), 

3.2.3. AppHkatimrl!§ in Environmental Remediation 

The use of sonochemical technologies 111 environmental remediation practices 

render destruction either directly via activatimz tnermai aecol11nosition reactions. 

or indirectlv by increasing the hydroxyl radical yield in advanced oxidation treatment 

processes. Manv of such studies are focused on narametric ana kinetic analYses of 

contaminant degradations, and comparison of reaction efficiencies with those conducted in 

the absence of uiIrasound. Ihe input concentrations in almost all of the DubiisneCi work are 

1mv (in the order of 10.6 to 10-3 moles per liter), as typical of refractory organics found in 

derivatives to benzene, toluene, chlorinated solvents, heroicides, substituted ethers, natural 

organic maHer. surhlcianis. textile dvestuff and chlorotluorocarbons. A bnef summary of 

some of the reported work is given below (Ince el aI., 2001). 
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Destruction of phenol by sonolysis at low and high frequency irradiation has shown 

that reactions are much faster at high treauencv 1487 kHz!. the nathwav bein\! advancett 

oxidation, as verified by the presence of oxidation imermediates such as hydroquinone, 

cathecol and benzoquinone. and the lack of Dvroiysis products such as acetylene and 

methane (Petrier et aI., 1992). In another study by Drijvers el at., (1999) the decomposition 

of phenol and trichloroethylene (iCE) was Investigated under the combined ei1"ect of 

sonolysis (at 520 kHz) and chemical oxidation with hydrogen peroxide, using solid 

catalysts such as AhO" ZnO, N120 3 and CuO. rhe authors revorted that while TeE 

degradation was not at all effected by the addition of H20 2 and solla catalysts, the 

degradation of phenoi was largely enhanced bv the presence of H]O]ICuO. They attributed 

this differem behavior to the difference in the hydrophobicity of the two compounds. 

A study involving the sonochemical decomposition ofp-Nitrophenol (p-NP) in the 

presence and absence of strong scavengers of hydroxyl radicais such as humic acid has 

shown that the rate of degradation was not significantly aftected by the concentration of 

hydroxyl scavengers below a threshold value {Cost et at.. 1993 'i. This suggested that 

pyrolysis is the main reaction channel for the sonochemical decay of this compound. The 

result was consistent with nrevious work showing that p-NP decavs via first-order reaction 

kinetics near the hot interface of cavity bubbles due to its thermal instability at 

temperatures over 160C {Kontronarou et aL 19911. The reported decrease in the rate of 

degradation upon increased concentrations of phosphate and bicarbonate ions in this study 

has under laid the sensltivitv of the reactions. It was claimed that at oH values higher 

than pKa of p-N.e, molecule becomes negatively charged is repulsed by bubble 

surfaces., thus being displaced away ftom the interla.cia! region where the main @OH 

decomposition reactions are expecred to occur (Kontronarou e! ., 1991). 

Serpone et (1994) have studied the kinetics of 2-, j-, and 4-Chlorophenol 

decomDosition III air eauihbrated media bv low freauencv ultrasound madIatlOn. Thev 

reported that reaction products and kinetics were parallel to those observed in 

heterocatalvtic OXIdation of these comoounds with semiconductor naruc1es. 

Sonochemical treatment of wastewaters contaminated with benzene and toluene in 

a "paraHe1 plate near fieid acoustic processor" was shown by Thoma et al. (1998) to be 



highly effective for the destruction of both compounds wltlun reasonable eneqlv 

requirements. The authors further Iound that the degradation of parent molecules followed 

first order reaction kinetics, and the rate constants in each case were inversely proportional 

to the initial concentration of the comnound. 

Petrier et 01.. n 992) have studied the de!!radation of nemachloronhenate in an.wl1, 
~" " _.Ii.. L ~-' 

air and oxygen saturated aaueous solutions under 20 and 530 kHz ultrasomc irradiation. 

They reported that the process was more eilective at the higher frequency, and the 

degradation was faster when the soLution was bubbled with argon than when it was 

bubbled either with O2 or air. 

Kang and Hoffmann (1998) have studied the kinetics and mechanism of sonolytic 

destruction of IViethvl tert-Butvl Ether (MTBEI under the efIect of ozone gas and 

ultrasonic irradiation at 205 kHz. They reponed that ozone accelerates the first order 

degradation rate of MTBE bv sonolvsis at decreasm!! Imtlal concentrations of the 

compound. They have also observed that the presence of carbonate and bicarbonate ions in 

solution as potentiai comnetitive reagents for hydroxyl radicals did not lower the rate of 

MTBE degradation, concluding that the degradation occUlTed at the interface of the 

cavitation bubble. not m the liamd buik. 

David el 

chloroanilme can 

998i have shown that the svstematic herbicides chlorpropham and 3-

destroyed more ettectiveiv at 482 kHz than at 20 kHz. Chemical 

analyses of eftluent samples have shown that whiie the mechanism of destruCtion for 

chlorpropham vvas Dvroh1ic decomnosition mSlde the ~aseous bubbie. 3-chtoroaniline was 

destroyed mainly by radical mechanisms and oxidative degradation in the solution bulle 

The degradation of fulvic acid (as a representatlve of natural organic matter) under 

the combined effect of ultrasonic madmtlOn at low freauencv ana ozonolysis was studied 

bv monitoriml the time rate of chan!!e 111 total on.mnic carbon content of the solution during .,! ,-J ...... __ "-' 

contact (Olson and Barbier. I994i. The combination was renorted to nrovide a sl!!nificant -... - - - ,.~~ 

advantage as total mineralizatIon of orgamc carbon, which could be achieved neither by 

ozone nor ultrasound alone. It was concluded that the ultrasound/ozone nrocess extends the 
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application of sonochemlcal techniques to the catalysis or advanced oXIdation processes 

for the removal of retractorv orgamc electrolvtes in naturai water. 

Alegria et aL 1,1989) have studied the mechanism and site of degradation of some 

selected non-voiatlle surtactants bv ultrasonic irradiation at 50 kHz. using argon as the 

saturating gas. They reported that surfactants orient themselves radially in the imerfacial 

region, with their lJolar head groUDS Domting to the Dulk solution. ThIS was verified by the 

detection of pyrolysis products and high rate of hydrogen peroxide uptake in the solution 

during irradiation. 

Cheung and Kurup (1994) have studied the sonochemical destruction of two 

chlorotluorocarbons. CFCll and CFCl13 in dilute aqueous solutions under the effect of 

power ultrasound at 20 kHz. They observed that the reactions were governed by tlrst order 

kinetics. and the observed rate constants for both comDounds were found to dedine slightly 

with an increase in solution temperature from 5 to 10°C. The result being in agreement 

with temnerature ettects observed with other chlorinated hvdrocarhons (Bhatnagar and ;: - - - - - ~'- ,- ",--,' 

Cheung, 1994) was attributed to the decrease in the cavitation intensity with an increase in 

solvent vapor pressure. The authors further revorted that the rapid rate of degradation was 

not affected by the very slight degree of parent compound volatilization (5%) during the 

experiments. 

Gonze et aL (1990} have studied the effect of ultrasonic irradiation (500 kHz) as a 

ore-treatment oDeration to reduce the toxicity of untreated efi:1uems or to Increase their 

biodegradability prior to secondary treatment. Experiments were carried out with synthetic 

effluents contaminated With sodium nemachioroohenate. acute toxiCltv tests were 

conducted using Vibrio fIscheri and Daphnia magna as test organisms. 1 he authors 

reoorted that uitrasound is a hllShlv eitective pretreatment method. owing to its potential 

for toxicity reduction and rapid enhancement of the biodegradability of the solution. 

Finally. there is supnortive evidence that power ultrasound -provides ultimate bacterial 

destruction in infected waters, and the rate of the process increases with solids addition 

into the reaction medium (lnce and Befen. 2001). 
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CHAPTER 4. EXPERIrvIEr~ tAL SYSTENi CONFIGIJRATJONS AND 

SElECTION OF SYSTFl\f PAP~'-\lV!FTERS 

4.1. Determination of the Ultrasonic Power in a Reaction ~Medium 

In sonochemical systems, optimization of input power and the reactor contiguration 

is the most important strategy to achieve maXlmum reaction vIelds. An ultrasonic system 

transfonns electrical power into vibrational energy, i.e. mechanical energy, which is then 

transmitted mto the sonicated reaction medium. Part of it is lost to produce heat, and 

another part produces cavitation, but not all of the cavitational energy produces chemical 

and physicai efiects. Some energy is reflected and some is consumed in sound re-emission 

(Mason, 1999). Hence, there can be significant differences between the power supplied 

from the generator and that delivered into the reactor. In a pure liquid. one might assume 

that almost all the mechanical energy (acoustic energy) is transiormed to heat by 

absorption. Of the methods available to measure the amount of ultrasonic power entering a 

sonochemical reaction medium, the most common and easiest is calorimetry, which 

involves a measurement of the initial rate of heating produced when a system is irradiated 

by ultrasound (Mason, 1999). The method involves the measurement of the temperature 

rise T against time [ :tor about 30 seconds. usin? a thermocoulJle lJlaced m the reaction 

vesseL From T versus t data, the temperature rise at zero lime, dTidt, can be estimated 

either by curve-Htting the data to a 1,Jolvnomiai III 1. or bv constructing a tangent to the 

curve at time zero. The ultrasonic Dower (PI actually entering the system can then be 
;it " ~ _ -' or' 

calculated bv substitutimr the vaiue of dT/dt into Equation 4.1. I Mason. 1999: l'vlason and 

Cordemans, 1998; IvIason et at., 1992): 

Power=(dTidt).Cf .. M j ) 

V'lhere Cp= heat capacity of water (~4.1840-4.1790 J g-"OC1
), (dT/dt)= the temperature rise 

After calculating the power in the reaction medium, the efficiency of the system 

can be determined eIther bv calCUlating the ultrasonic mtensitv which IS equal to total 
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(determined) pmver per upit emitting area (\\1 cm-2 t or bv ultrasonic density (\"T mL-1
,\ Ie . 

./ ... -"- ~,,~ , ... "" 

In general, the generator power should not automatically be turned to a maximum, 

because a relatively smail amount of energy is otten sufficient. in most cases, the increase 

in power leads to the creation of more bubbles in the bulk liquid, which lowers the 

et1ective reaction YIeld by absorbing the acoustic energy. Decouphng can also resuit from 

a reduction of the area of the emitter suriace due to the greater number of bubbles. 

4.2. Identification and Optimization of Experimental Systeills and System Parameters 

Three experimental systems were used in this study: namely SYSlbM I, SYSlbM 

IL and SYSTEM Hi. which are detined in Sections 4.2. L 4.2.2. and 4.2.3., indlvidually. 

The fullowing parameters were detennined and fixed for each experimental system: 

o Reaction Volume: Calorimetry was performed at various solution volumes. 

to seiect the ontlmum VOlume, 

ji) Opfimum Po·wer: Optimum pov'/er settmg was determined by dye 

decolOnzanon kmetic study. Pre-aerated SOlUtlOnS or 20 mg L'l C.l. AClci 

Orange 7 was used fur kinetic studies. Rates of dye decolorization were 

estimated at various power settings to select me omimum DoweL 

iii) if?ieCled Gas J)pe and Floll' Rate: The selection of injected gas and flow 

rate was based 011 dve decolOrization Kmetlc smOles at vanous Qas tlOyV 

rates. 

4.2.1. System I (300 kHz 1150 mL Reactor) 

The reactor is made of a 150 mL Qlass cell surrounded bv a water-coolinQ iacket to '"-' .. ; ....... ~ 

keep its contents at constant temperature (20±O.5 Vet a mate tvne plezoeiectric transducer 

emitting ultrasonic waves at 300 kHz, and a 25 "w generator to convert electrical power 
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input into mechanical energy (Undatim Ultrasonics, Belgium). The active acoustical 

vibrational area of the transducer is 22 cm2
. A photograph of the system is given below: 

Figure 4.1. Photographic view of SYSTEM I: 300 kHz-ISO mL reactor. 

i) Reaction Volume 

The study of volume optimization covered the examination of power/volume ratios 

and estimation of the power density by calorimetry in tap water. The optimum volume was 

selected by estimating the power density at various power outputs of the generator and at 

constant solution volume. The measurements were repeated at three distinct volumes, 

namely 100, 125, and 150 mL of tap water. No cooling and gas injection was applied 

during these experiments, and the temperature rise (T) at every 30 seconds was recorded 

using an Ikarnag RCT Basic thermocouple during 5 minutes. The rate of temperature 

increase (dT/dt) was estimated by fitting the data to a polynomial in t. 

The ultrasonic power entering the system was then calculated by substituting the 

value of dT/dt into Equation 4.1., where M was 100, 125, and 150 g, respectively. Since 

heat capacity of water is related to temperature, the average of Cp values between t=O and 

t=10 min irradiation were substituted in Equation (4.1) (Weast and Astle, 1983). Power 
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densities in 100, 125 and 150 mL of tap water were calculated by dividing P by 100. 125 

and 150, respectively. The results ofthe study are presented in Tabie 4.2. 

Sample calculationfor generator P = 25 w: and 11'= iOO ml is asfollows: 

The temperature rise (T) against time (t) for 30 seconds was recorded during 5 

minutes sonication of 100 ml oftap water, and the data are given in Table 4.1. 

Table 4.1. Temperature rise in 100 mL tap water during sonication at 25 Vol generator 

output in System I 

t (min) 0 I 0.5 

I 
1 1.5 

.., 
3.5 4.5 I 5 -' I 

I I 
!-- »~--t~i Tee) 16 I 17.6 18.7 20 21 22.1 ,,)"l 24 I 

,k __ r ~-'.' i ~6_, , 
i I I 

From T VerSlJS t data plt)tterl in Figure 4.2,) the tem1-1erature rise at zero time, (dT/dt)~ "vas 

estimated by curve-fitting the data to a polynomial t. 

26 

24 j 

U 22-l 
'" '-" !-

20 

~/ 

113 %//~n - --,-

o 

T=-O.1133t=+2.6483t+ 16.162 

== C.99S2 

-:;; 

Figure '") Teillperature rise durillg son.icatiorl at 

100 mL, System I). 

The ultrasonic power (P'} actuallv entering the system was calculated by 

substituting the value of dT/dt into Equation 4.1, using: 
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and Astk 1983) 1\/i = 100 g dTldt.= (26483/60) = !)OLl.4 0(' s:':'':-~ 

lJ1trasonic Intel1sity is ca1cu.1ated as 0.836 ",l Cfll-
2 (18.44 "'7/ 22cln2

), 

Table 4.2. CalorimetrIc measurements of power lllput ana power densmes at vanous 

generator outputs and reaction volumes in System I 

v (l00 nIL) V (125 roI,) V (150 mL)i 
Gel1erator Po\ver Po~"ver 

Der!5~Iy- lIlp!..l! \) I)eIissr~y ii~pUt \) DensityT 
{\"il nlL -1) --+-~_~~~!--~(~_\~_l=H=: i:::.-_l-,-~ -+~~~~~-+---,,(-.:.\1~"I=n:..::1L=--1..L)_ 

0010 2 0.011 
4 4 0.027 
/ 0.040 

20.0 0.115 13 
22.5 14 0.136 
25.0 18 (1.184 14 O.llS 12 0.078 

It is observed that tor any given generator power, the power density diminished as 

the volume of the reaction mixture was increased. Therefure. the volume of the solution 

should be considered in optimizing the power dissipated into the system. Consequently, 

because the reaction volume is an imDortant DarameteL the Dower in SOlution must be 

preferably reported terms of total power per unit volume. 

Literature points oUI that in most cases. too much povv'er reduces the sonochemical 

activity (Lorimer and Ivlason. 19811. but it was found that the Dower densitv for rest 

volumes was enhanced by increases in the electrical output of the generator. These results 

can point out the lack of decounling effect and the lack of excess bubbles. which miQht act 

as barriers to the transfer of acoustic energy. 

As a result, the optimum value of liquid volume was selected as 100 mL at which 

the power densitv was a maximum at a generator nower of25 W. 
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ii) Optimum Power 

100 mL of pre-aerated solutions of 20 mg L-' C.L Acid Orange7 (A07) were 

irradiated at various generator powers for 1 h to monitor decolorization by absorption 

abatements at the UV484 band. The degradation of color was found to follow pseudo-first 

order kinetics with respect to the absorption maximum of the dye in the visible band as: 

dA 

dt 
-kA (4.2) 

where A is the maximum absorbance of the solution in the visible band at time t and k is 

the pseudo-first order absorbance decay coefficient (min·').The relation between k (min·') 

and generator power (W) and the resuhs of calorimetry are illustrated in Figure 4.3. 
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! ~ 80 
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~ 10 
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5 10 15 20 25 

Generator Power (W) 

Figure 4.3. Power density in tap water at various power outputs and profiles of color 

degradation rate constants in 20 rng L·' A07 (volume =100 mL, System I). 

The rate of color decay was accelerated by increases in the electrical power output 

of the generator, and a similar trend was observed for power density-generator power data. 

The sonicated volume for each experiment was 100 mL and the maximum power 

dissipation into the solution was 0.184 WmL·' at a power output of25 W. 
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iii) Injected Gas Type and Flow Rate 

If the main cause ofsonochemical effect is cavitational collapse, then sonochemical 

efficiency must be linked directly to the generation of cavitation bubbles in the chemical 

reaction. For reproducible results, gas is bubbled to generate large numbers of nucleation 

sites for cavitation and provide bubbles of uniform energy of collapse. Most effective gases 

for such processes are the monoatomic gases such as Argon (Ar), diatomics such as 

oxygen next (Mason, 1999). As discussed in Section 3.2.2.7., the highest specific heat of 

the gases gives the greatest cavitational effects. Therefore, after the correct choice of 

generator power output via calorimetric method, the next step of the optimization of the 

sonochemical system should be cavitation enhancement by appropriate gas introduction. 

100 mL of pre-aerated solutions of 20 rng L-1 C.L Acid Orange7 (A07) were 

irradiated at 0.184 W mL-1 (optimum power density) for 1 h to monitor absorption 

abatements at the UV484 band in the presence of Argon (Ar) with a flow rate of! , 2.5 and 5 

Lrnin- I
. Experimental profiles of color degradation in A07 during 1 h sonication with 1, 

2.5 and 5 Lrnin-I Ar are given in Figure 4.4. 

1.00.._---------------, 
• Ar(1Imin-1

) 

-E 0.75 
• Ar (2.5 Imin-1 ) 

... Ar (5 Imin-1) 
c 

i -
~ 

0.50 

0.25 
10-3X~5) =34.20 ± 0.98 (r2=0.995) 

10-3X~25)=36.73 ± 1.16 (r2=0.994) 

1 0-3x~1) =42.66 ± 1.11 (r2=0.996) 
O.OO+----,---..-----,---r----r----i 

o 5 10 15 20 25 30 

Time (min) 

Figure 4.4. Experimental profiles of color degradation in A07 during 1 h sonication with 

various gas sparge ratios in System I (Subscripts 1, 2.5, and 5 refer to Ar flow 

rates, Lrnin- I
). 
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The highest rate of color degradation was observed during AI injection at 1 L min·l
, 

and the rate decreased with higher flow rates. Although sonication of the solution in the 

presence of AI provides maximum decolorization rate, high gas content in the medium 

reduces the power of the collapse. As a result, AI flow rate was selected as 1 L min·1 for 

the rest of the studies with System L 

4.2.2. System n (520 kHz 11200 mLReactor) 

The design and dimensioning of the ultrasonic reactor was made after preliminary 

studies and long-time collaboration with ultrasound (US) equipment and system 

manufacturers. A photograph of the system is given below: 

Figure 4.5. Photographic view of SYSTEM II: 520 kHz-1200 mL reactor. 

The system consists of a 1200 mL glass chamber surrounded by a water cooling 

jacket to keep the reactor at constant temperature (20±0.5 °C); a plate type piezoelectric 

transducer emitting 520 kHz of ultrasound frequency, a stainless steel top cover, and a 

generator operating at 100 W to convert electrical power input to mechanical energy 

(Undatim Ultrasonics, Belgium). The generator can operate either at 25 W for 300 kHz 
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frequency studies or at i 00 \V for 520 kHz ultrasonic frequency studies by a switch in from 

of it. The active acoustical vibrational area of the transducer is 22 em::'. 

i) Reaction Volume 

As described in Section 4.2.1., the power density in solution was measured 

calorimetrically bv estimating: the power densitv at various power outputs of the generator 

and at constant solution volume. The measurements were performed at four different 

volumes, nameiy 300. 600. 900 and 1200 mL of tao water. No cooling and gas injection 

was applied during these experiments. The temperature rise (T) at every 30 seconds was 

recorded during 5 minutes. and the rate of temperature increase dTldt was estimated by 

fitting the data to a polynomial in t. The power in the system was calculated by substituting 

the value of dTldt into Eauation 4.1.. where M were 300. 600. 900 and 1200 g tor each 

sets. The results of the study are presented in Table 4.4. 

Sample calculation for generator P = 40 Wand V= 300 mL is asfallows: 

The temperature rise T against time t ror about 30 seconds was recorded during 5 minutes 

sonication of300 mL oftao water. and the data are given in Table 4.3. 

Table 4.3. Temperature rise in 300 mL of tap water in System 11 during sonication at 100 

\V !Ienerator outout 

q--r f'""l<'I 

rf()B:1 1 -VerSL~S I 

," .--; 

estrrnatea to a 



~--------------

36 ~ 

26 
o 0.5 

r = -O.0406t':': + 1 B119t + 26.616 

R-' = 0.9989 

1 1.5 2 2.5 3 3.5 

T!me !m~n\ 

50 

4 4.5 

The pm-ver input is calculated by substituting the value of aT/cil: into Equation (4.1), using : 

Cp = 4.179 J i l "C i (average of The he2T capacity ofwa!er in bet1veen 26 - 35°C) (Weast 

IVI -= 300 g, 

dT/dt= (UHl =0.030 sec' 

Thus~ ) x 300 (g) = 31.95 
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Table 4.4. CalorimeTric measurements of power mpm and power densmes aI vanous 

generator outouts and reactlon volumes in Svstem 11 

Power 

tu 
20 
30 
40 
50 
60 
70 
80 
100 

, 
I 

\T= 300 

i. . 

31./4 
37.95 
27.39 

21.12 

0.106 
0]26 
0.091 

20.73 0.069 
'----~~~~~- .. -~-.--. 

V= 600 
l1iL 

(\Vml-
") 

35.86 0060 
.~~~-~~~~-

'ia t;:,f-,. 
"""" ~r ,. ~:- 'l-~ 

17.53 0.029 

\T= 900 
ill~ 

(W)"n1 -

') 

I 32460 0036 

"1'~ ~ }::.0! : 
__ t-. """"'-f'~' 

i "t.c O:Cf'. 0.030 

V= 1200 

I 366JO i 

I 

il1L 

(WmT - ! 

1) 

0.028 

0.026 

0.025 

n (I,Ll 
c...·.'Jb' 

The maximum power density was obtained when the solution volume was 300 mL. 

It was found that the power dissipation increased in the electrical power output of the 

generator within 10-40 W, but decreased as the power was rUniler increased. For the 

studied generator outputs. the Dower densitv diminished as the VOlume of the tap water was 

increased. The increase in acoustic power increases the maximum radius of the cavity 

bubble, as weB as mereases its time of eolianse (Luehe, 1998'1. When too much power is 

applied to the solution, excess number of bubbies can be formed, and then they coalesce 

forming larger and more longer lived bubbles and act as a barrier to the transfer of acoustic 

energy through the liquid. Decoupling effect can be other reason fur the loss in 

efficiencv of transfer of Dower from the source to the medium the formation of large 

numbers of cavitation bubbies at or near the emitting surface of the transducer (Mason, 

1999). 

As a resulL the power density reduced as the volume of water was increased. The 

working solution volume for each set of experiments was selected as 300 mL at 40 W 

generator output. 
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ii) Optimum Power 

300 mL of pre-aerated dye solutions of20 mg L-1 C_l. Acid Orange7 (A07) were 

irradiated at various generator outputs for 1 h to monitor absorption abatements at the 

UV484 band. It was found that the pseudo-first order color decay rate was accelerated by 

increases in the electrical power output of the generator within 10-40 W, but decelerated as 

the power was further increased. Thus, it is very important to drive a sonochemical 

reaction in an optimum power in order to avoid unnecessary supply of energy. Variations 

in the estimated values of k at 10, 20, 40, 60, 80 and 100 W applications of electrical 

power to 300 mL dye solutions is presented in Figure 4.7. 
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Generator Power (W) 

Figure 4.7. Calorimetric measurements of power density and profiles of color decay in 20 

mgL-1 A07 at various power outputs in System II (V= 300 mL). 

Maximum degradation of color was shown to occur at a generator output of 40 W, 

at which the power dissipated into the solution was 0.126 W mL-l
. 

iii) Injected Gas Type and Flow rate 

300 mL of pre-aerated dye solutions of20 mg L-1 A07 were irradiated at 0.126 W 

m L-1 (optimum power density) for I h to monitor absorption decay at the UV484 band in 
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the presence of Argon (Ar) with a flow rate of I, 3 and 6 I min· l
. Pseudo-first order color 

degradation rates for A07 in I h sonication with various Ar flow rates are given in Figure 

4.8. 
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Figure 4.8. Experimental profiles of color degradation in A07 during I h sonication with 

various gas sparge ratios in System II (Subscripts I , 3, and 6 refer to the flow 

rates of Ar, in Lmin· I
). 

The maximum color degradation rate was obtained during sparging with I L min·1 

Ar, and decreased with further increase in flow rates. Ar flow rate was selected as I L min· 

I for each set of experiments conducted using the System II. 

4.2.3. System ill (3 x 520 kHz / 2000 mL Reactor) 

The system consists of a 2 L stainless-steel hexagonal reactor and a generator 

operating at 600 W (maximum) (Undatim Ultrasonics, Belgium). Three piezoelectric 

transducers each emitting at 520 kHz frequency are mounted on the lateral walls of the 

reactor. Quartz windows are located on the other three walls, in which UV lamps (253.7 

run, Philips, PL-L 18W TUV) are mounted in front of each quartz panels outside the 
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reactor. Each of the UV light sources consists of two UV lamps and cooled by air 

circulation. The temperature is kept constant at 25 ± I·C by water running through the 

stainless-steel pipe located inside the reactor. Four ports are located on the reactor cover 

for gas bubbling, sampling and gas outlet. The active acoustical vibrational area of each 

transducer was 22 cm2
. A conical Teflon material was located at the bottom of the reactor 

and by means of this configuration the minimum solution volume above the transducers 

was lowered from 1400 mL to 1200 mL. A photograph of the system is given below: 

Figure 4.9. Photographic view of SYSTEM III: 3 x 520 kHz-2000 mL reactor. 

i) Reaction Volume 

Calorimetric tests were performed at various power settings during 5 mID 

sonication of 1200 and 1600 mL of tap water. The minimum water level above the 

transducers was 1200 mL, therefore calorimetric and kinetic tests could not be performed 

in lower solution volumes. The power input was calculated from the change in 

temperature, and the results of calorimetry are presented in Table 4.6. 
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Sample calculationfor generator P = 390 ~'V, and V= j 20u mL is asfoiiows: 

The increase in temDerature T aQainst time t for 30 seconds was recorded durin!.!: :) . - -

minutes ultrasonic irradiation 01'1200 rnL of tar water, and the data are given in Table 4.5. 

Tabie 4.5. Ternperatufe flse in 1200 mL of tap water In Sysiern Hi during sonication at 390 

W generator output 

t (min) 0 0.5 1 1.5 2 2.5 3 3~5 4 4.5 5 

'T' (0,--...\ ~9 1 10 q 'I(\' 1. '1(\ 0 '11 'I '11 '. '11 0 '/'1 " 2::.% 23.0 23.4 ~ 

" 
~~./ .~~ J .~ J - --"'-"' 

calculated. 

-U o -~ 
17 -I 

16 

15 L _____ , --. --, --~-, -.-.-----~~ ------ ~-----~-"-------- -.~ 

o 1 L5 2 2.5 4 4.5 

Time ImifH 

Figure ,q·.1G. outpllt (tap 

water volume in System III =1200 mL}. 

The Dower inDut is calculated bv substitminQ the value of dT/dt into Equation 4.1. 

usmg: 

ep = 4.178 J g-l °C\'Plerage of the heM capacity ofwt!ter in bet'.veen 19 - 23°C) ('-"least 

M= 1200 g, 

dT/dt= (1.0486/60) = 0.0174 °C sec-] 
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Thus, P01.ver = 0.0174 (OC sec-') x 4.173 U 87 YAJ and the 

Table 4.6. Calorimetric measurements of power densities at various generator output and 

reaction volumes in System In 

V= 1600 mL 

Poyver 
I Power Densitv 

1-

i Power 

I ( 

I i~~" ~~'" 6C) 0050 
L--­
j 

I 

74 0.062 360 82 
350 76 0.063 370 64 0.040 

jJOWe:l den5ity decreased ";:'lith increasing vOlUme 01 Hie tap water, optimum 

solution volume was selected as 1200 mL 

ii) Oplirmrm 

The optimum power to be applied was based on rate bleaching (by plotting 

rate vs. apphed Dower). 1200 mL of 20 mQ: C l A07 SOlution was irradiated at various 

pmver settings. The relation between pseudo-Ilfst order color decay and generator output 

with the results of caiorimetry are nresented Figure 4. 11. 
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Figure 4.11. Power density in tap water at various power outputs and profiles of color 

degradation rate constants in 20 mg L·1 A07 (irradiated volume=1200 mL). 
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The figure shows that, maximum color decay was observed at an output of390 and 

400 W, Decolorization rates were the same between 390-400 W, and the power density 

values of the two were close. Therefore, 390 W was selected as the optimum value, at 

which the power density in solution was 0.073 W mL·1
, 

iii) Injected Gas Type and Flow Rate 

1200 mL of air-saturated 20 mg L·1 of A07 solutions were irradiated at 0.073 W 

mL·1 power density in the presence of Ar, O2 and various combinations of the two. 

