DEGRADABILITY OF SYNTHETIC DYESTUFF BY ACOUSTIC CAVITATION:
IMPACTS OF SYSTEM CONDITIONS AND PHYSICAL/CHEMICAL AGENTS

by
GOKCE TEZCANLI GUYER
B.S. in Environmental Engineering, Yildiz Technical University, 1995

MLS. in Environmental Technology, Bogazici University, 1998

Submitted to the Institute of Environmental Sciences in partial fulfillment of the
requirements for the degree of

Doctor
of
Philesophy
in

Envirenmental Techmﬁ@gy

Bogazici University Library

Bogazici University

2003



iit

ACKNOWLEDGMENTS

This work is not only a product of personal endeavor, but of a common effort.
First and foremost I must thank my supervisor, Prof. Nilsun ince who has dedicated her
time and effort to this study, and has been of invaluable help to me over the years I
spent at the Institute of Environmental Sciences. Furthermore, she handed the task of
teaching me to think like a scientist, and under her guidance I learned that to test a
hypothesis one should not only run the proper experiments, but one should also be able
to question the hypothesis. 1 appreciate the efforts she has spent for me both as a

scientist and as a person.

I would like to thank financial supports of Bogazi¢i University Research Fund
and the State Planning Organization of Turkey for funding the project DPT 98K120900,
and the Research Council of Turkey (TUBITAK) for a collaborative EUREKA Grant to
fund E12051 “Textefuse” project. Thanks are extended to Dr. Eric Cordemans de
Meulenaer for his very precious support in the initiation and follow-up of my trip in

sonochemistry and for his kindness in donating the 300 kHz reactor to the laboratory.

I wish to express my special thanks to Prof. Christian Pétrier, who is already an
acknowledged expert in the field of sonochemistry, for his cooperation and valuable
criticisms, which have been very useful and for his kindness to being a committee
member. Further, 1 wish to acknowledge Prof. Vikiorya Aviyenie for her supporiive
comments and enthusiasm throughout my studies. I would like to express my thanks to
Prof. Omer Saygin and Assoc. Prof Turgut Onay for their critisms and constructive

suggestions.



v

A very heartfelt thanks goes to Isil Giiltekin for hér help and kindness. She was
always willing and eager to help and was next to me in my laboratory work. I am also
thankful to Altan Siiphandag, Rana Kidak, Yonca Erciimen and Alimet Ozen for their
encouragement, valuable friendship, and constant willingness to listen to and share my
ideas. 1 would also like to thank Merih Otker for her help during BOD tests. I am
grateful not only to the individuals named here but also to many others who have helped

in some way but are not named.

I would also like to recognize Pisa Boya Fabrikasi A.S., especially Mehmet Ali
Ince and Izzet Alaton for their help and technical support on textile dyes and dyeing

processes, which were highly essential in the completion of this dissertation.

I want also to express my gratitude to my dear parents Sevgi and {lhan Tezcanli,
my brother Oytun and his wife Giizin, who are always close to me for their endless
support, help and love. Thanks a million for everything. My last thanks are for the most
precious person in my life, my husband Oncii Giiyer. He is the most supportive person
in my life with his existence. More than that, his personality, foresight and kindness I

 will always admire.



ABSTRACT

The use of ulirasound 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 10'° K s, 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 of ultrasound with oxidants and/or UV light.

In this dissertation, the degradation of pure and synthetic dyebath solutions of 9
textile dyes were investigated in three ultrasonic systems (System I: 300 kHz, Systemll:
520 kHz, and System IIi: 3 x 520 kHz frequency), in the presence and absence of
chemical oxidants (ozone, hydrogen peroxide, ferrous ion) and/or 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 [ > System II > System 11,
System efficiency with respect to the calculated product yield was in the order: System
II > System I > System IIl. Injection of different gasses during ultrasonic irradiation

showed that rate of decolorization increased in the sequence: Ar > G; > Alr, and
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maximum decolorization was obtained with an Ar:0, gas mixture, at a ratio of 66 per

cent Ar to 34 per cent O,.

It was found that, the decolorization rate of all dyes was more closely related to
their structural properties than to the composition of the 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 o-
substituent such as SOs. 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 m the presence of O3, Fe?‘i ‘H202, and/or UV irradiation
increased degradation yields considerably with respect to those applied individually.

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

Estimated bimolecular rate coefficient of azo dyes with hydroxyl radicals was
calculated as 1.22 x 10° M''s™, Estimated operational costs of System I, I and I for 45
per ceni bleaching of azo dyes were 3.52 USD m”>, 3.37 USD m>, 9.98 USD m”,
respectively. The cost of 03/US combination in System IfT was 2.57 USD m™, and the

operation cost of ozonation was 3.60 USD m”.
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OZET

Sestistii dalgalarin ¢evresel uygulama alaminda kullanimi yeni bir ileri
oksidasyon prosesidir. Kimyasal veya biyolojik artim gibi klasik atiksu aritim
yontemleriyle ayrismas: gii¢ olan organik maddelerin indirgenmesinde kullammi son
zamanlarda arastirilmaktadir. Sesiistii dalgalarin cevresel problemlerin ¢dziimiinde
kullanilmas: sivi igerisinde mikro Slgekli vakum kabarciklarin olusumu, biiylimesi ve
igeri cBkerek patlamas: olarak tarif edilen akustik kavitasyon prosesine dayanmaktadar.
Patlama sirasmda yaklasik 5000 K sicakliginda, 800 atm basincinda ve soguma hiza 10™
K sn” olan sicak noktalar olusmaktadir. Bu sartlar sonucu meydana gelen fiziksel ve
kimyasal etkiler ile organik maddeler indirgenmekiedir. Kabarcigm patlamasi sonucu su
molekiilii pargalanarak hidroksil radikallerini olugturmakta ve meydana gelen bu
radikaller giderimi gii¢ olan bilesikleri iceren ¢evre kirleticilerini oksitleyerek
indirgemektedir. Radikal olusumu sesiistii dalgalarin vitkseltgenler ve/veya mor Stesi

1s1ma ile birlikie kullanilmasiyla arttirilabilir.

Bu dokiora calismasinda, 9 adet tekstil boyarmaddesinin saf ve sentetik boya-
kazani ¢ozeltilerinin 3 farkl sesiistii sisteminde (Sistem I: ‘300 kHz, Sistem I1: 520 kHz,
Sistemn II: 3 x 520 kHz frekansh) sesiistii 15ima ile tek bagma veya kimyasal
oksitleyiciler (ozomn, hidrojen peroksit, demir iyonu) ve/veya UV 1sumasi ile birlikte
kullamlarak indirgenmesi aragtirilmustir. Sistem sartlarmun, fiziksel/kimyasal ajanlarin,
boyalarin kimyasal &zelliklerinin ve boya kazam mairisinin test boyalarinin sesiistii
dalgalar ile parcalanmasima etkisi inceﬁénmi&ir. Sistemlerin performaniar renk, organik
madde, zehirlilik, toplam ¢éziinmiis kati madde, toplam organik karbon, kimyasal
oksijen ihtiyacmdaki azalma ve biyolojik oksijen ihtiyacmdaki artma izlenip belirlenmis

ve renk ve organik madde giderimi agismdan birbirleriyle karsilagtmiluustir.

Sistemler boya ¢Ozeliisindeki renk giderim hizlarma gdre karsilastmidiklarinda
Sistem I > Sistem 1 > Sistem III oldugu, hesaplanan #rlin verimlerine gore
karsilagtirildiklarinda ise Sistem II > Sistem I > Sister I oldugu géritlmiisiliv. Sestisti

dalgalar ile 151ma sirasmda farkl: gazlarm sisteme beslenmesi sonucu boya ¢ézeltisinde
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renk giderimi su siradadir: Ar > O, > Hava. En yiiksek renk giderme verimi Ar:0; (%
66 Ar : % 33 Oy) kariginu ile elde edilmistir.

Kullamlan boyalarm tamaminda renk giderme hizinn boya kazammm
igeriginden ¢ok kimyasal yap: &zelliklerine bagh oldugu saptanmistrr. Antrakinon
boyalarda renk gideriminin azo boyalarindan daha izl oldugu belirlenmistir. Azo (—
N=N-} bagimin c¢evresindeki o-grubun renk agarmasim hizlandirdig1 ve reaktif yapiya
orto pozisyonda bulunan tek bir OH yan grubuna sahip boyalarda agarmanm SO gibi
ikinci bir orto yan gruba sahip boyalara nazaran daha hizli oldugu gézlenmistir. Iyonik
vapilar olustuk¢a agarmanm yavasladifi belirlenmigtir. Bova kazan atik suyunda renk
gideriminin sadece yeterince yiiksek karbonat ve kloriir iyonu konsantrasyonunda

engellendigi saptanmastar.

Sesiisiitii 1s1maya tabi tutulan boya ve boya kazam ¢zeltilerinde goriinen dalga
boyundaki absorbans azalmasmn her durumda UV absorbansmdaki azalmadan daha
fazla oldugy saptanmgtir. Zehirli boyalarm zehirliliklerinin sestistii 11ma ile kisa stirede
giderildigi, fakat sesiistii isnmamn ¢ikis suyunda kimyasal cksijen ihtiyac: ve toplam
organik karbon olarak 6lgiilen genel boya gideriminde tek basina etkili olamadigi ve
fizikselVkimyasal ajanlar ile birlikte kullamlmasi gerektigi g6riilmiistiir. Sesiistit 151mas:
ile Os, Fe**, HyOy, velveya UV 1simast birlikie kullamildigmda, boya giderme veriminin
her birinin tek kullamldigr durumlardan ¢ok daha vilksek oldugu belirlenmistiv. Bu
sistemler arasmda en etkili sistem sesiistli 15ima/ozon/UV isimanin beraber kullamldag:

sistemdir,

Azo boyalarinm hidroksil radikalleri ile reaksiyonunda tahmini ikinei derece hiz
katsayst 1.22 % 10° M s olarak hesaplanmstir. Sistem 1, I, ve III’ iin azo boyalarinda
sesiistli 1s1ma ile % 45° lik renk giderimi icin tahmini isletme giderleri sirasiyla 3.52
USD m>, 3.37 USD >, 9.98 USD m” olarak hesaplanmgtw. Sistera 11 §n ozon ile
birlikte kullantidigs durumda igletime gideri 2.57 USD m>, ve ozonun tek basma

kullamldsg: sistemin igletme gideri 3.60 USD m™ olarak hesaplanmugtir.
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UV irradiation of hydrogen peroxide at acidic pH. Total @rganic carbon removal was found

g

o

1o be slow i for decolonzation reaction and

afler the on the degradziion of TGO

Black 5 in
aqueous solution. Bffects of the ! H,0, conceniration, iniial dy ation and
alkalinity at neutral pH was tested by calculating pseudo-first ord Ction raie constanis

ted.

.and elacirical

1. Reactive

38, using a medium pressure mercury lamp. Complete color

;}»
4;
s
4]
ke

cent minerafization and 68 per cent ioxicity

on ooourred unid a

kY 1 < A mgr s s TR . TIT 7Y = - s
Mamboodri and Walsh {1990) mvestigated the H0/UV iresiment of simulated
reactive dve-b wastewater {hvdrplvzed Reactive Blue 21 and Reactive Red 195
solutions} by using both batch operation and continuous circulation methods. A pilot plant

study was aisc conducted using a high intensity reactor. For boih reactive dves under

similar dye conceniration, radiation dosage and H,0O; conceniration levels, the continuous
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circulation method gave higher rates of decolorization. Though compared io the low
intensity lamp experiments in iab scale, the high miensitv lamps reguired 2 higher energy

input per volume of wastewater, thev were more compact and the number of bulbs were

fewer that becomes an important critena for full scale appiication.

Ince ef af., {(2002) studied the ireatability of textile dvebath effluenis by two
simultaneously operated processes comprising adsorphion and advanced oxidation using

s

Everzol Black-GSF. The method was performed by contacting dve solutions with H;0,

T 7 9

and granuiated activated carbon (GAC)H during UV wradiation. Each individual processes
were run separately as control experimams In combined scheme color was principaily
- removed by oxidative degradation w adsorpiion confributed 10 the ionger process of

dve mineralization. Economic evaluation (for total color and 50 per cemt TOC reduction)

showed that the combined scheme provided 235 per cent and 33 per ceni reduction in H, O,

and energy consumption relative to the UV/H20, system.

2.2.4.2, Urone Y iUzone Processes

)
1

Wu and Wang (2001} studied the ozonation of Reactive Black 3 in a semi-batch

3 oo 3 e

reactor. The pseudo-firsi-order decolprizaiion rafe consiani was found 1o increase with

with initial dve

1

gnhanced the

Arsian and Balorogiu {1999} mvestigated oczonation hyai

with czone, and UV irradiaied orocesses

increase in pH irom acidic conditions to basic conditions vielded 41 per ¢ent enhancement

in ozone abscrption rate. Total decolorization of svnthetic dvebath effiuent was achieved
afier 20 minutes of ozonation {33 mg Ga) at pH=11.5.
Warren ef af., (1999} reported the ozonation and biciogical treatability of composite

textile wastewater and two spent dvebaths. Thev achieved an increase in biological
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treatability of dye wastewater. The decrease in the toxicity of the spent dvebath was carried

ral

out with Ceriodapimia dubia.

of O3 an Bg@gﬁﬁﬁ The effects of pH and Hy0» dose were also iﬂ‘fasﬁgateﬁ. Fastest

decolorization was achieved st neuiral pH and an imtial opiimum concentration of 1 per
cent w/w Hy G,
Lin and Lin {1993} mvestigated the ireatment of low, medium and high strength

textile waste effiuenis by ozonation and chenucal coagulafion. 1t was cbserved that ozone

is highly effective in removing color of

2

reducing the COOU especially for the high and medium strength etfiuenis. The COD

reduction was improved to a maximum of 70 per cent afier a proceeding chemical
coaguiation.

Wu er af, (1998} evaluated membrane f

frration coupled with ozonation of a

simulated texule wastewater representing an exnausied dvehath. The membrane filtration

process generated a perineate with over 99 per cent of color and copper removal and

reusabie (it reieniate was f.‘i”‘éﬁii‘é& 1o an DEORAHon stage ior s

decolorizat io-first order rate oonstant decreased with

increasing 1

m
,3;
E‘.")
=

=
&
=3
&
B

with g

k] : 3 - ~ . o el
Fenton oxidation. Complete color and 79 per cent TOC
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Mamboodri and Walsh {1995} conducted a study for decolorizing spent dvebaths
using small amount of hvdrogen peroxide 1 {ne a2bsence of ultravioler hght, at neutral pH.

and a temperature close 1o the boiling point of water. Smail amounts of ferrous or ferric

ions (ferric ion gave a mgher rate of decolorization) as catalvst with peroxide at pH 7, and
at 95-98 °C decolorized the resistant azo direct dve.

Herrera er af | {1999) studied the decolorization of anthraguinone dves, Remazol

)

Brilliant Blue and Remazo

Imbiue

@

L—l

{
‘

in the presence of H,Gy/Fe (Il under various UV

nitiati g SIED

Cia
b-fj
X,
s
o
B
nrt
&
=
W
)
By
ol
&
-
4%
{Q

ngms Flectron transfer petween the excited ﬁ&f@ and

and the photoreduciion of Feliil) 1o Fa{ll) was poi

f

inttiation of radical chain reactions.

of iexitle wastewaier.

stewater by the

it color and COD

he freatment

k' “]GG.UGQ(M ef &

dye, Remazol i
destruction of the dye starts by the rupture of the azo-bond by oUH attack m the solution
bulk, and compleie decolorization was accompanied by total mineraiization, provided that

sufficieni contaci was aliowed. The authors concluded that ulirasonic remediation should

=
=

be considered as a soltion alternative 1o the reuse and/or recveie of texiie dyveing mill

effluents as process water.
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1 another study by Vindgopal and Kamat {(1998), the authors have reported the

t:'(

i medicated oxidation reactions {photocatalysis, y-radiclvsis
and sonolysis} for the degradation of the dye Acid Urange 7 under oxygen-saturated
conditions. They noted the similarity of reaction pathwavs in aff three processes, as made
evident from the single dentifiable intermediate pmduceé in all experiments, and

concluded that texste azo-Qves can pe effecnively destroved by advanced oxidation

processes, or any hydroxyi radical medicated reaction p&thways.

Joseph ef ai., (2000) studied the effect of Feniton's reaction on the sonochemical
Previous work

¥

degradation of azobenzene and some related azo dves at S0U kKiz. As in the

"D

G’;

of Vinodgopal ef ai., (1998}, they also reported that the first step in the reaction scheme

was the cleavage of the azo-aoubie bond upon hvdroxvi radicai attack. Fenton’s reaction at
optimal Fe{li} concentrations was found to induce a three foid increase in the reaction
rates. Thev aisoe reported that saturanng the solution with Ar increased the efficiency by 10
per cent thersof with saturation by Ua.

ince and Tezcanii (2001} studied the degradation of Remazoi Black B by combined
sonelysis {520 kriz) and ozonation. They Tound that color removal 1n 15 minutes with the
combined sysiem was twice ag faster than that of ozone, while no significant removal was
observed by ultrasound alone. The lack of color degradation bv ultrascund was attributed

0 the shoriness of the contact period. They observed that total mineraiization over 1 hour

respeciively. They concluded that longer contact

on of organic carbon to COy by ultrasonic freatment

and 1oxic % Tedauction o1

¥t

solutions during 520 kHz ulirasonic irradiation. The destruciion of aromatic conient in azo

[¢]
&
et
(¢
[

dyes was slower than that of color. Towcity analvsis of the mitial dve solutions revea
that reactive dyes were non-ioxic, and basic dves were {oxXic at the fest concenirations

emploved. Significant degrees of ioxiciy reduction were achieved by ulirasonic

irradiation.