Samples were collected within short intervals for spectrophotometric analyses to monitor 

the absorbance abatement in the visible region for A07 degradation. Decolorization rate 

with respect to gas injection decreased in the sequence: Ar > O2 > Air. Argon is a 

monatomic gas having the highest y value (1.66), and therefore provides rapid reaction 

rates by high temperature and pressure generation on cavitational collapse. Oxygen and air 

(considered to be predominantly a nitrogen/oxygen mixture) are diatomic gases having 

similar y values (1.41 and 1.40, respectively), and sonication in the presence of oxygen 

yielded a decolorization rate that was 20 per cent larger than the rate for air injected 
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sonication. This may be due in part to the greater solubility of oxygen in water, which in 

turn potentially leads to a greater initial number of cavitation nuclei and increase the 

possibility of chemical change. Additionally, oxygen decomposes to form oxygen atoms 

(Equation (3.7», and leads to the generation of additional hydroxyl radicals (Equation 

(3.8», and hence increases peroxide yields (Wakeford et al., 1998). When the two gases 

were combined (Ar/02), it was found that the rate of decolorization accelerated. The 

highest rate was observed at 1:0.5 L min·' Ar:02 mixture, and the rate decreased with 

increasing flow of 02 as shown in Figure 4.12. Consequently, optimum sparge gas ratio of 

1 L min·' Ar: 0.25 L min·' 02 was selected for all runs performed in System III. 

1 . 00~-------------------------------, 

E 0.75 

c:: 

0.50 
• .. 
• 

10.3 • k = 9.59 ± 0 .34 
10.3 • k = 11 .52 ± 0 .25 
10.3 • k = 16.16 ± 0 .19 
10.3 • k = 16.17 ± 0 .28 

0.25 • 10-3 • k = 18.03 ± 0.22 
D 10-3 • k = 20 .06 ± 0 .34 
" 10.3 • k = 19.78 ± 0.41 
v 10·3 x k = 19.-1-1 ± 0.26 
o 10.3 • k = 17 .37 ± 0 .16 

0 .00~~~~~~~~~r----,~~~~---4 

o 10 20 30 40 50 60 

Time (min) 

Figure 4.12. Experimental proftles of color degradation in A07 during 1 h irradiation 
with various gas sparge ratios in System ill (gas flow rates are given in 
Imin·' ; • Air 1, ... 021 , .... Ar 1, +Ar:02 (l:l), e Ar:02 (1:0.75), DAr:0 2 

(1:0.5), ~:02 (1 :0.25), VAr:0 2 (1:0.125), OAr:02 (1:0.0625), all R2 > 0.98). 

Increased color degradation rates by gas combination can be explained by series 

reactions that may occur within the cavitation bubble during sonolysis. 

Gases with higher polytrophic index, 'Y, (heat released upon gas compression) and 

lower thermal conductivity (heat dissipation to the surrounding environment) promote 

more extreme conditions within the collapsing bubbles as discussed in Section 3.2.2.7. 
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During acoustic cavitatioIL gases with hIgh polytropic 11101CeS and low thermal 

conductivities will lead to more intense conditions within a coilansmg: bubble because iess 

heat is dissioated to the surrounding: aaueous environment during: the raoid imnlosion (see 
..!c '-oJ' ~ ... oJ .... ~ '-

Equation (3.11)l "If is higher for A.r (166'\ than tor 0", (1 A I t and the thermal conductivity 

of 02 (48.1 m\V mK-1
) is higher than that of AT (30.6 mY V mK-1

) (Beckett and Hua, 2000; 

Beckett and HUB .. :200n Therefore the h!hhle ifYlDbsionin the vresence of Ar favors a 
- -

higher overall temperature. The higher coHapse temperature increases the .OR rate and 

leads to a higher formation rate tor H20 2. 

Ultrasonic irradiation in the presence of O2 generates additional Cham reactions 

within the gaseous bubble phase to contribute the reaction vields. A schematic diagram of 

these reactions is outlined in Figure 4.13. (Beckert and Hua, 2001). The production of these 

radical species during decomposition of oxygen can compensate for the lower internal 

cavitation temperatures. During irradiation with Ar, the thermolysis of water to generate 

.OH and hydrogen atom is one of the most nrevaient reactioR The generated .OH radicals 

react either with hydrogen atom, or with another .OH to form H20], or react with organic 

compound. {rradiation in the presence of 0.., wiH vield additional radicals, such as .OR, 

.OO~ and -0 radicals. Due to the fact that .0 atom is very reactive in the gaseous phase, 

it reacts with 0:, and with water vapor and provides ion¥er lived radical species. These 

longer lived radical species can move to the bubble interface and react with the organic 

compound. In addition. OlIOOR can recombine to produce hvdrogen peroxide. 

To summarize, increased dye degradmion by combination of Ar and 02 is due to a 

synergy of the gas properties: while AI induces higher collapse temperatures bv its 

relatively higher polytrophic gas ratio and lower thermal conductivity, O2 promotes the 

formation of additionai radicals upon thermai fragmentation within the gas phase. 

Deceleration of the rate upon increased O~ f1mv above the selected value is due to the 

offset of its benefits bv domination of its poorer gas propenies, i.e. lower polytrophic gas 

ratio and higher thermal conductivity. Therefore, one shouid be very careful in selecting 

the optimum A.r:02 combinations to obtain the highest sonochemical vield. 
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4.3. System Comparison at Optimized and Equivalent Power Densities 

4.3.1. Rate of Color Removal at Optimized Conditions 

Pre-aerated 20 mg L·' C.L Acid Orange7 (A07) solutions were irradiated at the 

optimum generator powers of each system for 30 minutes to monitor absorption 

abatements at the UV 484 band. Plots of comparable profiles of color decay versus time for 

each system are shown in Figure 4.14. 

1.0~-------------------------------, 
• System I 

E 0.8 

• System II 
A System III 

c 
-.t 
CIO 
~ 0.6 
o 

~ 
0.4 1 0-3xk(I)=42.66±1.11 min·1 

1 0·3xk(II)=27 .99±0.63min-1 

10-3xk(III)=19.39±0.39min-1 

0.2-t----'-y-'----.----,---.---r---i 
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Time (min) 

Figure 4.14. Comparative rates of color degradation in 20 mg L·' A07 during sonication 

by System I, System II and System III at optimized conditions (subscripts I, 

II, and III refer to the system I, system II, and system III, respectively). 

Per cent color removals after 30 minutes were 70.59 per cent, 57.52 per cent, and 

44.54 per cent for the systems I, II, and III, respectively. This result can be attributed to the 

higher power density value obtained in System 1. The results indicate that, whatever the 

frequency is (system I, II or III), the total sum of ultrasonic energy (power density) 

delivered to the system is important. 
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4.3.2. Rate of Color Removal at Equivalent Power Densities 

Sonolysis of C.I.Acid Orange7 (A07) was studied in all systems at equivalent 

power densities and the systems were compared for their perfurmance in the rates of total 

color removal. Reaerated solutions of 20 mg L·1 A07 were irradiated for 30 minutes at 

0.070 W mL·1 of power densities in System I and n, and at 0.073 W mL·1 in System III to 

monitor absorption abatements at the UV484 band. Because the maximum possible density 

was 0.073 W mL·1 in System III, the other two systems were also adjusted approximately 

to this value to compare system performances at similar conditions. The generator outputs 

at this density and solution volumes were 10, 80, and 390 W, and 100,300, and 1200 mL 

for System I, System II and System III, respectively. Comparative profiles of absorption 

abatement in 20 mg 1"1 A07 during 30 min sonication by System I, II and III, and the fit of 

absorbance-time data to Equation (4.2) is presented in Figure 4.15. 

1 O·3 xk(l) = 1 O.44±O.36m in·~ (r 2=0.9 9) 
O·3x k(lI) =26.37±O.62m in· (r2 =0 .99) 
O·3xk(III)= 19.39±O.39m in·1 (r2=0 .99) 

0.4~~~~~~~~~~~-r--~,-----1 
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Time (min) 

Figure 4.15. Comparative rates of color degradation in 20 mg L·1 A07 during sonication 

by System I, System II and System III at equivalent ultrasonic densities 

(subscripts I, II, and III refer to the system I, system II, and system III, 

respectively. Power density of each system was 0.070-0.073 W mL·1
). 
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A summary of system conditions with the corresponding color degradation coefficients is 

listed in Table 4.7. 

Table 4.7. Summary of system conditions and the corresponding reaction performances at 

System 

1 

II 

III 

equivalent Dower densities 

Volume 

1200 

Applied Pmver 
/117\ 
\ "-') 

10 

80 

390 

Po\-ver in Solution Yield, k x 10-:;1 
(\\' ffiL - ~ ) 

t~.iJ f~J 10.44 i 0.36 

26.37 ± 0.62 

0.1)73 

Note that maximum rate of coior decay at these conditions IS accomplished by 

System II, although it is not Ol)erated at its maximum Deriormance. If we compare ail 

systems at their maximum (or optimized) performances, the profile is quite different as 

seen in Table 4.8. and Figure 4.14. The difference mav arise both from reactor shape and 

the water level in the reactor. 

Table 4.8. Summary of system conditions and the corresponding reaction performances at 

optimized conditions. 

; Systern 

I I 

'Vith 

System Iff :>. 

~ =. ____ ~"+!!:.__.. . ..:J 
l"~yplivU 

1 '. 

\ ~/{} 

decolorization rates than System I 

Pmver!nput 
{deposIted) 

18 

87 

Po,"ver 
in. Solutiol} 

0.073 

Yidd, k xlO--' 
(nlin-] 

~o::_66 ± 1.11 

J ~/.99±O.63 
_~1 ~ __ _ _____ ~_~ ___ . __ ._."_.~ 

19.39 ± 0.39 

5jgnJticantl~{ higher 

l~PLZ). ?,Jth.Ollgl1 the systel11S 11a~ie different reactor 

geometry, which may affect the cavitation efficiency_ this result can sti11 be attributed to 

the increased mass transfer of -OH radicals into the surrounding medium at 520 kHz 

frequency. As the frequency increases, the flux of active radical speCies toward the 
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cavitation bubble interface accelerates. Higher decolorization rates obtained by System II 

than System III may be due to observation of more pronounced standing waves in System 

III. The presence of standing wave zones which were observed to be more prominent in 

System III may have reduced the overall decolorization efficiency by not allowing the 

unstable conditions necessary for bubble growth and collapse. Power densities versus 

decolorization rate for each system are plotted in Figure 4.16 . 
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Figure 4.16. Variations of decolorization rate coefficients with ultrasonic power density in 

System I, System II, and System Ill. 

The figure shows that, the efficiency of System I is highly related to the applied 

power and it also implies that higher efficiencies can be obtained by higher powers. The 

same is not true for the other two systems because of their sensitivity to the geometry and 

configuration of the reactor cells. 

4.3_3. Rate of Hydrogen Peroxide Production 

In an attempt to determine correlation between system performance in terms of 

chemical effects, the production of hydrogen peroxide was monitored in dye-free deionized 

water as an indirect indicator of free radical production (Hydrogen peroxide is produced 
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during the sonolysis of water by the recombination of ·OH at the cooler bubble interface as 

·OH + ·OH ....... H20 2). 

Pre-aerated deionized water was sonicated for 1 h at optimized conditions 

(maximum conditions) of System I, II and III and samples were withdrawn from the 

reactors at 10 minute intervals to analyze hydrogen peroxide concentration in the effluents. 

The analysis was made by the triiodide method (Klassen et al., 1994), details of which are 

given in Appendix A together with calibration curve. Results of the study in tabular and 

graphical format are presented in Table A.I. (Appendix A) and Figure 4.17. 

400 
k(I)= 5.27±0.01 IlMmin-1 (r2=0.99) -:2 ::s. k(II)= 3.86±0.13 IlMmin-1 (r2=0.99) -c 300 k(III)= 6.63±0.26 IlMmin-1 (r2=0.99) 
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Figure 4.17. Comparable profiles of hydrogen peroxide production with increased 

contact time each operated at optimized conditions in System I, II, and Ill . 

Note that the net rate of hydrogen peroxide production is linear (R2=O.99) in all 

systems to be attributed the relative insignificance of hydrogen peroxide by scavenging 

(Equation (4.4» and/or dissociation reactions. 

(4.4) 
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The zero-order rates ofH]O:? production were in the order of System III > System i 

> System II. The highest H?O] production rate in System III may be due to reactor 

configuration. However, when the systems (at their optimum power densities) were 

compared (Figure 4.14.) with respect to color removal rates, the order was: System I > 

System II > System III. Hence. the rate of &02 production is not a direct indicator of the 

reaction vield .. or the rate of color removal This may be attributed to the -OH scaVengimI oj ,,' ,,>-} __ ) 

potential ofH20 2 to lower the steady state [oOH] in the bulk solution (Hua and Hoffmann. 

1997} and the witness of unreactivity of most color components (particularly azo 

chromophores) with molecular H20 2• or its dissociation products (e02H, .02). It should be 

noted that H:!O:! is a powerfbl -OH scavenger (k~DEE2C2=2 7xW/ M'l S·l) in the absence of 

other .OH scavengers (Kang et al."; 1999). 

Since the experiments were carried out at the optimum power density of each 

reactor, the observed H20 2 production rate constants were then normalized with respect to 

System III in accordance with Equation 4.5. (Hua and Horrman1\ 1997): 

5) 

where KnonnX and k.:>b~.f. are the corrected and the observed rate constants at the irradiated 

frequency. Values ofkot-o.x 1m. Pm. and estimation ofk"""" are listed in Table 4.9. If and Pf 

are the power intensity and power density at the irradiation frequency: and I m and Pm are 

the (optimum) power intensitv and power density at SYstem Ill. 

Table 4.9. Optimum power intensity and power density of System L II and ill . 

System POVJer . rransducer '/oI-urn.e K;:U02nonn 

(~1.!\' 
\. '~'~ l 

1 18 100 0.82 3.44 
II 38 __ I~ __ 22 _~ __ i ~OO --.l __ 1. TL.j __ Q}~ __ 3.86 1.41 
Hi 87 22 x 3 I 1200 1.32 0.07 6.63 6.63 

The table shows thaI, the order of H20 2 production is the same III normalized 

conditions (at equivalent power densities); i.e. System III > System I > System II. This 
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resuh can be explained that. at higher frequencies. more hydroxyl radicals are eiected out 

of the bubble before they can recombine at the Q:as Dhase. because the coilaDse time at 

higher frequency is shorter. As it was noted previously. H 20 2 is the most likely .OR 

scavenger in the {l.b"ence of other -OR SC{lven(!ers moul!tiQn (4 An The R20:~ production 

1" • ~ ~~- - - • - -~~ • - - h" - ,'~- -" . was mgher III System HI and the scavengmg ot • Uti wIth those <lgher amounts ot H2U2 1S 

more probable Therefbre. less -OH will be available tor ave decolorization and this will 

lead to lower degradation et1:1ciencies in System ill than in System IT. 

4.3.4. System Comparison with Respect to Product Yield 

Comparison of systems reported so far was focused on decolorization reaction rate 

coefficients, whereas in the nresent section sYstems are comDared on the basis of "product 

yield". This parameter has already been defined and explored by Mark et aL (1998) and 

Tauber et at.. (200m. Product yield is defined as the change in test chemical concentration 

in the experiment volume per power of the some energy deposited in that volume, and is 

expressed as: 

~c: IS chanae In molar c.onc.entration of the test 

ch,,:,mical 

volume (~V). 

The parameter Lle ,vas calculated bv using the visible absorbance data presented in 

Figure 4.3.1. i Dye concentrations "vvere calculated by 'using Beers La"vv as represented bjl 

Equation (4. n 

where A is the absorbance. E is the molar absorptivity Gvr' em") 'when the concentration of 
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Molar absorptivity coefficient (Emax) of A07 was calculated by using Equation (4.7) 

(for t.. = 484 run) as 23471 M'cm·'. Deposited powers in all systems were determined by 

calorimetry and presented in Table 4.8. Product yield or sonochemical yield in the present 

section has been defmed as the amount of A07 removed per ultrasonic energy deposited in 

the reaction volume. Figure 4.18. depicts the increase in G with irradiation time . 

• SYS(Q • SYS(II) 4 SYS(IIQ 
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• t - 4 I • 
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>C • • .,. 4 • 0 1 4 • .... 

4 • 0.5 • • 
0 

0 5 10 15 20 25 30 

Time (min) 

Figure 4.18. Product yields of 20 mg L·' A07 during ultrasonic irradiation by System I, II 

and III at their optimized power densities. 

As presented in Figure 4.18., the increase in G is in the order: System III > System 

II > System I. It should however be noted that the above results were obtained by 

considering only the power deposited in solution. However, each system had its own 

deficiency in terms of total energy loss, as determined by the difference between applied 

and deposited powers. This is why, the power efficiency must be considered in 

determination of the actual product yield. This was accomplished by including a new term 

"f' into Equation (4.6): 

(4.8) 
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where G ' is the actual product yield (mol Wi), f is the ratio of the power deposited in a 

given volume to the power applied. 

The fractions of power deposited to applied power were calculated by using the 

data presented in Table 4.8. The f values were calculated as 0.72, 0.95 and 0.22 for System 

I, II and III, respectively. The lowest f value found for System III means that this system 

has the largest power losses. Actual product yield versus irradiation time are plotted in 

Figure 4.19. 
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Figure 4.19. Actual product yields of 20 rng L- I A07 during ultrasonic irradiation by 

System I, II and III. 

With respect to the calculated G ' for each system, it was concluded that system 

efficiency was in the order: System II > System I > System III. Note that although System 

III appeared to be the most efficient in Figure 4.18., it was the least efficient in Figure 4.19. 

due to its inefficiency in energy transfer. 



70 

CHAPTER 5. REACTIVE DYESTUFF DEGRADABILITY BY 

OZONE/tTl TR--~SOUND AND FENTONllTl T~-,~SOTJND: 

APPLiCATIONS IN SYSTElVI II 

Section 5.1. of this Chapter is the paper entitled" Reactive Dyestuff Degradation 

bv Combined Sonolvsis and Ozonation". which was oublished in Dves and Piements. 49. 
... -" . ~ ~. t...," 

145-153,2001. 

5.1. Ozone-Sonoiysis 

5.1.1. Background 

Effluents of textile dyeing/finishing mills are complex with intense color~ chemical 

oxygen demand (CODt susoendea solids. temoerature. oH. and a variety of refractory 
• .i '-_ '" c· -'-- ~ - L ," _, ~i 

matter such as heavy metals and non-ionic surractants (Gurnham, 1965). lvloreover, the 

industry suffers from excessive water consumotion. due to manifold washing of dyed 

fabrics to remove unfixed dyestuff residuals fi'om their surfaces. Accordingly, the 

management of dyehouse etlluents requires an integrated approach to the solution of 

"effluent treatment" and "water consumption" problems by developing suitable treatment 

schemes that produce harmless efiluents and recyclable water. 

The expanded use of reactive dyes during the last decade has turned conventional 

methods inadequate ror treating dvehouse ett1uems. due to DOor biode2:radation of such 
-"- ",-- ~ - -'- '-

dyes (especially those containing azo-groups) under aerobic conditions {Boeniger. 1980 l. 

Furthermore. some nrecursors of azo-reactive dyes are toxic and carcino2:enic. reauirin2: 
-' -"' ..r '--- ' , '-

senaration and advanced treatment of dvebath e:tIluents before dischame into conventional L J _ 

systems or publicly owned wastewater treatment works (Boeniger. 1980: Brown and De 

Vito, 1993). 
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Recent developments ill advanced oxidation processes (AOP). which arc 

recognized with their potential to generate free radIcals. have shown that under proper 

operation they render complete color removaL detoxification and mineralization in the 

efl1uents of textile dyeing mills (lnce et at.. 1997: GregoL 1992: Gouldm and Groff 1987: 

lnce and Tezcanli. 1999), The advantaQ:e of AOP over conventional oxidation nrocesses is "- ... 

due to the reactivitv of free radical .snecies, especiallv that of the hvdroxyl radicai (eOH) 

which, unlike molecular oxidants is non-selective and far more powerful than all (Glaze et 

at., 1987). 

One of the most common methods of free radical production in AOP practices is 

ozonation (coupled with or without a source of ultraviolet light i. and lab-scale treatment of 

textile dye bath efl:luents with ozone has been found effective for color removal and partial 

mineralization (GregoL 1992: Gouidm and Groff 1987: Bahorskv. 1997: Arslan et aL 

1999: Carriere et at., 1991: Snider and PorteL 1974). The attractiveness of ozonation over 

other chemical oxidation methods is that it orovides two Dossibie degradation routes: i) at 

basic pH, it rapidly decomposes to yield hydroxyl and other radical species in solution: Ii) 

at acidic conditions .. it is stable and may react directlv with organic substrates as an 

electrophile (Gouldm and Groff. 1987: Glaze el al.. 1987), The shortcomings of the 

method, howeveL are its energy intenseness (due to onsite generation of ozone). pH 

sensitivity, and selectivity of n~ for organic substrates and the increased level of turbidity 

in effluents (Bahorskv. 19971. Hence. ozonation reauires funher research and develonment . - . 

for applicability large-scale operations as part of an environmental management system. 

Free radical formation m water bv ultrasonic irradiation (US) IS a much less 

popular technique. desmte the very C'extreme" conditlOns provided bv sonic VIbrations in 

liquids for "high energy chemistry" (Susllck. 1990). Research studies on dyestuff 

degradation bv ultrasonic irradiation 1S rare. exceDt for a cOlwle mvestiQ:ations WIth 

reactive dyes, reporting complete decolorization and Dania! mineralization after 

sutIiciently long eXDosure (VinodgopaI et at.. 1998: Joseph et at.. 2000). 

~when a liauid is sonicated. the oressure waves are transmitted throuQ:n the medium 
" ~ 

by acoustic cavitations. which are made of microbubbles entrapmng dissolved gases and 

vapors of the surrounding medium (Suslick, 1990: Mason, 1990). These bubbles grow and 
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expand within the rarefaction and compression cycles of the pressure until they reach a 

critical size. at which further comnression leads to their imolosive coHapse. with 

temperature releases of 2000-5000 K (Suslick et aL 1990). During this collapse stage, 

water molecules and volatile omanic solutes entraooed in bubble interiors undemo 

pyroiytlC fragmentation to dissociate into hydroxyl, hydrogen and orgamc radicals, 

respectively (Semone et al.. 1994: Hum! and Hoffmann. 1998). 

w'hen a water body is ozonated simultaneously during ultrasonic irradiation (US), 

the increase m hydroxyl radical oroduction is synergistic due to an additional pathway that 

involves thermal decomposition of 0 3 (Kang and Hoffmann, 1998: 'Weavers et ai., 1998). 

A further advantage of such a combination is enhanced O~ transfer In solution. resulting 

from larger gas diffusion coefficients in the presence of sonic vibrations than in non­

irradiated solutions (Weavers and Hoffmann, 19981, A simplified reaction scheme for -OR 

generation during US/O, treatment of water is as follows (Serpone et al., Kang and 

Hoffmann, 1998: Weavers et aL 1998: Hart and Henglein. 1986): 

(5.1) 

(5.2) 

(5.3) 

(54) 

(5 5) 

Some of the hydroxyl radicals recombme at the cooler bubble-liquid interface to 

vield water and hydrogen Deroxide. others react with gaseous substrates within the 

collapsing bubbles, and under proper conditions some diffuse mto the bulk liquid to 

activate aqueous Dhase oxidation reactions (Semone el at.. 1 and Hoffmann. 

1998' Weavers et al.. 1998i. Denendim! on their solubility and vaDor pressures. organic .,. ."... "- - .., "'- ~ ,~ 

solutes during combined ozonation and US treatment may be destroved bv direct thermal 

decomposition, .,OH-mediated advanced oxidation in the bulk liquid. chemical oxidation 

with ozone and hvdrogen peroxide, and/or a combinatJon of all (Weavers and Hoffmann. 

1998). 
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The purpose of this study was to mvestlgate the eftectiveness of combining 

ultrasonic irradiation (U S 'I with ozone in treating textile dvebath effluents comaminat ed 

with reactive dyestuff The degradation process was expected to occur in the bulk solution 

by hvdroxylation and direct reactions of the dvestuff (and the reaction mtermediates) with 

molecular ozone and hydrogen peroxide. Pyrolytic destructlon was not an expected 

pathway because of the hydrophilic nature of reactive dyes. which mhibits their 

partitioning between aqueous and gaseous phases (Serpone et aL 1994; Weavers et al., 

1998), 

The method of study involved: i) preparing synthetic dyebath solutions with C.l. 

Reactive BlackS IRSS i. which owimr to its hi!lh consumntion records was selected as a .- -
model compound to represent azo-dyes: ii) monitoring the degradation of the dye by means 

of the decav in its absorbance at the UV-visible band and the reduction in its total organic 

carbon (TOC); and iii) estimating the rate of dye degradation by regression analysis of the 

absorbance-time dam. 

5.1.2. M.ateriaas and l\tlethods 

5.1.2.1. Dye 

Remazel Black-B (MW=991.8 g mer l
) ,vas obtained th)m Dystar Hoechst 

!liven in Fi!2.Ure 5. L Ozone was g:enerated onsite --......., "-" 
electricity using dry pure oxygen. 

Figure 5 .1. The 
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Sodium Hydroxide and Sulfllric Acid 

Reagent grade NaOII (Merck) and H2S04 (96 {~~, i"vlerck) at various concentrations 

were used for pH adjustments. 

5.1.2.2. Optimized System Parameters 

The optimized system parameters used for the studies In this chapter are 

sumrnarized in Table 5.1. 

Table 5.1. Optimized parameters of system II 

System Transducer 

II 520 klI-7. 

Reaction Volume 
fmLl 

600 

Power Density 

0.060 

Type of Gas 
and 

Durin_g GZOllatlcn and C()ltpieu GZO!latlorl ozone \-vas 

through a Fisci1Gf OZ=500 lTIodel geIlcratOt at a ~-atc 0f 5D ~ 11- 1 

yielding (in non-irradiated water) 336 g L- i 0 3, as determined by iodometry (Arslan, 

2000) The reactor was huhbled milcHv with a stream of air thrmHlhout contact to enhance 

cavitation events. 

A 300 stock solution \vas prepared dissolving 0.363 g of RBS in i L 

deionized water. fonowed bv heating to 80 ;'C and adrustmg 10 pH= t 1 with dilute NaOH 

(l N) The solution "vas kept in these conditions tor 6 h to anow complete hydrolysis of the 

dye and to simUlate dvebath eftluents IrOm batch dveing processes with reactive dyes 

(Mason et at.. 1992). Test samples of various concentrations prepared Ii-om the stock 

(stored in the dilrk at 4 Gel hv ,lJ)ProprilHe dilutions were Berl'lted for 2 h to lower their 

cavitationaI threshold and to allow rapid bubble fonnation during initial contact with US. 

The solutions were readjusted to neutral pH before experimentation. 
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5.1.2.4. Laboratory Equipment and Analytical 

The opticai absorption spectra (200-S0U nmy and the reduction in U v/visibie 

absorption of the dye solutions were recorded by a Unicam, HeAios Alpha/Beta double 

beam spectrophotometer through a 1 cm path length. 

The removal of organic carbon via mineralization was monitored by a Fisons 480 - . 

TOC analyzer. The instrument was calibrated by standard solutions of phenol (1-30 ppm), 

and calibration curves were established by linear regression. 

The stock solution was heated to 80°C by using Ikamag RCT Basic Temperature 

ControUed Stirrer WTW 100 model nR meter was used for oH a.diustments. 

5.1.2.S. Procedure 

The test concentrations as i O. 20, 40, 50 and 60 uNI of C.I. Reactive BiackS were 

selected in accordance with tvnlcai dve residuaLs tound in dvebath effluents of batch 

processes after rinse (Pisa Corp .. 2000). Six-hundred milliliters of air-saturated test 

solutions were ozonated simultaneousiy with ultrasonic irradlatlOn for 20 min. and samples 

were collected within short intervals ror spectronhotometric analvses at the UV -visible 

region. Exposure was periodicaiIy extended to 1 h or more to allow time tor 

mineralization, which was monitored bv periodic TOC analvsis etnuent samnles. 

Control experiments with ozone and ultrasound atone were periormed on alr-

saturated dve SOlutions to comnare rates of decolorizatlOn. oXldation and total 

mineralization with those accomplished in the simultaneous scheme. and to assess 

synergistic effects. 
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5.1.3. Results and Discussion 

5.1.3.1. Decay of the UV-Visihle Absorption Bands 

C.1. Reactive BlackS is a strongly absorbing dye in the UV -visible range with a 

distinct band in the near-UV region ()"=312 nm) and another one in the visible ()..= 596 

nm). The latter is responsible for the dark blue color arising from aromatic rings connected 

by azo groups, and the former is associated with "benzene-like" structures in the molecule 

(Ince et al., 1997). The absorption spectrum of20 J.1M air-saturated RB5 before and during 

exposure to US/OJ is presented in Figure 5.2. 
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Figure 5.2. Changes in the absorption spectra of 20 J.1M pre-aerated RB5 during 20 min 

irradiation with US in the presence of OJ. (The legends a, b, c, d, e, f, g, h, i 

refer to contact times as 0, 1, 1.5,2,3,5,8, 12 and 15, respectively. Reactor 

conditions as power density, OJ input and volume were 0.060 Wm L· I
; 50 L 

hoi; and 600 mL, respectively). 

The disappearance of the visible band within the first few minutes is due to the 

fragmentation of the azo links by immediate eOH attack (hydroxylation), which is 
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proposed as the first step in the degradation of azo dyes (Joseph et al., 2000). Further to 

this rapid bleaching effect, the decay of the absorbance at 312 run was the evidence of 

aromatic fragment degradation in the dye molecule and its intermediates. The time rate of 

abatement in the two absorption bands and comparison of their first order rate constants are 

presented in Figure 5.3. The significantly faster rate of decay in the visible band is due to 

the priority of hydroxylation of the azo-links in the oxidation process, resulting in the rapid 

disappearance of color chromophores in the dye structure (Vinodgopal et al. , 1998; Joseph 

et al., 2000). 
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Figure 5.3. Degradation of20 !-1M RB5 (monitored by the absorption at the near-UV and 

visible bands) during 3-min contact with US/0 3. The plot on the right comer 

shows the graphical estimation of first-order absorption decay rate by log­

linear regression analysis of absorbance-time data. 

The rate of decolorization of RB5 upon exposure to the combined scheme was 

compared with the rates observed in the control sets using 0 3 and US individually. The 

degradation in all schemes as monitored by the decay of absorbance at 596 run was found 

to follow pseudo-first order kinetics. Under the same conditions and for identical contact 

times, color removal with US/03 was twice as fast than that with ozone alone, while no 
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significant removal was observed in the control experiments with ultrasound alone. The 

data are presented in Figure 5.4. The lack of decolorization by US alone can be attributed 

to the relative shortness of the contact period, which is consistent with the literature, where 

minimum contact for appreciable degradation of color in 33 11M RB5 under similar 

conditions was reported as 2 hours (Vinodgopal et al., 1998). 
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Figure 5.4. First order color degradation rates of 10 11M pre-aerated RB5 during 15-min 

contact with US, 0 3, and US/OJ combined schemes. The solid lines and k' 

denote the regression fits and the pseudo-first order rate coefficients, 

respectively. Reactor conditions as power density, ozone flow and volume 

were same as listed in the caption of Fig. 5.2. 

Despite the insignificancy of decolorization by US in 20 ffiUl however, the 

coefficient of degradation in combinative treatment was much larger than the sum of the 

coefficients of the two control sets, signifying a remarkable synergistic effect. The 

synergy, however, must principally emerge from enhanced ozone dissolution, resulting in 

excess decomposition reactions (in aqueous and gas phases) for enhanced rate of radical 

and peroxide production. 
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5.1.3.2. Effect of Dye Concentration 

The impact of initial dye concentration on color degradation was studied by 

comparing absorbance decay rates in a variety of concentrations ofRB5. It was found that 

the coefficient of decay decreased with subsequent increases in the input dye 

concentration, as typical of first order reaction kinetics. The tests were repeated in the 

control set with ozone. Comparative evaluation of the combined system and the control for 

the response of color degradation rate to increasing input concentrations of RB5 is 

presented in Figure 5.5. 
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Figure 5.5. The response of pseudo-first order color degradation rate coefficient to the 

initial dye input. 

It was found that, in both cases, degradation slowed down with increasing dye 

concentrations, while the kinetics remained unchanged. However, the combined system 

was less responsive to an increase in dye concentration in the higher range (beyond 40 

1lM), suggesting that perhaps thermal degradation reactions occurred at high dye 

concentrations. This is in agreement with the results of other researchers, who showed that 

at appreciable concentrations, hydrophilic solutes might slightly move away from solution 

and adsorb on the bubble-liquid inter:fuce to undergo thermal decomposition (Serpone et 

al.,1994). 
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5.1.3.3. Carbon 1\<1ineralization 

Oxidative degradation processes produce orgamc intermediates, which may be 

more harmful than the parent molecule if released into the environment without further 

treatment. Bleaching of a dye solution produces intermediates, which compete with the 

parent dye for -OH, 0" and H:>02 Consequentlv, the destmction of the dye should be 

evaluated as an overall degradation process, involving the ultimate mineralization of both 

the parent dye and its intermediates. The most practical means of estimating this overall 

process is to monitor the reduction of tot a} organic carbon (TOC), 

The rate of TOC removal in 20 ~vl RES solution during 1 h contact with the 

combined system and the two control schemes (with (h and US alone) is presented in 

FiQUre 5.6. It was found that total mineralization in US. O~ and US/O~ schemes was 2 oer 
'--' ' . - ! 

cent, 50 per cent and 76 per cent- resoectiveiy. The inefficiency of US by itself is 

consistent with its poor perfonnance for color degradation. The data suggest that much 

longer contact is for appreciable conversion ofTOC to CO? by ultrasonic treatment alone. 

In a similar study by Vinodgopal et al. (1998), it was reported that 60 per cent 

mineralization was accomnlished in 33 HM RBS after 6 h irradiation under simiiar 

conditions. In the same work the authors detected oxalic acid as one of the reaction 

intermediates. suggesting that the degradation should not be assessed in terms of total 

mineralization alone, because some of the organic carbon may be converted to stable and 

environmentally acceptaoie products other than carbon dioxide. 

Ozonation alone was relatively more etIective than US for total mineralization, but 

combination of the two resulted in a synergistic increase in the overall process rate. The 

synergy suggests that cavitation events accelerate degradation of the ozone-induced 

intermediates ofRB5. This is particularly obvious from the lack ofIOe reduction between 

15 and 30 min in both of the control sets (US and 0, alone!' as opposed to the linear 

reduction in TOC in the combined scheme. (Note that total mineralization with ozonation, 

and ozonation combined with US in 30 min were 14.4 per cent and 59.7 per cent, 
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respectively.) Hence, despite its insufficiency when used alone, ultrasound when combined 

with ozonation was extremely effective for accelerating the mineralization of the dye. 
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Figure 5.6. Comparison ofUS/O) combined scheme with the two control sets for rates of 

total organic carbon removal (mineralization) in 20 ~M pre-aerated RB5. 

It is most likely that during simultaneous operation, the early oxidation reactions 

resulting in dye bleaching are governed by ozone and its decomposition products, whereas 

the destruction of oxidation intermediates in achieved by the joint action of US and 0). It 

is likely that the observed synergism involves factors such as: i) enhanced efficiency of 

ozone dissolution induced by the mechanical effects of ultrasound; ii) larger decomposition 

of ozone in water by additional pathways such as chain reactions (involving the production 

of peroxy and superoxide radicals); iii) reduced competition for -OH, 0 ) and H202 by 

thermal decomposition of some intermediates; and iv) increased quantity of oxidizing 

species in solution upon migration of some relatively stable thermolysis products from 

collapsing cavities into the solution bulk. 
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5.1.4. Conclusions 

Ozonation is a widely practiced method of color degradation in dyehouse efi1uents. 

but it is insuft'icient for solving the more challenging oroblem of eff:iuent mineralization to 

meet current discharge standards and/or to recycle the soent water in the process. This 

study showed that the efficiency of ozone treatment is significantly enhanced bv 

simultaneous irradiation of the treated solution with ultrasound. 

It was found during lab-scale treatment of a reactive dyebath effluent with ozone. 

that the rate of color degradation achieved in conjunction with sonoiysis was twice as fast 

as that accomplished by ozonation alone. Furthermore, the synergism observed fur the 

overall degradation (mineralization I of the dye ref1ects the ootential of the US/O" 

combination treatment to minimize the survival time of the reaction intermediates. 

Svnemistic effects were attributed mainlv to the mechanical dfects of cavitation. which 
..., - -

increased the mass transfer and decomposition of ozone, thus enhancing both the rate of 

direct reactionso and that of .OH-mediated oxidation of intermediate products. The 

proposed combination may be applicable in the management of dyehouse eftluents, 

particularly in the search of new alternanves to achieve recvcling of spent waters in dyeing 

process. 

5.2. Fenton - Sonoiysis 

Section 5.2. of this chapter examined the effect of ferrous ion addition to System II 

on the rate of color and TOe removal of20 uM 1 Reactive BlackS. 

5.2.1. Background 

As mentioned in Section 5. i .. during ultrasonic irradiation of water. -OH rormed 

bv thermolytic reactions recombine to fonn hvdrogen neroxide that tends to accumulate in -' " , '. , 

the soiution, without signit1cant impacts on aqueous phase oxidation of organic matter. 

However, upon FeSOd addition the decomposition of so no chemically produced H20 2 (Eqn 

3.4 and 3.9) is accelerated through Fenton's reaction (Eqn 5.6:1. and thus additional .OR 
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radicals are produced. As a consequence, non-reactive H,07 is made reactive by ferrous 

ions, resuhing in enhanced vJeJds UDon excess -OH formation Oosenh el at. 2000: PetrieI' 

et at., 2002; Beckett and Hua 2003). 

(56! 

5.2.2. lViateriaIs and :lVIethods 

System parameters, dye properties and preparation of dye solutions were the same 

as speci:fied in the first section of the chanter Fresh solutions of 2(J pM RBS were made 

using the hydrolyzed stock (0.363 g L-\ Fenton's reagent was prepared as 5 g L-1 FeZ, 

nsing reagent gr?:de FeSQ~7!-!:O (Merck) 

5.2.2.1. Experim.entai. 

Air-saturated solutions of 20 I-lIVi RB 5 were sOnIcated in the presence of 0.01, 0.1, 

0.5, Land 5 mM Fe":'~ for 30 min:. and samples were collected within short intervals for 

spectrophotometric analysis. The optimum Fe2~ concentration 'Nas determined by 

test samples ·without Fe2T
, and the degradation of the dye for color and total organic carbon 

Dye mineralization was monitored during 1 h ultrasonic irradiation of the test dye 

in the absence and presence of f'e- W.l mM.i. 

5.2.3.1. Seiection of Ferrous Ion Concentration 

No hydrogen peroxide or buffering agents were added, and the initial pH of the 

samples was 5.5 in each run. Fratiies of decolorization as a functjon of Fe"'" concentration 

is presented in Figure 5.7. The rate constants were pseudo-fIrst order in all cases and all 



coefficients were estimated by fitting the absorption data (at 596 run) to Equation (4.2) and 

the results are given in Table 5.2. 
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Figure 5.7. Rate of color degradation as a function ofFe2+ (solid lines represent the fit of 

related data set to Equation (4.2». 

All spectrophotometric measurements were performed in the absence of Fe(OH)3 

precipitate and the maximum decolorization efficiency was observed when 0.1 mM ofFe2
+ 

was present in solution. Sequential increase in decolorization rate constant from 0 to 0.1 

mM can be attributed to the production of excess .OH (Equation 5.6) through Fenton's 

reaction. 

However, further increases in Fe2
+ resulted in the reduction of decolorization rate 

constant (Figure 5.8.). The adverse effect of excess Fe2
+ must be due to .OH scavenging of 

Fe2+ at high concentration via the following reaction (Tezcanli, 1998): 

(5.7) 
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Figure 5.8. Effect of increasing Fe(II) on pseudo-first order decolorization rate coefficient. 

Table 5.2. Pseudo-first order decolorization rate constants ofRB5 sonication in the absence 

and presence ofFe2+. 

Fe<' (mM) 10"' x k (min"') R< 

0.00 8.47 ±0.86 0.99 

0.01 19.78 ± 0.41 0.99 

0.10 37.74±0.82 0.98 

0.50 26.04 ± 1.35 0.97 

1.00 22.00 ± 1.35 0.98 

5.00 15.39 ± 1.10 0.99 

The following model (Equation (5.8» may explain the importance of .OH 

scavenging of Fe(II) for the steady-state hydroxyl radical concentration in the bulk liquid. 

In this model formation and utilization of .OH in bulk liquid by the dye, combination 

reactions of .OH, and scavenging of hydroxyl radical by Fe2
+ are considered. Hydroxyl 

radical attack on dye intermediates and scavenging of .OH by H2~ is not considered. 

I-
I' 
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d[e OH] koH _ k"[dye][eOH]- k,[eOH]z - kz [Fez+][eOH] + kl [Fez+][HzOz] (5.8) 
dt 

where koH is eOH formation rate constant by the system (generator), k" is second order 

reaction rate constant (109 -1 010 M"I Sl) of dye with eOH , [dye] is the concentration of the 

dye (M), [eOH] is the concentration of hydroxyl radicals (M), k, is second order reaction 

rate constant of eOH recombination reaction (6x109 M"I S-I), kz is second order reaction 

rate constant of eOH scavenging by Fez+ (3x108 M-I S-I), kl is second order reaction rate 

constant of eOH formation via Fenton's reaction (76 M"I S-I). 

When Fe2+ is at appreciable concentrations, it competes with the dye for eOH 

despite its lower bimolecular rate constant. As a result, working Fez+ concentration was 

selected as 0.1 rnM for Fez
+ catalyzed ultrasonic irradiation experiments. 

5.2.3.2. Contribution of Fe2+ to Color Degradation 

Figure 5.9. shows the improvement in decolorization ofRB5 with the addition of 

0.1 rnM Fez
+. The observed rate enhancement (nearly 5 fold) is again due to increased eOH 

formation. Hence, Fez
+ addition provides the same efficiency (40 per cent) as that of US in 

1/6 times less contact . 

-E c 

~ -o 

~ 

• Fe(ll) _ US A US+Fe(ll) 
1 . 00 ~e4~~ __ ~ ____ ~ __ ------~------__ 

0 .75 

/" 
0 .50 10-3 X k = 7 .41 min-1 

0 .25 
10-3 X k = 32 .88 m in-1 

O .OO~----~----.-----~----r-----r---~ 
o 10 20 30 40 50 60 

Time (min) 

Figure 5.9. Profiles of color degradation ofRB5 during US, Fez
+ (0.1 mM), and US+Fez+. 
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5.2.3.3. Contribution of Fez
+ to Dye Mineralization 

The effect of Fe2+ addition (0.1 mM) on dye mineralization is presented in Figure 

5.10. The remarkable enhancement in the overall degradation of the dye by Fe2+ addition 

shows that Fenton Reaction not only accelerated the destruction of the chromophore but 

that of all other compounds of the dye. 

In the presence of 0.1 mM Fe2
+, the extent of mineralization was reached to its 

maximum (40 per cent depletion) and no further decrease was observed after 10 min. The 

steadiness ofTOC removal after 10 min of reaction implies the depletion of Fe2+ (Equation 

(5.6» . Since the conversion of Fe3+ to Fe2+ was not possible without a source of UV light 

(see Chapter 2.1.1.1.4), additional .OH could not be generated in the absence of ferrous 

ion. As can be seen in Figure 5.9., the color of the dye continued to reduce probably due to 

the reaction with sonochemically produced .OH in bulk liquid, and this amount was not 

sufficient for mineralization (highly hydroxylated intennediates fonned during irradiation 

are more hydrophilic than the parent molecule. Therefore, the degradation will slow down, 

because the only degradation pathway is the .OH oxidation in bulk liquid, they do not telld 

to accumulate at the interface of the bubble and .OH oxidation at the bubble-liquid 

interfuce can not be a degradation pathway anymore (pettier e/ af., 2002» . 

1 
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Figure 5.10. Total organic carbon degradation during ultrasonic irradiation of RB5 with 

(0.1 mM) or without Fe2
+. 
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The result of TOC depletion by Fe20 catalyzed ultrasonic irradiation seems 

satisfactory but thedi5T'oS2!of shu:!gf' 5'hO~l!d be c01'!sidered. 

5.2.4. Conclusions 

The addition of ferrous ion significantly increased ultrasonic decomposition of C.l. 

Reactive Black5 at 520 kHz. The Fenton Dfocess enhanced both the decolorization rate and 

mineralization to be attributed to the formation of additional -OR. The highest color 

degradation rate was observed in the presence of 0 [ roM F'e2'~ and hlrther increases in 

Fe2
+ concentration decreased the decolorization rate due to the scavenging of .OB by 

V 2+ 
L e . 

Although it is possible to obtain high decolorization and mineralization yields, final 

disposal of the ferrous ion requires additional treatment. Therefore. the system studied in 

Section 5.1. can be more reasonable for dye degradation. Higher degradation yields can be 

achieved in a shorter time bv combining: ultrasonic irradiation with the addition of strong 

oxidant 0 3, which is also able to attack some intermediates such as organic acids. 
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CHAPTER 6. DF~G:R~ADATION AND TOXICITY REDUCTiON OF 

SYST~IVI II 

This chapter is the paper entitled "Degradation and Toxicity Reduction of Textile 

DyestuflbyUitrasound." which was Dublished in Uilrasonics ::';onocf1emistry. 10.235-240. 

2003. 

6.1. Backgromui 

Eft1uents of Textile dyeing processes are intensely colored and contaminated with 

high concentrations of chemical oxygen demand, suspended and dissolved salts and traces 

of recalcitrant material (Gurnham, 1965; lnce el aI., 1997). Ifimpropedy processed, these 

et11uents not only deteriorate the aesthencs of receiving waters and may hinder the 

penetration of oxygen, but also pose signiilcant threat TO life forms upon hydrolysis of 

some dyes in the wastewater to form toxic Droducts (Robinson er at.. 200 tl. The reason for 

the presence of dye residuals in wasted effluents is that some dyes have poor exhaustion 

capaCitIes such that an imoonant fraction of them is uinmare1v dischafQ:ed with so em 

dvebaths. 

Among such poorly exhausting dyes. those azo bonds have the largest 

consumption in textile dyeing: processes owing to theIr bnUian! shades. Hence. mucn 

research has been conducted on methods of azo dye destruction, many of them being 

centered on advanced oxidation nrvcesses I AOPi. T reatabiIity of azo dye solutions by 

AOP, which generate hydroxyl radicais (.OR) via a variety of common methods, has been 

widely reported in theiiteratnre (Inee and Tezcanli ) 999: ArsJan el ai . 200 i; Gouldm and 

Groff, 1987). A less common way of onsite -OR generation is ultrasonic irradiation of the 

liquid. Bv such, t.he dissolved vanOTS and !lases in the liquid are entranned by cavitation 
.:C ~I, -" '--'" _ _ .o.i -
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bubbles, which release very high temperatures during their adiabatic collapse (SUSIiCK (!( 

aL 1990: Dahlem et al .. 1998'). In sonolvsis of water containing hydrophilic cOffioounds 

such as textile dyes, hydroxyl radicals are generated only by water fragmentation in the 

collapsing bubbies. and oxidative dye destruction is oossible if the radicals are etlectively 

ejected into the solution bulk. The efficiency of .OR diffusion into the aqueous phase is 

related to svstem parameters such as frequency. reactor geometry. nresence of cavitation 

nuclei, and the ambient conditions (Mason and Cordemans. 1998: Mason et ai., 1990). The 

mechanism and kinetics of ultrasonic azo dye degradation has been recently investigated in 

pure dye solutions using simple compounds such as azo benzene and methyl orange 

(Joseph et at.. 2000; Destailattes el aL 2000). 

The purpose of this study was to investigate the efTectiveness 0[520 kHz ultrasonic 

pressure waves on the destruction of textile dyestuff in aaueous SOlutions. The method 

involved exposure of three azo and one oxazine dye of various strengths to ultrasound for 4 

11. during which effluent samnies were analvzed for COlOL aromaticfolefinic content and 

Microtox toxicity. Test solutions were made in mass concentrations (rather than molar) to 

be consistent with actual dyeing recines made of fixed mass concentrations of dyes and 

dyebath auxiliaries, dictated by the desired shade depth and not the STructure of the dye 

(Pisa Con).. 2000'l. The test concentrations were selected hv referring to typical dye 

concentrations round in dyeing mill effluents. and operation parameters were set in 

accordance with the maximum rate of coior removai obtained during 1 h sonolvsis of a 

model dye at various ultrasonic power and dye concentrations. 

Two "reactive" and two '£basic" dves were used as probe chemicais ThroughOUt the 

study. Color Index Ic.n codes. molecular Dfonerties, maximum v-isible absormion bands_ 

characteristic chrornonhore. manufacturing source and the nuritv of commerciailv available 
i ~ ~ • .. 

products are presented in Table 6.1. 
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Table 6.1. Physicochemical and commercial properties of the test dyes 

Chemical Structure Vis-AB S/type MW SourcelPurity 

C.L/Symbol Functional Gr gmor l 

CJ 544nm 1791 BASF 
~ CI 

S03H OHH ~ ~ 
" _ '" " 11 7 disazo 75% ~,,>O-' & '" H~ ~ ~~ 2x(-N=N-) 

SD3H I",,. hi 

H~S S03H 
S~H 

C.I.Reactive Red141 (RR141) 

0 596nm 991.8 DYE STAR-
11-0-",O"OO",OH,- i ' - ""B'O'"' disazo HOECHST 
o HO ~ b 

o H2N ~ A 2x(-N=N-) 80-85 % 

liD-Na03S0CH2CH2-S' N=N 
S03 Na II -

0 

C.I. Reactive Black5 (RBk5) 

NH2 H2N 
464nm 461.4 Aldrich 

",N-o--U-*~' disazo 40% 

2x(-N=N-) CH3 CH3 CH3 

C.l. Basic Brown4 (BBr4) ecce, 65411111 359.9 Aldrich 

oxazine 50% ~ ~ + 
CH3CH11'<f , CH2CH3 

(j CH3CH2 CH2CH3 

C.l. Basic Blue3 (BBl3) 

No information was provided by the companies about the impurities except for the 

common knowledge that "basic" dyes contained heavy metals such as zinc and chromium 

(U.S. EPA, 1996). All of Microtox reagents and supplies were obtained from Azur 

Environment, UK. 
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6.2.2. Optimized System rarameters 

Optimized system parameters used m this studv (glven m Chapter 4.2.2) are 

summarized in Table 6.2. 

Table 6.2. Experimental parameters of System II 

System Transducer Reaction Volume i Power Density! T vpe 0,/, f Gas Ii 

. ,FreqlJenCV ! -
I i (. TT _, I ( .... , I f.·V -hi ... , ;y' - 1'0 I 

jnt--iIo~; ·1~~~,~i~o~;----r- ('~lli, '-r'C Ar/'t"''--i 
ii' ) 

I i I 

Stock dye solutions were prepared by dissolving 5 g of each dye in 1 L of boiling 

deionized water in accordance with dyeing recipes orovided by a textile dyehouse for 5% 

shade depth (Pisa Corp., 2000), The reactive dyes were transformed to their hydrolyzed 

forms by adjusting the pH to 11 using 5 1\1 sodium hydroxide. Ioilowed by heating to 90 

dc. The reactive dye stock solutions were kept at that temperature for 6 hours for complete 

hydrolvsis Test solutions were made bv diluting the stocks to tvnical effluent dye 

concentrations (20-60 mg L-J
) using deionized '~later followed by 1 h aeration. The pH of 

It is wen known that reactlVe dyes used lor shadmg ceHulosed Hbers have poor 

exhaustion capacities. while the majoritv of baSIC dves used in shading of synthetic fibers 

are fixed quite wen on the fabric CD. S. EPA, 1996 t Despite this fact the degradability of 

basic dyes was investigated as well. because even at very concentrations most of them 

are toxic in the aquatic environment, owing to traces ot neavy metals m the dye mmrix 

(u.s. EPA, 19961. 



6.2.4. Analytical 

Spectrophotometer 

The optical absorption spectra (200-800 nm) of the test solutions during sonication 

were recorded by a lJnicam. HeAios Alpha/Beta doubie beam spectrophotometer through a 

1 cm optical path length. 

Toxicity 

Toxicity of the dye solutions was determined usmg a Microtox Model 500 

Analyzer, which utilizes freeze-dried luminescent bacteria (V. ilsheril as test organisms. 

The test system is based on the principle that bacterial luminescence is tied directly to cell 

respiration. so that any inhibition of cellular activitv fdue to toxicity:) results in a reduction 

in the degree of luminescence. The Microtox analyzer is made of an array of sample wells 

tor holding dilutions of bacteriai suspensions. and a ohotometer to measure the light output 

of V fisheri at 0, 5 and 15 min after contact with the toxicant. Light readings are compared 

to those of control bacteria (healthv') to determine the inhibition of li2:ht emission. and to - . -

estimate the EC~() of the sample. (EC~(1 is defined as the effective concentration of the 

toxicant- expressed as oercentage reiative to the onginal samole strength- that causes a 50 

per cent reduction in the light output of the test organisms during the designated time 

intervaL:l Samnle nrenaration. osmotic adjustment and seriai diiution nrocedures \-vere 

carried out by reference to the Basic Protocol of the Microtox assay (Microtox Manual, 

1992). A photograoh of Microtox Analvzer is given in Figure 6.1. 



Figure 6.1. Photographic view of the Microtox toxicity analyzer. 

6.2.5. Experimental 

Determination of Dye Degradability 

94 

Three hundred miUiliter of pre-aerated dye solutions of 20 mg L- I (working dye 

concentration) were irradiated at 0.126 W mL-1 (optimum power density) for 4 h to 

monitor absorption abatements at the visible and UV 254 bands. The degradability of the 

dyes was also assessed by monitoring the toxicity of the reactor effiuents at various 

intervals during sonication. Argon was bubbled into the reactor at a flow rate of 1 mL min­

I to promote cavity formation and to overcome degassing. 

Toxicity Measurements 

The toxicity of aU dye solutions was determined prior to sonication, and those that 

were found toxic were monitored throughout the contact time to foUow the trends for 

detoxification. "Color correction" was found necessary in those samples coUected during 

the first 30 minutes of irradiation, and was performed in accordance with the procedure 
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described in the Basic Protocol for colored samples (Microtox Manual, 1992). The referred 

protocol is aimed to overcome the potential hindrance of bacterial luminescence bv the 

visible absorption of the dve solution. 

During the first 30 min sonication, all dve solutions had color which could interfere 

with bacterial luminescence. So. those samples were re-analyzed according to the color 

correction test. Very special cuvettes were used for color correction. They are made up of 

two glass cuvettes, one within the other to nrevent the contact of the sample and the 

bacteria. So the interference of color was easily determined by eliminating the probable 

toxicity of the samnle 0 bacteria. First. the bacterial suspension was transferred into the 

inner chamber.. and the non-toxic dilution water was transferred into the outer chamber and 

the luminescence of the bacteria was recorded by Microtox Analvzer. Then. dilution water 

was discarded from the outer chamber and the colored sample was transferred and the 

bacterial luminescence was recorded a!:win. The results were added to the oid data and re­

analyzed by Tvlicrotox software. 

6.3. Results and Discussion 

6.3.1. Selection of Working Dye Concentration 

The working dye concentration was selected by monitoring the rate of color decay 

in 20. 30 and 40 mg Lo1 of RB5 during 1 h sonication at 0.126 W mL-1 (ootimum system 

conditions was given in Chapter 4.2.2.'1. The degradation of color was found to follow 

pseudo-first order kinetics with respect to the absorption maximum of the dye in the visible 

band. Comparison of color de!!radation rate profiles in three concentrations of RBS and . - . 
estimated rate coefficients are oresented in F'igure 6.2. 
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The rate coetl1cient was fDund to be only slightly sensltlve to the mass 

concentration oftne dve. being a maximum at 20 mg C'. which was therefore selected as 

the working initial dye concentration. 

The degradation of aU dyes during the reaction Defiod was assessed by absorption 

abatements at two bands: the visibie. which IS reslJonslbie ror the chromopnoric 

components and the UV-254, which represents the absorption of aromatic and/or olefinic 

carbons in the dye. The rate of absorption decav at 254 nm dia' not IbHow a common 

kinetic pattern as it did in the visible band as a consequence of aromatic mtermediate 

tDrmation by oxidative degradatIOn of the dyes. Moreover. it was found that compiete 

decolorization was achieved in alI dye soiurions within i 50 min, whiie 4 h of sonication 

was required fDr aODreciable degrees of aromatic/oiefinic carbon destruction. Comparative 

fractions of coior and organic component decay in 2 and 4 hours of sonication respectively 

are listed in Table 6.3. 
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Table 6.3. Fractions of color and organic carbon removal during 2 and 4 hours of sonolvsis 

and estImated coefficients of color decav 

I A254 

r---"T't----:- ~-h-hr"".,.1J\,:3(""'"".;.,.~·~1\,·T- r1 • '~-. -Ll.-11-

Dye 

re '1"1 ..... 11"'\,"": ~1t"I~ ~'" "< __ r~'-<'A~,:~.:ctlC~ In ~ ~'-

I RR141 i 829 o/~ 
j , 

\ 'Rt::111 
t .u>,U...,. 

:< 
-.i~-.~" 

I 

I BB3 
I 

99.8 ,% 53.7 92.7% 

Note that the de!!ree of lTv'-254 destruction in the first three azo dves is 

significantly lower than that of color. signifying the priority of OH attack on N=N bonds 

and the increased mass of aromatic intermediates upon oxidation, which likely absorb UV 

light at 254 nrn. The fact that the basic dye BB3 bleached much faster than the others and 

the abatement in its lJV-254 band was close to that in the visible band mav be attributed to 

its non-azo character. the oxazine chromoohore and/or its lower molecular mass (Tezcanli­

Guyer and lnce. 2003). 

The effect of sonolvsis on the absorntion of the dves ill 200-800 nm band is 

presented in Figure 6.3. Note that the two reactive dyes had absomtion oeaks at 310 nrn in 

addition to their absorption in the visible band. and both of them faded with increased 

contact. On the other hand. the soectra of the basic dves were different: while BB3 had a 

peak at 253 nrn. which also faded with time. BBr4 had no ciisIinct peaks in the same 

region. N me also that despite the slight DH reduction (5~ 7 oer cent) observed in all test 

solutions during first 15 min of contact (indicating the furmation of organic acids), no 

shift in the absomtion Deaks occurred durin!.! the Saine Deriod. 
~ - -
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Figure 6.3. Spectral Cilnllges iIl 2() rllg L-} 

6.3.3. Dye Degradation by Toxicity 

Five and fifteen min toxicity of the dye solutions prior to sonolysis showed that 

RR141 and RES were non toxic at 20 and 30 m2: L- l
. while BB3 and BB4 were toxic at 

both concentrations. Hence, toxicity was monitored only the latter two dyes during 240 

min of sonolysis. Estimated values of EC5(1 were converted to a rele.tive index TI as: 

= U) 
-----~-

\i -

where TI is the relative toxicitv index. and EC50 is the 5-mi11 NHCrotox tOXICltv of the 

sample. 