[

{2000} studied the decolorization of Sandolan Yeliow with
i dv

Lonmer ef ai,
sonolysis, eleciroivsis and sonoelecirolysis, Thev observed a synergism in
decolorization rate with the combined system, while no decolorization was obtained with

uitrascund alone (20 kHz}. Platinum electrodes were used for the electrolysis.



lirasound as a Catalyzer of

Aqueous Reaction Systems: The State of the Art and Environmental Applications.” which

was published in Applied catalysis B: Environmental, 29, 167-176, 2001,

3.1. Fundamental Principies

Sonochemistry is an emerging field of science thai uses uitrasound to promote

o . -

chemical reactions. The historv of sonochemisiry begins n the late 1800s. During fieid

tests of the first high-speed torpedo boats i 1894, 5ir John I Thornyeroft and Sydney W.
Barnaby discovered severe vibrations from and rapid erosion of the ships propeller. They
observed the formation of large bubbles {or cavities) formed on the spinning propelier and
postulated that the formation and collapse of fnese bubbles were the source of their

problems. By increasing the propelier size and reducing iis rate of rotaticn, they could

minimize this ditfficulty of "cavitation”. As ship speeds increased, however, this became a

serious concern and the Royal Navy commissioned Lord Ravieigh 1o mmvestigate. He

confirmed that the effecis were due 1o the enormous turbulence, heal, and pressure

produced when cavitation bubbles impioded on the propeller surface.

=non of cavitalion vccurs in liquids not only during turbuient How but

/ uitrasonic irradiation. It is responsible tor both propeiier erosion

and for the chemical consequences of ultrasound. Alfred L. Loomis noticed the first

chemical eftects of uitrasound in 1927, but the ficld of sonochemusiry fay faliow for nearly

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

u

inexpensive and reliable laboratory generators of high-intensity ultrasound. Scientists now
know that the chemical effects of ultrasound are diverse and include substantial
improvements in both stoichiometric and catalytic chemica! reactions. in some cases,

ultrasonic irradiation can increase reactivities by nearly a million fold (Suslick, 1994).
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3.1.1. Ultrasound

Sound can be viewed as a wave of energy iransmitied through a medium by
vibrating molecuies. The vibrating molecules 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 cveles, forming pressure waves that can be viewed in two

distinct portions: compression and rarefaction {expansion).

Ultrasound 1s defined as any socund of a frequency above that to which the human
ear has no response {i.e above 16 kHz) In practice, three ranges of freguencies are
reported for three distinct uses of ultrasound {Mason and Cordemans, 1998): 1) high
frequency, or nostic ulitasound {2-10 MHz}; 11} iow frequency or conventional power
ultrasound (20-100 %iiz), and low-to-medium-ifrequency, or “sonochemicai-effects”
ultrasound {20-1000 iidz). ¥t 1s this latier range, wnere chemical reacfion processes are
uniquely catalyzed through very “exireme” temperatures and pressures generated by the
formation, growth and coliapse of cavitational tubbles. The use of power ultrasound has
been well known for many years in fields such as medical, fiow detections, emuisification,

solveni degassing. cleaning, curing, welding, however chemicai applications of

= “

3

ultrasound, ;’;saﬁ@chemisﬁyﬂ in environmental processing s an emerging field. The

=

chemical effecis of ultrascund in liquids are largely finked 10 the formation of free radicals.
3.4.2. -inguced Cavitaiion

[he chemical effects of ulirasound are due 16 the phenomenon of a “cold boiling”

termed acoustic caviiation, wiich is the production of microbubbies in a ligquid when a

w
oy
£
e
4]
=
&
ot ]
=
*“3
Uﬂ

oaiive DPressutre is &DDH@Q When a MGUM 18 eX00880 10 an acous 1ic IR@iQ the
Pressure waves « of the somc vibrations creafe a time and I‘”’U”@T‘Q‘J ﬁf‘@tﬂﬁ@ﬂ a

pressure, consist iﬁg of aiiemam"lz COMPICEs ion and rarefaction cve ies iu”ﬁd:‘%@ﬂ

applied pressure is equal to the negative pressure developed in the rarefaction cycle of the
wave such that the distance beiwesn the molecules of the fiuid exceeds the critical
molecuiar distance to hold it together, the liguid breaks apari 1o form acoustic cavities,
made of vapor and gas-filled microbubbies (Mason, 1990; Dishiem ef ai., 1998} The

phenomenon called “acoustic cavitation” consists of at feast three distinct and successive

&> Bodarici Oniversitesi Kotiphanesi €
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stages. nucieation, bubble growih {expanston), and under proper conditions impiosive
collapse {Sushick, 19901 Development and coilapse of cavitation bubbles can be seen in

Figure 3.1. {Sushck, 1994}.

2

s, .

Figure 3.1. Development and coilapse of cavitation bubbles (Suslick, 1994},

suspended part

t Flas oemcsr o
bubbies SIOW &

~and lasting many more acoustic cycl

v

1990}, The third stage of caviiation occurs ondy if the intensuy of the ulfrasound wave

exceeds that of the “acoustic cavitational ; a few watts/em® for ordinary
liguids 20 ¥Hzy Af this ¢ shhles overgrow o the exfent

where they can no longer efficiently absorb energy from the sound environment to sustain



7|

themselves, and implode violently, therefore, in a so called “catastrophic collapse” (Ince et
al., 2001; Mason, 1990; Suslick et 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 of light called “sonoluminescence”,
as detected by a peak at 310 nm and a broad continuum throughout the visible(Ince ef al.,
2001; Crum, 1994; Verrall et al., 1988). Sonoluminescence from a high ultrasonic horn 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 et al., 1990; Crum, 1994;
Lepoint-Mullie ef 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 untii now, the violent coliapse of a bubbie due to acoustic stress can
produce a large amount of energy and this proguced energy drives sonochemistry, There

are several theories as to how this energy is developed.

The most highiy favored expianation is that given by the “Hot Spot Theory”, which

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

bubble is adiabatic (Rayieigh, 1917, Noitingk and Neppiras, 1950

temperatures and pressures within a coliapsing microbubbie can reach values as high as
4200-5000 K and 200-500 atm, respectively just before fragmentation {Dahlem ef al.,
1998; Sushick, 1990). It 15 also reported that the localized “hot spot” generated by the rapid
collapse of acoustic cavities is very short-lived (less than 10 us), implying the existence of
extremely high heating and cooling rates in the vicinities of 10°° K & (Mason, 1998;
Suslick, 1590). Substituents trapped inside or around a collapsing bubbie are aiso subjected

to these exiremes.

The second most accepted, “Elecirical Theory” by Marguiis (Margulis, 1992;
Margulis, 1995) suggests that during bubble formation and coliapse, enormous electrical

field gradients are generated and these are sufiicientiy high to cause bond breakage and
chemical activity.

The “Plasma Theory™ by Lepoint and Mulite {1994} aiso suggests the extreme
conditions associated with the fragmentative coliapse is due to miense electrical fields and
seems not to invoive a true implosion. They compared the origin of cavitation chemistry io
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 Hoiffmann (Hua er af., 1995)
suggests the existence of a laver in the bubbie-solufion inierface where temperature and
pressure may be beyond the critical conditions of water (647 K, 22.1 MPa} and showed
that supercritical water is obtained during the coiiapse of cavitation bubbles generated

sonolytically.
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3.2, Literature Review on Principies and Environmental Application of Ultrasound

The below section 1s the extension of review” Ulirasound as a Catalyzer of
Aqueous Reacrion Systems: The State of the Art and Environmentai Appiications,”

K\«‘

published 1n Applhied caralysis B: Environmental, 29, 167-170,

A great majority of sonochemical systems, having potential indusirial applications

involve heterogeneous reactions, where enhancement of chemical reactivity is associated

with the physical effects of ulirasound such as heat and mass {ransfe £F, Suriace ag 1V8£10H

by o

[

and phase mixing {dusiick. 1990 Reisse. 1995; Leighton. 1994: Serpone ef a/f.. 1994).
Sonocatalysis of higuid-liguid heterogeneous reactions is based on the mixing effect of

acoustic straamiﬁg? which promotes the emuisification of non-miscible h

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

cavitation bubbles. It 1s imporiant to note that many of such sffects are observed when the

he‘tamgeﬂeous medium 18 rradiated with low frequency, or power ulirasound at the 20-100

homogenous fuids 18 2 airect outcome of the ¢

microbubbles {Ince 27 ai., 2001; Reisse, 1995},

ability 1o generate high-energy species and (1) the minucry

conditions {i.e. high temperatures and pressuresi on a mi@r@&:@@ia

Suslick, 1990). These cataivtic effects start m the “microreactors

made of microbuopbies hiled with Yapor of the i ﬂﬂ@ medium and/or qissoived ol

solutes and gases diffused into them (Mason and Cordemans, 1998). During the collapse of
these cavities in DuUre agueous svsiems. gaseous waier molecuies enirapped i expanded
microbubbles are fragmented as in pyrolysis to generaie nighly reactive radical species
such as nydroxvi radicals and hyf'imgen atoms {Riesz and Mason. 1991). The formation of

these radicals in sonicated water has been demonstraied in various laboratories, using



i
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combined spin trapping and EPR techmigues, the Woeissler reaction; fluorescence
measurements from Z-hvdroxv-terephinalate produced bv hvdroxviation of agueous
terephthalate 1on; DMPO trapping; and sonolummescence measurements based on the
oxidative degradation of fuminol o aminophiaiate under the action of sonochemicallv
produced hydroxyt radicals (Pétrier ef ai., 1992; Mason ¢7 al., 1994; Weissler ef af., 1920,

961; Hart and Henglein, 1985 Riesz e7 a/, 15901 In non-aqueous organic

o)

Negishi,

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

collapse not only resuits in hvdroxvl and hvdrogen radicais. but aiso in organic radical

species, as confirmed by experimental studies with ESR spectroscopy {Seghal e af., 198Z).
3.2.1. Possibie Heaction Sites in the Cavitation Precess

Experiences in hamogeneus Sonﬁchemistry have shown that there are three reaction
sites 1n ulirasonicallv irradiated as {Weavers e7 ai . 1998). as illustrated in Figure 3.3..
i) the cavitation bubble itself; ii} the interfaciai sheath between the gaseous bubble and the

surrounding liquid; and 1t} the solution bulk.

Figure 3.3. Possible sites of chemical reactions in homogeneous reaction media

{Adewuvi, 2001}




The hydroxyi radicals generated by water sonolysis may elther react in the gas

phase or recombine ai the cooler gas-homid mierface and/or in i

cavity collapse to produce hydrogen peroxide and water as {(Ince ef o/, 2001, Riesz, 1991,
Fischer ef g/, 1985}

HoO —))e0H + o {pyrolysis) 5.1
oOH + osHH,O (3.2)

2 e0H — 0O {3.3)

2 ¢0H — Hy0s (3.4)

2 0H — H, {3.5)

A

pemae
P

the solution is saturated with oxvgen, peroxyvi ang additional hydroxyl radicals
are Tormed in the gas phase (due io ihe decomposition of molecular oxygen), and the
sites {interface or the solution bulk) produces

ef gl Z00T: Makkane er of . 1982 Pémer ef af |
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in waier and wastewater trealment T pra Z(L&;EMC 3301; 5 may ¢ be amu@y@:«

either at the first two siies upon combined effects of pyroiyviic decomposifion and

hiydroxylation, or in the solution bulk via oxidative degradation by hydroxyl radicals and



hydrogen peroxide. The extend of oxidation in the latter site is limited by the quantity of
uncombined nyaroxy! radicals avaiabie in solTion.

3.2.2. Parameters Affecting Senochemical Reactions

The main concern of scientists and engineers working with ultrasonic sysiems is 1o
accomplish maximum reacnion vields and/or maximum polhurant destruction at optimal
conditions. Research and development in sonochemical sysiems exposed the significance
of two basic strategies for maximizing reaction etficiencies: 1} optimization of power and
reactor configuration and/or 1) enhancement of cavitation The first strategy requires a
mechanistic approach with features like: 1a) selection of the transducer {piezoeleciric or
magnetic material that converts electrical impuises to mechanical vibrations} and generator
(probe types for low firequency. and plate ivpes for high frequency effects), (b)
conﬁguraiian and dimensioning of the reaction cell, and {c) optimization of the power
efficiency {1.e. effective power deasitv delivered 10 the reaction medum). The effect of
frequency, applied pressure, power inienstiy and bulk sclution temperature for the
optimization of power and Treacior configuration are explained. The effect of
physicochemical properiies of the poliuiant and the solute, bubbled gas, and the solid
addition 1o enhance cavitation. and therefore maximize chemical reaciions are explained

1}

%)

(Ince et ai., 20

The more tmportant cavity effects are reporied &

ultrasonic wave 1S equal 1o the resonatng frequency of

}

of a bubble excited by low frequency waves 1 reporied o be ~170 pim {at 20 kHz), ang

caviiies f:mmm;iﬂg such bubbles are said 1o be “stable” or long-lived, with averags

times of ~10 us (Mason, 1990; Péirier ef o/, 1994). In tius king of cavitation, the collapse
stage is delaved tifi atier the elapse of 2 number of compression and rarefaction cycles,
during which sufficient volumes o'f volatiie solutes and solveni vapors within the liquid
may flow o the gas phase {Mason. 15903 The delaved growth and long collapse

duration of gas-filied bubbies ailow radical scavenging and recombination reactions at the



interfacial sheath {as shown by equations 3.2, 3.3, 3.4, 3.5 and 3.9), thus inhibiting the
mass fransier of hydroxy! radicals into the sclution bulk {Barbier ef al., 19961

On the contrary, the resonance radii of bubbles excited b ov medium n‘equencv (JUU=

1000 kHz) ultrasound waves are extremely small (4.6 um at 500 kHz), giving rise 1o very

short-lived (0.4 us on the average) and mainiy void or vapor-filied “transient” cavitations
{Ince er af.. 2001; Mason 1999). Furthermore, such cavitations are so short-lived and the
coliapse 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 buik, due to the
highlv probable ejection of uncombined hvdroxvi radicals mto the surrcunding liguid

during collapse (Ince er af., Z001; Mason er af., 1994; Barbier e ai., 1996).

It should be remembered that, lower frequency uitrasound produces more violent
coliapse, ieading to higher localized {emperatures and pressures. However, current research
indicates that higher frequencies lead to higher oxidation reaction rates. Beckett and Hua
(2001} have postulated that the degree of heat generated upon collapse would be most
intense at lower frequencies but there would be more cavitation evenis and thus more

radicals io be produced and diffuse it e bulk media with

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

solution Temperature

“N@Y‘ﬂg thie buik solution temperature has been shown to actuall v increase the

[f’{

effect of sonication (Beckett and Hua. ZGUL}. This 18 due fo a decrease mn the vapor

pressure of the solveni, which teads io an increase in the intensity of the bubble. At low

vapor pressure, less vapor has an opportunity to diffuse into the bubble which
more viclent collapse. Also, as liguid temperature decreases, the amount of gas dissolved
increases and the vapor pressure of the liguid decreases. Very volaiile solvents lead fo

relatively high pressures in the bubble and also “cushion” the coliapse (Adewuyi, 2001}



3.2.2.3. Appiied Pressure

Increase in the pressure of the system will give rise to a larger intensity of

cavitational colizpse and consequentilv an enhanced sonochemmcal effect (Mason. 1999).

Too much pressure reguces the rate of reaction E‘V ﬂ@bf@?&‘élﬂﬁ ine ITPGUGE}C}/ or eifi

el

ci ency

of bubble formations.

3.2.2.4. Power Intensily

The intensity of sonication (in W m™) is directly proportional to the square of th

"'D

e,

ampiitde of vibratinn of the ultracnnie sonn
A

. By increasing the amplitude. the

H
L, LIS

power is mcz‘eagea and in most Cases, 4s ihe Bower is imrease& the reaction rate aiso

increases. it is important to remember that, as in the other cases, sonocnemical activity

i

~

rises with increasing intensity to an optimum at which efficiency falls. When a large

amount of ulirasomc power eniers a svsterm, & great number of cavitation bubbles are

generated in the solution. Many of these will come together 1o form larger and more longer

lived bubbles. These wiil certainly act 2s a barrier to the wansier of acoustic energy

through the liquid {Mason, 1950}
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Hydrophobic chemicals with high vapor pressures have a strong tendency 1o diffuse
into the gaseous bubble Interior. so that the most effective reaciion site for their destruction
1s the bubble-liquid interface c%ﬂu/()"" the gaseocus bubble iself (Kontronarou, ef af. 1991,

=

Driyjivers ef af., 1999}, Hence, irradiation of agqueous solutions contaminated with volatile
pollutants by power ultrasound at 20-100 kHz {(whereby long-lived “stable” cavities are
generated)y is a verv eifeciive decontamination meihod, owing 1o 1ts potential to render
pyrolytic destruction of the solutes in the gas and gas-liguid phase (Ince ef af., 2001;

Kontronarou, ef af.. 19911

in contrast, hydrophilic compounds with low wvapor pressures and low
conceniraiions {end to remain in the buik liguid during irradiation, due fo the repulsive
forces exerted to-and-from the slightly hydrophobic bubbie surfaces. The major reaction
site for these chemicals, therefore, is the liquid medmum, where thev may be destroyed by
oxidative degradation, provided that sufficient quaniiites of hydroxyi radicals are gjected
into the solution during cavitational collapse. As pointed out previously, maximum radical
transfer into the bulk medium occurs when the collapse is “transient”, or when sonication
is carried out via medium frequency ulirasound waves {Ince ef af., 2001; Drijvers ef al
1999). Thermal decomposition of non-volatile solutes is aiso possible at the interfacial
bubble sheath, at which solutes mayv accumulate via adgeq tive processes during the
formation and growih of acoustic cavities, but is not as effeciive as hvdroxviation in the

bulk medium.