Besides these dyes the toxicity of representative dves of acid group "c.l. Acid 

Black 1" and ·"C.l Acid Oran2:e were also investi2:atea and found as non-toxic. These 

result are consistent with the data 2:iven bv Little and Lamb (i 972). Thev investigated the 
'"-".... " " - '--
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effect of 46 selected dyes on the Fathead Minnow and the toxicity results were expressed 

as LC"o. 96 Hour (mll r') (the concentration that causes mortality to 50 per cent of the tesT 

population after 96-hour exposures). In this report, the toxicity of C.I. Acid Orange 7. c.I. 

Acid Black 1, C.I. Basic Brown 4. c.I. Basic Blue 3 were reDorted as 165, >180, 5.6. and 4 

respectively (the higher the LC50, the less toxic the sample is). 

Comparable profiles of coior. orgamc comDonent and toxlCIty decay in the two 

originally toxic dyes are oresented in Figure 6.4. It was found that desDite the slower rate 

of color and organic carbon degradation in BB4 than that in BB3, the reduction in the 

toxicity of the furmer was fastee with comDiete detoxification before coior decay was 

completed. This implies that toxicity causing components in BB4 were primarily due to the 

chromophoric characteristics of the dye. which may have been further enhanced by the 

addition of some impurities in the commercial product (Tezcanli-Guyer and lnce, 2003). 

Since some ofthese impurities are made of heavy metals. it is likely that changes in 

the valence state of the metals UDon their Dotential combination with organic sites resulted' 

in detoxification of the effluents. The observed rise in toxicity after 120 min of irradiation 

may be attributed to the nroduction of some toxic intermediates at this stage and the 

accumulation of hydrogen peroxide upon enhanced sonication. The detoxification of BB3 

Droceeded at a slower rate than that of BB4. imnlving that toxicity was due both to color 

and other aspects of the structure, but no fmiher tOXICIty rIse was observed once the 

effluents were totally detoxifled. 
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6.4. Conclusions 

1 extile dyehouse efi:luents are of significant environmental concern, due to the 

presence of dye residuals in wasted dvebaths. The studv nresented herein signities features 

of dye degradability by ultrasonically generated hydroxyl radicals. It was shown that the 

degradation of azo and oxazine dves is initiated bv color decav ioliowed by the destruction 

of organic and/or aromatic carbons in the molecule. The rate of color degradation was first 

order in the visible absorption of the dves and slower in azo dves than that in oxazine­

ongm dye structures. The degradation of aromatic/olefinic contents in azo dyes proceeded 

at a slower rate than that of COiOL as a conseauence of increased mass of omanic 

intermediates, which absorb at the lIV -254 band. The slower destruction of 

aromatic/olefinic carbons in azo dves than that of color was attributed to the nrioritv of . - . 

hydroxyl radical attack on the N=N bonds, and to the formation of numerous oxidation 

intermediates of omanic character during: the course of dve deg:radation. Toxicitv analvsis - ~ ~- --

of the dye solutions prior to sonolysis revealed that·'reactive" dyes were non-toxic, but 

"basic" ones were toxic at the test concentrations emDloved in this studv. It was also shown 

that if the parent dye were toxic, the degradation products were less so, and total toxicity 

removal was accomDiished within shorter contact than necessarv for totai dve degradation. 
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CHAPTER 7. D"\,TF~-STRlJCTlJRE RELATED DEGRADABiLlr"'j' OF 

SYSTElVI I 

7.1. Sonochemicai Destruction of Textile Dyestuff in Wasted Dyebaths 

The study presented in this chapter is a COpy of the article entitled "Sonochemical -.i' _ ~ ~ _ 

Destruction of T extiie Dyestuff in Wasted Dvebaths" which was published in Coloration 

Technology, 5, October, 2003. 

7.1.1. Background 

Effluents of textile dyeing processes contain residuals of dyebath auxiliaries and 

unfixed dYestuff which are wasted with exhausted dvebaths UDon completion of a dyeing 

batch. Dyehouse wastewaters, therefore, are distinguished with high concentrations of 

chemical oxygen demand (CODt solids, color and traces of recalcitrant material 

(Gurnham, 1965: Boeniger, 19801. If improperly processed, they not only deteriorate the 

aesthetics of receiving waters, but also threaten aauati.c forms via hvdrolvsis and 

reduction reactions of some dyes to form toxic and carcinogeniG end products (Brown ei 

ai., 1993'1. 

Dyebath effluent can be effectively treated with advanced OXlO.anon processes 

(AOP't where it undemoes oxidative degradation vin hvdroxvl radicals (GOHI !!nce and 
"" ," - - ' 

T ezcanlL 2001: Arslan and Balciogiu, 2000). Radical species in AOP are produced onsite 

by common methods such as ultraviolet (UVI irradiation of the solution with hydrogen 

peroxide, titanium dioxide, Fenton's reagent and ozone, or less commonly by ultrasonic 

irradiation. Durinp: sonication of a liquid, dissolved gases and water vapour are entrapped 

by cavitation bubbies, which expand at rarefaction cycles of the bubbles and release 

extreme temperatures upon adiabatic coIiaose (Suslick, 1990: Mason et aI., 1992). Under 
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these conditions. bubble contents are pyrolytically fragmented into radical species. some of 

which ditTuse into the aaueous phase to initiate a series of oxidation reactions called 

"sonochemistry" (lnce ei aI., 2000). 

There are three possible mechanisms by which orgamc Impunties III sonicated 

water are destroved: 1) Dvrolvtic fragmentation within the bubble if the substance is 

hydrophobic: in supercritical phase reactions at the gas-liquid interface: or iii) oxidation by 

hydroxyl radicals (-OH) and other reactive species in the bulk liauid (Lnce et aL 2000: 

Serpone et aI., 1994: Joseph et ar, 2000: Mason and Cordemans, 1996). Experience has 

shown that medium freauency ultrasound (300-600 kHz) is more favorable for 

so no chemical effects in the aqueous phase than short frequencies (20-100 kHz), and 

radical production vields are enhanced via bubbling of the liquid with a proper gas andlor 

by adding solid catalysts to overcome the etTect of degassing and to promote cavity 

formation (Serpone et ai., 1994). 

Advanced oxidation of textile dyes by ultrasonic techniques is an emerging field of 

research. The studies rel,Jorred in the literature inVOlve sonication of azo dye-deionized 

water solutions with medium frequency ultrasound during gas lIl.lection and/or catalysis 

with Fenton's aQem. titanium dioxide or ozone iJoseoh el at.. 2000: Destailaites el aL 

2002; Vinodgopal et aL 1998; Lorimer et at., 200n. There is mutual agreement in all for 

the initiation of oxidation reactions bv hydroxvl radical attack on the N=N double bond in 

the aqueous phase and that mineralization· is a much longer process. starting only after 

bleaching: is fiiriv cOIDnlete. There are no reno ned studies so iar on sonoiv'tlc degradation 

of dYestuff in snem dvebath ef11uents. which contain residuals of omanic and inorganic 
.; ,,-..' - ""--' 

auxiliaries added to enhance the efficiency of the mocess and the fixing: caoacitv of the dve 

on the fiber. 

The DUflJOSe of this study was to investiQate the degradation of textile dyestutI in 
" -<- "-- - - - -

wasted dyebaths bv ultrasonic irradiation at 300 kHz and to assess the impacts of dve 

structure, dyebath auxiliaries, pH and H]O] addition on the rate of color decay and dye 

degradation. Three model dves were selected from "basic" and "reactive" classes of 

commercial dyestuff the reactive dye having a benzoquinone component. and the two 

basic dyes havin~ a both common (azo bond) and uncommon cnromophore (phenazine). 
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The dyebaths were prepared bv reference to dyeing: recives oroYided bv a commission-
-' »- '" -- -' .;..,.. ;; - "' 

based dyehouse for 2 % shade depth (Pisa Com. 200m. The degradation of dvebaths was 

monitored by the reduction in the visible absorption and chemical oxygen demand (COD) 

of the test solutions during irradiation with ultrasound. 

7.1.2. lviateriais and rViethoos 

7.1.2.1. Dyes and Dyebaths 

The test dyes C.I. Reactive Blue19 (RB19), C.I. Basic Bluel6 (BBI6) and C.I. 

Basic Brown4 (BB41. were obtained trom Aldrich in 45. 70 and 40 per cent puritv. 

respectively. Note that the cmomophoric components are different in all dyes: RB19 is 

made of an anthraauinone structure. BBl6 contains a ohenazine-monoazo component and 

BB4 is made of two azo linkages between aryl groups. Upon preparation of the dyebaths in 

accordance with the orovided recives. the bath containing: RE19 was heated to 90C 

following pH adjustment to 1 L and kept at this temperature for 6 hours to allow complete 

hydrolvsis of the dve and to simulate actual reactive dvebaths. H?O? (35 per cent w/w) and 

all other reagents were analytical Merck grade. The quality of simulated dyebaths and the 

chemical structure of the Drobe dves contained are oresented in Table 7. 1. 

Stock test solutions were Drepared by 6/-fold dilution of the dyebaths 

oresented Table 7. L with tao water to reoroduce batch dvein~ etlluents post the final 
T-l washing operation (lnce and Tezcanli, 1999). The dilution water Goni?jned 65.6 '-

were transferred to glass bottles, capped and maintained the dark at 4 The Hnal 

comoosition of the stocks that simulate 8ctu81 dvehat.h effluents i.~ nresenterl in T8b!e 72 . 
.1. . ~. ~ 
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Table 7.1. Composition of simulated dyebaths and chemical structure of the dyes contained 

r---------------
i DYEBAIH COtvJPOS1.TION' , 
I SYNONY1VI: DIH 
I I JVlax.Abs: 592 niH 

I ~~:ti~.I. Rea~t~'f; L -t '., g.L) 

\

1 Sequestering (lgel~t2. n " g t -i 

Anti-creasing agent ~. l g L-1 

I
I NaCl: "r -j 

b==--
~ 

j Bllflering 
I Temp: 9C'oC 
IpH=ll.l 

gL 

I ~~~~;'~~2 ~!; ; ~ , -h, 

I ~~;~1~~'agent5:1 gL-1 --~.1 
I Acetic Acid: 1.5 g L -, 

I. Na2S04: 6 g L-
1 

Ten.1fL 120 

! S'{N01~~~il\'!- DB3 
! 
I Max. Abs: 448 nm 
I Dye: C.I Basic Brown4 (2 g L-') 

\, }_\~r' 
\ Na2S04: 6 g ~:l g ~ 
I Temp: 

[ , 

I\!i-I-:> 

/~~~~~'J...-l;Jso3Na 
!-- " :" 1 

L,,:-::; .. ~ •.. )~,:::,) ;SO]CH2CH20S03Na 
h' '," 

0" Nh-,/'\, 
, l 
\ ...... -==_/ 

r yoe: anthraquinone 

,-,,11._. 

'_.il.::! ~Y::;:·"'lr'l'-k":'-T"'-"·~'T.< H;' , ' 0\\ 
')--~-, 

r-i2N ··';'~/··"··~t:'··-·'-·..'Y--- '. d-N=/',\ 
--" -:~"'-~: \'::===-, .. / 

if cr- 1./ \ 
·''-:;,U/ 

Col. Basic Bluel6 

Type: phenazine-monoazo 

ri]r,l 
\-. 

-\k /)- N=i',; .... ...,"""'-..• y-- i'~=N----(i ")- NH2 
~! '!; \;;;:==:../ 

T,:'"nn' nl,~1"";'::~i _.rE0.v7 ..... 
~ -:'~ . - :-- -. '. -- : -- '"- . 

IThe concentration oTauxilianesTs 'process (lnct~-----SDeclti~-----~ 

4NT;1~rn, 
- _~;.. ........ '\......1_, 

sAvolan IV 



Table 7.2. Final compositions ofthe simulated dyebaths following 2-h aeration 

l-

1 ~~~~~:M: ~1~: 
I Dve: CJ ReBctlve Bhw 1 () 

r A~etic Acid 
I Sequestering agent 

I NaG 
i Buffering agent 
[pH 
I S Yl'JUNYrvl: n_fi~ 

I Dve: CI. Basi;j~iue]6 
I L~veling agent 

I ~~ceti~. ltcid 

I ~2SU4 

I SY1>JON Y1\,-1: DB3 
I 

I Max. Abs: 448 nm 
I ~ye: .~.I. Basic Brown4 
I Levelmg 

\ Na2S0 4 

IpH 
I~-____ ---.-----~.--

Final Concentration 

0.005 g L-1 

---- ~ 
"ro- 1 -
~L' 

i5 gL 
0.900 g [-.1 

0300 gL- i 

9.4 

0015 g 1,-1 

0.022 g L- i 

r _ T -] 
~) g t-" 

0.065 mM 
0.015 g L-1 

g ~-J 
T -1 

2: L -
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Optimized system parameters are given m 7.3. OpTimIzanon of system 

narameters were nresented nreviousiv in Section 1. 

Table 7.3. Experimental parameters of System I 

Svstem Transducer 
Frequency 

Reaction 
VOlume 

Power Uensitv Tvee of Gas 

. _____ 1 ___ - . ____ _ 
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Sonication 

cunounts lTOll1 pRof 

tile DBI, nB2, arId DE] (after dilution. :fi~on1 tile stock dyebatll) vias 9.4, 6.7 al1d 

6.7, respectively_ 'I'lle e)~perill1ellts 11I~lol~-ed 1 11 sonicatior~ ofth.ese aliquots in tile abseilce 

and presence of 7 mM H20) during argon bubbling at I t min-1 Eftluent samoles were 
- ~ .;.,.J ~ ~ - - 1. 

collected at 0., 3 5. 10, 15, 20, 30, 45 ::md 60 min to run SlJ~ctrophotometric analvsis. In 

addition, the eftluents collected at t=O and t=60 min were analyzed for COD and H202. 

Ana~vtical 

at 200-800 

11m t11fOtlgh a 1 ern 

tlle .... triodlde~- rn.ethod (Klassel1 et ell., 

:refertilCe to Standard Methods of \Vater and 

Wastewater Analysis (APHA, 1992), and that of H]O] containing samples was estimated 

by subtracting the COD of residual H20] fl'om that of the sample (Kang et aI., 1999). The 

interference of chlorine in COD analysis was overcome by the addition of excess Hg2S04 

to the COD reagent. 

It was fuund that the initial pH oftne test solutions made no difference in their U\i-

visible soectra. However. a sii2:ht nH reduction was observed dUrll1!1 
-" . .\...., "- ., 

10 lnUl or 
sonication (upon formation of organic acids) in samples originally at pH 4.5, while no 

variations were recorded in those buffered to pH 3. Changes in the tTV-visible spectra of 

the test samples oriainanv at pH=4.5 during 1 h irradiation are presented in Figure 7.1. , ~..-
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Figure 7.1. UV-Visible absorption spectra of the dyebaths (PH 4.5) at 0, 3, 5, 10, 15, 20, 
30, 45 and 60 min of sampling. 
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It was found that the degree of absorption abatement m the visible band 

accomplished after I h sonication was largest in DBI, following the order: DBI (68%» 

DB2 (54%» DB3 (49%). The analysis of visible absorbance-time data by non-linear 

regression showed that effluent color decayed exponentially to a non-zero plateau as: 

(7.1) 

where A and Ao are the maximum absorbance of the effluent at time t and zero, 

respectively, P is the plateau to which N ~ ultimately decays, and k is the decay constant 

(min·
I
). Profiles of color decay during I h sonication of the test dyebaths adjusted initially 

to pH=4.5 and estimation ofk by fitting the absorbance-time data to Equation (7.1). are 

presented in Figure 7.2. Similarity of the observed kinetics to pseudo-first order law 

suggests the existence of a steady-state .OH concentration in the liquid, which depends 

primarily on the nature of the saturating gas and the collapse temperature (Joseph et al., 

2000). 

1.0 

• DB1 

• DB2 
0.8 

DB3 0 • ~ 
<c 

0 .6 

0 .4 -l---~--Y---"-----"T----.------i 
o 10 20 30 40 50 60 

Time (min) 

Figure 7.2. Comparative profiles of dyebath decolorization with time at buffered (pH=4.5) 

conditions. Solid lines represent the fit of experimental data to Equation 7.1 

with kDBI=O.062 min· I , kDB2=O.038 min-I , kDBJ=0.028 min-I. 
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The difference in the bieaching rates ofDB2 and DB3, which are identical in their 

auxiliaries (Table 7.2.), must be due mereiv to differences in the structure and molar 

concentration ofthe dyes. The faster degradation ofDB2 can be attributed to the combined 

effects of i) the hydroxyl group in a-position to the azo bond that favors the hydrazine 

against the azo structure fhydrazine is more reactive with secondary radicals such as 

eH01/.01 (NappoJian et aI, 2002; Buxton et aL ]988)): and jj) a relatively lower initial 

dye concentration (0.059 mM as opposed to 0.065 mIvI in DB3). On the other hand, DBI 

(with a non-azo dye) bleached faster than both of DB2 and DB3 despite the apparent 

disadvantages of the dyebath, i.e. having a larger quantity of carbonates and chlorides 

(both of which are scavengers of OH radicals) and a lower reactivity coetlicient of 

benzoquinones (i.e. the chromophore of the dye) with hydroxyl radicals than that of 

azobenzene or azo bonds (kU1\en?,.,o=1.2xlOY M-1 s-', k·oH~7."t>~f'?=2xl01i) Ml S-l (Buxton et 

aI., 1988). Although an apparent advantage of DB 1 is its relatively low initial dye 

concentration, it is most likely that there were more important factors atTecting the overall 

enhancement of color degradation in the dyebath. One of these might be the potential of 

Nth substituents in a-position to the carbonvl group of the dye chromophore to form 

intramolecular hydrogen bonds, which are reported to accelerate the rate of bond cleavage 

by stabilizing the intermediate OH-adducts (Destaillats et al.. 2002: Rves and Zollinger, 

1992). A second factor to be considered is the reactivity of the dye chromophore with 

species other than the hvdroxvl radica1. A simole reaction scheme showing the formation 

of hydroxyl, peroxy and superoxide radicals during water sonolysis is given below (lnce et 

al.. 2000; Destaillattes et aL 2000. Buxton ct al.. 1988): 

(7.2) 

(73) 

(7.4) 

(7.5) 

(7.6) 



~AJthough. ~H()1 and ~02- are selective and less po\;\/erftll 

-: 1 -: 
1 1 i 

agents, they are more stable and unlike -OH may accumulate m the aqueous phase 

with bellZ0(lllincne:; ,,?,:hile no reaction \~!as obsePled \"l,lith azoberLZene or azo dyes (Buxton 

larger presence of .OB scavenging species (which are not completely destroyed at pH 4.5), 

and the im.ver reactivity of the dye chromophore with hydroxyl radicals must be due to 

combinative effects of a-NH2 substituents, selectivity of superoxide radicals in favor of 

benzoquinone structures, and a lower initial dye concentration. 

Reactive Dyebath matrix had an adverse effect on dye decolorization, while there 

was no significant change in decolorization at both non-buffered basic dyebath solutions. 

The scavenging effect of buffering agent (Na2CO~, 0.300 gL-1
) was significant during 

sonication of non-buffered DBI solutions. j~Jka]inity of tap ,vater and the auxiliaries of 

basic dyebath solution had no adverse effect on dye bleaching. \Vhen the dyebaths were 

buffered to pH 3, the rate of bleaching in all slowed down, as apparent by estimated kinetic 

coefficients listed in Table 7.4. (Note, however, that the deceleration in DB3 is not 

statistically significant within 95"/0 conildence.) Since reaction of OH radicals with 

aromatic cOllmounds occurs at diffuslon-controHed rates and ",OH scavenQinQ effects of 
A ~ ~ 

carbonateibicarbonate snecies are minin'1ized at nH=3. retarded degradation rates in highlv 
-~ . -- - - -- _. - - - ~ ~- - -.. . . ". " ~ ~ -' 

acidic solutiol1S l11Ust be due to h.igh concel1tratiol1S of protol}., as \hiaS repolted 111 tile 

literature for photocatalytic degradation of Reactive Biue4 O"lappolian el aL 2002). 

Table 7.4. 1<"111etlc coefficients of color 
., ;, ~ 

aegraaatl0n 

DBl 29.64 ± IC)] 

B (pH=4.50) 62.99 ± 4.20 

1 ~ , ~ 1 

SOlutions, respectlv'elY. 

at non~bufrered 

0.99 
0.99 

and butfered 

v i 
----~1 

0.13 

0.20 
r\ ')') 
V.L.t_ 

0.41 

i 
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7.1.3.2. Effect of Hydrogen Peroxide 

The rate of color removal in the dyebaths was accelerated at both pH test levels by 

H202 addition, which was shown to form 02H and O2- radicals upon reaction with aqueous 

phase hydroxyl radicals (Equations (7.4)-(7.5)). Kinetic coefficients of color degradation at 

non-butTered and buffered conditions during sonication in the presence of 7 mJvl H 20 2 is 

given in Table 7.5. Comparative rates of sonolytic color decay (and corresponding rate 

coefficients) with and without H20 2 are presented in Figure 7.3. Note that the same kinetic 

model governed H20 2-added reactions as those without H20 2. 

Tabie 7.5. Kinetic coefficients of color degradation at non-buffered and buffered 

conditions during sonication after the addition of 7 mIvi H20 2 

DYEBATH 

DBI 

DB2 

Conditio!)l 

B (pH==3.06) 
B \PH~~.b2) 

1 1,,-3 . -1 
KX-"t.~ 1111fl 

41.64 :::c 

41.32 ± 2.28 

B (::II-:-:LL?8\ "'1 -1_ ~ AO 
L-_______ ..l..-_--'-=--_ -.:: ___ L._~"_-· __ ~..:::'~ 

1 I'"T"'1 Ii "~. 
~ 1 ne syrnbols refer to il0n-buff"ered allG 
solutio1lS, rC,TP"~T' 

0.99 

A AO 

p 

0.17 
0.11 

0.04 
0.32 

0,21 
A ,",f\ 
;j.~\~/ 

\lJ.H=3 and pH=4.5) test 

I 
.1 

H202 coupled ultrasonic inadiation "vere 
~. i 111gner at oH=4.5 the increase in color 

degradation rates were higher at pH=3. This result may be attributed to the enhanced 
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0 .30 
kx10-3= -62.99 min-' ±4.2 - US 
kx10-3= -67.04 min-' ±8.1. US+H20 2 

0 .25 

N .. 
~ 0.20 

0 .15 
DB1 

0 .10 
0 10 20 30 40 50 60 

Time (min) 

Figure 7.3. Relative rates of ultrasonic color decay at pH=4.5 with and without H20 2. 

The solid lines represent the fit of experimental data to A=Aue-k' + p. 

The effect ofH202 on total color and COD removal is presented in Figure 7.4. for 

those test samples initially at pH=4.5. Note that regardless of H202, the elimination of the 
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two parameters exhibited opposite trends: while total color removal was largest in DB I 

upon I h sonication, the amount of COD removed during the same period was a minimum, 

implying that the intennediate products of decolorization (ofRBI9) were more stable and 

resistant to sonochemical degradation than those of the basic dyes in DB2 and DB3. 

I_ DB1 - DB2 _ DB3 1 

100 

90 COLOR 
87.5 

80 

70 

" • 60 > 
~ 50 
& 40 
~ 

30 

20 

10 

0 

US U5+H202 US US+H202 

O)'ebath 

Figure 7.4. Effect of hydrogen peroxide (7 mM) on the degradation of color and COD 

after 1 h sonication of the dye baths. 

A more striking feature in Figure 7.4. is the remarkable improvement upon H202 

addition in the overall degradation of the dyebaths as measured by total COD removal (80-

85 per cent). This may be attributed to: i) larger reactivity of -H02/-02· pair with the 

intermediate oxidation products than with the parent dyes; ii) oxidation of some 

intermediates by molecular hydrogen peroxide; and/or iii) diffusion of some intermediates 

into gaseous bubble interfaces to undergo phase reactions or thermolytic decomposition. 

7.1.4. Conclusions 

Unfixed dye residuals wasted with exhausted dyebaths may ftnd their way to 

natural waters unless dyehouse effluents are adequately processed. Radicals produced 

under ultrasonic pressure waves at 300 kHz can effectively destroy the residual color in 
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textile dyebath effluents at acidic and near-acidic pH, but the overaH degradation of the 

effluents is relatively slow. The rate of color decay is more cioseiy related to the structurai 

and cP.fomophoric properties of the dye than to the composition of the dyebath. This was 

justified by the observation that azo dyes bleached more slowly than anthraquinone dyes at 

pH=4.S and pH=3.0, regardless of excess OR radical scavengers in the latter dyebath at 

pH=4.S. The rapidness of color decay in anthraquinone containing effluents was related to 

the reactivity of benzoquinone structures v.ith superoxide radicals that form during water 

sonication, and the presence of a,-substituents to the carbonyl group thus promoting 

intramolecular hydrogen bonding. Moreover, at strongly acidic conditions, where 

carbonate species are practicaily destroyed, bleaching of the dyebaths was fuund to 

decelerate, confirming again the relative insignificance of dyebath matrix (or auxiliaries) 

on the rate of color decay. Similar findings were reported for decolorization of dyehouse 

effluents containing vinylsulphone and aminochlorotriazine dyes by ozonation (Arslan and 

Baicioglu, 2000). 

Sonication of the dyebaths in the presence of hydrogen peroxide rendered 10-12 per 

cent enhancement in the efficiency of color decay and more than 80 per cent enhancement 

in that of COD reduction. The striking performance in COD removal implies either or all 

of the following: i) the intermediate products of decolorization reactions formed in the 

presence ofH20 2 are more reactive \vith peroxy and superoxide radicals than those formed 

without~ ii) some of these intermediates undergo degradation by molecular H20 2; and iii) 

some have sufficiently large vapor pressures to migrate into the bubble-liquid interfacial 

region for phase reactions or thermolytic cleavage. 

7.2. Sonochemical Destruction of TextiIe DyestuiTin Wasted Dyebaths: Impacts of 

Dve Structure and Dvebath matrix 

The study presented here IS the extensIOn of the study presented here is the 

extension of the copy of the poster presented in CoiorChem02. Czech Republic. 2002. 

which ~was printed in the Proceedings. 
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7.2.1. Background 

Textile industry accounts f'Or two thirds of the total dvestuff market and effluents of - -<, 

dyeing processes are of considerable environmental concern due to their intense color, high 

chemical oxygen demand and traces of hazardous material. Hence, if improperly treated, 

dyehouse effluents not onlv deteriorate the aesthetics of receiving waters, but also pose 

significant threat to living systems via the f'Ormation of toxic and potentially carcinogenic 

products upon hydrolvsis of some azo dves (Boeniger. 1980), 

Textile Dyes are classified as "reactive", "acid", "'disperse", and "basic"" in 

accordance with the type of fabric processed. Desnite their poor exhaustion properties. 

reactive dyes with azo bonds have the largest consumption in dyeing processes due to the 

expanding market tor cellulosed products and brilliant colors (Soares et ai., 2001). The 

environmental problem with azo and other poorly exhausting dyes is that a significant 

portion of the initial dye (in some cases as much as 50 per cent) remains in the bath, being 

ultimately discharged with the exhausted dye bath. 

Advanced oxidation of textile dyes by ultrasonic techniques is a novel technology. 

In all reported studies so faL azo dves dissolved in deionized water are sonicated with 

medium frequency ultrasound during gas injection and/or catalysis with Fenton's agent, 

Ti02 or ozone (Josenh_ et af.. 2000: DestaiHats et af.. 2002: VinodgonaL ei ai., 1998: 

Lorimer et al. 200 ll. It is reported that azo dve degradation is initiated by hvdroxyl radical " -; -' - - - -
attack on the N=l"J double bond in the aaueous phase and mineralization is a much longer 

process, starting only after complete decolorization. 

The purpose of this study was to investigate the degradability of textile azo dyes 

ultrasonic irradiation at 300 kHz and to assess the effects of dve structure. dvebaIh 

auxiliaries and pH on the rate of color degradation. The dyes were dissolved either in 

deionized water to generate pure dye solutions (PDSt or in tao water spiked with dyebath 

auxiliaries to simulate synthetic dyebath efi1uents (DBE). St11lcmral and matrix effects 

were assessed by comparing individual color degradation rates in PDS sampies with one 

another, and with the rate observed in the corresponding DBE, respectively. The 
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degradation of textile dyestuff in wasted dyebaths by ultrasonic irradiation at 300 kHz in 

the presence of H.,O? was also investigated. In addition. the tests were repeated in a 

solution containing a mixture of 8 dyebaths (the dyes presented in Section 7.1 and 7.2), to 

reproduce a typical dvehouse process wastewater. 

7.2.2. Materials and I\1ethoos 

7.2.2.1. Dyes 

All dyes except C.I Reactive Black-5 were obtained from Aldrich, and the latter 

trom Dyestar Hoechst. The chemical structure of the test dves and their Color Index (C.l) 

labels are presented in Figure 7.5. The characters in parenthesis are the abbreviations with 

which they are referred in the text. H.,O, (35% w/w) and aU other reagents were analytical 

:Merck grade. 

A summary of commercial and molecular dye properties is presented in Table 7.6. 

The fixing capacity of the dve (last column) reveals the fraction of dye that is fixed on the 

fabric at the completion of a typical dyeing batch, the rest being wasted with the exhausted 

dvebath. Fixation values were calculated from the difference between the initial and final 

dye concentrations in dyebath. Each dyebaths were prepared separately in the Textile 

Dyehouse in Istanbul (Pisa Com .. 2002) with resnect to dyeing recines for 2 per cent shade 

depth (0.02 g dye! g fabric). Initial ratio of fabric to water in tank was 1:10, which means 

for every 1 g of fabric. 10 ml of water is used. According to the 2 Der cent shade deDth 

procedure, 2 g dye with auxiliaries was used to color i 00 g fabnc in 1 1 of tap water. 

Cotton and Dolyamide fabrics were colored with reactive and acid dves. resDectiveiy. The 

absorbances of the dyebath eft1uents vv'ere detem1ined by a spectrophotometer and final 

dye concentrations in the dyebaths were calculated by using Beers Law as represented bv 

Equation (4.7): 



Na01B _---__ /80:1N8 

<~~)-~'l=i~.,J:C~~)~. ~-:~; ,)~, 
'---J "y'" . (i=rrr< ~ ,/'-I\lG 2 

.,~ ~-~;..{-~-

c.I. Acid Blackl (ABl) 

o 
\; 

r,jaC!3S0CH2CH2 - ~ 
:; 
o 

C.l. Reactive fZod 1"41 (flit141) 

H2j\.j --(\ 
/-.:.:, 

c.I. Reactive Black 5 (RESI 

C.l. Acid Orange7 (A07) 

ReaCtive Orange 16(RO 16) 

}'igure 7.5. Chenlical structures and c.1. Identlticatioll oiti-Ie test 

The following calculations are given only tor calculating the fixation of RR 14 i : 

118 

First the molar ahsorptivity coefficient (~~~o,,) was calculated by Equation (47) for A, = 544 
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A, = 0.590 (average of 10 exveriments. 30 mg/I dve at vli=j) 
• "- !:. ' ' '-", -" " ' 

" = (A / (r x dn = 4 67 104]\/'f.l ·1 ......... n1ax \-'-""-{) > .,.......,'(:': s. /} _. X .i\.< -.l em 

The absorbance (at 544 nm) oftne effluent was recorded as 1.012 in 1/10 dilution 

of the final etIluent. The concentration of fhe RR141 in solutIOn after dyeing (Ccffi!!ent) was 

then calculated by substituting the absorbance value into Equation (4.7) as tallows: 

Fixation of RR141 was then calculated tiom the dif'ference between the initial 

(Cnf1uent = 842x 10-6 M (2 g e"l) and final dve concentration IC~ffhv:"t = 216 x 10-6 M) and 

it was found that 25 per cent of the dye was wasted with the effluent and 75 per cent oftne -. 

dye was fixed on the tabric as presented in Table 7.6. 

Table 7.6. Identification and some selected properties oftne test dyes 

Dve 
Class 

i\cid 

Dve 
----------.------ _._ .. --._----. _. ----._----... _--------_._--------, 

Molecular U V Fixation Tvnical Purity 
V-/eight Absorption 

(Dp 1 11_1\ 

(R016) 

" 
" 

itOnmge7 484nm 93 
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7.2.2.2. Preparation of Test Soiutions 

Two type of dye solutions were prepared: i) PDS: These were pure dye soiutions 

rnade by dissolving 30 fng of each dye in 1 1 of boiling deionized waleI' during magnetic 

stirring. ii) DBE: These were dilutions of synthetic dyebaths prepared by reference to 

original dyeing recioes suoolied bv a commission based dvehouse tor 2 per cent shade '- r _ _ ~_ _ .;. 

depth (Pisa Corp., 2002). Each dyebath was heated to 90- [20°C in accordance with the 

corresponding recipe. and those with reactive dyes were adiusted to baslc pH (with 

NaOH), and maintained at this temperature for 6-8 hours to allow hydrolysis. The dyebaths 

were brought to 30 mg L- i as dye with tap water !67-fuld dilution) to represent batch 

dyeing eft1uents post the final washing operation. The dilution water contained 65.55 mg 

L-1 alkalinity as eaCO:;!. and 33.75 mg L-1 chlorine. The composition of simulated dyebath 

effluents used as test solutions is presented in Table 7.7. The degradation oftextile dyestuff 

in DBE by ultrasonic irradiation coupled with 7 m]\1 H,Q, was also investigated. In 

addition, the tests were repeated in a solution containing a mixture of 8 dyebaths to 

reproduce a typical dyehouse process wastewater. 

Table 7. 7. Composition of final dyebMh effluents by auxiliary chemicals l 

Ccpc-::'!'trat;cni!':'.!:! L -1) --.1 

I 
Dye .JV.V 

(T == 

J 1 

1=========i===~~===I··-
~l\.c~{t 

~n n 
<'",-' "., 

1 

I 
Acetic acid 

1 in addition te; the~~ auxiliaries each dye~;>th ef'fb;':nt cCT:i:,ind 65~ ~3.8 mg L-
1 

carbonate alkalinity and cr1, respectiveiv. "' Verolan NED. c; Slipper. -, added only to RBS 
dyebath to produce covalent bonds wIth We hibnc, : Uguar Tf' 
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7.2.2.3. Experimental Procedure 

Sectioll '7 .1. ~ ir~ 

Hundred milliliters of PDS and DBE samples following 2 h aeration were exposed 

to ultrasonic irradiation at 300 kHz for 1 h at natural pH ofthe test dyes (5-6) and at pH=3 

(buffered with 0.1 N H2S04) in the presence of Argon gas. Sampies were withdrawn at 0, 

3, 5, 10, 15, 20, 30. 45 and 60 min for spectrophotometric analysis. The degradation of 

dyes in DBE by ultrasonic irradiation in the presence of 7 Iv1 H20 2 was also investigated. 

In addition, the tests were repeated in a solution containing a mixture of 8 dyebaths (CI 

Reactive Red141, CI Reactive Black 5, CI Reactive Orange 16, CI Acid Blackl, CI Acid 

Orange7, Reactive Blue19, CI Basic Brown4, CI Basic Blue16"), to reproduce a typical 

dyehouse process wastewater. 

Samples of PDS and DBE withdrawn from the reactor during SOlllcatlOn were 

analyzed spectrophotometricallv at 200-800 nm and at the visible absorption of the 

solutions using a Unicam, Relios Alpha/Beta double beam spectrophotometer through a 1 

crn path length. The concentration of hydrogen Deroxide in the en1uent was monitored by 

triiodide method (Klassen et ai., 1994). COD was determined in accordance with the 

Standard Methods of \Vater and Wastewater A.'1alysis I APHA. 1992 l. Knowing that H20! 

also exerts a chemical oxygen demand, the COD of the residual Hi_12 was subtracted from 

that of the samDie (Kang; et cd .. 19991. The interterence chlorine in COD analysis was 
~ , -" . 

overcome by the addition of excess Hg]SOLl. TDS was measured by WTW LF320 model 

conductivitv meter. 

7.2.3. Resuits and Discussion 

7.2.3.1. Rate of Color Degradation 

Profiles of color degradation during 1 h irradiatlOn of PDS at non-buffered 

conditions and the tIt of Eauation 7.1. are oresented in :Flgure 7.6. :For each case. a 

correlation coeHicient of at least 0.98 was obtained in the regression analysis. 
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Figure 7.6. Relative profiles of absorbance decay with time in PDS containing 30 mg L-1 

dye initially. The solid lines represent the fit of Equation 7.1 to the related data 

set. 

The degradation of color in all test samples was pseudo-first order with respect to 

the absorbance of the dye in the visible band. The analysis of Absorbance versus time data 

by non-linear regression showed that absorbance decays exponentially as depicted by the 

integration of Equation 7.1 . 

7.2.3.2. Structural Effects 

7.2.3.2.1. Study with Pure Dye Solutions 

The effect of dye structure on color decay was investigated in pure dye solutions 

(PDS) at near-neutral and acidic conditions. The azo character of the dyes and the 

functional groups in ortho and para-position to the azo bonds are listed in Table 7.8. 

together with the estimated first order color decay coefficients and the "plateau". Note that 

a P value less than or slightly above zero indicates the tendency of the dye to complete 
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decolorization, while larger positive values such as found for ROI6 and RR141 imply its 

resistance to further bleachin2:. 

Table 7.8. Structural propertIes of the test dyes and kinetic coefficients of color 

degradation in non-buttered and buftered PDS eXDosed to 300 kHz ultrasound 

for 1 h. Initial dye concentration in each sample was 30 mg L- l (figures in 

, C.I. Name 

I "T' "'" ,,,- 11<. ,nH 
. J- :Jp'-'/-.L~.,i. ~r~ 

A07 

I monoazo 

I 350 g rilOr' 

i

l 
ROl6 
. -- .H7") mono_,~c 

I " 

\618 g mOrl 

ABI 

I 
I d'i"a7;-; I ..... u '""-''-'" 

I 
1617 g mOr" 

I RR141 
I .. 

" 

dl"!'l7n ..., ...................... 

11791 gmor1 

I RES 

I disazo 

1992 g morl 

I 

I stmcture , 
1 

I 
j 
I 
! , -OH 1 

1-503-

~ 

l-oB 

f 01-1 
~ 

i I\JH2 

SO~T-I 

I-OB 

INH2 

Ix 

-S03-

Ix 
0=5=0 

none 

o=s=o 

~ pH 

i 4.95 

I 3.00 ~ 

I) 

I,u)o 
~ -- ~ ~ 

i 

! ~)" 

! 3.UU 

k'xlO-3 

' . -h 
~.n1in .i 

v"'" L,-V.OJ \IO.9S) 

39,95 (±1.25) 

30.25 \j::l.28) 

'10 h:,:{ (-+-1 1 "7\ 
-£.../,v-.r '%--'-i. i..~1 

26.66 (±0.86) 

22.17\±1.00) 

P 

0.02 

0.01 

0.14 

o 11 
.J. I ! 

-i). 17 

0.11 

U.05 

,;:oT~ rD-
0"E-':;~ 

t1/1 

(min) 

1 7.05 

17.26 

20.17 

20.43 

28.30 

30.04 

34.70 

31.27 

35.94 

31.9 i 

co~ncei~tration ill the 

aqueous phase. Hence, at limited -OHag, the rate of bleaching slows down as the number of 

chromophores in the dye molecule increases. On the other hand, other attributes of 

structure must have been responsible ror the observed rate differences in structures 
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containing equivalent number of chromophores. These may include factors such as the 

character of 0- and p-substitution about the azo bondi s) and the molecular mass of the dve. 

Recently, Destaillats and coworkers have shown that a carboxylic group vicinal to the azo 

bond enhances the rate of degradation bv a strong intramolecular H-bond formation with 

the OR radical added to the N=N bond, thus stabilizing the adduct (Destaillats et al., 

2002). As shown in Table 7.8 .. the azo bonds in all test dves had an o-OH substituent, 

which can also form strong intramolecular H-bonds with the OR adduct. Consequently, the 

difference in the bleaching rates of monoazo dves is attributed to difIerences in their 

molecular weights and o-substituents. The slower bleaching of ROI6 than A07 implies 

that the nresence of an additional substituent such as SO,' in the vicinity of the azo Q:fOUD 
lL '~ .~ 

reduces the stability of the intermediate adduct by the potential competition of 0-

substituents tor intramolecular H bonding. and/or the enhancement of solvent effects via 

the anionic character of S03' to form H-bonds with the solvent. 

Comparison of disazo dye bleaching rates WIth one another reveals that each 

additional o-substituent such as NH? (as in AB 1 and RBS) inhibited the rate of bleaching, 

probably by the same principle discussed above (competition for intramolecular R-· 

bonding) and the notential effects of steric hindrance. The excention was RR14L which 

bleached slower than ABI despite the lack of o-NH2 or o-SO)' substituents in the vicinity 

of its azo bonds. ThIS must be due to its considerablv larger molecular weight and the 

attachment of two naphthalene groups to each of its azo bonds. However. RR141 was 

found to bleach nearly at the same as RES (within statisticai significance). which had a 

much smaner mass and no naphthalene attachments to its 2~ZO bonds. ThIS was attributed to 

its neutral character. or the lack of anionic o-substituents to the azo bonds. which reduce 

the stability of its adduct. Moreover. the fact thm RR14i had no p-substituents (to N=N 

bonds) while RB5 had two of them might be an additional factor in the unexnected 

bleaching rate ofRR141. Similarly, the faster bleaching fate of ABI than RES, despite the 

similarity of their azo grouns and o-substituents. must be assessed both in tenns of their 

mass differences and difference of p-substituents to their azo bonds. 

"' "'.' aegraGaiiOn \vas slig.ntly-

accelerated (nearly if) per Cellt J iii 1, lill5 and l~lj.r, 110 elfect vvas observed 

in A07 and RO 16 within statistical signifIcance. The insensitivity of the latter to 
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acidification confirms the statement that the rate of color decay was merely controlled bv 

the steady state "OH concentration in the aqueous phase, which has likely remained 

constant upon pH adjustment with sulfuric acid. The slight enhancement of degradation in 

three of the test dyes and the unchanging trend in the other two upon acidification with 

sulfuric acid implies that the effect of protonation (of SO,· or other sites) to lower H­

bonding with the solvent was insignificant and there were no additional ·OH production 

routes that raised its steady state concentration in the liquid bulk. 

7.2.3.3. NIatrix Effects 

7.2.3.3.1. Study with. Dyebath Effluents 

It was found that ranking of bleaching rates in dyebath effluent (DBE) followed the 

same order as that in the corresDonding deionized water solutions: with however lower 

coefficients except for A07, as shown in Table 7.9. The constant rate of bleaching of A07 

at all conditions (within statistical significance at 0.05 levell can be explained by its 

structural simplicity (low molecular weight. single a-substituent), the lack of large· 

concentrations of ... OH scavengers in its dvebath. and the sufficiency of aqueous ·OH at 

both conditions to satisfy the minimum reauirements for the destruction of its azo bond. . -

The slower degradation of the other dvebaths than their PDS is due to matriX 

effects. or interaction of dvebath auxiliaries @OH addition to azo bonds. Tht' 

composmon of DBE's in Table 7.7. shows that reactive dyebaths contained large 

concentrations of sodium salts (used fur enhancing the fixation or the dye on the fabric). 

approximately 66 
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Table 7.9. Kinetic coefficients of color degradation in non-buffered and buffered dyebath 

et1luent. containing the all dvebath auxiiiaries (soecified in Table 7.7.) and 30 

mgL-1 dye 

RRl4i 

, 

1_-

300 

, 
J. 

5.25 

3 

3.00 

/.".,.,; .. -1\ 
, .~ 1 ;, i .. -" 

41.72 (±L30l 

'"'"': ,~ ~""t '"!-.' -1- <,., 
'.:..L~,~~~;-.i'j. 
~ ......... ~ \~-.. ....,.-)' 

26. /'8 (::t::1.82) 

15.97 (±0.44) 

16.41 (±O.32) 

i h'2 

! (min) 

0.02 0.99 15.02 

,--'~ .... ~ 

V . ..Jl 0.998 

'10 ~-: 
":"'-".J .L 

0.01 

36.96 

i 
i 

0.05 0.99 42.25 I 
.----.-L. __ -"--_~ 

of targer ami non-target speCIes wOH as SHown by tIle ioiiowing reactions and 

bimolecular rate constants (Buxton et aL 1988): 

Dye( ;:tw) + oOH -.'> Products (7.7) 

k=3.8 xl (7.8) 

HC01
2

- + oOf-! ~ H,O + ·eo" .. -. -' k= 8.5 xlOb 

(710) 

Althouah the generated carbonate radical anion has been shown to be an oxidant 
1:5 "1 "-

itself its oxidation Dotential is much iower than that of the oOH. After it is formed. some 

of the formed "C03 - will further react with the dye molecules to form more oxygenated 
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products (Acero and Gunten, 2000) (Equation (7.11 )), and some will react with "OR and 

again compete with the target molecuie (Equation (7.8)). 

·eoC! -+ Dye ---? eo" -2 + Products (7.11 ) 

t""'ll"'1'il ~ ,,11 " .. "...... ~ iI 'S -. 'II l' ~ < ~i ..: ~ "~ • 1: ~ ~~ r-: l' , ,;, ~,..,. -t ~ "I -' 

1 ne IaCt mat f\.t) 1 Oleacnea slower In me dyeoam man In l'U~, out AU i oleacned 

at the same rate in both media. although neither of the dvebaths contained sodium salts 

must be due to the disazo structure of AB 1, which requires larger .OR concentrations for 

the destmction of its chromorhore than the monono A07 (t is likely that the 

concentration of eOR is slightly reduced in both dyebaths by the impurities in the matrix 

such as ions of acetate. carbonate and chloride (the iatter two coming with the dilution 

water), the effect of which was insignificant for monoazo but significant for disazo dye 

bleaching rates. 

The observed color decay coefficients in reactive dyebath effluents were found to 

increase bv about 20 Der cent UDon acidification. The enhancement is due to the conversion - -

of carbonates at pH=3 to carbonic acid, which is not an errective hydroxyl radical 

scavenger. The slight degree of rate inhibition stilI observed at acidic DR is due to the ·OR 

scavenging of cr alone, w-hich unless at very high concemrations is not a strong rate 

inhibitor in advanced oxidation of azo dves i }\fslan and Balciogluo 2000). 

The effect of pH in reactive dyebaths was more dosely investigated by monitoring 

the rate of color decav within a wider range of DR levels. Relative mofiles of absorbance 

abatement R..R141 dyebath during ultrasonic irradiation aI various pH levels are 

oresented in Fi!:!:ure 7.7. It w'as found that rates dvebath bleaching: at hi2:hlv acidic, 

slightly acidic (near neutral) and neutral pH were dose, although at pH=5 bicarbonate 

species predominated. This is due to the fact that bimolecular reaction rate constant of 

bicarbonates with hydroxyl radicals is not comoetitive with that of azo dyes (k=8. 10D 

s-l) (Rl'YT0n pi ,,/ 1 Q~sn 
u i ~,~< .'~- - - - --- ,- . , 
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Figure 7.7. Comparative profiles of absorbance decay during I h sonolysis of a reactive 

DBE with 30 mg L-1 ofRRI41 at varying pH levels. 

Sequential lowering of pH from 12 to 2 showed that the process becomes 

remarkably effective with increased acidity, but further decrease from pH 3 to 2 yielded a 

significant decrease in the rate of color degradation. This result can be attributed to the 

scavenging effect of H2S04 (at high concentration) which was used for pH adjustments 

(Equation (7.12) and (7.13» (Buxton e/ az. , 1988). 

The lower rate of decolorization at pH 2 than at pH 3 can be attnbuted to the scavenging 

effect of HSO/- (Equation. (7.13», where sulphuric acid dissociates into II" and SO/- at 

pH ;;., 1.9 (Droste, 1997). At pH 2, per cent H2S04 is approximately equal to per cent SO/', 

and at pH 3 per cent H2S04 is much less than per cent sol, and sulphate is a weaker 

scavenger of.OH. 
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Hydrogen peroxide formation during ultrasonic irradiation of RRI41 and ABI in 

DBE was monitored in 10 min intervals for 1 h, as illustrated in Figure 7.8. The dashed 

line represents control experiment without dye. 

250 

- 200 ~ 
.;!. 
c 
0 150 :1:1 
u 
:::I 
"C e 100 a. 
c5 .. 

50 :z:: 

0 
0 

• RR141 
• ABk1 
.l Deion.w. 

10 20 30 

Time (min) 

40 50 60 

Figure 7.8. H20 2 production at 300 kHz in DBE containing ABI and RRI41 at pH 3. 

Initial dye concentrations were 30 rng L-I (solid and dashed lines represent 

the fit of related data Set to H202 = kt ). 

As can be seen in Figure 7.8., the apparent kinetics are zero-order, with the 

observed rate coefficients as 2.17 /lM min-I , 3.09 /lM min-" and 3.86 /lM min-I, for ABI , 

RR141, and deionized water solutions, respectively. H2~ is accepted as an indirect 

measurement of net -OH concentration in solution. It is apparent that the -OH 

consumption is higher in ABI dyebath, than that in RR141. This is consistent with the 

results of the previous study in this section, where a higher color removal was found for 

ABI. "This can be explained due to i) higher reactivity ofH2~ (and also -H02/-Oz") with 

the intermediate oxidation products ; or ii) lower reactivity ofRRI41 with -OH to result in 

larger H2~ production. 
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7.2.3.3.2. Effect of Hydrogen Peroxide 

The addition of hydrogen peroxide into the reactor was found to accelerate the rate 

of bleaching in all dyebaths. The pseudo-first order decolorization rate constants after 1 h 

sonication with H20 2 are listed in Table 7.10. 

Table 7.10. Kinetic coefficients of color degradation in buffered dyebath efi1uent, 

containing the ali dyebath auxIiIaries and 30 mg C' dye arler 1 11 sonication in 

the presence of 7 ffilvI H20 2 at pH 3 

DY EBA TH-"j' ---'-~x J O-} ------P--­
I I 

1 _____ I I i I :0-0-:: .. - -59.2]-~-'±L.-""-.6-·-1)--i ---0.03----------- 0.991-

(min) 

11.70 

2980 (+380) -0.01 i 0.99 I 23.26 

l
i AR1 1041 /~_~2-'7,·.~"~.· i\ 11;. i f'. nn I _ ~. _ ....,' ,_ .. , -'_', , _, 'J. ':i J I 

I RR 14! 10.99 \±jS8) ··u~;; (} 99 ( 

22,38 

33.03 

RES 22.30 (i::2.1b) 0.99 31.08 

rate i u - 40 per cent, as 

a result an.d pfGductio.fi 

superoxide), which may also migrate to the solution bulk to act as oxidizing agents (Hart 

and Henglein, 1987: Driiivers et al.. 1999). 

When the dyebath solutions were spiked with :tb02, the highest increase in color 

removal rate was observed for A07 soiution (40 ner cent). while the other dve 

decoiorization rates were close to each other. The enhancement can be due to its simpler 

molecular structure and may be related to the higher reactivity toward suoeroxide radicals 

(Equation (7A) and (7.5)), The dyes that comain a hydroxyl group in orrho position to the 

azo bond exist in eauilibrium with two tautomeric forms. azo and hvdrazone (Oakes and 

Gratton, 1998) and this hydrazone rerm may be more reactive with superoxide radicals 

than azo forms. AlthoU!zh all of the dves in this Chanter orobablv mostlv exist in their 
~- - .' " ,.) 

hydrazone forms, they seem to be more resistant to the attack of superoxides due to their 

more complex structures. 
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7.2.3.3.3. Dyebatb Mixture 

7.2.3.3.3.1. Color Decay 

To simulate actual wastewater compositions, all test dyes (given in Section 7.1 and 

7.2) in their original dyebath composition were mixed in the ratio 50 per cent reactive: 25 

per cent acid: 25 per cent basic dyes. The mixture was then exposed to ultrasound and 

ultrasound coupled hydrogen peroxide at pH 3. The test solution was found to exhibit two 

absorption bands in the visible range, namely at 492 and 5% run, which must be 

responsible for the red and greenish blue color of the solution. The tendency of degradation 

in the absence and presence of H2~ was similar to that observed with unmixed or 

individual dyebaths. The concentration ofH2~ added was an important control parameter, 

for the fact that excess amounts induced an inhibitory effect due to the increased 

competition for hydroxyl radicals (Equation (7.4» . The selection of optimum H2~ was, 

therefore, based on the observed color degradation rate constant, as presented in Figure 7.9 

as bars. 

• k(492nm) • k(596 nm) 

60 

50 
~ 

";' 
40 c 

'E - 30 '7 
0 .... 
>< 20 
.lI: 

10 

0 
7mM 14mM 21 mM 28mM 

H20 2 Concentration (mM) 

Figure 7.9. Effect ofH2~ concentration on decolorization kinetics. Dyebath mixture was 

exposed to 300 kHz Irradiation in the presence of differing H2~ 

concentrations for 1 h. 
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Note that the rate mcreases with doubling the concentration of H20 2, whereas 

further increases retard the reaction as a result of increased competition between H70? and 

the dye ror hydroxyl radicals. First order color degradation rate constants after 1 hr 

ultrasonic iITadiation in the absence and presence of 14 mM H?Q? were 30.15 min- 1 and 

56.21 min-\ respectively. 

Per cent color removal in the test solutions together with dyebath mixture upon 1 h 

sonication with and without hydrogen neroxide is nresented in Table 7.11. 

The rate of color removal by H20 2 addition was accelerated by 5-15 per cent, as a 

result of higher -OB vields and the production of additional radicals (peroxy ami 

superoxide), which may also migrate to the solution bulk to act as oxidizing agents. 

Table 7.11. Degradation of color in the dyebaths and the dyebath mixture upon 1 h 

sonication with or without hvdro2:en neroxide (H70) Concentration was 7 mM 

and 14 mM for DBE and DBE mixture, respectiveiy) 

r ---.------ .. _---

I 

Dyebath with % Color Removed 

Ultrasound Ultrasound+H202 
------ ----_ .. 

QO 1.0 94.28 

q~ (\'7 
'V-j.'j ;' 

8i.90 

RB5 I 69.58 /3.92 

Mixture 
--r-----------49.90·----- ·-r- 63.90 

7.2.3.3.4. Total Dissolved Solids and Chemical Oxygen Demand 

The dissolved solids (TDS) content of the dyebath effluents increased during 

sonication_ as a result of the furmation of intermediate oxidation products. The initial TDS 

concentration is recipe-dependent. Reactive dyebath effluents have the highest TDS 
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concentration due to the addition of excess saits to the dyebaths to enhance dye fixation to 

the fiber. The initial and finai TDS content of different samoles are presented in Table 

7.12. 

Table 7.12. Total dissolved solids concentrations of some selected dyes upon exposure to 

1 h ultrasonic irradiation with or without H,01 

Dyebath ''lith Final TDS (mgL- i
) I 

i 

-,: ,~>"""~.' " .;: ...... , 
F~eactive Orange 1 v L~:1a l~.,JU 1530 

1------------1

1 ".~\c:d_L.-~_laCi~ 1 I 
Bas;s: ~r('~"!'LI r '0,1 q!l I 

I Dyebath J\~ixture_=-,--r ___ '-_~_~1_0_6_0_--_-' __ --'----________ _'__I __ ~_·-_'__f2=__-8_6_-~_·-_-_--_·-·-....J1 

398 481 

IvIonitoring of Chemical Oxygen Demand (COD) of the test sampies during 

sonication with and without hvdrogen Deroxide showed that ultrasound alone provided no 

more than 6 per cent reduction in COD, while at least 70 per cent COD reduction was 

possible when hvdrogen peroxide was present. Comparison COD removal in the test 

solution upon 1 h sonication with and without hydrogen peroxide is presented in Table 

7.13. for those dvebath effluent {DBE) and DBE mixture. 

Table 7.13. Degradation of COD in dyebath and dyebath mixture upon 1 h sonication with 

or without hvdrogen neroxide (H20 2 concentration was 7 mM and 14 mM for 

DBE and DBE mh .. rture, respectively) 

Dyebath with COD Removed 

Ultrasound __ ~I~~~U~~~=~~~ __ ~ 
~ 

. -~' .~~ 

i __ J__ I' 

i--·-----------~:~~---------- i ---~ ----- ! ) .1. ') I 
~------'--------:-~----~~·--~--l 

Kt:\) 4.69 /4.\)1 I 

I 

Fili141 

1\/fixture 592 7077 
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The effectiveness of combined system to COD removaL which is a measure of the 

overa11 degradation of the dve involved can he attrihuted to lamer reactivity of .HO~/(;{h­

pair with the intermediate oxidation products than with the parent dyes, and the oxidation 

of some intermediates by molecular hvdrogen peroxide. The COD removal in DBE 

mixture can be due to the reactivity of intermediates with peroxy radicais/hydrogen 

peroxide. and additionallv with carbonate radicals. Carbonate radicals (where higher 

amounts were present in the mixture) may further react with the dye molecules to form 

more oxygenated oroducts (Equation 0.11)). The efticiencv of ultrasonic system can be 

increased by enhanced detention time, which however would iower the cost-effectiveness 

of a potential ultrasonic svstem to be designed for the ore-treatment of textile dyebath 

effluents. 

7.2.4. Condusions 

• • < ~ 

~n U"=:.r~:]nlzed. ~A/ater-dye 

IJ-iz. Ii vv:as fOUl1d that 

the rate of bleaching was closely related to the chemical structure of the dye such as the . 

number of azOQTOUOS. the relative oosition and character of the substituents about the azo 

bonds, and the molecular mass. Color removal as based on hydroxyl radical addition to the 

azo bonds exhibited an eXlJonential decav rate oroflJe in both of the test media. The -OH-

limited rate of color decay in deionized water solutions of test dyes depends on their 

molecular mass structural oroneliies. narticularlv the number of azo bonds and 

substituems in their vicinity. The rate of bleaching follows the order: monoazo>disazo: 

small molecules>]arge molecules: simde o-OR substituent>multiDle substituents. 

In dyebath effluents simulated by adding exact auantities of auxiliary chemical s 

(specified in dveing recipes) into azo dve solutions made in ordinary tan \vater. bleachin!! 

is inhibited only if the concentrations of carbonate and chloride ions in matnx are 

sufticiently large to allow competition of these snecies with the dve tor hydroxvl radicals. 

Otherwise, the rate is controlled by the structure of the dye as in deionized water-dye 

solutions. Buffering: of the dvebaths to acidic pH accelerated the rate of bleaching in those 

dvebaths containing significant quantities of carbonate species. which at non-buffered 
~' '-- - ~ 

conditions competed with the dve for hydroxvl radicals. In deionized water-dye solutions, 
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where no competltlon was present, acidification rendered a slight enhancement in the 

bleaching of disazo dves. but no change in those with monoazo character. 