Cavities are more readilv formed when using soivenis with high vapor pressure,
low viscosity, and fow surface tension. however. the intensitv ot cavitation is benetited by
using solvents of opposite characteristics. The intermolecular forces in the liquid must be

overcome in order to form the bubbles. Thus. solvents with high aensities,
tensions, and viscosities generally have higher threshold for cavitation but more harsh

conditions once cavitation begins { Young. {989}
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3.2.2.7, Disscived Gases

Dissolved gas bubbies serve as nucler for cavitation. However, since the first effect
of cavitation is degassing, the solution will rapidiv be free of dissolved gases if gas
introduction is ceased during sonication {Mason, 1999} Therefore, the liquid is bubbled
continuously with a gas throughout the sonication o mainiain a constani gas flow inio the

bubbies so as to sustain the “extreme’ conditions of collapse (Ince ef a/., 2001).

The selection of the gas 1s also of significance, because the final temperature of a
coliapsing bubbie 18 closelv related to specific heat {heat released upon gas compression),
thermai conductiviiy (heat dissipation to the surrounding environment), and the solubiiity

of the sparge gas. The higher the beat capacitv ratio (C/C. ) or polvtrophic ratio {v) of the

gas 1n the bubble, the higher the final temperature produced in an adiabatic compression,
and the cause of reaction {Hua and Hoftmann, 1997). Assuming adiabatic bubble collapse,
the maximum temperatures and pressures within the coilapsed cavitation bubbles are
predicted by Noltingk and Nepprias irom approximate sofutions of Rayleigh-Plesset

equations as foilows {Noitingk and Neppiras, 1950; Neppiras, 1980}

Pl PO
Taox = & \’,. 4 : {3.} 1'1}
LA
Frnax . 123
where Tp = ambieat {experimental temperature in the buik, ¥y = pressure 1 the bubble at
1ts maximum size or the vapor pressure of the solution. P, = pressure in the bubbie ar the
moment of ransient coliapse (acoustic pressure}, ¥ = polviropic index. As can be seen irom

i 4 3

these eguations, higher temperatures and nressures are generated with monatomic gases
with higher v than those with polyatonuc gases with lower y {Riesz ef ¢/, 1990). Anoiner
parameter that atfects cavitational collapse is the thermal conductivity of the gas. Although
compression is adiabaiic in the sonochemicai process, siili small amounts of heat are

transferred to the bulk liguid. A gas with low thermal conductivity reduces heat dissipation
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from cavitation site following adiabatic collapse and should favor higher collapse
temperature. 1nermal conductivity of rare gases decreases in the orger: Xe < Kr < Ar < Ne

< He. f?}espite the equal v ratios of Ar and Heiium, much higher vieids of pyrolysis
products were detected with Ar bv Colarusso and Serpone (19961, as attributed to its 10-
fold lower thermal conductivity. Gas solubiiity is also an important aspect, the more
soluble the gas. the more likelv 1t 1s fo diffuse into the cavitation bubbie. Hence. larger
number of cavitation nuclei will form and will lead to an extensive bubbie coilapse
{Kontronarou ef @/.. 1991} The reactions that occur and the radicals that can be formed
upon bubble under sparge gases Ar and U, can be tound in Section 3.2.1.

3.2.2.3. Additien of Soiids

The addition of solid catalysts, such as giass beads, ceramic disks, Si0,, Al>Osz and
talc into the reaction medium 18 another common method for ennancing cavitation effects.
Furthermore, the presence of such material is reported to be especialiy useful for
micronization of species (in uitrasonic ceil disruntion), and for the abrasion, activation and
alteration of the chemical properties of catalvst surfaces during ultrasonic irradiation of

liquid media {Serpone ef al.. 1994).

. =

i Environmental Remediation

The use of sonochemical technologies in environmental remediation practices
render poliuiant destruction etther girectlv via activatng thermal 4ecomposition reactions,
or indirectly by increasing the hvdroxyi radical vieid in advanced oxidation treatment
processes. Iviany of such studies are focused on parametric and kinetic analvses of
contaminani degradations, and comparison of reaction efficiencies with those conducied 1n
the absence of uitrasound. The input concentrations in aimost all of the pubiished work are
low {in the order of 10 to 107 moles per liter), as typical of refractory organics found in
indugtrial efflitents. The chemicale audied range fram nhpmai and itg l{ﬂ‘iti"(\-.. Qh}gf@-}
derivatives to benzene, toluene, chiorinated solvents, hervicides, substituted ethers, natural
organic matter, surfactants, textile dvestuff and chiorofiucrocarbons. A oriet summary ot

some of the reported work is given below (Ince er ai., 2001).
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Destruction of phenol by sonolysis at iow and high frequency irradiation has shown
that reactions are much faster at nigh frequencv {437 kiHiz). the pathwav being advanced
oxidation, as veriiied by the presence of oxidation intermediates such as hydroquinone,
cathecol and benzoquinone. and the iack of pvroivsis products such as acetviene and

methane (Pétrier ef ai., 1992).

1959} the decomposition
of phenol and trichioroethviene (1CE) was mvestigated under the combined eftect of
sonolysis (at 5Z0 kHz)} and chemical oxidation with hydrogen peroxide, using solid
catalysts such as AhUsz, ZnU, N»nUs and CuU. The authors reported that while TCE
degradation was not at ail eifected by the addition of H;0; and solid catalysts, the
degradation of phenol was largelv enhanced by the presence of H,0»/Cu(. They attributed

this different behavior 1o the difference in the hydrophobicity of the two compounds.

A study nvolving the sonochemical decomposition of p-Nitrophenoi {p-NP) in the
presence and absence of strong scavengers of hvdroxvi radicals such as humic acid has

shown that the raie of degradation was not significantly affected by the concentration of
hydroxyl scavengers below a threshoid value (Cost er af. 1993). This suggested that
pyrolysis is the main reaction channei for the sonochemical decay of this compound. The .
result was consistent with previous work showing that p-NP decavs via tirst-order reaction
kinetics near the hot interface of cavity bubbies due to its thermal instability at
temperatures over 160 C (Kontronarou ef ai.. 1991). The reported decrease in the rate of
degradation upon increased concenirations of phosphate and bicarbonate ions in tus study
has under laid the pH sensitivitv of the reactions. It was claimed that at pH values higher
than pKa of p-NP, the molecule becomes negatively charged and is repuised by bubble
surfaces, fhus being dispiaced awav trom the interfactal region where the main oOH

decomposition reactions are expected to occur (Kontronarou ¢f af., 1991},

Serpone er ¢i, (1994} have studied the kinetics of Z-, 3-, and 4-Chiorophenol
decomposition in air equilibrated media bv low frequencv ultrasound irradiation. They
reported that reaction products and kinetics were parallel to those observed in

heterocatalvtic oxidation of these compounds with semiconductor particles.

Sonochemical treatment of wastewaters contaminated with benzene and toluene 1n

a “paraliel plate near tield acoustic processor” was shown by Thoma ef a/. (1998) to be
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highly effective for the destruction of both compounds within reasonable energy
requirements. 1he authors further found that the degradation of parent moliecuies followed
first order reaction kinetics. and the rate constants in each case were inversely proportional

to the initiai concentration of the compound.

Pétrier er ai., (1992) have studied the degradation of pentachiorophenate in argon,
air and oxvgen saturated agueous solutions under 20 and 530 kHz ultrasonic irradiation.
They reported that the process was more eftective at the higher irequency, and the
degradation was taster when the solution was bubbled with argon than when it was
bubbled either with O, or air.

Kang and Hoffmann (1998} have studied the kinetics and mechanism of sonolytic
destruction of Methvi tert-Butvi Ether (MTBE) under the effect ot ozone gas and
vitrasonic irradiation at 203 kHz. They reporied that ozone acceleraies the first order
degradation rate of MIBE bv sonoivsis at decreasing mitial concentrations of the
compound. They have aiso observed that the presence of carbonate and bicarbonate ions in
solution as potential competitive reagents for hvdroxvi radicais did not iower the rate of
MTBE degradation, conciuding that the degradation occurred at the interface of the

cavitation bubble. not n the hauid bulk.

David ef ai., {1998]) have shown that the svstematic herbicides chlorpropham and 3-
chioroaniline can be destroved more effectivelv at 482 kHz than at Z0 kHz. Chemical
analyses of effluent samples have shown that while the mechanism of destruction for
chlorpropham was pvroivtic decomposition nside the gaseous bubble. 3-chioroaniline was

destroved mainly bv radical mechanisms and oxidaiive degradation in the solution bulk.

The degradation of fulvic acid (as a representative of natural orgamnic maiter) under
the combined effect of ultrasonic irradiation at low frequencv and ozonolvsis was studied
by monitoring the time rate of change in total organic carbon content of the solution during
contact (Oison and Barbier. 19941 The combination was reported to provide a significant
advaniage as total mineralization of organic carbon, which could be achieved netther by

ozone nor uitrasound alone. It was concluded that the ultrasound/ozone process extends the
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application of sonochemical techniques to the catalysis of advanced oxidation pProcesses

for the removal of refractorv organic electroivies in natural water.

selected non-volatile surfactants bv uftrasonic irradiation at 30 kHz. using argon as the
saturating gas. They reporied that surfacianis orient themseives radiaily in the interfacial
region. with their polar head groups pointing to the bulk solution. This was verified by the
detection of pyrolysis producis and high rate of hvdrogen peroxide uptake in the solution

during irradiation.

Cheung and Kurup (1994) have studied the sonochemical destruction of two
chlorofluorocarbons. CFCI1 and CFC113 in dilute aqueous solutions under the eftect of
power uitrasound at Z0 kiiz. Thev observed that the reactions were governed by first order
kinetics. and the observed rate constants for both compounds were found to deciine slightly
with an increase in solution temperature from 3 10 10°C. The resuit being in agreement
with temperature effects observed with other chiorinated hydrocarbons (Bhatnagar and
Cheung, 1994 was atiributed to the decrease in the cavitation intensity with an increase in
‘solvent vapor pressure. The authors further reported that the rapid rate of degradation was
not affected by the very siight degree of parent compound volatilization (5%) during the

experiments.

Gonze ef ai., (1990) have studied the effect of uitrasonic irradiation (500 kHz) as a
pre-treatmeni operation to reduce the toxicity of untreated effluents or to increase their
biodegradabiiity prior to secondary treatment. Expeﬁmeus were carried out with synthetic
effluents contaminated with sodium pentachiorophenate. and acute toxiciv tesis were
conducted using Fibrio fischeri and Daphmia magna as test organisms. [he authors
reporied that uitrasound is a highiv effective pretreatment method. owing to its potential
for toxicity reduction and rapid enhancement of the biodegradability of the seiution.
Finally, there is supportive evidence that power uitrasound provides uitimate bacterial
destruction in infecied waters, and the rate of the process increases with soiids addition

into the reaction medium (Ince and Belen, 2001},



41

4.1. Determination of the Ultrasonic Power in a Reaciion Medium

in sonochemical systems, optimization of mput power and the reacior configuration
transforms electrical power into vibrational energy, 1.e. mechanicai energy, which is then
transmitted 1nto the sonicated reaction medium. Part of it is iost to produce heat, and
another part produces cavitation, but not all of the cavitational energy produces chemical
and phyvsical effecis. Some energy 1s reflected and some 1s consumed in sound re-emission
(Mason, 1999). Hence, there can be significant differences between the power supplied
from the generator and that deiivered into the reactor. in a pure liquid. one might assume
that almost ali the mechanicali energy {acousiic energy) is transformed 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 ulirasound {Mason, 1999). The method mvolves the measurement of the temperature
rise T against time t for about 30 seconds. using a thermocouple placed in the reaction
vessel. From T versus i data, the temperature rise at zero time, d1/di, can be estimated
either by curve-fitting the data to a polvnomial in t. or bv constructing a tangent to the
curve at time zero. The ultrasonic power (P) actually entering the system can then be
calculated bv subsiltuting the value of dT/dt into Equation 4.1. (Mason. 1999 Mason and

Cordemans, 1998; Mason ef ai., 1992):

Power =(dT/at}.Co. M (4.1}

Adfter caiculating the power in the reaction medium, the efficiency of the system

can be determined either bv caiculating the uitrasonic intensitv which is egual to total
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mA

(determined) power per unit emitting area {W cm™), or by ultrasonic density (W mL™), i e

total po ower ner tntal mase nfthe enlvent h‘«?ﬂtﬁ?’) in the reactor

in general, the generator power shouid not automaticaily be turned to a maximum,
because a relativeiv smali amount of energy 1s otien sufticient. {n most cases. the increase
in power ieads to the creation of more bubbies in the buik iiquid, which lowers the
effective reaction vield bv absorbing the acoustic energv. Decoupling can aiso resuit from

a reduction of the area of the emitter surface due 1o the greater number of bubbies.

4.2, Identification and Optimization of Experimentai Systems and System Parameters

Three experimental systems were used in this studv; namelv SYSTEM I, SYSTEM
ii. and SYSTEM Iif which are defined tn Sections 4.2.1. 4 2.7 and 4.2.3._ individualiv.

The following parameters were determined and fixed for each experimentai system:

i) Reaction Voiume: Calorimetry was performed at various solution volumes -

to seiect the optimum volume.

i) Optimum  Power: Optimum  power setting was determined by dye
decolorization Kinetic studv. Pre-aerated somutions of 20 meg L~ C.1. Actd
Orange 7 was used for kinetic siudies. Rates of dve decolorization were
estimated at various pOwer Settings o select the ooTimum power.

ifi) injected Gas Tvwe and Fiow Kaie: The selecti

}n.r\

n of mjected gas and flow
rate was based on dve decolorization kinetic studies ai various gas tlow
aies,

frenisy 2 EE

4.2.1. System 1 {300 kHz / 150 mL Reactor)

The reactor is made of a 150 mL giass cell surrounded by a water-cooling jacket to

keen 1ts conients at constant temperature (ZOH0 5 °Chr a Dlate tvoe mezoeiectrlc 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 cm’. A photograph of the system is given below:

Figure 4.1. Photographic view of SYSTEM I: 300 kHz-150 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 lkamag 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 C, values between t=0 and
t=10 min irradiation were substituted in Equation (4.1) (Weast and Astle, 1983). Power
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and 150, respectively. The resuits of the study are presented in Tabie 4.2.

ample calculation for generaior P = 23 W, and V= 100 mi is as foliows:

The temperature rise {T) against time (t) for 30 seconds was recorded during 5
minutes sonication of 100 ml of tap water, and the data are given in Table 4.1.

Table 4.1.

Temperature rise in 100 mL tap water during sonication at 25 W generator

output in System {

t (min) 0 05 1 1.5 2 2.5 3 35 4 4.5 5
T (°C) 18 1176 1187 1 20 21 221 23 24 12409 | 257 1 267
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The ultrasonic power (P) actually entering the systemn was calculated by

substitutir

ne i

>

e value of dT/dt into Equation 4.1, using :



Power Dengity ig calenlated 22 0 184 W mi 7 (18 44 W / 100 mL),

5.0 1 ‘ - - 2 0011 |
10.0 7 4 4 0.027
15.0 7 ¢ 0.040

; ! —
17.5 - - - -
200 12 i 004 11 0071
225 14 - - - -
25.0 | 18 | | 14 | 0118 | 12 | 0078 |

It is observed that for any given generator power, the power density diminished as
the volume of the reaction mixture was increased. Therefore. the voiume of the solution
shouid be considered in opiimizing the power dissipated into the system. Consequently,
because the reaction volume is an important parameter, the power in solufion must be
preferably reporied in terms of total power per unit volume.

- -

Literature points out that in most cases, 100 much power reduces the sonochemical
volumes was enhanced by increases in the electrical output of the generator. These results
can peint out the lack of decoupiing effect and the lack of excess bubbles. which might act

as barriers to the transfer of acoustic energy.

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

the power densitv was a maximum at a generator power of 25 W.
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ii) Optimum Power

100 mL of pre-aerated solutions of 20 mg L™ C.I. Acid Orange7 (AO7) were
irradiated at various generator powers for 1 h to monitor decolorization by absorption
abatements at the UV,4g4 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:

(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 results of calorimetry are illustrated in Figure 4.3.

200 45
180 A Vi 40
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% o 140 - / A
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8 F.A 120 -| /’/’,-—\_’/ 'l./,-' | 25 i
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Figure 4.3. Power density in tap water at various power outputs and profiles of color
degradation rate constants in 20 mg L AO7 (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 of 25 W.
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iii) Injected Gas Type and Flow Rate

If the main cause of sonochemical 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 mg L™ C.I. Acid Orange7 (AO7) were
irradiated at 0.184 W mL™ (optimum power density) for 1 h to monitor absorption
abatements at the UV 34 band in the presence of Argon (Ar) with a flow rate of 1, 2.5 and 5
Lmin™. Experimental profiles of color degradation in AO7 during 1 h sonication with 1,
2.5and 5 Lmin" Ar are given in Figure 4.4.