The addition ofH20 2 was fuund to enhance the rate of decoiorization. Furthermore, 

the overaH degradation of the dve as monitored bv the reduction in COD of the effluent 

samples was remarkably faster in the presence of H20 2. and insignificant in its absence. 

The total dissolved solids were found to increase UDon ultrasonic bleaching and 

degradation, implying the formation of soluble intermediate byproducts within the 

oxidation process. Ultrasonic destruction of dYestuff in a dvebath mixture. which 

resembled real dyehouse process effluents, was observed to follow the same trend as that 

of individuai dvebaths. 
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CHAPTERS. UvIPAClS OF pH AND IvIOLEC1JLAR 

STRUCTURE !:,\T VLTR:~SON!C DEGRAL\_tT!O~T OF ~'\7() DYES: 

APPLICAl IONS IN SYSTElVI i 

8.1. Colo Acid Orange7 and Col. Reactive Orange t 6 

The study presented in this section IS an extension of the paper presented in 

"Ultrasonics 2003. held on 30 June-4 Julv 2003. in Granada. Spain". The complete work is 

submitted to Ultrasonics, and is currently under review. 

8.1.1. Background 

Azo dyes are chemically described with structures made up of single or multiple 

units ofN=N bonds connected to aryl andlor naohthalene g:rouos. the whole unit making: 

the characteristic chromophore in the dve. The iarge consumption of such dyes in the 

industry, and the nractice of discnamlll!z exhausted dvebaths with residuals of unfixed 

dyestuff and spent chemicals have challenged envIronmental engineers and water quality 

managers over the vears. A lJromisin!l solution alternar;ve ((1 The motection of water 

environment from these efl:1uents is to me-treat them with well-selected advanced 

oxidation processes (AO)' which in situ generate eXlremelv DowerfuI oxidants such as the 

hydroxyl radical (@OR). 

Ultrasonic cavitation IS an emergmg AO technolo!lv tor use m Gecontaminating 

natural waters or industrial oro cess effluents from refractory omanic materials. The rate of 

target chemical destruction during sonication of contaminated waters is limited by the rate 

of -OR diffusion into the bulk liouid and the partial nressure of the comnoundc which 

dictates its ability to migrate into the gaseous or the gas-iiauid interfacial layers for 

pyrolytic and supercriticai phase reactions. respectiveiv (Suslick_ 1990: Mason et aI., 1992; 
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Ince et ai., 2000: Joseph et aL 2000'i. Because azo dyes are highly water soluble and thus 

largely hydrophilic. their Dartitioning into the .Qas Dhase is not likeiv. Hence. the maior 

route for destruction of such dyes must be chemicai oxidation by OH radicals in the bulk 

liquid. 

Sonochemical oxidation of azo dyes has been investigated by some researchers 

during the last few Years. In the reDorted studies. deionized water solutions of azo dyes are 

sonicated with medium frequency ultrasound during gas injection andlor catalysis with 

Fenton's agent. Ti02 or ozone (Jose9h et al.. 2000: Destaillats et at.. 2002: Vinodgopal et 

ai., 1998; Lorimer et al., 2001} It is predicted bv proposed reaction mechanisms that color 

decay is mainly governed bv hydroxyl radical addition to the azo bond in the aqueous 

phase and the overall degradation of the dye is a longer process. involving a number of 

intermediate oxidation states (Destaillats et al.. 2002: Jose9h et al.. 2000; Stock et aI., 

2000). 

The purpose of this study was to investigate and comoare degradabiiity of azo dyes 

by ultrasonic irradiation at 300 kHz and to assess the effects of dYe structure and pH on the 

rate of color decay. Two sulphonated monoazo dyes of l-aryi-azo-2-naphtol structure were 

selected from commercial dYestuff and used as surroQate comDounds throughout. 

The dyes Acid Orange7 (AOn and L Reactive Orange16 (RO t61 were both 

obtained from Aldrich in 85 and 50 ner cent lJuritv. resDectiveiv. (No information was 

provided about impurities.) All other reagents were anaivncal MercK grade. 

General structure of the "arvl-azo-naDhtol" tVDe model dYe is give!! 
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The commercial and chemical properties of the model dves are given in Table 8.1. 

Table 8.1. The commercial and chemical Dfoperties of the model dves 

I 

I 
\--

i 

I 

ALDKICH-85% 

OH 

;~\-N= N-{;,j·~-\\ 
--_.' 

X, =~OH 484nm 

Y.=~B 

~--~·······~~··-y~eacti veunmge 16 
i 

---~-----

I 
! 

I 

I 

ALDRlCH-50'% 

The optimized system parameters were me same as Dre'"ious\v given m Table 7.3. 

Stock dye solutions were orepared bv dissolving 1 g: of dve (as received! in l L of boiliE£! 

deionized water during magnetic stirring. The solution wiTh c.i. Reactive Orange 16 ,vas 

heated to 90 °C following pH adjustment to lL and maintained for 6 hours there to allow 

complete hydrolysis of the dye. The stocks were then transferred into opaque bottles and 

stored at 4' C in the dark. 
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Test solutions were made by proper dilution of the stocks to 30 ~vi as dye using 

ultra pure deionized water. 100 rnL aliauots of the test sampies foilowin2: 2 h aeration were 
-"- ~ .... -

irradiated for 1 h under the following conditions: il without any pH adjustment ii) after the 

addition ofH?SOa (1 N) to adlust pH to 3.0: iii) after the addition of Na2CO, to obtain basic 

solution and they are summarized in Table 8.2. The solution containing RO 16 was adjusted 

to basic pH \vith varving concentrations ofNa_,eO, as well as NaOH in order to investigate 

the effect of carbonate scavenging. The other test solution was adjusted to basic pH with 

Na2C03 only. Samples were withdrawn at 0. 3. 5. 10. 15.20. 30.45 and 60 min of contact 

for spectrophotometric analysis. 

Table 8.2. Properties ortne test solutions in terms ofoH and chemical butTer 

.. _.-----------_._--

Dyestuff pH 

0.21 

A07 8.50 

935 

ROI6 8.58 

8.40 

1 A "'"'It:: 
, 

none \naturai) 

0.2 allvl C03
2

. 

; .. , 
i l-'>!, Cl":'_'''--;'4 

1 N J:\iaOH 

0.2 m[\l1 C03"· 

::: ••• 1\ ff "r. 2-

L-____ -----'L---. ______ --1-i ----

Spectrophotometric analyses were earned om using a Unlearn-HeAlo::) AlVha/Beta 

double beam spectrophotometer through a 1 ern oath length and the degree of 

decolorization was assessed by relating the amount of visible absorptlOn abatement in time 

to the original absorption at time zero. Total organic carbon (TOC) de2:radation was 

TO· {"_1.l ''-''''HT- analvzer. H7 .. 02 was analyzed monitored WIth Shimadzu '-./ v ,--,"u -

,. .' <l'<lv at 351 nm based on K1 (ootassium iodide) method (Klassen et a!., spectropnotomemca . 
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1994). Total alkalinity was detennined titrimetrically by titrating the solutions with 0.023 

N H2S04 to pH 4.5 (APHA, 1992). Alkalinity of the solutions were then calculated by 

Equation (8.1.). 

AIk I· 't ( C CO L·1) 0.023 x aCidconsumptionunlilpH4.5(ml) x 50000 ami y mg a 3 = (8.1) 
samplevolume(m/) 

S.I.3. Results and Discussion 

S.1.3.1. Dye Degradation at Neutral State 

Upon dissolution, both dyes were round to be slightly acidic with pH=5.0S in A07 

and 5.22 in ROI6, to be attributed to deprotonation of napbtol OH. The higher value in 

R016 must be due to excess sulphonation of the molecule. When the stocks were diluted 

with deionized water at pH=6.l , the final pH levels were recorded as 6.1 (A07) and 6.9 

(RO 16), which were labeled as "lIOn-buffered" solutions. Comparable profiles of the dye 

spectra (0,=30 J1M) at these conditions befure and during sonication are presented in 

Figure 8.1 . and Figure 8.2. 

AcidOrange7 
0.75 ....... .".....---------------.., 

GI 0.5 u Omin t:: ca 

j -e 
0 
II) 
..c 0.25 c:( 

60 min 

0 
200 300 400 500 600 700 

Wavelength (nm) 

Figure 8.1. Spectral changes during 1 h sonication of the 30 IlM A07 solution at near 

neutral pH (non-buffered conditions). 
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0.6 Tn---------------, 
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IG 
€ 
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III .c 
c( 

0.3 

0.15 
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o +-----r------,--------r-~~ 1iiIIII_--1 

200 300 400 500 600 700 
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Figure 8.2. Spectral changes during 1 h sonication of the 30 11M R016 solution at near 

neutral pH (non-buffered conditions). 

Note that there are two distinct visible absorption peaks in the spectrum ofR016; at 

400 om and 492 om, whereas only one peak (at 484 om) is distinctive in that of A07. The 

two peaks in R016 must be due to the equilibrium mixture of two tautomeric forms in 1-

aryl-azo-2-naphtol dyes: the azo and hydrazone, which absorb typically at 400-440 om and 

475-510 om, respectively (Oakes and Gratton, 1998). The chemical structures of test dyes 

both in azo and hydrazone forms are given below: 

o 
I 

clt.l-C-1Iti 

R016 (Azo) R016 (Hydrazone) 
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A single peak at 484 nm in A07 impiies the preference of the hvdrazone tautomer: 

.t, 

':: .. 

Nao3s-( ~. 
---~ 

-
.\~) 

"-":-=.:::.:.:.-,< 

A07 (Mol A07 (Hydrazone) 

The UY -visible spectra of the dyes recorded during sonication of the test solutions 

showed that ultrasound renders significant abatements in their visible absorption. and some 

less significant abatement in lJV bands. specifically at 300 nm and 320 nm, corresponding 

to the absorption of aromatic or nanhthalene grouns (Silverstein et at.. 1991). 

The main reaction pathway for sonicated azo dye solutions is oxidation by -OH 

attack in the bulk nquid (Eqw'!tio)'l (8 2)). ",hi1p thprm~l rf~{'ti('ln" )')'l(lV occur at the bubble-­

liquid interface provided that the conditions are suitable for some of the dye molecules to 

approach gaseous bubble surfaces (Eauation (8.3)): 

I80H + Dye ~ [Dye-OR adductr~--).Oxidized dye + ('0::-+ H-:O (8.2) 

Dye ---j»))Organic radicals + Dissociated dye fragments + C~H4 (8.3) 

Relative fractions of color and aromatic component removal during I h sonication 

of the dves are piotted in Figure 8.3. as bars. The fact that totai absorotion abatement in the 

visible band was much larger in both dyes than that in the UV signifies the priority of -OH 

additiot; to the N=N 01' C-N 'bnnd". nf tllP r,hrmnnnhnric:, qmlln ()n the other hanct, desDite 

the large difference between the bleaching fractions, the amount of decay in the UV 

absorption of the dyes was auite the same (even larger in the siower bieaching ROr16), 

implying that the oxidation of aromatic components was not -OH limited, involving other 

(L' '.Y8.~;:r 50nolysis), andlor 

other destructioE ·f· 
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Figure 8.3. Relative fractions ofUV and Visible absorption abatement in non-buffered test 

solutions with initial dye concentration = 30I1M. 

The rate of color decay foUowed pseudo-first order kinetics with respect to the 

visible absorption of the dyes. Profiles of color degradation dwing 1 h sonication of the 

test solutions at neutral conditions and the fit of data to the integrated or exponential form 

of Equation (4.2) are presented in Figure 8.4. 

The fact that A07 bleached remarkably faster than RO 16 can be attributed to its: i) 

relatively simpler chemical structure and lower molecular weight; ii) lower initial pH and 

lower S03- content (which increases anionicity of a molecule); and iii) hydrazone 

preference, which is reported to be more reactive with H2<h1-HOi pair (that form by water 

sonolysis) than the azo form (Oakes and Gratton, 1998). The first two properties are also 

believed to enhance the probability of A07 to approach the negatively charged cavity 

bubbles where OH radicals are most abundant, and undergo additional degradation , 
(oxidation/pyrolysis) at the gas-liquid interface. 
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1.00,---------::---______ ~ 
-k x 10-3 = 16.86 ± 1.30 min-I ,. ROr16 

-k x 10-3 = 42.89 ± 2.71 min-I . AOr7 
0.75 

o 

~ 0.50 

0.25 

0.00+-----,----.-----,----.-----.,----1 
o 10 20 30 40 50 60 

Time (min) 

Figure 8.4. Comparative .rates of visible absorption abatement .in DOn-buffered dye 

solutions with initial dye concentration of 30 11M. The solid lines represent 

the fit of experimental data to AlAi = e -It. with regression coefficients R2:.0.98 

in both fits. 

8.1.3.2. Effect of pH and Molecular Structure 

Kinetics of color degradation at all conditions followed first order law regardless of 

pH adjustments, and the fit of all data to first order rate equation revealed excellent 

statistics. The effect of pH on the rate of color degradation is presented in Figure 8.5. and 

Figure 8.6., and estimated rate coefficients are listed in Table 8.3. together with the azo 

forms of the dye structures. 
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Figure 8.5. Impact of pH and carbonate alkalinity on pseudo-first order 30 IlM A07 

bleaching rates. The solid lines are the fit of experimental data to AJAo= e-tl. 

1.00·~=_"'=---------------, 

• • 

0.75 

o pH 3.0 
.a. pH 6.9 

0.50 ~ pH 8.5 
• pH 9.5 
• pH10.3 

R016 

v pH8.5(with NaOH) 
0.25-l-....:...---,~--.--...:.-..-------r--..,........:::::,,---'( 

50 60 o 10 20 30 40 

Time (min) 

Figure 8.6. Impact of pH and carbonate alkalinity on pseudo-first order 30 IlM R016 

bleaching rates. The solid lines represent the fit of experimental data to 

AJAq=e"" . 
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Acceleration of dye bleaching rates bv acidification is due to neutraiization or the 

dyes upon protonation of negatively charged SO:,\- sites. and the hvdrophobic enrichment of 

the molecules that enhance their reactivity under ultrasonic cavitation (liang et ai., 2002). 

Moreover, H20 2 formation after 1 h sonication at the two extreme pH levels showed that 

the tinal H20) concentration was much larger at pH=3.0 (240 ~M) than at pH=9.S (130 

~lM), which is consistent with the observation of Jiang ef aL 2002 (Jiang et aI., 2002) 

Considerable amounts of -OH recombine at the interrace or bulk liquid and form Ih02 at 

acidic pH (k=6 x 109 Ms+) where there are no or low scavenger concentrations such as 

carbonates (Equation (7.3)). 

Hence, rate enhancement at acidic conditions is also due to the formation (upon 

H 20 2 dissociation) and accumulation of HOO radicals in the liquid bulk (unlike -OH), 

which may contribute to the oxidation of intermediate OH-adducts if not the parent dye 

(Equation (7.4). 

(eOH+H20 2 -+H10+HOo-. k=2.7 x 10'M-1 
S-1). 

Table 8.3. Dye properties and correlation color decay rate with pH (Co=30 ~M) 

Dve Prooel1ies 

," 
Na03S-{ "H\j=N--(' 

·n. 

R016 {Amax= 400 nm, 492 nm) 

",} -') I 
/ ..... 

~ ..... ~ i 
V.JV 

- - .-. ~ 

u.91\J 

j.V 

0.98 

0.99 

+i.3j :1: 2.81 0.97 

+~.0~./ ==~. j j 0.98 

4904 ± 2.02 0.99 

>.!Cil+().>.!7 

0.97 

n 07 . .....;. / . 

16.86 J: 1.30 0.96 

23.54 ± 0.94 0.99 
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inhibition of color decay at alkaline conditions is a consequence of ionization of the 

dves bv hvdrm!:en loss from nrotonated sites and naohthol -OH. resulting: in enriched 
-' - -" >,-.~.- ~ ~ 

hydrophilic character. In fact, at pH above 9, the common ion (naphtalate) predominates 

over the azo and hydrazone forms owing to the fact that pKo of aryl-azo-naphtol dyes is 

larger than 9.0 (Oakes and Gratton, 1998). 

The common ion forms of test dyes are shown below: 

o 

Na01S-( - -', 
)-N=N--(? ':~} 

- l"~-"-\ 

! \ 
\\ ;/ 
\' 

A07 (common ion) 

~\!?0''S'SO("rJ~C!-!~~- .~-(.~.' \~l\J=f\j~ .. 
.... .=-;/ 

,:i, o":-{~', 
,9>3['101 

::; 
H.,t'.i-('-~> 

_ .;- '~' ~1"lH }-."' 

R016 (common ion) 

Relative eflect of pH on first order bleaching rate is given in Figure 8.7., and the results 

show that at pH greater than 9. both of the dves were in their common ion forms. 

"1 
I 

j 

iV 

~----~--~----------- ----

Figure 8.7. Relative effect ofoB on first order bleaching: Rate fe, = 30 uM)' 
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There was a significant reduction in decolorization rates above pH 9 for A07 and 

ROl6. Probablv the oKa of Iest dves were close to 9. and at oH above 9 the dves began to . . 

dissociate and lose hydrogen. resuiting in enriched anionic character. Because of their 

increased hydroohilic character. thev tended to stav in bulk liquid and degraded with 

radicals only where as the dyes at acidic pH orobably degraded both via oxidation in bulk 

liquid and at bubble-liquid interface. 

Moreover. at such and higher levels of pH. -OR scavengmg effects become 

significant, particularly when the scavengers are anions such as He 0., - (lnd CO., 2- that were 

introduced to the reactor by the addition of a sodium carbonme buffer. As can be seen in 

Table 8.3.and Figure 8.8 .. oseudo-first order decolorization rate constants for both dye 

solutions were decreased along with the addition of Na2CO,. When the pH of the RO 16 

solution was adiusted to 8.5 with 1 N NaOH and 2 mM Na7CO,. no significant carbonate 

scavenging was observed. Formed carbonate radicais (Equation (7.9) and (7. iO)) are in 

principle also capable of oxidizing oollutants but in Qenerai thev have lower rates than 

.OH (Equation (7.12/). Thus. on one hand. carbonate ions can even oromote the efficiency 

of the treatment process. but on the other hand. these ions are ettective radical scavengers 

reducing the amount of $OH available tor pollutant oxidation (Equation. (7.9». By the 

addition of 5 mM SOd(l8Sh (Na,CO,1 whir.h is (l tvni,;:Jl rl[l<;e tor re(lctive nvehaths (;::;;; 4 

mJ\/[ CO/- in 30 uM I~active dyebath ",elution). two !oid and three fold decrease in color 

soda that became particularly pronounced tor the color ano aromatIC removal or' the dye 

after pH 10.3. 

The observed difference in the reactivity and/Or rate of degradation of the test dyes 

at equivalent conditions is a conseauence of differences in [heir stlllcmral features. 

Although the mechanism of oOR reactions witn azo dves IS Slm nm ciear. theoretical 

methods using quantum mechanical calculations and nronosed reactlOl1 mech~misms based 

on product analysis have revealed thm: the addition of "OH to the azo bond is more 

favorable than addition to the C-N bond (Josech et al. 2000: Ozen ef al.. 2003). It has also 

been proposed that reactions of OR radicals with azo dyes involve both hydroxyl adduct 

formation and eiectron transfer processes (Das et ai.. 1999). 
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Acid Orange7 ROrange16 

3 6.5 8.5 9.5 10.3 3 6.5 8.5 9.5 10.3 

pH 

Figure 8.8. Effect of pH and carbonate alkalinity on dye decolorization and ring 

destruction. 

When the test dyes are in azo fonn, addition of -OH to the naphtol nitrogen results 

in strong intermolecular hydrogen bonding between hydrogen of the OH-adduct and 

oxygen of the naphtol OH, positioned ortho to the N-N bond. A similar reasoning reported 

for ortho-carboxyl substituents in aryl-azo dyes was confirmed by DFT calculations, 

showing that the enhancement in the rate of reaction with eOH was due to internal H­

bonding, by which the N-N bond distance shortened and the activation energy was lowered 

(Destaillats et aI., 2002). In RO 16, which had a second o-substituent at the naphtol ring 

(S03), internal H-bonds are weakened (due to steric effects and the competition between 

two o-substituents for H-abstraction from the OH-adduct), and hence the reactivity of the 

dye is reduced. Moreover, delocalization of the C-O bond electrons of the carboxyl amine 

group attached to the naphtol ring stabilizes R016 molecule, thus lowering its reactivity. It 

is also possible that solvent effects in R016 are stronger than in A07 due to more complex 

substituent structures in the former (such as p-positioned S02RS03Na at the benzene ring, 

as opposed to S03Na in A07). Finally, the relative ease of ionization in RO 16 to form the 
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anionic dye is a rate-decelerating feature at alkaline pH. as it was at near-neutrai or nOI1-

buffered conditions. 

Reaction mechanisms of hydrazone tamomers of azo dyes (containing a-OH 

groups) with the hydroxvl radical are not cleaL but thev must involve both addition and H­

abstraction pathways. In any case, the structure is more reactive than the azo form due to 

shortened N-N bonds bv intramolecular H-bonding between one of the nitrogen atoms and 

hydrogen ofthe OH group nearby. 

8.1.3.3. Dye lvlineraiization 

To further examine the extend of dye decomposition, the total carbon converted to 

the harmless carbon dioxide was determined. Figure 8.9. iIiustrates the mineralization of 

30 IlIVr A07 soiution at pH 3 during 4 h ultrasonic irradiation. 

12 

10 

I~ 

IS 8, 
'v 10 
:~ 

Figure 8.9. Nuneralization of A07 dunng uitrasonic irradiation linitiai dye concentration 

30 tLM. pH 3"1. 

Although appreciable color and aromatIc degradation was achieved, no TOe 

degradation (even a slight increase in total organic content) was observed during 4 h 

ultrasonic irradiation of the test dye. This increase may be due to the diffusion of 

atmospheric carbon dioxide into the reactor solution (the svstem was open to the 
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atmosphere) (Harada. 1998). Hence. longer contact IS needed for more appreciable 

mineralization of the dve. However. we believe that in ultrasonic svstems reliable TOe or 

CO2 production is not a measure of the overall degradation of organic matter. because in 

most cases. pyrolysis results in the oroduction of acetylene. which may not be converted to 

CO2. As Beckett and Hua (2003) have shown. lower frequencies (300-400 kHz) tend to 

draw nonvolatile snecies such as dvestuffs into the extreme conditions of gas phase 

through micro streaming effects. Therefore, A07 could additionally be degraded within the 

bubble by additional thermolytic mechanism and harmless nvrolvsis products. such as 

acetylene could be generated, which can not be monitored during Toe analysis. 

8.2. C.I. Acid Black.1 and c.r. Reactive BlackS 

In this part of the study, the same dye model was investigated. using two different 

test dyes: C.I. Acid Blackl (AB 1) and Reactive BlackS (RB5!. 

8.2.1. wbteltiahi and IVlethods 

8.2.1.1. Dyes 

cr. Reactive BlackS was obtained from Dvestar Hoecnst and the latter was 

obtained from Aldrich. A summarv of commercial and nlok:~ular dve orooeliies is 

presented in T(J:ole 8.4. All reagents consumed in this smdv were analvticallV1erck grade. 
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Table 8.4. Commercial and chemical prooen'les ,~~. - . " 
c or L.l. ACId Blackl and L.l. Reactive 

Dye eLf Company-purity 
(lvlo1ecuiaf elgil£ j 

Maximum 
. ./''!.DsorptIon 

I 

lu 
." . ":::= 

I ~"~~.=-OP . c~. 
~ .... ~ - ~ "- ... 

I ,~~ = - \:'·,-l-:z.:: 

i. X j = -SO,Na 62011111 

, 

I 
I 

o 

I y.= -~O-~T~ 
i K,=-OH 

i '(_= -~TlJ_ 

I Xct= -Aryl-azo 

deionized water or alkaline tao water, respectively. Tile soimiol1s were sonicatea for one 

hour under the following: conditions: n vvithont the additicnl of ,1 buffeL i.e. at their natural 

oH; ii) after the addition of 1 N H2SOJ to buffer to DH=3.0:. iii t arrer the addition of 

Na
2
CO, to buffer to oH=8.5 and 9.5. as summarized in Table 85. Hundred milliliters of 

samples were aerated ror 2 hand thell irradim:ed for I h for U v -vis speClromenv analysis. 

Experiments were extended to 4 11 to monitor the ultrasonic mineralization of the dves. 
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Table 8.5. Properties of the test solutions in terms ofoH and chemical buffer 

none (natural) 

Analytical 

UV-VIS spectrophotometry analyses were carried out usmg a Unicam. HeAios 

AlphalBeta double beam spectrophotometer through a em path length. Dye 

mineralization was followed bv a Shimatzu TOe v anaivzer during 4 h irradiation. 

8.2.2. Results and Discussion 

8.2.2.1. Dye Degradation at Neutral State 

The effect of dye structure on color aecav was investigated in deionized water 

solutions at their neutral (non-bufferedl conditions. The azo and hydrazone forms of the 

test dyes are iHustrated in Figure 8.10. 

---;r 

\ 

;:.J-N=!~· f.i=N· 

LJ 

Azo (AnI) Hydrazone (ARi) 

Figure 8.10. Azo and hydrazone forms of the test dyes. 
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Both test dyes contain a hydroxyl groUD in onho position to the azo bond and exist 

in equilibrium with two tautomeric forms. azo and hydrazone which absorb at different 

visible wavelengths. The SDectra of 30 ~\ll AB 1 and RES solutions at their non-buffered 

conditions befure and during sonication are nresented in Fi~mre 8 II. and Figure 8.12 .. 

respectively. 

~ 
U ,..,. 
~ 
=~ 

(5 !~, 
15 0.5-1 
.-.;i? 
""~ 

,r/-.\ 

//;···\i\ 
! J! _oT ',;~\ 

--.-.---1 

\ 

ll/f~\\\ 
;}~:j/~:_r-·~~'<\\~, 

~ V /ft(~\\' .6 60 niHl ~:=-----\\ 
- l-t;'-<-"='-- ~~:::~ .. @iii.ifiiiii.¥4Iiii1.IiJIii!!OI!!iQ!!I!JIII"' ... ~P£o2?~:;:-"--·-~-\\ 

-~ 

Figure 8.11. Spectral changes during i h sonication of the 30 IlTvi AB i solution at near 

neutral oR lnon-huftered conditions! 

o 
200 300 400 500 

;,~\ 

flI7~\\\\ 

.~~ ... 

c~l 

600 

c...~~~ 
--' 

700 

. 1 h "()nic(lti(~n (If the 30 11M RR'i 1 sQlution at near 
Figure 8.12 Spectfl'll changes durnw . 

neutral pH (non-buffered conditions). 
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From the above spectra of the test dyes, ABI is expected to filvor the hydrawne 

form, because it has a high absorption at 484 om. RB5 is expected to exist in both 

hydrazone and azo form, because there is also another peak between 390-440 om (not as 

high as the peak at 596 om). 

Color and aromatic fragment degradation after I h ultrasonic irradiation are given 

in Figure 8.13. Color degradation of ABI and RB5 was greater than the aromatic fragment 

removal which is consistent with the results of previous dyes. This again confirms the 

priority of .OH attack to the N=N or C=N bonds. Aromatic fragment abatement was not as 

large as color abatement, again implying that the aromatic degradation was not eOH 

limited. Other sonochemically generated radicals, such as .HOz and eOz can play role in 

aromatic fragment degradation. 

90 

80 78% • COLOR 

70 % .RING 
70 -60 c:: 

GI 
E 50 GI -ftI 40 J:l 
0( 

?fl 30 

20 

10 

0 
AB1 RB5 

Figure 8.13. Relative fractions of UV and visible absorption abatement in non-buffered 

AB I and RB5 solutions with initial dye concentration = 30JIM. 

Faster color removal of monoazo dyes ROl6 and A07 (Section 8.1) than disazo 

dyes ABI and RB5 confirms that color decay is eOH diffusion controUed, and is limited 

by the steady state .OH concentration in bulk liquid. Hence, at limited eOH, the rate of 

bleaching slows down as the number of chromophores (in our case azo bonds) in dye 
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increases. Also, the character of 0- and p- substituenls about the am bonds and the 

molecular weight of the dye are responsible for the deceleration in color removal 

The rate of color removal was pseudo-first order, and profiles of color removal 

during I h sonication of the test dye solutions at non-buffered conditions are illustrated in 

Figure 8,\4. 

1.00.---------____ ~ 

0.75 

0.50 

kx10-3=23.99±1.16 min-1 _ ABk1 

kx10-3=14.71±O.39 min-1 4 RBk5 

0 .25+--~--.-------.--r-----r-':::::"'~ 

o 10 20 30 40 

Time (min) 
50 60 

Figure 8.14. Comparative rues of visible absorption abatement in 30 11M of AB1 and.RB5 

solutions at non-buffered conditions. The solid lines represent the fit of 

experimental data to NAt! = eoltl with regression coefficients R2:>o.98 in both 

fits. 

Both test dyes were disazo and have o-substituents such as OH and NHz. Similarity 

of their am groups and 0- substituents, the higher color removal rate in AD I solution can 

be attributed to i) lower molecular mass and simpler structure, ii) difference of p­

substituents, iii) lower S03' content (will be less anionic and will tend to approach to 

bubble to degrade additionally at the bubble/liquid interfilce), and iv) and the preference of 

the reactivity HzOz/-HOz' pair with hydrazone form. 
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8.2.2.2. Eflect of pH and Molecular Structure 

The impact of pH on color degradation is illustrated in Figure 8.1 S. and Figure 

8.16., and estimated rate coefficients are given in Table 8.6. 