1.00 -
= Ar(1Imin™")

4 Ar(2.5Imin™)
Y Ar(5Imin™)

103xkes) =34.20 + 0.98 (*=0.995)

0257 1094k 2 5=36.73 + 1.16 (P=0.994)
10°xk 4, =42.66 +1.11 (r=0.996)
0.00 o T . . T
0 S 10 15 20 25 30

Time (min)

Figure 4.4. Experimental profiles of color degradation in AO7 during 1 h sonication with
various gas sparge ratios in System I (Subscripts 1, 2.5, and 5 refer to Ar flow
rates, Lmin").
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The highest rate of color degradation was observed‘during Ar injection at 1 L min™,
and the rate decreased with higher flow rates. Although sonication of the solution in the
presence of Ar provides maximum decolorization rate, high gas content in the medium
reduces the power of the collapse. As a result, Ar flow rate was selected as 1 L min™ for

the rest of the studies with System 1.
4.2.2. System Il (520 kHz / 1200 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 100 W for 520 kHz uitrasonic frequency studies by a switch in front

of it. The active acousiical vibrational area of the transducer 1s 22 cm”.
i} Reaction Volume

As described in Section 4.2.1., the power density in solution was measured
calorimetricaliv bv estimating the power densitv at various power outputs of the generator
and at constant soiution volume. The measuremenis were performed at four different

volumes, namely 300. 600, 900 and 1200 mL of tap water. No cooling and gas injection

-

recorded during 5 minutes. and the rate of temperature increase dT/dt was estimated by
fitting the data to a polynomial in t. The power in the system was calcuiated by substituting
the value of dT/dt into Equation 4.1.. where M were 300. 600. 900 and 1200 g for each

sets. The resuits of the study are presented in Table 4 4.
Sampie caiculation jor generator P = 40 W, and V= 300 mi. is as follows:

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

sonication of 300 mi. of tap water. and the data are given in Table 4.3.

Tabie 4.3. Temperature rise in 300 mL of tap water in Svstem Il during sonication at 100

W generator output
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Tabie 4.4. Calorimerric measurements of power input and power densities at various

generator outputs and reaction volumes mn Svstem
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The maximum power density was obtained wien 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 further increased. For the
studied generator outputs. the power 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 well as increases its time of collapse (Luche, 1998). When too much power is
applied to the solution, excess number of bubbles can be formed, and then they coaiesce
forming larger and more longer lived bubbles and act as a barrier to the fransfer of acoustic
energy through the liquid. Decoupling effect can be the other reason for the loss in
efficiency of transfer of power from the source io the medium bv the formarion of large
numbers of cavitation bubbles at or near the emitiing surface of the transducer (Mason,

1999).

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

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

generaior output.
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ii) Optimum Power

300 mL of pre-aerated dye solutions of 20 mg L' C.I. Acid Orange7 (AO7) were
irradiated at various generator outputs for 1 h to monitor absorption abatements at the
UVig4 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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Figure 4.7. Calorimetric measurements of power density and profiles of color decay in 20

mgL™" AO7 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 ™.

iti) Injected Gas Type and Flow rate

300 mL of pre-aerated dye solutions of 20 mg L AO7 were irradiated at 0.126 W
m L (optimum power density) for 1 h to monitor absorption decay at the UV4g4 band in
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the presence of Argon (Ar) with a flow rate of 1, 3 and 6\1 min”. Pseudo-first order color
degradation rates for AO7 in 1 h sonication with various Ar flow rates are given in Figure
4.8.

"  Ar(1 Lmin™)
A Ar(3 Lmin™)
Y Ar(6 Lmin™)

AIA, (484 nm)
o
2

0.4110°xk=16.94 + 0.86 (r°=0.982)
10°xk3=19.64 + 0.74 (r*=0.991)

10°xk=27.99 + 0.63 (r*=0.997)
02 T T L I I
0 5 10 15 20 25 30

Time(min)

Figure 4.8. Experimental profiles of color degradation in AO7 during 1 h sonication with
various gas sparge ratios in System II (Subscripts 1, 3, and 6 refer to the flow
rates of Ar, in Lmin™).

The maximum color degradation rate was obtained during sparging with 1 L min™
Ar, and decreased with further increase in flow rates. Ar flow rate was selected as 1 L min”
! for each set of experiments conducted using the System II.

4.2.3. System III (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
nm, 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 + 1°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 cm”. 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 min
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 calcuiation for generator P = 390 W, and V= 1200 mL is as joliows:
The increase in temperature T against time t for 30 seconds was recorded during 5

minutes ultrasonic irradiation of 1200 mi of tap water, and the data are given in Tabie 4.5.

Tabie 4.5. Temperature rise m 1200 mi of tap water in Sysiem ifi during sonication at 3

W generator output
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The power nput is calculated bv substituting the value of dT/dt into Equation 4.1.

using :

@]

1 ~ . ~ “
b= 4178 1 gt S averace of the heat canaciiv pf water in between 19 — 23 0(‘,:,\ {Weast
. d o ¥ T averace of the heat capaciiy of water in between | 23 “C ) {Weast

and Astle, 1083}
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Table 4.6. Calorimetric measurements of power densities at various generator output and

reaction volumes in System {il
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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™ AO7 (irradiated volume=1200 mL).

The figure shows that, maximum color decay was observed at an output of 390 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".

iii) Injected Gas Type and Flow Rate

1200 mL of air-saturated 20 mg L™ of AO7 solutions were irradiated at 0.073 W
mL" power density in the presence of Ar, O, 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 AO7 degradation. Decolorization rate
with respect to gas injection decreased in the sequence: Ar > O, > 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/O,), it was found that the rate of decolorization accelerated. The
highest rate was observed at 1:0.5 L min" Ar:0, mixture, and the rate decreased with
increasing flow of O, as shown in Figure 4.12. Consequently, optimum sparge gas ratio of
1 L min™" Ar: 0.25 L min™ O, was selected for all runs performed in System III.

1.00

0.75+

¥

0.50

A/Aq (484 nm)

0.25+

oAb O0e <« b

0.00
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Figure 4.12. Experimental profiles of color degradation in AO7 during 1 h irradiation
with various gas sparge ratios in System III (gas flow rates are given in
Imin™; MAir1, ~0, 1, v Ar 1, #Ar:0; (1:1), ®Ar:0; (1:0.75), OAr:0,
(1:0.5), AAr:0; (1:0.25), VAr:0; (1:0.125), 0Ar:0, (1:0.0625), all R? > 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 cavitation. gases with high polvtropic indices and low thermal
conductivities wiil lead to more intense conditions within a coliapsing bubbie because iess
heat is dissipated to the surrounding aqueous environment during the rapid implosion (see
Equation (3.111) v 1s higher for Ar (1.66) than tor (J, (1 41}, and the thermai conductivity
of O, (48.1 mW mK™) is higher than that of Ar (30.6 mW mK™) (Beckett and Hua, 2000;
Beckett and Hua 2001) Therefore the bubble imnlosion in the presence of Ar favors 2

higher overail temperaiure. The higher coliapse temperature increases the #OH rate and

leads to a higher formation rate for Hy(3,.

Ultrasonic irradiation in the presence of O, generates additional chain reactions
within the gaseous bubbie phase to contribute the reaction vields. A schematic diagram of
these reactions 1s outiined in Figure 4.13. {Beckett and Hua, Z001}. The production of these
cavitation temperatures. During irradiation with Ar, the thermoivsis of water o generate
o0OH and hvdrogen atom is one of the most prevalent reaction. The generated #OH radicals
react either with hvdrogen atom, or with another #GH 1o form HyUs, or react with organic
compound. [rradiation in the nresence of (3, will vield additional radicals, such as e¢OH,
eOOH. and 0 radicals. Due to the fact that #0 atom 1s very reactive in the gaseous phase,
it reacts with Q> and with water vapor and provides longer lived radical species. These
ionger lived radical species can move 1o the bubblie interface and react with the organic

compound. In addition, @OOH can recombine to produce hvdrogen neroxide.

To summarize, increased dve degradatrion by combinaton of Ar and O, is due to a
synergy of the gas properties: while Ar induces higher collapse temperatures bv 1ts
relatively higher poivirophic gas ratio and lower thermal conductivity, O, promotes the
formation of additional radicals upon thermal fragmentation witiin the gas phase.
Deceleration of the rate upon increased O, flow above the selected vaiue is due 1o the
offset of its benefits by domination of its poorer gas properties, i.¢. lower polytrophic gas
ratio and higher thermal conducuivity. Therefore, one shoulid be very careful in selecting

the ovtimum Ar:J, 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.I. Acid Orange7 (AO7) solutions were irradiated at the
optimum generator powers of each system for 30 minutes to monitor absorption
abatements at the UV, 34 band. Plots of comparable profiles of color decay versus time for
each system are shown in Figure 4.14.

1.0
® System|
® Systeml
A System llI

A/A, (484 nm)
o
(o]
1

o
»
1

10 xk(1)=42.66+1.11min™
103xk(ll)=27.99+0.63min™"
10xk(lll)=19.39+0.39min""’

] 1 BT 1

I 1
0 5 10 15 20 25 30
Time (min)

0.2

Figure 4.14. Comparative rates of color degradation in 20 mg L™ AO7 during sonication
by System I, System II and System III at optimized conditions (subscripts I,
11, 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 I. 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 Densitieé

Sonolysis of C.I.Acid Orange7 (AO7) was studied in all systems at equivalent
power densities and the systems were compared for their performance in the rates of total
color removal. Reaerated solutions of 20 mg L™ AO7 were irradiated for 30 minutes at
0.070 W mL" of power densities in System I and I, and at 0.073 W mL"' in System III to
monitor absorption abatements at the UV 34 band. Because the maximum possible density
was 0.073 W mL" 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 Il and System III, respectively. Comparative profiles of absorption
abatement in 20 mg L™ AO7 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.

1.0

® System |
B System Il
A System Il

0.8

NA0(484nm)

0.6

10" axk(l) 10.44+0.36min" 1(r =0.99)
10 xk(II) =26.37+0.62min" (r =0.99)

0.4 10° xk(lll) 19. 39i0 39m|n (r?=0.99)

0 5 10 15 20 25 30
Time (min)

Figure 4.15. Comparative rates of color degradation in 20 mg L™ AO7 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™).
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A summary of system conditions with the corresponding color degradation coefficients 15

iisted in Tabie 4.7.

Table 4.7. Summary of system conditions and the corresponding reaction performances at

equivalent power densities

System | AppliedPower | Po
] 7 ]
] |
i !
i | 'I
it §G 5.07G
m 1200 390 D073

MNote that maximum rate of coior decay at these conditions is accomplished by
Svstem 1i, aithough it i1s not operated at its maximum performance. It 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 irom reactor shape and

the water ievei in the reactor.

Table 4.8. Summary of system conditions and the corresponding reaction performances at

optimized condifions.

IS N

S DS

s

geometry, which may aifect the cavitation efficiency, this result can sii

¢ attributed to

o oh.
o
o

the increased mass transfer of *OH radicals into the surrounding medium at 520 kHz

o L 1 1

frequency. As the frequency increases, the flux of active radical species toward the



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
ITI. 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 III.

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 — H,0,).

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.1. (Appendix A) and Figure 4.17.

400

s k()= 5.27+0.01 pMmin™" (r*=0.99)

£ k(l)= 3.86+0.13 uMmin™' (r*=0.99)

S 300-|k(ll)= 6.63+0.26 uMmin™ (r*=0.99)

-

O [

-§ 200-

L
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I = System Il
0 s Systemlll

1

I I 1 1

0 10 20 30 40 50 60
Time (min)

Figure 4.17. Comparable profiles of hydrogen peroxide production with increased
contact time each operated at optimized conditions in System I, II, and III.

Note that the net rate of hydrogen peroxide production is linear (R*=0.99) in all
systems to be attributed the relative insignificance of hydrogen peroxide by scavenging

(Equation (4.4)) and/or dissociation reactions.

*OH + H,0; — *O;H + H,0 (4.4)
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The zero-order rates of H»O» production were in the order oft System Iif > System |
> System II. The highest H,»U, production rate in System Iil mav 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 >

1 e

System 1 > System iii. Hence, the rate of H;O, production is not a direct indicator of the

reaction yield. or the rate of color removal. This may be attributed to the «OH scavenging
potential of H,O; to lower the steady state {#GH] in the bulk solution {Hua and Hoffmann,
1997), and the witness of unreactivity of most color comnonents (particularly azo
chromophores) with molecular HyO», or its dissociation products (¢0.H, #0»). It should be
noted that H»0» is 2 nowerfisl #OH scavenger (k.ow mne=2.7x10" M s} in the absence of

other eGH scavengers (Kang ez af., 1999).

Since the experiments were carried out at the optimum power density of each
reactor, the observed H,U» production rate constants were then normalized with respect to

T

System 1ii in accordance with Equation 4.5. (Hua and Hoffmann, 1997):

S,
VY
LAY

e

rate constanis at the irradiated

(o9

where Knoemr and kane e are the correcied and the observe
frequency. Values of Koner Im. Pur. and estimation of K. are listed in Table 4.9. Ir and Pe

are the power intensity and power densitv at the irradiation frequency; and 1 and Py anr

the (optimum) power intensitv and power densitv at Svstem 1il.

Table 4.9. Optimum power intensity and power density of System L. 1L and fiiL

S_’S’teﬁi Power Transducer | r i iﬁhzozom Ka202m0rm !
Input A ) i ‘ ; ]

‘ L |

1 18 22 082 O, |

- 3 P w ey Y s o e |

ii 38 ZZ | 1.73 g .86 i4i |
= o e : et &oa P ‘
iil 87 22%3 | 132 | G 0.03 6.63 |

he tabie shows that, the order of th{, produciion is ihe same in normalized

conditions {at equivalent power densities); 1.e. System Il > System 1 > System II. This



result can be explained that. at higher frequencies. more hvdroxvi radicals are ejected out

4.3.4. Sysiem Comparison with Respect to Product Yield

Comparison of systems reported so far was focused on decolorization reaction rate
coetficients, whereas in the present section svstems are compared on the basis of “product
yieid"’". This p"rameter has alrea dy been defined and expiare ‘by Mark ef ai.: {1998) and
in the experiment volume per power of the sonic energv deposited in that volume, and is

expressed as:

volume {

gt

The parameter AC was calculated by using the visible absorbance data presented in
Figure 4.3.1.1 Dve concenirations were calculated by using Beers Law as represented b
¥ g

EQ uaUOﬂ 64 H

o
@
x
o
4
|

¥

where A is the absorbance, £ is the molar absorptivity (M~ cm™ ") when the concentration of

@]

C is expressed in terms of moleg per liter and b is the pathlencth oiven 1n centimeters
Ly - - o o T
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Molar absorptivity coefficient (€max) of AO7 was calculated by using Equation (4.7)
(for A = 484 nm) as 23471 M'em™. 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 defined as the amount of AO7 removed per ultrasonic energy deposited in
the reaction volume. Figure 4.18. depicts the increase in G with irradiation time.

e SYS(I) m SYS(Il) a SYS(l)
3.5
3 A A
2.5
E A
i R i
©15 - oy :
o A v
s 1- A ® %
A 2
054 ¢ "
0 .' I T T I |
0 5 10 15 20 25 30
Time (min)

Figure 4.18. Product yields of 20 mg L™ AO7 during ultrasonic irradiation by System I, I
and I11 at their optimized power densities.

As presented in Figure 4.18., the increase in G is in the order : System III > System
I > 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 W™), 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, IT 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 mg L'AO7 during ultrasonic irradiation by
System I, II and II1.

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
IIT 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.
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Section 5.1. of this Chapter is the paper entitied “ Reactive Dyestuff Degradation

£

by Combined Sonolysis and Ozonation”. which was published in Dves and Pigments. 49.

3.1. Ozone-Sonoiysis

Eftluents of textile dveing/finishing miiis are compiex with intense color, chemical
oxygen demand (COD}, suspended soiids. temperature. pH, and a variety of refractory

matter such as heavy metals and non-ionic surfaciants {Gurnham, 1965). Moreover, the

industry suffers from excessive water consumption. due to mamfoid washing of dved

o~ . e 1+ o . 4

fabrics to remove unfixed dyestuff residuais from their surfaces. Accordingly, the

management of dvehouse efiiuenis requires an iniegrated approach to the solution of

“effluent treatment” and “water consumption” problems by developing suitable treatment

schemes that produce harmiess effiuents and recvciabie water.

1

The expanded use of reactive dyes during the last decade has turned conventionai
methods inadequate for treating dvebouse effiuents. due to poor biodegradation of such
dves {especially those containing azo-groups} under aerobic conditions (Boeniger. 1980).

Furthermore, some precursors of azo-reactive dves are toXic and carcinogenic. requiring

z 1 .1 Fah ] . Fs 3=

separation and advanced ireatment of dyebath effiuents before discharge into conventional

systems or pubiiciy owned wastewater treaiment works (Boenmiger. 1980. Brown and De

GG

Vito, 1993).
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Recent developments in advanced oxidation processes {AUP). which are
recognized with their poteniial to generate free radicais, have shown that under proper
operation they render compiete color removal, detoxification and mineralization in the

etfiuents of textiie dveing miiis (ince ez a/.. 1997. Gregor. 199Z. Gouidm and Groff. 1987:
Ince and Tezcanii, 1999). The advantage of AGP over conventional oxidation processes is
due to the reactivitv of free radical species. especially that of the hvdroxvi radical (eOH),
which, uniike molecuiar oxidants is non-selective and far more powertul than ail (Glaze et

al.. 1987).

One of the most common methods of free radical production in AGQP practices 1s
ozonation (coupled with or without a source of uitraviolet light). and iab-scale treatment of

L E

textile dyebath effiuents with ozone has been found efteciive for color removal and partial

mineraiization (Gregor. 199Z: Gouidm and Groif. 1987. Bahorskv. 1997; Arslan ef al.,

1999; Carriere ef ai.. 1991 Snider and Porter. 1974). The attractiveness of ozonation over
other chemical oxidation methods is that it provides two possibie degradation routes: 1) at
basic pH, it rapidly decomposes to vieid hvdroxvi and other radical species in solution: ii}
at acidic condifions. it is stabie and mav react direcilv with organic substrates as an
electrophiie {Gouldm and Groff. 1987. Glaze ei «/.. 1987). The shoricomings of the
method, however. are its energv intenseness {due to onsite generation of ozone). pH
sensitivity. and selectivity of Oa for organic substrates and the increased level of turbidity
in effivents (Bahorsky. 19971. Hence. ozonation requires further research and development
for applicability in large-scale operations as part of an environmental management svstem.
Free radical formaiion in water bv uitrasonic irradiation (US} is a much less
populiar technique. despite the verv “extreme” conditions provided bv sonic vibrations in

[ PN

liguids for “high energv chemistry” (Suslick. 1990). Research studies on dvestuff
degradation by ultrasonic irradiation 1s rare. except for a couple of mvestigations with
reactive dves, reporiing complete decolorization and wpartial nuneralization affer

sutficiently iong exposure ( Vinodgoval ef af.. 1998: Joseph et ai.. 2000).

When a liquid is sonicated. the pressure waves are transmiited through the medium
by acoustic cavitations. which are made of microbubbles entrapping dissolved gases and

vapors of the surrounding medium (Susiick, i1990; Mason, 1990}. These bubbies grow and
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expand within the rarefaction and compression cvcies of the pressure until thev reach a
critical size. at which further compression ieads 1o their impiosive collapse. wiih
temperature reieases of 2000-5000 K (Susiick er af. 1990). During this coliapse stage,
water molecuies and volatile organic solutes entrapped in bubble interiors undergo
pyroiviic fragmentaiton io dissociate into hydroxvi, hvdrogen and organic radicals,

respectively {Serpone e af.. 1994; Hung and Hoffmann. 1998).

When a water body is ozonated simuitaneousiv during uitrasonic irradiation (US),
the increase in hvdroxvi radical production is svnergistic due to an additional pathway that
involves thermal decomposition of Uz {Kang and Hoffmann, 1998; Weavers ef al., 1998).
A further advantage of such a combination is enhanced Os transfer in solution, resulting
from larger gas diffusion coefficients in the presence of sonic vibrations than in non-

“irradiated solutions (Weavers and Hoftmann. 1998). A simplified reaction scheme for ¢OH
generation during US/Os treaiment of water is as follows (Serpone ef ai., Kang and

Hoftmann, 1998; Weavers ef a/.. 1998: Hart and Henglein. 1986):
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Some of the hvdroxyl radicals recombine at the cooler bubble-liquid interface to
vield water and hvdrogen peroxide. others react with gaseous substrates within the
coliapsing bubbles, and under proper conditions some diffuse into the buik liquid to

aciivate aqueous phase oxidation reactions {‘Semane ef ai.. 1994: Kang and Hoffmann,

solutes during combined ozonation and US treatment may be destroyed by direct thermal
decomposition, eOH-mediated advanced oxidation in the buik liquid. chemical oxidation
with ozone and hvdrogen peroxide. and/or a combination of all {Weavers and Hoffmann,

1998).



The purpose of this study was 1o invesiigaie the effeciiveness of combining
uitrasonic irradiation (US) with ozone in treating textile dvebath effiuents contaminated
with reactive dvestuif. The degradation process was expected to occur in the buik soiution
by hvdroxyiation and direct reactions of the dvestuit (and the reaction intermediates) with
molecular ozone and hvdrogen peroxide. Pyrolviic destruction was not an expected
pathway because of the hvdrophilic nature of reactive dves. which inhibits their
partitioning between aqueous and gaseous vhases {Serpone ef ai.. 1994, Weavers er ai.,
1998).

The method of study involved: 1} preparing svnthetic dvebain solutions with C.1.
Reactive BlackS (RB5). which owing to its high consumption records was selected as a
model compound to represent azo-dves; i1} monitoring the degradation of the dye by means
of the decav in its absorbance at the UV-visibie band and the reduction in its total organic
carbon {TOC); and i11) estimating the rate of dve degradation by regression analysis of the

absorbance-iime daia.
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1.2.3. Preparation of the Dye Solutions

A 300 pM stock solution was prepared by dissoiving U.363 g of RB5 i i 1§
deionized water. foliowed by neating 1o 80 "C and adrusting 10 pH=11 with atiute NaUH
(1 N). The solution was kept in these conditions tor § h to allow compiete hydrolysis of the
dve and to simuiate dvebath effluents from baich dveing processes with reactive dves
{(Mason ef al., 1992). Test samples of various concenirations prepared from the stock
(smred in the dark at 4 °C } hv anmﬁnﬂme dihitions were aerared for 2 h to lower their
cavitational threshoid and to allow rapid bubbie formation during initial contact with US.

The solutions were readiusted to neutrai pH betfore experimentation.
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S.1.2.4. Laboratory Equipment and Analviical

The optical aosorpiion specira {(Z00-800 nmy and the reduction in UV/visibie
absorption of the dye soiutions were recorded by a Unicam, Herlos Aipha/Beta doubie

beam spectrophotometer through a 1 c¢m path length.

The removal of organic carbon via mineralization was monitored by a Fisons 480
TOC analyzer. The instrument was calibrated bv standard soiutions of phenoi (i-30 ppm).

and calibration curves were established by linear regression.

The stock solution was heated to 80 °C by using Tkamag RCT Basic Temperature

Controlled Stirrer. WTW 100 model nH meter was used for nH adiustments.

5.1.2.5. Procedure

The test concentrations as 10. 20. 40, 30 and 6G uM of C.I. Reactive Black5 were
selected tn accordance with tvoical dve residuais found in dvebath effiuents of batch
processes after rinse (Pisa Corp.. 20003 Six-hundred mmliiliters of air-saturated test
solutions were ozonated stmuitaneously with ultrasonic wwradiation for 20 min, and sampies
were collected within short intervais ior specitrophotometric anaivses at the UV-visible
region. bExposure was periodicailv extended to 1 h or more fo ailow ftime for

mineralizaiion, which was monitored by periodic TOC anaivsis o effiuent samples.

Control experiments with ozone and uiirasound alone were performed on air-
saturated dve soiutions to compare rates of decolorization. oxidation and total
mineralization with those accomplished in the sunultaneous scheme. and to assess

svnergistic efiects.
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5.1.3. Results and Discussion

5.1.3.1. Decay of the UV-Visible Absorption Bands

C.I. Reactive Blacks is a strongly absorbing dye in the UV-visible range with a
distinct band in the near-UV region (A=312 nm) and another one in the visible (A= 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 of 20 uM air-saturated RB5 before and during
exposure to US/O; is presented in Figure 5.2.

Absorbance

600 800

Wavelength (nm)

Figure 5.2. Changes in the absorption spectra of 20 uM pre-aerated RB5 during 20 min
irradiation with US in the presence of Os. (The legends a, b, ¢, 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, O3 input and volume were 0.060 Wm L™; 50 L
h'; 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 ®OH attack (hydroxylation), which is



77

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 nm 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 ef al., 1998; Joseph
et al., 2000).

0.61 \ ‘ ‘ I ‘
0.51

K'=0.45 min*

Absorbance
&
e

0.11 7 _o rings

- —e—color

0.01 — . . o
0 0.5 1 1.5 2 2.5 3
Time, min

Figure 5.3. Degradation of 20 pM RB5 (monitored by the absorption at the near-UV and
visible bands) during 3-min contact with US/O;. The plot on the right corner
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 O3 and US individually. The
degradation in all schemes as monitored by the decay of absorbance at 596 nm was found
to follow pseudo-first order kinetics. Under the same conditions and for identical contact
times, color removal with US/O; 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 uM RBS5 under similar
conditions was reported as 2 hours (Vinodgopal ef al., 1998).

Log Abs (596 nm)

Time (min)

Figure 5.4. First order color degradation rates of 10 pM pre-aerated RB5 during 15-min
contact with US, O3, and US/O; 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 min 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 of RB5. 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 RBS is

presented in Figure 5.5.
¥ 257 m O3
E 8 o3/Us
2 ol
g 1.5
054
0 -
10 20 40 50 60
Initial Dye Concentration, umol I

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
uM), 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 interface to undergo thermal decomposition (Serpone et
al., 1994).
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5.1.3.3. Carbon Mineralization

Oxidative degradation processes produce organic intermediates, which may be
more harmfui than the parent moiecule if reieased into the environment without further
treatment. Bleaching of a dve soluiion produces intermediates, which compeie with the
parent dye tor e(OH. (: and H»,U, Consequentlv, the destruction of the dye should be

evaluated as an overall degradation process, invoiving the uitimate mineralization of both

Ty

process 1s to monitor the reduction of total organic carbon { TOC).

x

The rate of TOC removal in 20 uM RB5 solution during 1 h coniact with the
combined system and the two control schemes (with (: and US aloune) is presented in
Figure 5.6. It was found that total mineralization in US. Oz and US/0s schemes was 2 per
cent, 50 per cent and 76 per cent. respeciiveiv. The inefficiency of US by itseif is
consistent with its poor performance for coior degradation. The data suggest that much

longer contact 1s for appreciabie converston of TOC to CU, bv ultrasonic treatment alone.

in a similar studv by Vinodgopal ef ai. {1998). it was reported that 60 per cent
mineralization was accomphished in 33 uM RB5 after 6 h irradiation under similar
conditions. In ihe same work. the authors detected oxalic acid as one of the reaction
intermediates, suggesting that the degradation shouid not be assessed in terms of total
mineralization alone. because some of the organic carbon mav be converted to stable and

environmentaliy acceptable products otier than carbon dioxide.

Ozonation alone was relativeiv more effective than US for total mineralization, but
synergy suggests thai cavitation events accelerate degradation of the ozone-induced
intermediates of RBS. This is particuiariy obvious from the iack of TUC reduction between
15 and 30 min in both of the control seis {US and U aionel, as opposed to the linear
reduction in TOC in the combined scheme. (Note that total mineraiization with ozonation,

- o r

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.

6
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Figure 5.6. Comparison of US/O; combined scheme with the two control sets for rates of
total organic carbon removal (mineralization) in 20 pM pre-aerated RBS.

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 Os. 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, O; and H;O, 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 wideiv practiced method of color degradation in dvehouse effluents.
but it is insufficient for soiving the more chaiienging probiem of eftiuent mineralization to
meet current discharge standards and/or o recvcle the speni water in the process. This
study showed that the efficiencv of ozone treaiment is significantly enhanced bv

simultaneous irradiation of the treated solution with uitrasound.

it was found during lab-scale treatment of a reactive dvebath effluent with ozone,
that the rate ot color degradation achieved in conjunction with sonoivsis was twice as fast
as that accompiished bv ozonation aione. Furthermore, the svnergism observed for the
overaii degradation (mineraiization} of the dve refiects the potential of the US/Osx
combination treatment to minimize the survivali time of the reaction intermediates.
Svnergistic effects were attributed mainiv to the mechanical effects of cavitation. which
increased the mass transfer and decomposition of ozone, thus enhancing botih the rate of
direct reactions, and that of eOH-mediated oxidation of intermediate products. The
proposed combination mav oe applicable in the management of dvehouse effluents,
particulariv in the search of new alternatives to achieve recvciing of spent waters in dyeing

Process.

3.2, Fenton - Sonolvsis

Section 5.2. of this chapter examined the effect of ferrous 1on addition to Svstem il

on the rate of color and TOC removal of 20 uM C 1. Reactive Blacks,

5.2.1. Background

As mentioned in Section 5.1.. during uitrasonic irradiation of water. ¢OH formed
by thermolvtic reactions recombine fo form hvdrogen neroxide that tends fo accunmulate in
the solution, without significant impacis on aqueous phase oxidation of organic matter.
However, upon FeSO. addition the decomposition of sonochemicaily produced H»O» (Eqn

3.4 and 3.9) is accelerated through Fenton’s reaction {Eqgn 3.6). and thus additional ¢OH



radicals are produced. As a consequence. non-reactive HrU, 18 made reactive by ferrous

et ai., 2002Z; Beckett and Hua ZG33).

5.2.2. viaterials and Methods
Svstem parameters, dye properties and preparation of dve soluiions were the same

as speciﬁed in the first section of the chanter. Fresh solutions of 20 uM RBS5 were made
g the hydrolyzed stock (0.363 g L), Fenton’s reagent was nrepared as 5 g L™ Fe*'

k)

g reagent grade FeQOQ, 7TH ) (Merck)

5.2.2.1. Experimentai

Air-saturated solutions of Z0 pM KB5 were sonicated in the presence of 0.01, 0.1,
0.5, 1, and 5 mM Fe~ for 30 min. and samvies were coilected within short intervals for
spectrophotometric analysis. The optimum Fe™ concentration was determined by

mgﬂﬁnﬂﬂg the rete of colar dee cay at each level Conirnl pvnprvmpn#e were run in the ga

me

test samples without Fe", and the degradation of the dve for color and total organic carbon

were monitared to ascess the imnact of Fo’

D /e mineralization was monitored GUHH(’ 1 h uitrasonic irradiation of the test GV@

in the absence and presence of Fe™ (0.1 mM}.
5.2.3. Kesulis and Discussion
5.2.3.1. Selection of Ferrous ion Concentration
No hydrogen peroxide or buifering agents were added, and the initiai pH of the

samples was 5.5 in each run. Profiies of decoiorization as a function of Fe”~ concentration

is presented in Figure 5.7. The rate constanis were pseudo-first order in ali cases and all



coefficients were estimated by fitting the absorption data (at 596 nm) to Equation (4.2) and

the results are given in Table 5.2.

CONTROL (US)-0 mM Fe?**

0.9
- 0.84
£
=
@ 0.7
A
§ 064 °
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® 5mM Fe?*
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Figure 5.7. Rate of color degradation as a function of Fe** (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 of Fe?*

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 Fe** resulted in the reduction of decolorization rate

constant (Figure 5.8.). The adverse effect of excess Fe** must be due to #OH scavenging of

Fe?* at high concentration via the following reaction (Tezcanli, 1998):

Fe** (aq) + ®OH —Fe’" (aq) + OH" (aq)

k=3x10*M's’ (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 of RB5 sonication in the absence

and presence of Fe?".

Fe*" (mM) 107 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 eOH
scavenging of Fe(Il) 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 Fe*" are considered. Hydroxyl
radical attack on dye intermediates and scavenging of «OH by H,0, is not considered.
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d[o OH]

o Kou—Kk'[dye][+OH] - k{*OH]’ - k; [Fe*"][¢OH] + ki [Fe*"][H;0,] (5.8)

where koy is ®OH formation rate constant by the system (generator), k” is second order
reaction rate constant (10°—10'" M s') of dye with #«OH , [dye] is the concentration of the
dye (M), [#OH] is the concentration of hydroxyl radicals (M), k; is second order reaction
rate constant of ®OH recombination reaction (6x109 Mm! s'l), k; is second order reaction
rate constant of ®OH scavenging by Fe?* (3x10® M s™), k; is second order reaction rate
constant of ®OH formation via Fenton’s reaction (76 M s™).

When Fe** is at appreciable concentrations, it competes with the dye for #OH
despite its lower bimolecular rate constant. As a result, working Fe** concentration was
selected as 0.1 mM for Fe** catalyzed ultrasonic irradiation experiments.

5.2.3.2. Contribution of Fe’* to Color Degradation

Figure 5.9. shows the improvement in decolorization of RB5 with the addition of
0.1 mM Fe?**. The observed rate enhancement (nearly 5 fold) is again due to increased ¢OH
formation. Hence, Fe** addition provides the same efficiency (40 per cent) as that of US in

1/6 times less contact.

e Fe(ll) m US a US+Fe(ll)

\ "t

1.00

0.754

0.50-1

AJ/A( (596 nm)

0.254 .
103 x k = 32.88 min~

0.00 T T T T T
0 10 20 30 40 50 60

Time (min)

Figure 5.9. Profiles of color degradation of RB5 during US, Fe** (0.1 mM), and US+Fe?".
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5.2.3.3. Contribution of Fe** to Dye Mineralization

The effect of Fe** addition (0.1 mM) on dye mineralization is presented in Figure
5.10. The remarkable enhancement in the overall degradation of the dye by Fe?* 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 Fe?**, the extent of mineralization was reached to its
maximum (40 per cent depletion) and no further decrease was observed after 10 min. The
steadiness of TOC removal after 10 min of reaction implies the depletion of Fe** (Equation
(5.6)). Since the conversion of Fe'* to Fe** 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 intermediates formed 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 tend
to accumulate at the interface of the bubble and #OH oxidation at the bubble-liquid
interface can not be a degradation pathway anymore (Pétrier et al., 2002)) .

¢ US+Fe(ll) m US
1® / n
0.9 - CONTROL (US)
-]
3 08
=
§ 0.7 US + Fe?'(0.1 mM)
0.6 - * o o * * *
0.5 T 1 T I |
0 10 20 30 40 50 60
Time (min)

Figure 5.10. Total organic carbon degradation during ultrasonic irradiation of RB5 with
(0.1 mM) or without Fe*'.



The result of TOC depletion by Fe™ catalyzed ultrasonic irradiation seems

satisfactory but the dienncal of chidoe chould be congidered.