• pH 3.02 
0.85 

... pH 6.98 

0 T pH 8.48 

~ 0.65 

• • pH 9.50 

0.45 • 

0.25 

o 10 20 30 40 50 60 

Time (min) 

Figure 8.15. Impact of pH and carbonate alkalinity on pseudo-first order 30 11M ABI 

solution bleaching rates. The solid lines represent the fit of experimental data 

to AfAo=ekt
• 
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0.975 

• pH 3.0 

'" pH 7.5 

0 
0.725 ... pH 8.5 

~ • pH 9.5 

0.475 

o 10 20 30 40 50 60 

Time (min) 

Figure 8.16. Impact of pH and carbonate alkalinity on pseudo-first order 30 ~ RB5 

bleaching rates. The solid lines represent the tit of experimental data to 

AJ~=ekl. 

When both dye solutions were buffered to pH=3, the rate of color degradation was 

accelerated which can be attributed to neutralization of the dyes upon protonation of S~­

sites. As a result, dye molecule becomes more hydrophobic and approaches to bubble 

interfuce and also reacts with radicals at the bubble-liquid intermce. The rate of color 

degradation in ABI accelerated by 17 per cent, while decolorization in RB5 solution 

accelerated by 33 per cent. This implies the importance of hydrophobicity of the molecule. 

At higher levels of pH, decrease in color removal rates was observed. This can be 

due to i) the ionization of the dyes by hydrogen loss, resuhing in increased hydrophilic 

character. Such hydrophobic compounds tend to stay in the bulk liquid and degrade with 

radicals only in solution, where more hydrophilic dyes react with radicals both in solution 

and bubble-liquid interface; ii)eOH scavenging effect of HCOl- and col o, which were 

added with sodium carbonate buffer during pH adjustment. 



Table 8.6. Dye structures and pH-dependent color decay rates of 30 !Jlvl AB i and RE5 

---------------'---L-.---_____ -J 

u 

!'. I.,..., l--l""f c:'0 r-p.-.('-,lJ.-: __ R_,~/~%~ltJ_;q 
!';':>..'_' . .:~>-' __ .. _.J.,.._. __ ,,, n- "_00/ 0'-- {_-===\ 

o - HO"';: ') 

Q H2N-< > 
jj f~"- ,-\ 

NaQ':lSOCH?CH--' -- S -{I "S-~)=t\J'" 
~ '- - ~ -. < ~"- 'j(~~1 

() 

3.0 \ 27.65 (± 1.0~ R2:=O.99) 

7.0 ! 23.99 (± 1. i6 R~=O.99) 

8.5 111.36 (± 1.09 R2=0.99) 

J.U 

7.5 

I 1738 (± 0.86 R"=099) 
i 

15.61 (± 0.41 R'=1.0) 

11 '"" f--,-- n cC) R2=() 99' l ~_ .. I \~ v .. ; , '--. _ . } 

(±~}.50 R:~O_9c)) 

~ 
*figures in parenthesis are 95 % confidence intervais and the coefficients of regression. 
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As can be seen in Figure 8.17., there was a signifIcant reduction in bleaching rates 

of AB 1 after DR 8.5. impiying that the dve was mostiv existing in its common ion form.­

and because of its anionic structure probably it degraded only with radicals in solution 

bulk. 

---!'!l- RBS 

pH 

Figure 8. i 70 
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The reduction in bleaching rates of RES was not considerabJe, and pKa of RES is 

thought to be much greater than pH 9. 

8.2.2.3. Dye Mineralization 

The extent of mineralization was monitored for a period of 4 h during uhrasonic 

irradiation of 30 11M ABI and RBS solutions. The obtained total organic carbon (TOC) 

data are displayed in Figure 8.18. 

25 

20 • • 
-~ • ~ 15 • 01 
E • - • g • • • 

10 
I-

5 
• RBS • AB1 

0 
0 50 100 150 200 

Time (min) 

Figure 8.18. Total organic carbon variation in 30 11M AB I and RB5 during 4 h ultrasonic 

irradiation at pH= 3. 

During the course of treatment with ultrasonic irradiation, TOC of both solutions 

were slightly increased. The obtained results can be attributed to the diffusion of 

atmospheric carbon dioxide into the test solution. 

8.2.3. Conclusions 

Sonochemically generated hydroxyl radicals are shown to oxidize aryl-azo naphtol 

dyes by pseudo-first order reaction rates. Dye degradation is initiated by hydroxyl radical 
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attack onto the chromophore made UP of an azo linkage between a benzene ring and a 

naphtol group. Conditions that favor neutral molecules such as acidic pH accelerate the 

rate of bleaching by hydrophobic enrichment of the molecuies and the formation of excess 

HzOz, ·HOz- and ·Oz-. Similarly, rate of bleaching: is inhibited at alkaline pH upon the 

formation of negatively charged dye molecules and radicals. and OH radical scavenging 

effect of carbonate/bicarbonate species. 

The rate of azo dye bleaching by ultrasound is also dependent on structural features, 

such as the largeness and complexity of the molecule. the type and position of the 

substituents about the azo bond. and the anionicitv. A simple dye structure having only the 

naphtol OH in anha position to the N=N bond decavs much more rapidly than a more 

complex one having a second ortho substituent such as S03 and other 

attributes/substituents that tend to stabilize the molecule against oxidative degradation. 

Much longer contact time is needed for appreciable conversion of TOC to C02 by 

ultrasonic treatment alone. 
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CHAriER 9. UL H{ASOUND IN ADVANCED OXiDATION 

APPl.ICATIONS IN SYSTEiVi Hi 

Part of this chapter is the study presented in 'cUltrasonics 2003. 30 June-4 july 

2003, Granada. Soain" (published in conference DfoceedinQsL and the whoie work is 

submitted to Ultrasonics. and is under review. 

9.1. Backgroun.d 

Ultrasonic irradiation IS a potennai catalyzer of Advanced Oxidation Processes 

(AOPs) in environmentai remediation due to @OH and HryCh nrodllction during cavitat10n­

induced water decomposition. It is Dossibie to achieve comolete coior removal and 

mineralization in refractorY pollutants such as those found in textile dveing miH eftluents 

by AOPs. Advanced oxidation is a term commonly used to describe oxidative degradation 

of organic matter by tree radicals oarticulariv the hvdroxv! radicai (eOHt which is a 

nonselective and very powerful oxidizing: ag:em. Ultraviolet light (UV/ coupled with a 

powerful oxidizing: ag:ent or a semi-conductor. Fenton and Dhoto-Fenton processes are 

some of the common Advanced Oxidation Processes !Glaze cr al.. 1987: lnce and 

Tezcanli, 1999; 'linodgopaI and Kamat 1998: Naftrechoux ef ... ~rOOOI. 

Cavitation in liquids results in extreme temperamres anci pressures upon coi1apsing 

of acoustic micro bubbles. This Dhenomena initiates and promotes chemical reactivitv 

through thermolysis within the center of the bubble, ti-ee radical oxidmion at the interface 

of the bubble andior in the bulk liauid (Ince ei al.. 200u: JoseDh el ) The 

efficiency of @OH diffusion into the aqueous phase is related to svstem Darameters such as 

freauencv reactor geometrv SD3r!!e gases. and Idtr3sonic Dower (M3son 3nd em-demans 
1. ~, , - - - - - - - - - "- -

1998). \lv'hen the sparge gas is Argon and the medium is water. the reaction sequence is as 

follows (lnce et aL 2000): 
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(thermolvsis) (9.1) 

(9.2) 

(9.3) 

(9.4) 

if the solution IS saturated wlth O'X"'y'OP-j'j , ,b~ , peroxyi ami additional hydroxyl radicals 

are formed in the gas phase (Beckett and Hua, LUUU) as 

(9.5) 

(9.6) 

(9.7) 

(9.8) 

(9,9) 

(9.10) 

Phvsical and chemical oroDeliies of The medium such as PM. vapor pressure and 

partition coefficient of the solutes are 3:1S0 slQl1!tlcam Darameters that afrect sonochemical 

yields. In sonoiysis of water contaming hvdropi1i compounas such as TexTile dves. 

oxidative dve destruction is oossible if tile radicais are effectively ejected into the solution 

bulk. optimum frequency range tor def[radarion or these compounds is 200-600 kHz. 

(Petrier and Francol1v. 1997). 

Ozonation (coupled with or without a source OlulrravioleI iig:ht) is one ot the most 

common nractice of free radic?1 Droduction in AOPs Ozone reacts with ofQanic 

compounds via two different pathways namely direcI molecular and indirect radicai chain 

tvpe reaction depending upon oH ofthe water. Molecular 0, is the maior oxidant at acidic 

pH and reacts directly bv electroohilic attack. whereas less selective and faster radical 
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reaction oxidations (mainly .OH) become predominant at pH > 7. as a consequence of 

acceleration of O~ decomnosition bv OR (Glaze et aL 1987) When ozonation is counled 

with UV irradiation, additional eOR radicals are produced (Equation (9. i 1 )) as: 

A= 254 nm (9.11) 

When ozonation is combined with ultrasonic irradiation. thermal decomposition of 

ozone in cavitation bubbles resuits in increased .OH and Hry01 as shown tDestailattes et 

al.. 2000: lnce and Tezcanli. 2001. Weavers et al.. 1998): 

(912) 

(Q.13) 

(9.14) 

(9. i 5) 

(9.16) 

(9. i 7) 

however combination of US with other techniques (sonoelectrolysls. ultrasound/H20! 

and/or ultrasound/UV. ultrasound/Fenton' s reau.emi are vcrv etfecti\'e UDon excess 

®OR formation and enhanced O~ diffusion iNaffrechoux Cl al.. 2000 BecKett and Hua. 

2003: Lorimer et aL 200m. 

~, .~.,. . q'v \rns t'O l'n\Testio-ate the oerformance of 520 kHz ultrasound Tne purpose or tlllS STU ,"Ia~ < c - . 

. .', . . 't' ne ultraviolet ijght and both. Tbe test chemical was a textik 
and Its combmatlOns WI n ozo . 

, r""· , .--. ,~ m1 'ne deuradation of the dve was monitored bv the abatement in azo aye C.l. AClG urange 1.:0 . 
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its absorbance at the visible, UV]."4, and UVm bands: the reduction in total organic carbon: 

and the increase in biode!2:radabilitv. 

9.2. IViateriai and wlethods 

9.2.1. Test Dye and Preparation of Dye Solutions 

The te"t dye C.I. AGid OBnge 7 (~;f\N= 350 g mor1t W>l.S opt2lined from Aldrich in 

solution was prepared by dissolving 1 g of the dye in i L of boiling deionized water and 

test solutions for all runs were made by diluting the stock to tVDical eftluent dye 

concentrations (57 !lM) using deionized water. The pH of test solutions was 5.5 prior to 

sonication and no pH adiustment. was made during the experiments Ai[ samples were 

aerated ror 1 h before sonication. 

9.2.2. Experimental IViethods 

Optimum system Darameters of SYstem HI which were previously defined 111 

Chanter 4.2.3 are listed in Table 9.1. 

Table 9.1. ODtimum parameters of System HI 

Systern Transducer ReactJon Power Type of Gas 

.-----'----~-~--'-------~. 

J x :JLU 

Ozone was generated onsite from dry pure O2 and suppiled mto me system through 

-. ~ •• ~(J- ..ie'l aenerator i'Ozone Services', at 0.25 L min- ofO? tiow rate, and 40 an UzoneLab 1 (J mo... '::' . 
-3 0 n' th exneri111ent<: lnvo]vinp" 00, tlw solution W8" not "D<lfQed with gm 3 output. _l.mng , "e,-,- --------.-., - - ---c - , ~ 

an" gas. 



Experimental Scheme: 

The experiments were grouped as: 

i) Ozone + Ultrasound' (O,+US)' , ,-- , 

IV) lTv irradiation + Ultrasound (UV+US). 

Control experiments were conducted with each run to assess the impact of single systems. 

The controls were: i) 0'1. if) UV. and iii) US. The conditions of each group are specified in 

results and discussion section. 

Determinmion of Dye Degradability: 

Air-saturated test solutions were irradiated in the presence or absence or ozone, UV 

light or both for 1 h for 

I} spectrophotometric anaiysls in the UV-\/ ISIOle band, 

m total omanic carbon anaivsis. 

iii) five-day Biochemical Oxygen Demand (BOD" 9.nalvsis. TIllS deTermination 

involves the measurement of the ciissoh'c:d ()XV9:cn consumed bv 

mH::roorganisms to biologically degrade the organic \VaSle during the first 5 

days of biodegradation. It has traditionaiiv been one of the most important 

measurement of the strength ot organic poilut1on 

i) Spectrophotometric Measurements (Tor coior and aromatIc It-agment 

degradation): The ootical absorotion soectra (200-700 nml and the reduction in UV Ivisible 

absorption of the dye solutions were recorded by a Unicam, He/dos Alpha/Beta double 
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beam spectrophotometer through a I cm path leno-th Color deo-raa'atl'ol'l '·v·a" --'·'·11·t·,··.-·! ')' '. .....::0 " ::0 v ~ IllUI UI ell l Y 

the abatement in UV484 nm, and aromatic fragment degradation was monitored by tIH:' 

abatement in fTV254, and lTV312 nm bands. 

ii) Hydrogen Peroxide and UV Intensity Measurements: The concentration of 

hydrogen peroxide was measured in sonicated deionized water in the absence and presence 

of IJV light, using the K1 method (Klassen et ai., 1994). VV' light intensity was measured 

by peroxodisulphate/tert butanol chemical actinometer (Mark el aI., i 990). Upon 

photolysis of this solution, sulphuric acid is formed. whose liberation can be directly 

followed with a pH meter. Details ofUV intensity measurement are given in Appendix C. 

iii) Total Organic Carbon Measurements: Total organic carbon (TOC) monitored 

with a Shimadzu TOe-V CSH analyzer. The instrument was calibrated by standard 

solutions ofKhP (5-30 ppm). 

iv) BODs Measurements: BODs tests were run In accordance with the dilution 

method described in Standard Methods of Water and Wastewater Analysis (APHA, 1989). 

BODs test invoive putting a sample of waSle imo stoppered hordes \ 300 mL), measuring 

the concentration of dissolved oxygen in the sample at the be~inning of the test and again 5 

days later after at 20 "c. All samples were seeded with a bacteriai culture that 

has been acclimated to the organic matter that mav present in the etlluent Supernatants 

(1.5 mL) of acclimatized mixed culture obtained from aeration tanK of a iocal waste\vater 

treatment were mixed with 300 mL ofrerw and sonicated kst solutions. Acclimization 

of biomass was conducted during several bv synthetic domestic 'wastewater. The 

feed base was diluted to obtain a COD rate of 250 mg L" 02/dav Dissolved oxygen is 

measured initiallv and after incubation. and the difference between irlilial [111(1[ 15 days 

later) dissolved oxygen concentrations were determined by WTW Oxvmeter 3000 

dissolved oxygen apparatus with mtmorane eleclrode. The BOD of the sampies was 

determined by caiculating the difference between the sample BOD and the blank BOD 

(seeded dilution waterl. 
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v) Ozone Measurements: The concentration of ozone in solution was determined 

usmg the Indigo colorimetric method described in Standard Methods of Water and 

Waste\"'ater Analysis (APHA,1989). 

9.3. Results and Discussion 

9.3.1. Comparison of US/03 with UV/03 

9.3.1.1. Selection of the Ozone Concentration 

Ozone was injected into the reactor at a generator 0 3 output of 10, 20, 40 and 60 g 

m-3 during ultrasonic irradiation of the dye solution (pH= 5.5) for I h_ and samples were 

collected within short intervals for spectrophotometric analyses at the UV -visible region. 

The absorbance decay curves were obtained by fitting the absorption data (at 484 nm) to 

Equation (4.2.) as presented in Figure 9.1. Maximum color degradation was observed at 60 

gm-J
, but 40 gm-j (corresponding to a rate oxvgen tlow rate of 0.25 L min-l) was selected 

as the optimum value (working concentration) for economic reasons. All control 

experiments with ozone (40 gm-3
) and ultrasound alone were conducted on air-saturated 

dye solutions. 
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Figure 9.1. Color degradation of A07 in the presence of US and 0). Subscripts 10,20,40 

and 60 refer to the 0) outputs of the generator (g m·). 

The ozone concentration in the dye solution increased for 12 min and then 

remained almost constant. The corresponding 0 ) concentration in sohrtion at 40 g m-) input 

was analytically determined (Indigo method) as 0.95 DIg L -1. The details of the procedure 

are outlined in Appendix B. 

The Concentration oJOzone in Solution 

The enhancement of color and aromatic removal rates during Us/OJ combination 

was attributed to increased mass transfer of 0 ) by sonolysis. This hypothesis was also 

supported by monitoring the 0 ) concentration in sonicated and non-sonicated deionized 

water in accordance with the1lndigo colorimetric method (APHA, 1989). The procedure 

and the experimental data of this section are given in Appendix B. Ozone concentration 

was monitored at varying experio3ental conditions as follows: 

• 40 g m -3 ozone supply into deionized water at pH 2, 

A) without sonication 



B) with sonication 

C) with sonication and 20 mg addition of A07 

Dissolved ozone concentration throughout the 

experimental conditions are illustrated in Figure 9.2. 

1.2 -';" • - • ~ 
1 

• • • -r:::: 
0 0.8 • ~ • f! 
C 0.6 • • GI 

" U • r:::: • 8 0.4 • " GI • r:::: 
" 00.2 • A • B 

C1 
0 . " 

0 5 10 

Time (min) 
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ozonation process under varying 

• • • • 

" C 

15 20 

Figure 9.2. Dissolved 0 3 concentrations in deionized water throughout the omoation 

processes under varying experimental conditions (A: without IIOnication, B: 

with sonication, C: with sonication and 20 mg dye addition). 

A and B in Figure 9.2. reveals that the mass transfer of 0), and thus the 0) 

concentration in solution is enhanced by sonolysis. The colX!Cllbation of0) was increued 

with tinle, and it remained almost constant after 12 min during all nms. DiSIoIwd 0) 

concentration in sonicated deionized water (B) was approximately I S per cent higbee than 

the concentration in non-sonicated deionized water (A). Per cent color and aromatic: 

removal of dye also support this observation (the above sections). Omne COD.:eDbatioil in 

dye solution (C) was lower than the concentration in deionized water (B) which was due to 

the scavenging effect of A07. This might be due to the decomposition of0) by the direct 

reaction with the dye molecule. 
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9.3.1.2. Color Degradation 

Comparative results of color degradation by the control sets (0) and US alone) and 

by combinations ofUS/03 and US/QYUV are presented in Figure 9.3. and Figure 9.4. fur 

57~MA07. 

_ 0.75 
E 
c 
~ 

!. 0.50 
<> 

~ 
0.25 

5 10 15 20 25 30 35 40 45 

Time (min) 

Figure 9.3. Effect of ultrasound on ozonation of 57 ~M A07 (Irradiated Volume: 1200 

mL, Ozone: 40 g m·3, R2 > 0.98). 

Decolorization by US alone was 3 times slower than by 03 alone, and combined 

application of the two yielded more than 4 times enhancement with respect to US. 

Increased decolorization during US/0 3 combination is due to: increased mass traDsfer of 

0 3, which; i) reacts directly with the parent dye and its intermediates, ii) decomposes to 

produce excess -OH radicals (Equation (9.12)-(9.17» and eOH generation by US 

(Equation (9.1)- (9.10». 
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Figure 9.4. Comparison of US/03 and UV/~ fur the decolorization of A07 

(Volume: 1200 mL,Co=57 ~M, 03 output:40 g m·3,UV-C ligbt:l08 W). 

In fact Oyuv, OVUS and OVUS/UV systems perfurmed Y-e •• t:.11y fbr coJor 

removal as shown in Figure 9.4. When 0 3 was supplied together with UV irrwIWtinn, the 

rate of decolorization did not change within 95 per cent statistics (kows= 79.02 min", 

ko3/Usruv=80.58 min· I
). 

9.3.1.3. Aromatic Fngment Degndation 

To assess the overall degradation process, profiles of absorbance decay III 2S4 DID 

and 312 run, which correspond to the absorption of olefiniclaromlllic carbollS aad 

naphthalene· like structures, respectively, were monitored (Silverstein el aI., 1991). The 

pseudo.first order decay rate coefficients ofUVm and UV312 band decay are presented in 

Table 9.2. 
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Table 9.2. Coeftlcients of aromatic fragment degradation in single and combined systems 

i Systern K lCi -, (min-!) k' 10 -.1 (min-') 

\11 ------~-U~-~~· ------~-------------L--
;J 1.75 ± 0.54 7.75 ± 0.55 

I ]] 08 ± ] 23 
-1------------

3599 ± 112 

03llJS 38.84 ± 1.05 

19.64 ± i.9i 38.91 ± 0.90 

21.71 ± 1.58 39.72 ± 1.12 

The pseudc-first cder decay rate~ at beth "iave\e~gths were much slower than that 

in the visible band. Ultrasound almost had no effect on olefinic/aromatic dye degradation, 

and had minor effect on the degradation of naphthalene like structure. Ozonation at near 

acidic pH resulted in more than 4 times faster aromatic fragment and naphtaline-like 

structure degradation rate coefficients with respect to US. This was not surprising since 

aromatic compounds are in generai readily attacked by molecular ozone (Reife and 

Freeman. 1996), ComDarative evaiuation of rate coefficients of UV7'i4 and UV'l2 shows 
> " .J,. -~ • 

that, the removal rates at 312 nm were faster than those at 254 nm. The increase in removal 

rates of aromatic compounds can be attributed to the fast 0, addition reactions with 

oletlns. 

9.3.2. Compa~<i§on ofUS/UV with US 

Control experiments with LTV alone (at Jr,=2 ] x! cr"; E )112 5-;) showed that A07 did 

not 
The lj<:>:ht i'1tensitv was estimated bv 

peroxodisulphateltert butanol chemical actinometry ~Marj( ef a/.. i 990). and the data are 

given in Appendix C. 

9.3.2.1. Color Degradation 

In the literature, there are reponed studies showing the enhancement of organic 

matter degradation by UV/US combinations (Naffrechoux et aI., 2000; Petrier et al. 2002). 

-1 t' . . d" the combination ofUS/UV was investigated at increasing UV powers. 
n ne present stu y, -
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Rate of decolorizatioDS were investigated at 3 different UV powers, 36, n and 108 W, and 

rate coefficients were compared in Figure 9.5. as bars. 

30~~--------__ ~ __________ --, 

10-
3 

X kcontro'= 20.06±O.34 min-1 

~ 25 
'I: 

'e -
>< 
oK: 20 

10-3 X k36W = 23.03±O.52 min-1 

10-3 x knw= 25. 18±O.95 min-1 

10-3 X k72W= 26.36±1 .01 min-1 

o 36 72 
UV Power (WI 

108 

Figure 9.5. Pseudo-first order color degradation rate coefficients in A07 during exposure 

to US and USIUV combinations at increasing UV powas. 

Maximum degradation occurred at UV power of I08W at which the Iigk imcosity 

was 2.lx104 E m2 sol. The increase in color degradation by USIUV combination can be 

attributed to the formation of excess .OH by UV photolysis of US generated H2~ <H202 

+hv~2 .OH). 

This was justified by monitoring the residual H202 in US and USIUV combination 

(10= 2.lx104 E m2 sol), and the results are presented in Figure 9.6. 
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_250 • ~ 
~200 
0 • • 
i 150 • • 

100 , 
50 • • 

0 -, 

0 10 20 30 40 50 60 
Time (min) 

Figure 9.6. Residual hydrogen peroxide concentration in deionized water duriDg 1 b 

sonication with and without UV Light (10= 2.lxl<r E ~Sl). 

The study showed an increase in H202 in US control systems, where. it wu 

depleted and reached a steady state concentration in USIUV combination. 

9.3.2.2. Aromatic Fngment Degndation 

Rate of aromatic/olefinic carbon destruction was slower than that of color as 

presented in Table 9.3. The profile of aromatic band decay was similar to that of the 

visible. 

Table 9.3. Estimated UV2S4 and UVm degradation rate constants fOr US BDd USIUV 
combination 

254nm 312nm 

System k x IO .J (min") k x 10 oJ (min~) 

US J.75± 0.54 6.95 ± 0.55 

USfUV 3.68 ± 0.26 9.18 ± 0.35 

The increase in aromatic degradation by combined USIUV can be attributed to the 

formation of additional .OH by UV photolysis of H2<n and the ir.acased probIbiIily of 
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UV photolysis of the intermediates (UV 254 and UV JI2). Hence, the perfurDlllllCe of USIUV 

combination for UV 254 and UV JI2 abatement was lower than that ofUSlOJ combination. 

Comparison of the Combined &hemes 

If the abatement in UV-Visible absorption of the dye is accepted as a measure of 

the overall degradation of the dye, the spectral changes in 571lM A07 solutions can be 

compared as indicators of performances. The spectra of the reactor emuems are preaerted 

in Figure 9.7. for the two controls and combined schemes. 
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Figure 9.7. pee c an r . . 
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20,25,30, and 45 min). 
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Per cent removal at ~. A <", , - '. < 84, 312, and A254 ~4) mml are calculated from Figure 9.7" 

and the resuits are presented in Table 9.4. ~ 

Table 9.4. Comparison of dye degradability by different schemes 

----- ----Experitnentai Schenles -----------~--

Per cent us 03 

60.54 00 9.L1 oc.:. ~,c. 

1430 51.66 43.02 

3239 7700 70 18 

* absorbance at 484 run 

UV/O, I US/UV I US/O,/UV I 

I 
or:. Q1 70 0'1 10000 

- .. -,-

64. 13 i 5.89 7069 

82 19 35.00 83.46 

It is possible to achieve appreciable color and aromaTic fragment removals by US/O, and 

US/03/UV combinations. 

9.3.3. Dye Mineralization AssessmeRri: 

The measurement of total organic carbon noe) gives an estimate of the overall 

mineralization as both the narent dye and the intermediates that are totallv degraded into 

inorganic species. To further examine the extent of C L Acid Orange 7 (:) 7 ~lTvi) destruction 

in System total conversion of organic carbon 10 COo \iva" determined in effluents of the 

experimental schemes described in Section 9 2. The e:~lem uj' mineraiizalion \vas probed 

over a period of 1 hour using individual and combined systems. The data are disniaved in 

Figure 9.8. 

As it is obvious from Figure 9.S. that. mmETilliz3tion is nOT possibie with ultrasound 

alone. Simiiar to what was observed '"'\lith the decolorizal ion oC the dye. TUr 

degradation rate by US/03 combination was generallv faster than those with US or O} 

alone. The enhanced efficiency of the combined svstem resulted from the increased mass 

transfer of ozone by ultrasound, which reacts directly with the intermediates and also 

decomposes to generate additional eOH 11 appears that ultrasound coupled systems (except 



178 

USIUV combination) is certainly a positive step toward achieving quick miDcraIization 

with respect to ultrasound alone . 

• US . 03 A US+03 • US+UV e03+UV e 03+UV+US 
45.00 

40.00 
4 

35.00 ii 4 

~ 30.00 e 

& 25.00 e 
e 

0 20.00 • • ~ 15.00 e • 
~ 10.00 • I • • I 5.00 • 0.00 

0 10 20 30 40 50 60 

Time (min) 

Figure 9.8. Total organic carbon removal of A07 (Q,=57jlM) during I b COIUct with 

individual and combined schemes. 

During the first 15 min treatment with 0), USlO), and UV/<>J, ~ TOe 

degradation efficiencies were observed. Probably the reaction mainly proceeded by direct 

molecular ozone reactions with the dye molecule. After 30 min beatmeut, oxjdetioQ of tile 

intermediates with .OH began to be pronounced. Although ozonation sboMld npid initial 

TOC destruction of over the first 15 min, the rates decreased as inlenncdietes resist.,. to 

oxidation by 0) were formed. As the reaction proceeded (after 45 min), UV~ got &ster 

than US/OJ and 0). The increased UV absorption of the intermediates and the additional 

eOH by the photolysis of sonochemically generated H20z can he the reason fOr the owraU 

enhancement. 

As a consequence, a quick mineralization of the pollutanl sbould be the goal to 

minimire the survival time of possible harmful intermediates. Hence, USIo,/UV triple 

combination would be more beneficial fur dye mineralization. Although the color nmoval 
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rate of this triple combination was very close to the rates of US/O~ and UV/O~ 

combinations, US/O'lflJV provided the highest dye mineralization rates. 

9.3.4. Effect on Biodegradability 

So far, the chemical degradabiiity of the test dye (by color and organic carbon) was 

investigated. It is well known that refractory and poorlv biodegradable compounds can be 

transformed into less harmful (and probably more biodegradable) torms by powerful 

oxidants such as free radicals (Stockinger et al.. 1996'1. This is another way of saying that 

as more and more of the chemical bonds are cleaved, the parent compound is converted 

into smaiier and more polar intermediates. which are easier to metabolize by 

microorganisms in natural environment. With these facts in mind. the biodegradability of 

reactor effluents in each scheme was determined to observe if the intermediates of the 

oxidation were biodegradable or not, and the resuits are presented in Table 9.5. 

Table 9.5. Five day Biochemical Oxygen Demand (BOD) of A07 (Co=57 JlM) at 30 min 

and 60 min contact with sin!?le and combined schemes 

Type ofAOP 

.. -~---~--~----~- -------_ .. _-----

US/UV o 

------'----

60 min 

n 

, 'I'; _.--rv 

3.00 

A '.' or"co'l'or ana' TOe dearadation the lreatment Derformances OfUS/03, AS m me case b' . 

llV/O}. and US/O'liUV combinations tor biodegradability improvement far exceeded that 

of the ultrasonic irradiation or US/VV combinmion. 
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The ratio of BODj to TOC is also an important panunetcr to _ the hazardous 

nature of a poUutant (Tchobanoglous and Burton, 1991). The co,..,.ded values fur each 

scheme are plotted as bars in biodegradability Figure 9.9. 