5.2.4. Conciusions

The addition of ferrous ion significantly increased uitrasonic decomposition of C.1.
Reactive Black5 at 520 kHz. The Fenton process ennanced both the decolorization rate and
mineralization to be attributed to the formation of additional eOH. The highest color
degradation rate was observed in the presence of 0.0 mM Fe’ . and further increases in

Fe’" concentration decreased the decolorization rate due to the scavenging of eOH by
Fe®'

Altnough 1t 1s possibie to obtain high decolorization and mineraiization 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 1n a shorter time bv combining vitrasonic irradiation with the addition of strong

oxidant Oz, which is also able to attack some intermediates such as organic acids.
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This chapter is the paper entitied “Degradation and Toxicity Reduction of Textile

Dyestutf by Ultrasound.” which was published in Uirasonics Sonochemisiry. 10. 235-240,

2003.

6.1. Background

Effluents of textile dyeing processes are intensely colored and contaminated with
high concentrations of chemical oxvgen demand, suspended and dissoived saits and traces
of recalcitrant material {Gurnham, 1963, Ince er a/i., 1997). If improperly processed, these
effluents not oniv deteriorate the aesthetics of receiving waters and mav hinder the
penetration of oxygen, but aiso pose significant ihreat 1o hife forms upon hydrolysis of
some dves in the wastewater to form toxic products ( Robinson e7 /.. Z001). The reason for
the presence of dve residuals in wasted effiuenis 18 that some dyes have poor exhausiion
capacities such that an important fraction of them 15 uinmatelv discharged with spent

dyebaihs.

Among such poorly exhausting dves. those with azo bonds have the largest
consumption in textile dveing processes owing 1o their brilllant shages. Hence. rauch
research has been conducted on methods of azo dve desiruction, manv of them being
centered on advanced oxidation processes (AUPL. Treatabilitv of azo dve solutions by
AQP, which generate nydroxyi radicais {(#UH) via a variety of common methods, has been
widely reported in the hiferature {Iince and Tezcanli 1999: Arslan e ¢ . 2001; Gouldm and

Groff, 1987). A iess common way of onsite eJH generation is uitrasonic irradiation of the

liquid. By such, the dissolved vapors and gases in the liomid are entranped by cavitation



bubbies, which reiease verv high temperatures during their adiabatic coiiapse {Suslick ¢7
al.. 1990: Dahlem e ai.. 1998). In sonoivsis of water containing hvdropniiic compounds
such as textile dves. hvdroxvi radicals are generated oniv bv water fragmentation in the
collapsing bubbies. and oxidative dve destruction is possibie if the radicals are eftectivelv
ejected into the soiution buik. The efficiency of ¢OH diffusion into the agueous phase is
related to system parameters such as frequencv. reactor geometrv. presence of cavitation
nuciei, and the ambient conditions (vason and Cordemans, 1998: Mason ef a/., 1990). The
mechanism and kinetics of uitrasonic azo dve degradation has been recentiv investigated in
pure dye soluiions using simple compounds such as azo benzene and methyl orange

(Joseph et ai.. 2000; Destailattes ef ai.. 2000).

The purpose of this study was to investigate the effectiveness of 520 kHz uitrasonic
pressure waves on the destruction of textile dvestuif in aqueous solutions. The method
involved exposure of three azo and one oxazine dve of various sirengths to uitrasound for 4
h, during which effluent sampies were analvzed tor color. aromatic/olefinic content and
Microtox toxiciiv. Test soiutions were made in mass concentrations ({rather than moiar) to
be consistent with actual dveing recipes made of fixed mass concenirations of dyes and
dyebath auxiiiaries. dictaied by the desired shade depth and not the structure of the dve
(Pisa Corp., 2000). The test concentrations were selected bv referring to typical dve
concentrations found in dveing mill effiuents. and operation parameters were set in
accordance with the maximum rate of color removal obtained durtng i h sonolysis of a

model dve at various ulirasonic power and dve concentraiions.

= o

6.2, Miaterials an

Miethods

6.2.1. Dves

Two “reactive” and two “basic” dves were used as probe chemicais throughout the
study. Color Index {C.I) codes. molecular properties. maximum visible absorption bands.
characteristic chromophore. manufacturing source and the purity of commerciaily availabie

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-ABS/type | MW Source/Purity
C.1./Symbol Functional Gr | g mol™
o a 544 nm 1791 BASF

$OH 0H Hi

Nﬁg\ \HH’Q—N»—’@ H 0 SOH | disazo 75 %
e ™ m 2x (-N=N-)

HEjs sogH
SO0H

C.IReactive Red141 (RR141)

) 596 nm 991.8 DYESTAR-
“3“‘33':’"”2‘:“2‘# M $03ha disazo HOECHST

o HO

. v ) 2%(-N=N-) 80-85 %

I #

Ma0350CH3CHe —5S —<:\>—N=N SOzMa
I =
a

C.1 Reactive Black5 (RBkS5)

W 464 nm 461.4 Aldrich
2 Hal
HoMl G M=p \@ N=NQ N disazo 40 %
CHs CHy CHy 2x(-N=N-)
C.I. Basic Brown4 (BBr4)
= ’ S 654 nm 3599 Aldrich
1 0

CHacH” X I §0H20H3 oxazine 50 %

CH3CH2 CHaCH3 @

C.1. Basic Blue3 (BBI3)

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. Uptimized Sysiem Parameters

Uptimized svstem parameters used in this studv {given in Chapter 4.2.2) are

summarized in Tabie 6.2,

Table 6.2. Experimental parameters of System 1i

System | Transducer

Stock dye solutions were prepared bv dissoiving 5 g of each dye in 1 L of boiling
detonized water in accordance with dveing recipes provided by a textiie dvehouse for 5%
shade depth {Pisa Corp., 2000). The reactive dves were transformed to their hydrolyzed
forms by adjusting the pH to 11 using 5 N sedium hvdroxide. followed bv heating to 90
°C. The reactive dve siock solutions were kept at that temperature for 6 hours for complete
hvdrolvsis. Test solutions were made bv diluting the stocks to fvoical effluent dve

a

concentrations (20-60 mg L) using deionized water followed by 1 h aeration. The pH of

all test solitions was adinsted 1o 2 rance nf 8 5.4 S nrior to sonication

it is well known thai reactive dyes used for shading celiuiosed fibers have poor
exhaustion capaciiies. whiie the majoritv of basic dves used in shading of synthetic fibers
are fixed quite well on the fabric (U.S. EPA, 1996). Despite this fact. the degradability of
basic dves was investigated as well. because even at verv low conceniranons most of them
are toxic in ihe aguatic environment, owing to traces of heavy metals in the dve mairix

(U.S. EPA, 19961
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6.2.4. Anaivticai

Spectrophotomeier

The opticai absorption spectra {Z00-8CG0 nm} of the test solutions during sonication
were recorded by a Unicam. HeAlos Alpha/Beta doubie beam spectrophotometer through a

1 cm opticai path length.

Toxicity

Toxicity of the dye soiutions was determined using a Microtox Model 500
Analvzer, which utilizes freeze-dried iuminescent bacteria (V. fisferi) as test Organisms.
The test svstem is based on the principle that bacterial luminescence is tied directly to cell

in the degree of luminescence. The Microtox analyzer i1s made of an array of sampie wells
for holding diiutions of bacteriai suspensions. and a photometer to measure the light output
of V. fisheri at 0, 5 and 15 min afier contact with the toxicant. Light readings are compared
to those of control bacteria {healthv) to determine the inhibition of light emission. and to
estimate the ECso of the sample. (ECsq is defined as the effective concentration of the
toxicant- expressed as percentage refative to the original samplie strength- that causes a 30
per ceni reduction in ihe light ouiput of the test organisms during the designated time
interval.} Sample vreparation. osmotic adiustment and serial diluiion procedures were
carried out by reference to the Basic Protocol of the Microtox assav (Microtox Manual,

1992). A photograph of Microtox Analvzer is given in Figure 6.1.



Figure 6.1. Photographic view of the Microtox toxicity analyzer.

1 6.2.5. Experimental
Determination of Dye Degradability

Three hundred milliliter of pre-aerated dye solutions of 20 mg L™ (working dye
concentration) were irradiated at 0.126 W mL™ (optimum power density) for 4 h to
monitor absorption abatements at the visible and UV,s4 bands. The degradability of the
dyes was also assessed by monitoring the toxicity of the reactor effluents at various
intervals during sonication. Argon was bubbled into the reactor at a flow rate of 1 mL min”
! to promote cavity formation and to overcome degassing.

Toxicity Measurements

The toxicity of all dye solutions was determined prior to sonication, and those that
were found toxic were monitored throughout the contact time to follow the trends for
detoxification. “Color correction” was found necessary in those samples collected 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 1s aimed to overcome the poteniial hindrance of bacteriai iuminescence bv the

visible absorption of the dve solution.

During the first 30 min sonication, all dye solutions had color which could interfere
with bacteriai luminescence. So. those sampies were re-anaiyzed according to the color
correction test. Verv special cuvettes were used for color correction. They are made up of
two gilass cuvettes, one within the other to prevent the contact of the sample and the
bacteria. So the interference of color was easilv determined by eliminating the probable
toxicity of the samvpie o 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 ot the bacteria was recorded bv Microtox Anaivzer. Then, diiution water
was discarded from the outer chamber and the colored sample was transferred and the
bacterial iuminescence was recorded again. The resuits were added to the old data and re-

analyzed by Microtox software.
6.3. Results and Discussion
6.3.1. Sefection of Working Dyve Cencentration

The working dve conceniration was selected by monitoring the rate of color decay
in 20. 30 and 40 me L* of RB5 during 1 h sonication at U.126 W mi." (optimum svstem
conditions was given in Chapter 4.2.2.). 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 degradation rate profiles in three concenirations of RB5 and

estimated rate coefficients are presented in Figure 6.2.
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The rate coefiicient was found io be onilv slighily sensitive to the mass
concentration of the dve. being a maximum at 20 mg .. which was therefore seiected as

the working initial dve concentration.

6.3.Z. Dye Degradation by Color and Urganic Carbon

The degradation of ail dves during the reaction period was assessed by absorpiion
abatemenis at two bands: the visible. whicn 18 responsible Tor the chromophoric
components and the UV-254, which represents the absorpiion of aromatic and/or olefinic
carbons in the dve. The rate of absorption decav at 254 nm did not foliow a common
kinetic pattern as it did in the visibie band as a consequence of aromatic ntermediate
tormation by oxidative degradation of the dves. Moreover. it was found that complete
decolorization was achieved in ail dye soluttons within 130 min, whiie 4 h of sonication
was required for appreciabie degrees of aromatic/olefinic carbon destruction. Comparative

fractions of color and organic component decay in Z and 4 hours of sonication respectively

are listed in Table 6.3,
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Tabie 6.3. Fractions of color and organic carbon removai during 2 and 4 hours of sonolysis

and estimated coetficients of color decav

Dye Anss
reductionind h
RR141 226 1129
g sy
Py
-3 =y — 3
BB3 53.7 |
|
i

Note that the degree of UV-Z54 destruction in the first three azo dves 1s
significantly iower than that of coior. signiiving the prioritv of OH attack on N=N bonds
and the increased mass of aromatic intermediates upon oxidation, which likely absorb UV
light at 254 nm. The fact that the basic dve BB3 bleached much faster than the others and
the abatement in its UV-254 band was close to that in the visible band may be attributed to
its non-azo character. the oxazine chromophore and/or its iower moiecular mass (Tezcanli-

Guyer and Ince, 2003},

The effect of sonolvsis on the absorption of the dves in 200-800 nm band is
presented in Figure 6.3. Note that the two reactive dves had absorption peaks at 310 nm in
addition to their absorption in the visible band, and both of them faded with increased
contact. On the other hand. the spectra of the basic dves were ditterent. while BB3 had a
peak at 253 nm. which also faded with time. BBr4 had no distingt peaks in the same
region. Note also that despite the slight oH reduction (3-7 per cent} observed in ail test
solutions during the first 15 min of contact {indicating the formation of organic acids), no

shift in the absorption peaks occurred during the same period.
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6.3.3. Dye Degradation by Toxicity

Five and fifieen min toxicity of the dve solutions prior to sonoiysis showed that
RR141 and RB5 were non toxic at Z0 and 30 mg L™, whie BB3 and BB4 were toxic at

both concenirations. Hence, toxicity was monitored only in the iatier two dves during 240

min of sonolvsis. Estimared values of ECsa were converted to a relative index T1 as:

where TI is the reiative toxicity index. and EC50 is the 5-min Microtox toxicity of the

sample.

Besides these dves the toxicity of representative dves of acid group “C.1. Acid
Black I"" and “C.1 Acid Orange 7”7 were also investigated and found as non-toxic. These

result are consistent with the data given by Littie and Lamb (1972Z}. They investigated the
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effect of 46 selected dyes on the Fathead Minnow and the toxicity results were expressed
as LCsn. 96 Hour (mg i) {the concentration that causes mortaiitv to 50 per cent of the test

popuiation after 96-hour exposures). In this report, the toxicity of C.I. Acid Orange 7, C.1.
Acid Black 1, C.i. Basic Brown 4. C.I. Basic Biue 3 were reported as 165, >

180,56 . and 4

respeciively {the higher the LTso, the iess toxic the sampie is}.

Comparable profiles of color, organic component and toxicity decay in the two
originaily toxic dves are presented in Figure 6.4. {t was found that despite the siower rate
of color and organic carbon degradation in BB4 than that in BB3, the reduction in the
toxicity of the former was faster, with complete detoxification before color decav was
completed. This impiies that toxiciiy causing components in BB4 were primarily due to the
chromophoric characteristics of the dve. which mav have been further enhanced bv the

addition of some impurities in the commercial product { Tezcanii-Guyer and Ince, 2003).

Since some of these impurities are made of heavy metals. it 1s likely that changes in
the valence state of the metais upon their potential combination with organic sites resulted
in detoxification of the effluents. The observed rise 1n toxicity afier 120 min of irradiation
mav be attributed to the production of some foxic intermediates at this stage and the
accumulation of hvdrogen peroxide upon enhanced sonication. The detoxification of BB3
proceeded at a slower rate than that of BB4. implving that toxicitv was due both to color
and other aspects of the structure. but no further ioxicity rise was observed once the

effluents were totallv detoxified.
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Figure 6.4. Kelative profiies of color, organic carbon and toxicity degradation in 20 mg 1.

of C.iBasic Biue3 and C.I. Basic Brown4 during 4 h exposure to ultrasound.
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6.4, Conclusions

Textiie dvehouse efTiuents are of significant environmental concern, due to the
presence of dve residuais in wasted dvebaths. The studv presented herein signifies features
of dye degradabiiity by ultrasonicaliv generated hydroxyl radicais. It was shown that the
degradation of azo and oxazine dves 1S initiated bv color decav foliowed by the destruction
of organic and/or aromatic carbons in the molecuie. The rate of color degradation was first
order in the visible absorption of the dves and siower in azo dves than that in oxazine-
origin dve structures. The degradation of aromatic/olefinic contents in azo dyes proceeded
at a slower rate than that of coior. as a consequence of increased mass of organic
intermediates, which absorb at the UV-Z54 band. The slower destruction of
aromatic/oiefinic carbons in azo dves than that of coior was attributed to the priority of
hydroxyl radical attack on the N=N bonds, and to the formation of numerous oxidation
intermediates of organic character during the course of dve degradation. Toxicity analvsis
of the dve sclutions prior to sonolysis reveaied that “reactive” dyes were non-toxic, but
“basic” ones were toxic at the test concentraiions empioved in this study. It was aiso shown
that if the parent dve were toxic, the degradation products were less so, and total toxicity

removal was accompiished within shorter contact than necessarv for total dve degradation.
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7.1. Senochemical Destruciion of Texiile Dyesiuif in Wasted Dyebaths

The studv presented 1n this chapier is a copy of the article entitied “Sonochemicai
Destruction of Textile Dvestuft in Wasted Dvebaths™ which was pubiished in Coloration

Technoiogy, 5, October, 2003,

7.1.1. Background

Effiuenis of textile dyeing processes contain residuais of dyebath auxiliaries and
~ unfixed dvestuif, which are wasied with exhausted dvebaths upon compietion of a dveing
batch. Dvehouse wastewaters, therefore, are distinguished with high concentrations of
chemical oxvgen demand (COD). solids. coior and traces of recalcitrant material

2

{(Gurnham, 1963; Boeniger, 1980}. if improperly processed. they not only deterioraie the
aesthetics of receiving waters. but aiso threaten aguatic life forms via hvdrolvsis and
reduction reactions of some dves to form toxic and carcinogenic end products (Brown ef

, 19931

Dvebath effivent can be effectively treated with advanced oxidation processes
(AOP), where it undergoes oxidative degradation via hvdroxvi radicals {eOF) {Ince and
Tezcanii, 2001; Arsian and Baiciogiu, 2000). Radical species in AUF are produced onsite
by common methods such as ulitraviolet (UV) irradiation of the soiution with hydrogen
peroxide, titanium dioxide, Fenton’s reagent, and ozone. or less commoniy by ultrasonic
irradiation. During sonication of a liguid. dissolved gases and water vapour are entrapped
by cavitation bubbles, which expand at rarefaction cycles of the bubbies and release

extreme temperatures upon adiabatic coliapse (Susiick. 1990; Mason ef ai., 1992). Under



these conditions. bubble contents are pyroivtically fragmented into radical species. some of
which diffuse into the agueous phase to initiate a series of oxidation reactions called

“sonochemistry” {ince ef af., 2G00).

There are three possible mechanisms bv which organic impurities in sonicated
water are destroved: 1) pvrolviic fragmentation within the bubbie if the substance is
hydrophobic; 11} supercritical phase reactions at the gas-fiquid interface; or iii} oxidation by
hydroxvi radicais (#OH) and other reactive species in the buik liquid (ince er ai., 2000;

P

Serpone ef al., 1994 Joseph ef ai., 2000; Mason and Cordemans. 1996). Experience has
shown that medium frequencv ultrasound (300-600 kHz) is more favorable for
sonochemical effects in the aqueous phase than short frequencies (20-100 kHz), and
radical production vieids are enhanced via bubbliing of the fiquid with a proper gas and/or
by adding solid catalysts to overcome the effect of degassing and to promote cavity

formation {Serpone er ai., 1994}

Advanced oxidation of textile dves bv ultrasonic techniques is an emerging field of
research. The studies reported in the iiterature invoive sonication of azo dye-deionized
water solutions with medium frequency ulirasound during gas injection and/or catalysis
with Fenton's agent. titamum dioxide or ozone (joseph er ai.. 2000: Destailattes ef al.,
200Z; Vinodgopal ef a/.. 1998; Lorimer ef ai.. Z001). There is mutual agreement in all for
the initiation of oxidation reactions bv hvdroxvi radical atiack on the N=N doubie bond in
the aqueous phase and that mineralization is a much longer process. starting only after
bleaching is fairiv compiete. There are no reported studies 30 far on sonolvtic degradation
of dvestuff in spent dvebath effluents, which contain residuals of organic and inorganic
auxiliaries added to enhance the efficiencv of the process and the fixing capacity of the dve

on the fiber.

The purpose of this study was to investigaie the degradation of texiile dyesiull in
wasted dvebaths bv uitrasonic irradiation at 300 kHz and to assess the impacts of dve
structure, dyebath auxiiiaries, pH and H,O» addition on the rate of color decay and dye
degradation. Three modei dves were selected from “basic” and “reactive” classes of
commerciai dyestuff, the reactive dve having a benzoquinone component, and the two

basic dves having a both common (azo bond) and uncommen chromophore (phenazine).



The dyebaths were prepared by reference to dveing recipes provided by a commission-
based dyehouse for Z % shade depth (Pisa Corp. 20003 The degradation of dvebaths was
monitored by the reduction in the visibie absorpiion and chemical oxygen demand (COD)

of the test solutions during irradiation with uitrasound.

7.1.2. Materiais and Meihods

7.1.2.1. Dyes and Dvebaihs

The test dves C.I. Reactive Bluel9 (RB19), C1. Basic Biueld (BB16) and C.L
Basic Brown4 {(BB4). were obtained from Aldrich in 45. 70 and 40 per cent puritv.
respectively. Note that the chromophoric components are different in ali dves: RB19 is
made of an anthraauinone structure. BB16 contains a phenazine-monoazo component and
BB4 is made of iwo azo linkages between arvi groups. Upon preparation of the dyebaths in
accordance with the provided recives. the bath containing RBi9 was heated to 90C
following pH adjustment to 11, and kept af this temperature for 6 hours to aliow complete
hvdroivsis of the dve and to simufate actual reactive dvebatis. H»U, (35 per cent w/w) and
all other reagents were analvtical Merck grade. The quality of simulated dyebaths and the
chemical struciure of the probe dves contained are presenied i Table 7.1
Stock test solutions were prepared by 07-foid {v/v} dilution of the dyebaths
presented in Table 7.1. with tap water to renroduce batch dveing eifluents post the final

65.6 mo L7

washing oneration (Ince and Tezcanl, 1999) The dilution water contained

allzalinity ag Cal0s and 33 8 ma 17 chinride  All stock solutions following 2 h aeration

were transferred to glass botties, capped and maintained in the dark at 4 C. The final

commosition of the stocks that simulate actual dvebath eftivents is presented in Table 7.2,
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. Composition of simulated dvebaths and chemicai structure of the dyes contained
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7.1.2.2, Uptimized Sysiem Parameiers and Procedure

Optimized system parameters are given in Tabie 7.3. Optimization of system

parameters were presented previousiv in Section 4.2 1.

Table 7.3. Experimental parameters of System I

| Svstem | Transducer { Reaction I Power Density ! Tvoe of Gas

Frequency | |

[
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Wastewater Analysis {APHA, 1992}, and that of H,0O» containing samples was estimated
by subtracting the COD of residual H,O, from that of the sample (Kang ef /., 1999). The
miterference of chiorine in COD analysis was overcome by the addition of excess Hg,SO4

to the COD reagent.

=

7.1.3. Resulis ang Discussion

7.1.3.1. Rate of Color Decav and the Eifect of pi

Tt was found that the initial pH of the iest solutions made no difference in their UV-
visible spectra. However. a slight pH reduction was observed during the first 10 min of
sonication (upon formation of organic acidsj in sampies originaily at piH 4.5. while 10

variations were recorded in those buifered to pH 3. Changes 1n the UV -visible spectra of

the test samples originally 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 in the visible band
accomplished after 1 h sonication was largest in DB1, following the order: DB1 (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:

4 &«

Z =e " +P (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 A/A, ultimately decays, and k is the decay constant
(min™). Profiles of color decay during 1 h sonication of the test dyebaths adjusted initially
to pH=4.5 and estimation of k 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).

0.4 T 1 T T 1
0 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 kpgi=0.062 min™, kps,=0.038 min"", kpp;=0.028 min™.
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The difference in the bieaching rates of DB2 and DB3. which are identical in their
auxiliaries (Table 7.2.), must be due merelv to differences in the structure and molar
concentration of the dves. The faster degradation of DBZ can be atiributed to the combined
effects of: i} the hydroxvi group in u-position to the azo bond that favors the hvdrazine
against the azo structure {hydrazine is more reactive with secondary radicais such as
eHO,/e0> (Nappolian et al. 2002 Buxton ef al . 1988)): and ii) a relatively Jower initial
dye concentration (0.059 mM as opposed to 0.065 mM in DB3). On the other hand, DB1
(with a non-azo dye) bieached faster than both of DBZ and DB3 despite the apparent
disadvantages of the dyebath, i.e. having a larger quantity of carbonaies and chiorides
(both of which are scavengers of OH radicals) and a lower reactivity coefficient of
benzoquinones (i.e. the chromophore of the dye) with hvdroxyi radicals than that of
azobenzene or azo bonds (k™ enee=1.2x10" M7 57, k' apers=2x10" M"* 5™ (Buxton et
ai., 1988). Aithough an apparent advantage of DB1 is its relatively iow initial dye
concentration, it is most likely that there were more important factors affecting the overali
enhancement of coior degradation in the dvebath. Une of these might be the potential of
NH, substituents in o-position to the carbonvi group of the dve chromophore to form
intramolecular hydrogen bonds, which are reported to accelerate the rate of bond cleavage
bv stabilizing the intermediate OH-adducts (Destaillats ef a/.. 2002: Rves and Zollinger,
1992). A second factor to be considered is the reactivity of the dye chromophore with
species other than the hvdroxvi radical. A simpie reaction scheme showing the formation
of hydroxyl, peroxy and superoxide radicais during water sonolysis is given below (Ince ez

ai., 2000; Destaillattes ef ai.. 2000, Buxton ef al.. 1988}

HyG — 1)) eGH + oH (pyrolysis} (7.2)
260H — H,0, (=42 x 10°L mol™ ¢ (7.3
eOH + H,Q, — H,0 + «HO, (ke=2.7 x 10’ L mol™" s (7.4)
eHO, + H,0, — Hy0 + 0, + eOH (ks=5.0x10"Lmol" sy (7.5

eQ; + H,0, —> eOH + O, + OH (ke= 13 x 10 L mol™ sy  (7.6)
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and the lower reactivity of the dve chremophore with hydroxyi radicais must be due to

combinative effects of a-NH; substituents, seleciivity of superoxide radicais in favor of

benzoquincne structures, and a lower initial dve concentration.
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basic dyebath solution had no adverse effect on dve bieaching. When the dyebaths were

buffered to pH 3, the rate of bieaching in all siowed down, as apparent by estimated kinetic

7 A

coefficients listed in Table 7.4. {Note, however, that the deceleration in DB3 is not

statisticaily significant within 95% confidence.} Since reaction of OH radicais with

9

aromatic compounds occurs at diffusion-coniroiied rates and eOH scavenging effects of

) pe=l

carbonate/bicarbonate species are minimized at pH=3. retarded degradation rates in highly

acidic solutions must be due to high concentrations of proton, as was reporied in the

literature for photocatalyiic degradation of Reactive Blued (Nappolian ef af.. Z002).
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7.1.3.2. Effect of Hyvdroge

The rate of color removal in the dyebaths was accelerated at both pH test levels by
H»O» addition. which was shown to form O,H and G, radicais upon reaction with aqueous
phase hydroxyl radicais (Equations {7.4}-(7.5)). Kinetic coefficients of color degradation at
non-buffered and buffered conditions during sonication in the presence of 7 mM H>O; is
given in Table 7.5. Comparative rates of sonolvtic color decay {and corresponding rate
coetficients} with and without H,O, are presented in Figure 7.3. Note that the same kinetic

model governed H,(3,-added reactions as those without HyOs.

Table 7.5. Kinetic coefficients of color degradation at non-buffered and buffered

conditions during sonication after the addition of 7 mM H,O,

DYEBATH

degradation rates were higher at pH=3. This result mav be atiributed to the enhanced
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Figure 7.3. Relative rates of ultrasonic color decay at pH=4.5 with and without H,0,.
The solid lines represent the fit of experimental data to A=A¢e™ +P.

The effect of H,O; 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 H,O,, the elimination of the
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two parameters exhibited opposite trends: while total color removal was largest in DBI
upon 1 h sonication, the amount of COD removed during the same period was a minimum,
implying that the intermediate products of decolorization (of RB19) were more stable and
resistant to sonochemical degradation than those of the basic dyes in DB2 and DB3.

EDB1 mDB2 mDB3

100

% Removed

us US+H202 us US+H202
Dyebath

Figure 7.4. Effect of hydrogen peroxide (7 mM) on the degradation of color and COD
' after 1 h sonication of the dyebaths.

A more striking feature in Figure 7.4. is the remarkable improvement upon H,0,
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 «HO,/e0O," 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 find 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



textile dyebath effiuents at acidic and near-acidic pH, but the overail degradation of the
effluents is relativelv slow. The rate of color decav 1s more cioselv related to the structural
and chromephoric properties of the dye than to the composition of the dyebath. This was
justified by the observation that azo dves bieached more siowlv than anthraquinone dves at
pH=4.5 and pH=3.0, regardless of excess OH radical scavengers in the latter dyebath at
pH=4.5. The rapidness of color decay in anthraquinone containing effluents was related to
the reactivity of benzoquinone structures with superoxide radicals that form during water
sonication, and the presence of a-substituents to the carbonvl group thus promoting
intramolecular hydrogen bonding. Moreover, at strongly acidic cenditions, where
carbonate species are practicailv destroved, bleaching of the dvebaths was found to
decelerate, confirming again the relative insignificance of dvebath matrix (or auxiliaries)
on the rate of color decay. Similar findings were reported for decolorization of dyehouse
effluents containing vinylsuiphone and amincchiorotriazine dyes by ozonation (Arslan and

Balciogiu, 2000).

Sonication of the dyebaths in the presence of hydrogen peroxide rendered 10-12 per
cent enhancement in the efficiency of color decav 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: 1) the intermediate products of decolorization reactions formed in the
presence of H, O, are more reactive with peroxy and superoxide radicalis than those formed
without: i1} some of these intermediates undergo degradation bv molecular H,O»: and iii)
some have sufficiently large vapor pressures to migrate into the bubble-liquid interfacial

region for phase reactions or thermolvtic cleavage.

7.3. Sonochemical Destruction of Textile Dvestuil in Wasted Dyebaths: impacts of

Dve Structure and Dyebath matrix

The study presented here is the extension of the study presented here is the
extension of the copv of the poster presented in ColorChem02. Czech Republic. 2002.

which was printed in the Proceedings.
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7.2.1. Background

Textile industry accounts for two thirds of the total dvestuff market, and effiuents of
dveing processes are of considerabie environmental concern due to their intense color. high
chemical oxygen demand and traces of hazardous material. Hence, if improperly treated,
dyehouse effiuents not onlv deteriorate the aesthetics of receiving waters. but also pose
significant threat to living systems via the formation of toxic and potentiaily carcinogenic

broducts upon hydrolysis of some azo dves {Boeniger. 1980).

Textiie Dyes are classified as “reactive”, “acid”, “disperse”, and “basic” in
accordance with the tvpe of fabric processed. Despite their poor exhaustion properties.
reactive dyves with azo bonds have the largest consumption in dveing processes due to the
expanding market for cellulosed products and briliiant colors (Soares ef ai., 2001). The
- environmenial probiem with aze and other pooriv exhausting dves is that a significant

~

portion of the initial dve {in some cases as much as 50 per cent) remains in the bath, being

uitimately discharged with the exhausted dvebath.

Advanced oxidation of textile dves bv uitrasonic technigues is a novel technoiogy.
In all reporied studies so far. azo dves dissolved in deionized water are sonicated with
medium frequency ultrasound during gas injection and/or catalysis with Fenton’s agent,

Lorimer ef af., 2001). It is reporied that azo dye degradation is initiated by hvdroxyl radical

attack on the N=N double bond in the aqueous phase and mineralization is a much longer

process, stariing only afier compiete decolorization.

The purpose of this study was 1o investigate the degradability of textile azo dyes by
ultrasonic irradiation at 300 kiiz and to assess the effects of dve siructure, dvebath
auxiliaries and pH on the rate of color degradation. The dves were dissolved either in
deionized water to generate pure dve soiutions {PDS). or in tap water spiked with dvebath
auxiliaries to simulate synthetic dyebath effiuents (DBE}. Structural and matrix effects
were assessed by comparing individual color degradation rates in PDS samples with one

another. and with the rate observed in the corresponding DBE, respectively. The
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degradation of textile dvestuff in wasted dvebaths by uitrasonic irradiation at 300 kHz in
the presence of H>U» was also investigated. in addition. the tests were repeated in a
solution containing a mixture of 8 dvebaths (the dves presented in Section 7.1 and 7.2), to

reproduce a tvpicai dvehouse process wastewater.

7.2.2. Materials and Methods

All dyes except C.I Reactive Black-3 were obtained from Aldrich, and the latter
from Dyestar Hoechst. The chemical structure of the test dves and their Color index (C.1)
iabels 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 ali other reagents were analytical

Merck grade.

A summarv of commercial and moiecular dve propertiies is presented in Table 7.6.
~ The fixing capacity of the dve (last column) reveals the fraction of dve that is fixed on the
fabric at ihe compietion of a tvpical dveing baich, the rest being wasted with the exhausted
dvebath. Fixation values were caiculated from the diiference between the initial and final
dye concentrations in dvebath. Each dvebaths were prepared separately in the Textile
Dvehouse in Istanbul (Pisa Corp.. 2002} with respect to dveing recipes for Z per cent shade

depth (0.02 g dve/ g fabric). Initial ratio of fabric to water 11 tank was 1:10, which means

=

for every of fabric. 10 mi of water is used. According to the 2 per cent shade depth

,_..
a

procedure, 2 g dve with auxiliaries was used to color 100 g fabric in 1 1 of tap water.
Cotton and polvamide fabrics were colored with reactive and acid dves. respectivelv. The
absorbances of the dvebath effiuents were determined bv a specirophotometer and final
dve concentrations in the dvebaths were calculated bv using Beers Law as represented by

Eaquation (4.7}:
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The foliowing caicuiations are given oniy for caicuiating the fixation of RR141:
First the molar absorntivitv coefficient (8.} was calculated bv Equation (4 7) for A = 544

nm
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Ao =0.590 (average of 10 experiments, 30 mg/i dve at pH=3)

-1

Smax™ (A».; / (Ce X d“ =467x }0_' h’g cm”

The absorbance {at 544 nm) of the effiuent was recorded as 1.01Z in 1/10 dilution
of the finai effiuent. The concentration of the RR141 in solution afier dveing (C.gmen) Was
then calcuiated by substituting the absorbance value into Equation (4.7) as foliows:

Comens = 1.012/7 467x10° M em™ / 1em =216 x 10° M

)

Fixation of RRid4l was then caiculated from ihe difference between the initial
(Cinfiuent = 842x 107 M (2 ¢ L)) and final dve concentration {Commen = 216 x 10° M) and
it was found that 25 per cent of the dye was wasted with the effiuent and 75 per cent of the

dve was fixed on the Tabric as presented in Tabie 7.6.

Tabie 7.6. Identification and some selected properiies of the iest dves
Dve Dve | Tvoical | Puritv | Molecular | Uv | Fixation |
Class | j | Weigit | Absorpiion | |
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7.2.2.2. Preparation of Test Solutions

f dye soiutions were prepared: i} PIUS: These were pure dye soiutions

Lt
(¢

Two typ

made by dissoiving 30 mg of each dye in i i of boiling deionized water during magnetic
stirring. 11) DBE: These were dilutions of synthetic dvebaths prepared by reference to
original dyeing recipes supplied bv a commission based dvehouse for 2 per cent shade
depth (Pisa Corp., 2002). Each dvebath was heated to 90-120°C in accordance with the
corresponding recine. and those with reactive dves were adiusted to basic pH (with
NaGH), and maintained at this temperature for 6-8 hours to allow hydrolysis. The dvebaths
were brought to 30 mg L™ as dve with tap water (67-foid dilution) to represent batch
dyeing effluents post the final washing operation. The dilution water contained 65.55 mg
L™ alkalinity as CaCOx. and 33.75 mg L™ chiorine. The composition of simulated dyebath
effluents used as test solutions is presented in Table 7.7. The degradation of textile dyestuff
in DBE by ulirasonic irradiation coupled with 7 mM  H»O, was also investigated. In
addition, the tests were repeated in a solution containing a mixture of 8 dyebaths to

reproduce a tvpical dvehouse process wastewater.