0.60 

0.50 

0.40 
0 
0 
~ 

~ 0.30 
0 m 

0.20 

0.10 

0.00 

us us/LN 03 us/03 W/03 USl031lN 

Experimental Scheme 

Figure 9.9. BODj:TOC ratios after I h exposure of 57 11M A07 to siDaIe aDd combiDod 

test schemes. 

The figure shows that the ratios of BODj to roc incmIses in the ordr:r: US < 

USIUV < OJ < US/OJ < UV/OJ < US/OJlUV. Hence the highest value (0.45) corrapooda 

to the triple scheme with US, OJ, and UV irradiation, in which 45 per cent of total orpoic 

carbon is made of biodegradable or biochemically oxidizable carbon. 

9.4. Conelusions 

This and previous studies with textile dyes have shown that while uItruound is 

effective in decoloriziog textile wastewaters, 00 improvement in OOD,ITOC ratio aodIor 

mineralization is possible unless it is used in combination with 0) aodIor UV imcIjetion. 

In the present study, combination of ultrasound with ozone aodIor UV irradiIItioD WU 

found effective in accelerating the rate of dye degradation. 
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The rate of color decay was pseudo-tirst order with respect to the visibie absorption 

of the model dye. C.I. Acid Orange 7 in single and combinative operations. and all 

investigated systems ~erformed best when a s~arge gas ratio of 1:0.5 L min- l Ar/02 

mixture \vas used. The decolor!zation rate vias fa~ter than that aromatic fragment removal 

(monitored by the absorption of the dye soiution at 254 nm and 312 nm) in all systems, 

foHowing the order: US/OClJUV > US/O~ > UV/O, > 0, > US/UV > US. Dye 

mineralization and biodegradability improvement in ail systems tollowed the order: 

US/03/UV > TJV/03 > US/03 > 0 3 > USIUV > US. 

The observed synergy in US/03 combination was attributed to enhanced diffusion 

of 0 3, which accelerates both electrophilic and radical reaction rates. On the other hand. 

the synergy in US/LTV combination was due to enhanced .OH tormation (by H20 2 

photolysis) and probable tN-photolysis of some intermediate products of oxidation. 

The combination of ultrasonic irradiation with ozonation can be proposed as an 

alternative AOP_ since this system has similar color and aromatic degradation efficiency as 

that of 03/(JV, which is a well-known advanced oxidation scheme. This system is 

especially beneficial for compounds, which have low reaction rates with 0" because any 

.OH that is formed at the expense of increased (}, concentration (by sonolysis) will 

increase the destruction of the substrate The key for such a coupled system should lie in 

choosing processes that complement each other and iead to synergistic effects. In terms of 

applicability of the system. it must be economically comoetitive and the problems related 

to scale-up application should be addressed in the near fuwre 
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CHAPTER 10. KINETIC MODELING 

This chapter presents a modeling approach to the study of ·OH production and 

depletion kinetics in sonicated solutions of azo dyes. The model was based on the 

assumption that dye molecules are oxidized only in the bulk liquid upon reaction with 

hydroxyl radicals. which are generated by water sonolvsis and depleted bv recombination 

and scavenging reactions. The list of such reactions and the rate coef.ficients associated are 

given in Table 10.1 

Table 10.1. List of chemical reactions and rate coefficients used in model development 

Chemical Keactions in bulk Liquid 
-- -----.--"""-----.-~.---.--,.---.. -.----"-.. 

1. H20 + ))) ----7 eOH + vH I Kroll 

Rate Constant 

I 

'---1 

I 3.-'OH+cOE·-oH:G::/il I;.,;;;=,;=-,~, ;09\r1
:;-1 I 

1-, __________ =--__ =-__ -:::::-~--------l.~:-. - -~~-l\,l~T:~r-~-i 

1-1--"_' -------::--=-i"T\-.~- ______ .. ______ .. _. __________ .. ___ _ I ;'''S it2\J':: ~ -.; .'", i U i .::::. 

I 5, oH02 <=> gU2- l,i) DKa=48 
1-1 ------=----;:::.-:::-:-~___m:__-.----- --.--- .. -

., 
I 

I 6. oOH + - -----+ BO- + 0,0) 

I _- "~_"'- __ 'h -'::,_,";-:: ?-~ --.";. "'-i""~ , 

I 

L ,,_ = In'i---::-lnl(j-11...1-1 s _1--"1 

(1) JlJestaiHats el 2000 

second reactions describe tC)J'lmltlO11 of eOH and the degradation of 

the dye by hydroxylation, resDectivelv. Reactions 3_ 7 and 8 rcnresent the formation of 

d -Jat'e C·011~·[·an~l'S· reveal [nm the cOntriDution of the last one is H 20 2, but the repone . " 

. . . e t Reactions 4 and 6 describe the deoletioll of ·OH scavcnuers. specifically mSlgmncan . 

O d O · ana' reaction 5 describes the equilibrium between peroxy and superoxide H2 2 an 2; 

radicals. 
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Using the information in Table 10. L a kinetic model to represent the time rate of 

hydroxyl radical variation in the dve solution was develooed as: 

cit 
; i .... • -'2 ) (10 1) 

where KtDH and kdve are unknown rate coefficients or the parameters of the model, knIl202 

and k~H202 are model constants. and the exoressions in brackets are molar concentrations. or 

variables of the model. For the solution of Equation ( 10. i). the zero-order rate coetlicient 

of hydroxyl radical formation Kr[m was used as the adiustable narameter. and the "dve" 

was represented by C.I. Acid Blackl. Hence, the data for [dye] and [H20 2] were generated 

experimentally by sonicating 30 ul\Il of Acid Black1 in Svstem I at pH=3.0 while 

monitoring color and HzOz in the solution. 

Note that the model is made simple by ignoring some of the reactions given in 

Table 10.1. These were i) reaction 8 (H,O, formation) due to its much lower rate constant 

than that of Reaction 3, and ii) reactions 6 and 7 due to the equilibrium condition III 

reaction 5. which imolies that molar concentration of '0,.' is insignificant at pH=3.0. 

steady state, d[ ·OHJJdt=O. and the rate e:-.:pression becomes: 

( 102) 

where [oOR] S5 is the steady-state hydroxyl radical concern l:n ic~, (i\ 1). i H:,O~ II and I dveh are 

concentrations ofhvdrmzen oeroxide and dve at time t. rcsDecti\'clv (\1): kl1l1?()7. Lp2()2. are 

bimolecuiar reaction fate coefficiems of HoO., formatIon and I-bOo reaction vvitb eOH. 

respectively 

(lV,l",l). 
;.-'-~-.t '-' /-: 

!cAw is the sewnd order reaction rate coefficient of the dve with eOH 

~. ., . or"a-'ye a'ear"o"a+iol1 v"a" tlrsI order in the visible absorption of the dye, Smce Ine rate . e '" " ." J , • • 

the bimolecular rate coefficient. k,h., in Eouation (! 02) can be replaced bv k' /[ "OH] 

because of the following relation: 
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drdwl 
~ ._' c ----
dt 

( I (i 3 \ 

where d[dyel/dt is the rate of dye degradation and k; is the pseudo-first order decay 

coefficient (S-l) ... The tinal to eoua IOn exnressing the rate of ·OH tormation/depletion at 

steady-state is: 

(lOA) 

The solution of Equation (l0.4) is possible using graphical or numerical methods initiated 

by assigning a hypothetical value to Kff)H and insertinf,! exnerimental data of IH20:d, and 

[dye ]t, the latter to be estimated by Lambert-Beer Law: 

A. ( 105) 
Eo b 

where At is the maximum absorbance of the soiullon (Ar,](1 "'") at time LEis the molar 

extinction coefficient of the dye (It h?O 11m (441 x 10-1 M-1cm-it and h is the optical path 

length (1 em). 

The numerical method Involved caicuiaLlon ot L"vi 1 i, for an ini1ial assumption of 

Kf()H and insertion of the lowest r·OHl il1to Eouation (i 04) 10 solve Jar KjflH. This 

computed value of KfOH was then used in the ne\f SO!Ull(ifl 1O recompute a ne\\ set of 

["OH]t. The procedure was reoeated until the last substltutd \alu.: cOll\erued \vith the last 

calculated KfOH. The experimental data for 36v mm son 1 CCll ion (a1 3UU kHz) of30 pfvi dye 

at pH=3.0 8nd numerical estimations off ·OH1, for K" \1l ~ -+ (h: I (rJ 

<lre listed in Table 10.2 

Profiles of [cOH]! vanations with nme for some ~.eieCied soiullons 01 Lquatlon \ lOA) are 

illustrated in Figure 10.1 . 

.I.ne rigure shows that at all values of K1nll the concentration or ·OH increases 

linearly during the first 40 min. but \vith varving slopes that are proportional to the 

ma
O". nl·" d'e of il T This increase maybe due to the presence of excess gas bubbles during 
b'U A ~""fLlh. ~ u -' ~ 

initial contact (due to air-saturated dye solution) and lack of hvdrogen peroxide. The 
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steady-state condition is reached approximately at t=4O min and .nstajmd iH' about 35 

min. As the rate of depletion/scavenging reactions exceeds that of roJ'lllllion (upon 

degassing and H2<h accumulation), the steady-state is disturbed (t=80 min), and [oOH] 

begins to decline to fuirly low concentrations until it is stable again (r-240 min). 

24 .-------------------------------~ 

18 

x 
~ 12 
>C 

'1 
C> - 6 

10 60 110 

-+- k=4x1()'9 
-+- k=5x1()'9 
-r k=6x1 ()'9 
-t- k=7x1()'9 
- k=8x1()'9 
-+- k=4.3x1()'9 

160 210 

TIme (min) 

__ k=4.5x1Q-Q 
--*" k=5.5x1 ()'9 
-+- k=6.5x1Q-Q 
- k=7.5x1().Q 
-+- k=9.5x1Q-Q 
-+- k=4.2x1().Q 

260 310 

Figure 10.1 Model predictions of [oOH] variations during 360 min iOIiicItion. 

Values of Ktoo and [oOH] .. computed by the tecllnique cbaibed Ibove II"C 

4.0IxI0·9 M S·I and 3.62xlO·13 M, respectively. Estimation ofk4,.. the bimolccullr .CIICIion 

rate coefficient is possible by substituting model prediction of [o()H]. and the paeudo-fint 

order color decay coefficient k' into Eq (10.3): 

The calculated value is in good agreement with the reported bimolec:ullr IIIte 

coefficients of azo dyes with hydroxyl radicals (10
9
_10

10 
M"ls·l) (Destau ..... ., Ill .. 2000; 

Joseph et al., 2000). 



Table 10.2. Model variables 

Time (min) 
-, --_._--- ._-- -------~ 

10-0 
X H?O] (M) 10-u x dye (M) .OH (M) 

I 
"1 r~ 
lU 

I 20 I 
I 

I 
"'\>.( ...... 

:IV 
I~ 
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I 
50 

60 I 
I 

70 ! 

1 '1.0 < ~ 1": 

1-____ ---1 ___ -:'-:"-~---j---\----.. =_c-_:::_.-"_;_~.~ ---t- 3A8 x itY'; __ I 

14/ 59-1 3_58 x IO- u t 

I 80 
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I 

240 

;;.-::0 Iva ~ '~, 
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i 210 4.69 
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50G ~. i 1 

--1 
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! .;;.;; - lO-D _ .. X 
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I 
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11.1. Economic Evaluation 

187 

Cost-effectiveness (operational) of Svstem L Ii and m were investigated on the 

basis of 45 per cent color removal in 1 me, of wastewater containing 20 mg L 1 of an azo 

dye, represented by c.I. Acid Orange 7. Unit costs of maleriais and eiectricai power 

(local) that were used in the caicuiations are listed in Table II. I. Despite the tact that 

argon was the most efficient bubbling gas in all svstems. operational costs were estimated 

based on air as the injected gas (to be Drovided with the use of a simple air compressor) 

because of the tact that the cost of A..r is too large to use in large-scale operations. 

Table 11.1. List of operating parameters and meir costs 

._._------,-- ----- .-.-~---.-. --

Parameter Umi Cose (UC) 

I Electrical Power I 0.055 USD kWh-; Ii) 

if) "0'-; P(,;'f) f·1 (1\ 

1:; r T0n .,. -3 (2) 

L-_________ -'-:--:-:--:----.-----i 

Cost comparisons were made for singl\' ()Dermed uiuas,)uno In al\ S\,~lems and f()r 

the combination of ultrasound and ozone l1l S ySTF\l III The reason whv this 

- - 'rin-prl- -"as i'e!" conS1SICnC\,-' (onl\,' lhis one made lise of combination was tne omy one conSLct ~~, \v'_ , ;, 

C.I. Acid Orange 7). 

The total operation COST (TCI in single operations was equal W The COS1 of eleCTrical 

power used by the ultrasound geJ1erator and the aeration DumD 

,~, . 1"')0 reI' L~onsumption-j- PU1110 Power Consumption) t,,><:UC E• i.e. TC = (Venerator v.·" ' 
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TC = (GP+PP) t xUC . Q E (11.1) 

where GF and PP are experimentallv observed electrical power consumptions of the 

generator and pump. respectively (W): 1" is the estimated contact time for I me; wastewater 

treatment (11), and UCE is the unit cost of electricity (USD kWh-\ The operation time tn t(if 

where Vi is the test volume in liters. 

ti =14 rnin 

Vi =0.1 mL 

to = 14/6011 x JOOOiO.l 

= 2334 h 

TCs]= [(25 \V+ 25 W)/IOOO k\>ril x 0 

= J.52 USD 

Vi= 

to = 458 h 

+2 5 V~TV 1000 

; \­, . i 77'7 b 
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Hence, cost effectiveness of the systems when operated alone is in the order: SYSIElvl II > 

11.1.2. Cost of System III Operated with US/03 

In this combination, the total cost is equal to the sum of single US cost and the cost 

of operating the ozone generator, which consumes pure O2 (0.25 L min-> 02) and electrical 

power: 

(11.2) 

where V02 is the volume rate of O2 consumption in the system (l/min), UC02 is the unit 

cost of O2 (USD m-:') and OP is the electrical Dower consumption of the ozone generator 

(W). (Note that no additional gas mJection (no aeration cost) is applied in ozonated 

solutions.) System narameters were: 

o . 
ti = 0 mm 

Vi = 1200 

x m"/WOOL x 1 5 usn nf"+ (18VJ+390WVIOOO 

x 0.055 USD 111 h 
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H.2. Concluding Remarks 

Three ultrasonic systems and 9 textile dyes were investigated in this study to assess 

the impacts of system conditions, physical/chemical agents, dye properties and dyebath 

matrix on sonolytic destruction of textile dyes. 

1. The systems were specified as: 

@ SYSTE1VI L Generator capacitv=25Wfrequency=300kHz volume=150 mL. 

@ SYSTEM II: Generator capacity=100vV, trequency=520kHz, volume=1200 

mL. 

@ SYSTEM ill: Generator capacity=600V\/, irequency=3x520 kHz, volume=2000 

mL: equipped with 3 UV -C lamps emitting ultraviolet light at 254 nm. 

2. The test media "vere: 

@ deionized water soJutions of textile dyestutT 

® simulated dyebath wastewater 

3. The test dyes were: 

o CJ. Acid Black 1 

o Acid Onmge 7 

0> c.!. Basic Blue 3 

o 16 

o Brown 4 

o BlackS 

o 19 

0> l6 

Red 141. 

4. was niade with constant 

5. parameters were: 

o Color (visible ahsorntion ofthe test dve) 
\, - -" --' .' 

09 Organic mai1er 

UV2'\4 and UVm 

Chemical Oxygen Demand (COD) 

Total Organic Carbon (TOe) 

or 0 or 
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Five-day Biochemical Oxygen Demand (BOD<;') 
..; -" ....... ,~ -

@ Toxicitv 

® Total Solids 

6. Kinetics of dye degradation with hydroxyl radicals was modeled. 

The conclusions drawn were: 

@ The efficiency of the studied systems in terms of decolorization of the test solutions 

was such that: SYstem I > SYstem II > System HI. The technical efficiency of 

System HI was enhanced when it was operated with 0:", andior lTv iuadiation. 

o IrJection of different gasses showed that rate of decolorization increased in the 

sequence: AT> 0" > Air. Combination of an.4.rO" gas mi:x1:ure further enhanced 

the rate, and maximum color degradation was obtained at a sparge gas ratio of 66 

per cent AT to 34 per cent 0.2 in SYSTEM III. 

[; lhe efficiellc~i of System I ,:vas 1110st sensitive to tile appiied power., while 

II and HI were affected more bv the geometry and volume of 

reactor. 

decay in an dye classes ,vas more closely related to stnlctural 

Pf01Jerties dve than to the comnosition of the dveb,(dl. 

o The presence of a-substituents around the reactive component of dyes accelerated 

the rate of dye bleaching: bv oromoting intramolecular hydrogen bonding. 

'l'i Dye structures having a single OR substituent in ortlla position to the N=N bond 

decayed more rapicUv than those with a second o-substiuent such as S03. 
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• Anthraquinone dyes bleached faster than azo dyes as a consequence of the 

reactivity of benzoauinone structures with sUDeroxide radicals that form durin!l 

water sonication. 

@ The rate of bleaching was decelerated by the formation of anionic sites, as a 

consequence of increased hvdronhiiicitv. 

e Decolorization in dyebath solutions was inhibited only if the concentrations of 

carbonate and chloride ions were sufficientlv lame to allow comoetition of these 
~ -

species with the dye for hydroxyl radicals. 

3. Anafiysis Parameters 

® The fraction of visible absomtion abatement in sonicated dye solutions and 

dyebaths was always lanzer than the abatement in their UV absorption, indicating 

that chromophores were more reactive with hvdroxvl radicals than non­

chromoohoric organic comDonents. 

@ Ultrasound was not effective in the overall degradation of the dyes as measured by 

Chemical Oxv!Zen Demand (COD) and Total Organic Carbon (TOe) of the test 

solutions, unless operated in combination with phYsical/chemical agents. 

(;) T oxic dyes vvere detoxified by ultrasound within short but in non-toxic 

of 5-dav BOD to TOe (which is an indicator of the dellree of 

harmfulness of organic compounds) did not change significantly by ultrasonic 

irradiation alone. 

<;) Sonication of ave solutions in the presence of chemical agents such as 0 3 and Fe2
+ 

sonication alone. Moreover, the effect of these combinations was larger than that of 

chemical oxidation with 0, and Fe':" applied individuallv. Hence. ultrasound is an 

etl:ective tool in advanced oxidation processes for lowering chemical consumptions. 
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(9 Sonication of dyebaths with the addition of hydrogen peroxide rendered 10-12 per 

cent enhancement in the efficiency of color decay and more than 80 per cent 

enhancement in that of COD reduction. 

(j) Combinations of ultrasound with 03 resulted in dye mineralization, which was four 

times larger than mineralization with O:~ alone. 

® The most effective combined scheme was ultrasound/ozone/LJV~ irradiation, under 

which all analytic parameters related to orgamc quality were significantly 

degraded. 

@ A kinetic model was proposed to express the rate of ®OH reactions in dye solutions 

so]licated with 300kHz, and it was shown that steady-state conditions were reached 

at t=40 min and 50 min. Through model-predicted (>OH concentrations at steady 

state, it was lJossible to comnute the second-order reaction (decolorization) rate 
""" -" ,,~ 

computed coefficient (1.22 x 109 

o CH~'_CM,~M operational costs of System 1, System System HI for 45 percent 

'--'''"'''-'-''VJlJl''',-"UVH of azo dves were 3 USD lJSD . and 

COSI of ozone-uhrasound combination 57 

usn , which was much less than opentdon without ozone (9.88 

11.3. Recommendations 

In accordance with the results obtained within the experimental conditions 

employed in this study, it is recommended that System HI be modified for geometry, 
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volume and electrical components of the generator. The ineffIciency is due to its 

power/volume ratio and equipment with a single generator for three transducers. Similarlv. 

reducing the cell volume can also modify SYSTEM III by increasing its power-volume 

ratio. An alternative method to improve SYSTEM I is to operate it with a more powerfiJl 

generator. 

A better understanding of chemical structure and sonochemicaI yield relations is 

recommended by studying simpler compounds as surrogate chemicals" and by mnning 

chromatographic analyses to depict intermediate products. This will also assist the 

examination of reaction pathways and mechanisms. 
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APPENDlXA 

A.t. H:zO:z Determination by the 13- J\lIethod and Calibration Curve 

H20 2 determination for the System 1, II, and III was carried out according to the 

procedure described bv Klassen et aL (1994), This method is based on the reaction of (n 

with H20 2 to form the triiodide ion (h1 which has a strong absorbance 351 nm. The 

analysis of HZ02 at concentrations as low as 1 p"M is conveniently done by determining the 

yield ofh- furmed when H20 2 reacts with Kl in a buffered solution containing ammonium 

molybdate tetrahydrate as a catalyst. 

Solutions A and B for the h- method were prepared according to the recipe given 

by Kalssen et al., (1994). Solution A consisted of 33 g of KI. 1 g of N aOH, and 0.1 g of 

ammonium molybdate tetrahydrate diluted to 500 ml with deionized water. The solution. 

was stirred for ~ 1 h to dissolve the molybdate. Solution A was kept in dark to inhibit the 

oxidation otT. Solution B, an aqueous buffer, contained 10 g of KHP per 500 ml. Various 

concentrations ofl-hOl was prepared from reagent grade H20 2 (35%), Merck. 2.5 mL of 

solution A, 2.5 wL of solution B, 1 mL of sample were mixed and diluted to 10 mL by 

deionized wateL the absorbance at 351 nm was recorded. Blank sample was prepared 

in the absence of sample. Various concentrations of H20 2 and the corresponding 

absorbance values at 351 nm are recorded tor calibration curve, and given in Table A.l. 

Plot of H20 2 concentration versus the corresponding absorbance of the solution, and the 

calibration curve for H20] analysis in sonicated samnles is given in Figure Al. 
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Table A.I. H202 concentration versus absorbance at 35 i nm data used for calibration curve 

preparation 

H20 2 concentration (mgL-1
) \ HOt t" (M) , _- I ~ -2 2 concen.ra.lOn.J1 - / Absorbance at 351 nm 

0.037 
0.070 

1.1866 34.90 0.090 
1.5821 46.53 
1.9776 58.16 0.158 
2.3732 69.92 0.188 
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Figure curve. " 1. 

1 mL of sample was taken for 10 min intervals during 1 h sonication of deionized 

water. and mixed with 2.5 mL solution A and solution B. and then diluted to 10 mL with 

deionized water. The absorbance at 35 I nm was recorded for each sample, and then 

substituted into H10 1 calibration curve equation given in Figure Al.I. Table A.2. shows 
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the results obtained for H20 2 production during sonication of pre-aerated deionized water 

in SYstem I. II. and III bv I,· Method. - . 

Table A.2. H20 2 production during sonication of deionized water in System I, II, and III 

Tirne 
/. - ~ ~ ... -
'~,~~~'1} 

o o o o o o o 
10 0.147 55 0.080 29 0.107 39 
20 0.284 108 0.182 68 0.262 99 
30 
40 .0 ... .-,~ 

~; ~"':":-'i';'..;'.. 

0.278 106 '1.432 i 165 

50 265 0.482 184 0.842 I 323 
--,------------'---------~-".--~ 

0.610 234 0.988 I 380 60 0_825 317 
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APPENDIXB 

R 1. Determination oHlle Ozone Concentration in System ill 

Ozone concentration in solution in System III was carried out according to the 

indigo colorimetric method described in Standard Methods for the Examination of Water 

and Wastewater (APHA, 1989). This method is quantitative, seiective, and simple; it 

replaces methods based on the measurement of total oxidant. The method is based on the 

decolorization of indigo by ozone in acidic solution. The decrease in absorbance is linear 

with increasing ozone concentration. 

F or the preparation of indigo stock solution, 770 mg potassium indigo trisulfonate 

(C16H7N2011S}K}) and 1 ml conc. phosnhoric acid was added to a volumetric flask and 

filled to 1 L with deionized water. The stock solution is stable for about 4 months when 

stored in the dark. and should be discarded when absorbance at 600 nm of a 1: 100 dilution 

falls below 0.16/cm. For the preparation of indigo reagent 100 mL indigo stock solution, . 

109 sodium dihvdrogen phosphate (NaH?P04). and 7 mL conc. phosphoric acid were 

added to a volumetric flask and filled to 1 L with deionized water. Then 10 ml indigo 

reagent and 5 rnL samole were mixed and diluted to 100 rnL with deionized water. Blank 

sample was prepared in the absence of sample. The absorbances of both solutions were 

measured at 600 nrn and the ozone concentration was orenared bv the following equation: 

lOOxivl 
/ T :::::::- -----.. "--~ 

where /1A is the difference in absorbance (600 nm) between blank and sample, b is the 

nathlemrth of cell. em (1 em'\. V is the VOknYH~ (If the S8,rnl,I,,:_ mt {lDd th~ Df0portioJ](liitu 
~ ~~: .' . - -

constant at 600 nm is 0.42 ± O.Ol/cmlmg/L (/1 E = 20 OOOIIVl. crn) compared to the 

ultraviolet abSOfl}tion of pure ozone of :== = 2950/1V em at 2"8 nm \ 

The absorbance values at 600 nrn were recorded fur each set of experiments 

(described in Chapter 11, Section 11.3.1.1.3.) and samples taken within short intervals, and 
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given in Table B.I. The ozone concentration for each sample was calculated by substuting 

the absorbance value at 600 nm into the above equation. 

Table B.I. Results for the ozonation experiments conducted at different experimental 

conditions 

Experiment I 

A I B leD I 
I I I I 

riIl1e }~',;0:~~ ~+_.- ~-: ~~lcL ~i:, c~"~ ~~T~"".~,~.; ~ _~,~ ~~SGG 0 3 [ 

I (min) I I (mQ:L-1
) I (mQ:L-1) I (mQ:L-1) i (mgL-1) I 

r'~' 6~li =~-~---'---"--'r- ~~~----j-- ----.. -- .. cC_ r--' ---- ·~-·-1 

I I I 0.000 I U.U\J\J o.ooe G.OGe 0.000 0.000 I 0.0'00 0.000 I 
L. I 0.161 I 0.047 0.152 0.476 0.161 0.047 I 0.152 0.476 I 

I 2 I 0.156 i . 0.285 . 0.149. 0.619 . 0.161 . 0.047 ! 0.152 I 0.476 I 
-I -3\--;~-)-'-'-'-~-I~~~-i~;-;l-;~I~o'-~~;)-'~-;;~- j o. 152-'l--~~;~-- -I 

5 0.~5':! 0.4"76 I D He) I (\ !inc: ) n 1~J. i n ~Rn I (U53 0.428 I 
7 I '" :-n ' I 

0,149; 'iJ619 0.143 O.9G4,;.~_'~ '.3._'-'...3 I 0.149 0.619 I 
1(\ 
_~v 

0.809 1.047 0.666 

0.142 0.952 0.139 1.095 0.152 0.476 O. 15 0.571 I 
15 no",., 

'_'.~. _F.;.., 0.139 1.095 0.15 () '-::71 O. 152 0.476 ( \ .... -; ; .;. 

(\ ';;""~ O. 151 0 .523 I -" . ~- ..;"-,~' 

I n 57~, (l.IS 1 0.61 9 I 
I 
I 

17 

20 
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APPENDlXC 

C. 1. Determination ofthe Light Intensity of UV-C Lamps in System ill 

The applied UV dose in System III was measured by peroxidisulphatel tert butanol 

chemical actinometer which included an aqueous solution containing potassium 

peroxidisulfate (0.01 M) and tert-butanol (0.1 M) (Mark et ai., 1990). Upon photolysis of 

solution with three mercury low pressure UV lamps (108W, and emitting at 254 nm) 

resulted in a sulphuric acid (HT) formation. The concentration of hydrogen ions was 

followed with a WTW-JOO pH meter and the dron in DH as a fimction of irradiation time 

(400 sec) was recorded and converted into [ff] (pH = -log[HT]). Plot of [H'] 

concentration versus irradiation time is Qiven in FiQure C.l. 
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(fH'D/t) value was obtained from the slope of [H'] versus t plot data given in 

Figure C.L 1. Then, the auantum vield ofW formation (the ratio of the number ofH~ ions 

formed to the number of photons absorbed) (d> (RT)) was calculated according to the 

folIm.ving equation: 

lH+ jx JVL x r~. x 10 

x_M 

where Vtot denotes the total volume of the solution (cm\ M is the irradiated surface area 

of the solution (em2
). t is the irradiation time ( sec). l;hJNy (1'.JI Avogadro number) is the 

absorbed fluence rate in terms of Einsteins m-2 
sol, <P (Hi) is a reference value of L8, and 

[W]/t is 33xlO-6 mol L-1 s-l(fi-om Figure C. L 1.). Each TN light sources were transmitted 

by quartz windows with 5 cm width, and 14 em height, therefore the surface area (M) was 

3x70 cm2
. The absorbed fluence rate was then caiculated as: 

Iii" 3.3xlO-U x1200xlO 

= (49.56 W m-2
) (1 Einstein=4.72xl05 J) 

Incident photon influence rate (10) was calculated by: 

I , = In (] - 10-,,"X'- X1 i) ats ,. . 

where t> is the molar extinction coefficient of potassium peroxidisulfate (20 dm3 mor l cm-

1) 1"'" h , c is Le Qfthe neroxidisulfate (0.01 

cell that UV light is transmitted (in our case 3 x 0.5 em}. 

1.05 x 10--' 

i-W .~. 

:md pathlength of the 

-l 

As a result, fifty per cent of the incident Huent rate was found to be absorbed 111 

actinometer soiution. 
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