Tabie 7.7 Compos h effluents by auviliary chamicalg!
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7.2.2.3. Experimental Procedure

LR

Hundred miiiiiiters of PDS and DBE sampies foilowing 2 h aeration were exposed
to ultrasenic irradiation at 300 kHz for 1 h at naturai pH of the test dves (5-6) and at pH=3
{(buffered with 0.1 N H,SO4) in the presence of Argon gas. Sampies were withdrawn at 0,
3, 5, 10, 15, 20, 30. 45 and 60 min for spectrophotometric anaivsis. The degradation of
dyes in DBE by ultrasonic irradiation in the presence of 7 M H,0O, was aiso investigated.
In addition. the tests were repeated in a solution containing a mixture of 8 dvebaths (Cl
Reactive Redi4i, CI Reactive Biack 3, CI Reaciive Orange 16, Ci Acid Blacki, CI Acid
Orange7, Reactive Biuei9, CI Basic Brownd. CI Basic Biuel6), to reproduce a typical

dyehouse process wastewater.
Anaiytical

Samples of PDS and DBE withdrawn from the reactor during sonication were
solutions using a Unicam, Helios Aipha/Beia double beam specirophotometer through a 1
cm path length. The concentration of hydrogen peroxide in the effluent was monitored by

oAy

triiodide method (Kiassen ef ai., 1994). COD was determined in accordance with the
also exerts a chemical oxvgen demand, the COD of the residual i, was subiracted from
that of the sample (Kang ef al.. 19991 The interference of chiorine in COD analysis was

overcome by the addition of excess Hg, S04 TDS was measured by WTW LF3Z0 model

conductivity meter.

7.2.3. Resuits and Discussion

7.2.3.1. Rate of Color Degradation

T LY

Profiles of color degradation during 1 h irradiation of PIIS at non-buffered
conditions and the fit of Equation 7.1. are presented in Fieure 7.6. For each case, a

correlation coefficient of at ieast 0.98 was obiained in the regression analysis.
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Figure 7.6. Relative profiles of absorbance decay with time in PDS containing 30 mg L™
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



decolorization, while targer positive vatues such as found for RO16 and RR141 impiy its

resistance to further bleaching.

Table 7.8. Structurai properties of the test dyes and kinetic coefficients of color
degradation in non-butfered and buffered PDS exposed to 300 kHz ultrasound
for 1 h. Initial dye concentration in each sample was 30 mg L (figures in

parenthesis are 05 % confidence intervale)

C 1 Name structure pH ko107 P t1m
Type/MW (i) {min)
AQC7 O ix 495 40.63(x095; 0.0Z 17.05
MONoAZe 50 300 30057+125y 001 17.26
A~ 41
350 g mol
ROi6 -SG5 ix | 507 3025(x1.28 O.i4 20.17
MONGEZD U=5=0
-OH 306 20834¢+112y 011 20.43
618 g moi™
ABI 532 -3 29 28.30
disazo Uk NU (300 2666 (086 -U.17 30,04
617 g moi~ NH» i
RRi4l none
disazo Ui
. 3
1791 g mot
0=S=0 | o
M T ry TR osaiy AT {3 {is 3i <
disazo Nﬁq RS WA bV SR, 1.9
51
992 g mol t
1 i

RS & i

aqueous phase. Hence, at limited *OH.q, the rate of bieaching slows down as the number of
chromophores in the dve molecule increases. On the other hand, other atiributes of

structure must have been rtesponsibie for the observed rate differences in structures



containing equivaient number of chromophores. These may inciude factors such as the
-character of o- and p-substitution about the azo bond(s) and the molecuiar mass of the dve.
Recently, Destatilats 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 OH radicai added to the WN=N bond, thus stabilizing the adduct {Destaillats ef al.,
2002). As shown in Table 7.8.. the azo bonds in all test dves had an o-OH substituent,
which can aiso form strong intramoiecular H-bonds with the OH adduct. Consequently, the
difference in the bleaching rates of monoazo dves is attributed to differences in their
molecular weights and o-substituents. The slower bieaching of RO16 than AO7 implies
that the presence of an additional substituent such as SO in the vicinity of the azo group
reduceé the stabiiity of the intermediate adduct by the potentiai competition of o-
substituents for intramolecular H bonding. and/or the enhancement of solvent effects via

the anionic character of SGs” 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 AB1 and RB35) inhibited the rate ot bleaching,
probably by the same principle discussed above (competition for intramoiecular H-
bonding) and the potential effects of steric hindrance. The exception was RR141, which
bleached siower than AB1 despite the lack of o-INH» or 0-503 substituents in the vicinity
of its azo bonds. This must be due to its considerablv larger molecular weight and the
attachment of two naphthaiene groups to each of its azo bonds. However, RR141 was
found to bleach nearlv at the same as RB5 (within statistical significance). which had a
much smalier mass and no naphthalene attachments to its azo bonas. This was atiributed 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 that RR141 had no p-substituents (to N=N
bonds) while RB5 had two of them might be an additional factor in the unexpected
bleaching rate of RR141. Similarly, the faster bieaching rate of ABI than RB5, despite the
similarity of their azo groups and o-substituents. must be assessed both in terms of their

mass differences and difference of p-substituents to their azo bonds.

i Was SRy
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in AO7 and ROI6 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 controlied bv
the steady state OH concentration in the agueous phase, which has likelv remained
constant upon pH adjustment with suifuric acid. The siight enhancement of degradation in
three of the test dves and the unchanging trend in the other two upon acidification with
sulfuric acid implies that the effect of protonation (of SOs™ 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. Miatrix Effecis

Effiuents

it was found that ranking of bleaching rates in dvebath effiuent {DBE) followed the
same order as that in the corresponding deionized water solutions: with however lower
coefficients except for AQ7, as shown in Tabie 7.9. The constant rate of bleaching of AO7
at ail conditions (within statistical significance at 0.05 ievel} can be explained by its
structural simplicity {low molecular weight, single o-substituent). the lack of large
concentrations of eOH scavengers in its dvebath and the sufficiencv of agueous *OH at
both conditions to satisfy the minimum requirements for the destruction of its azo bond.
The siower degradation of the other dvebaths than their PDS is due to matrix
effects. or the interaction of dvebath auxiliaries with e0OH addition to azo bonds. The
composition of DBE’s 1n Table 7.7. shows that reaciive dvebaibs contained large
concentrations of sodium salts (used for enhancing the fixation of the dve on the fabric),

900 and 300 mg L7 of NaCl and Na,COa, respectively. In addition the dilution water had

approximately 66 and 34 me 1.7 of CaC 0 and CF reenectively
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Table 7.5. Kinetic coefficients of color degradation in non-buffered and buffered dvebath
effluent. containing the all dvebath auxiiiaries (specified in Table 7.7.) and 30

mg L7 dve
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of targer and non-target species ior UM as wii Dy e 1oilowing reactions and

bimolecular rate constants {Buxion ef ¢/, 1988}

Dye(azo) + «OH — Products k=10%-10" M & (17

CO52+ oOH — HO + <045 =3 8 x10° Mg’ (7.8)

HCOZ ++0H - Fe0 ++C0y k=8.5x10° M (7.9}

IR I g = NG & (g WAV QI P =42 100 Mgt 710)

Although, the generated carbonate radicai anion has been shown to be an oxidaii
itself. its oxidation potential is much lower than that of the *OH. After it is formed, some

of the formed *COs will further react with the dye moiecuies to form more oxygenated
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products (Acerc and Gunten, 2000) (Equation {7.11)), and some wili react with «OH and

again compete with the target molecuie {(Equation (7.8)).

«COy + Dye — COy™ + Products k=1 x10" M ¢™ (7.11)

The fact that AB1 bleached siower in the dyebath than in PDS, but AO7 bieached
at the same rate in both media. aithough neither of the dvebaths contained sodium salts
must be due to the disazo structure of AB1, which requires iarger «OH concentrations for
the destruction of its chromophore than the movnoazo AQ7. It is likelv that the
concentraiion of «OH is slightly reduced in both dyebaths by the impurities in the matrix
such as ions of acetate. carbonate and chioride {the latter 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 coefficienis in reactive dvebath effiuents were found 10
increase by about 20 per cent upon acidification. The enhancement 1s due to the conversion
~of carbonates at pii=3 to carbonic acid, which is not an effective hydroxyi radical
scavenger. The siight degree of rate inhibition still observed at acidic pH is due to the *OH
scavenging of Ci alone, which uniess ar very high concentrations 1S not a strong rate

inhibitor in advanced oxidation of azo dves { Arslan and Balcioglu. 2000}.

The effect of pH in reactive dyebaths was more closely investigated by monitoring
the rate of color decav within a wider range of pH levels. Relative profiles of absorbance
abatement in RR14i dyebath during ultrasonic irradiation ai various pH levels are
presented in Figure 7.7. it was found that rates of dvebath bleaching at hiehlv acidic.
slightly acidic (near neutrai} and neutrai pH were close, althougn at pH=5.25 bicarbonate
species predominated. This is due to the fact that bimolecular reaction rate constant of

bicarbonates with hydroxyl radicals is not competi itive with that of azo dves (k=8 5x10" M
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Figure 7.7. Comparative profiles of absorbance decay during 1 h sonolysis of a reactive
DBE with 30 mg L™ of RR141 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 H,SOy4 (at high concentration) which was used for pH adjustments
(Equation (7.12) and (7.13)) (Buxton ef al., 1988).

eOH + H;S0; — H,0 + H' + SOye PKe=-3)  k=1L4x10"M"' s (7.12)

*OH + HSO4 — Hy0 + SOy4'e (PKe=1.9) k=4.7x10°M's" (7.13)

The lower rate of decolorization at pH 2 than at pH 3 can be attributed to the scavenging
effect of HSO4> (Equation. (7.13)), where sulphuric acid dissociates into H" and S04 at
pH > 1.9 (Droste, 1997). At pH 2, per cent H2SO4 is approximately equal to per cent SO4,
and at pH 3 per cent HSOy4 is much less than per cent SO4%, and sulphate is a weaker

scavenger of #OH.
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Hydrogen peroxide formation during ultrasonic irradiation of RR141 and AB1 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.
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= 200 ®  ABK1
3 A Deion.W.
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Figure 7.8. H,O; production at 300 kHz in DBE containing AB1 and RR141 at pH 3.
Initial dye concentrations were 30 mg L™ (solid and dashed lines represent
the fit of related data Set to H,O, =kt ).

As can be seen in Figure 7.8., the apparent kinetics are zero-order, with the
observed rate coefficients as 2.17 pM min™, 3.09 uM min™, and 3.86 uM min™, for AB1,
RR141, and deionized water solutions, respectively. H;O, is accepted as an indirect
measurement of net eOH concentration in solution. It is apparent that the eOH
consumption is higher in AB1 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 of H,O; (and also «HO,/¢0;") with
the intermediate oxidation products ; or ii) lower reactivity of RR141 with ¢OH to result in

larger H,O, production.
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7.2.3.3.2. KEifect 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 H,O, are listed in Tabie 7.10.

Table 7.10. Kinetic coefficients of color degradation in buffered dyebath eftiuent,
containing the ali dyebath auxiiiaries and 30 mg L™ dye afier i h sonication in

the presence of 7 mM HyO, at pH 3

| DYEBATH X107 ‘g P Rt ?
[ ! {min)
AGT 0.99 | 11.70
RO16 | 0.99 23.26
AR1 ‘ 0.99 2238
RRi41 % 699 | 33.03
‘ 223022185 | - U.55 31.08

[eX

idiional radicals (peroxy an
superoxide), which may aiso migrate to the soiution buik to act as oxidizing agents (Hart
and Henglein, 1987: Driiivers ef al.. 1999).

‘When the dyebath soiutions were spiked with H>O,. the highest increase in color
removal rate was observed for AO7 solution (40 per cent). while the other dve
decolorization rates were close to each other. The enhancement can be due to its simpler
molecular structure and mav be related to the higher reactivity toward superoxide radicals
(Equation (7.4) and (7.5)). The dyes that contain a hydroxyi group in or#io posttion o the
azo bond exist in equilibrium with two tautomeric forms. azo and hvdrazone (Oakes and
Gration, 1998) and this hydrazone form may be more reactive with superoxide radicals
than azo forms. Although all of the dves in this Chaoter probablv mostly 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. Dyebath 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 596 nm, which must be
responsible for the red and greenish blue color of the solution. The tendency of degradation
in the absence and presence of HyO, was similar to that observed with unmixed or
individual dyebaths. The concentration of H,O, 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 H,O, was,
therefore, based on the observed color degradation rate constant, as presented in Figure 7.9
as bars.

B k(492nm) M k(596 nm)

k x 10° (min™)

7mM  14mM  21mM 28 mM
H,0; Concentration (mM)

Figure 7.9. Effect of H,0; concentration on decolorization kinetics. Dyebath mixture was
exposed to 300 kHz Irradiation in the presence of differing H,;O,

concentrations for 1 h.
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Note that the rate increases with doubiing the concentration of HyO». whereas
further increases retard the reaction as a result of increased competition between H»O» and
the dye for hydroxyi radicais. First order color degradation rate constants after 1 hr

ultrasonic irradiation in the absence and presence of 14 mM H»O, were 30.15 min™’ and

56.21 min”, respectively,

Per cent color removal in the test solutions together with dyebath mixture upon i h

sonication with and without hvdrogen peroxide is presented in Table 7.11.

The rate of color removai by H,0, addition was acceierated by 5-15 per cent, as a
result of higher eOH vields and the production of additional radicals (peroxy and

superoxidej, which may aiso migrate to the solution bulik to act as oxidizing agents.

Table 7.11. Degradation of color in the dyebaths and the dvebath mixture upon 1 h
sonication with or without hvdrogen peroxide (H,0O> Concentration was 7 mM

and 14 mM for DBE and DBE mixture, respectiveiv)

iyebath wiih | % Color Removed )
I Ultrasound | Ultrasound+H,0» l

Gy * 20 40 0478 ]

+ 7151 - 307 1‘

G F

53 | 69.58 | 73.92
Mixture ! 49.90 | 63.90

The dissolved solids (TDS) content of the dyebath effiuents increased during
sonication. as a result of the formation of intermediate oxidation products. The initial TDS

concentration is recipe-dependent. Reactive dyebath effiuents have the highest TDS
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concentration due to the addition of excess saits to the dyebaths to enhance dve fixation 10

the fiber. The initial and final TDS content of different sampies are presented in Tabie

~

7.12

Table 7.12. Total dissoived solids concentrations of some selected dyes upon exposure 10

1 h ultrasonic irradiation with or without H,0»

| Dvebathwith | TInitial TDS (mol 1Y | Final TDS (mal )

Udtrasoutid aicie | Uit daUuﬁh’fHQGQ

sonication with and without hvc'imgen joeroxide showed that ultrasound alone provided no
more than 6 per cent reduction in COD, while at ieast 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 hvdrogen peroxide is presented in Tabile -

7.13. for those dvebath effluent {(DBE) and DBE mixture.

2 e

Table 7.13. Degradation of COD in dyebath and dyebath mixture upon 1 h sonication with
or without hvdrogen peroxide (H>(» concentration was 7 mM and 14 mM for

DRE and DBE mixture, respeciively}

Diyebatin with | % COD  Removed |

[ Ultrasound i

AT 7] 402 T
P i ey I PP |
RO | - | ﬂ |
- _ { . l J{
| 488 | 75.25 ‘

KB> | 4.09 | j4.01

Mixture l 5.92 | 70.71




The effectiveness of combined system to COD removal. which is a measure of the
overall degradation of the dve involved can he attributed to larger reactivity of eHO»/e(}>
pair with the intermediate oxidation products than with the parent dves, 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 radicals/hydrogen
peroxide, and additionaliv with carbonate radicais. Carbonate radicals (where higher
amounts were present in the mixture) may further react with the dve moiecuies to form
more oxvgenated products (Equation (7.11)). The efficiencv of ultrasonic system can be
increased by enhanced detention time, which however would lower the cost-effectiveness
of a potential uitrasonic svstem to be designed for the pre-treatment of textile dvebath

effiuents.

7.2.4. Conciusions

the rate of bieaching was closeiy related to the chemical structure of the dye such as the
number of azo groups. the relative position and character of the substituents about the azo
bonds, and the moiecular mass. Color removal as based on hydroxyi radicai addition to the
azo bonds exhibited an exvonential decav rate profile in both of the test media. The «OH-
limited rate of color decay in deionized water solutions of test dves depends on their
molecular mass and structural oroperties. varticularly the number of azo bonds and
substituents in their vicinity. The rate of bieaching foliows the order: monoazo>disazo.

small molecules>large molecules: single 0-OH substituent>multivle substitueits.

in dyebath effiuents simulated by adding exact quantities of auxiliarv chemicals
(specified in dveing recipes) into azo dve solutions made in ordinarv tap water. bleaching
is inhibited oniv if the concentrations of carbonate and chioride ions in the mairix are
sufficiently large to allow competition of these species with the dve for hvdroxvi 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
dyebaths containing significant quantities of carbonate species. which at non-buffered

conditions competed with the dve for hvdroxvi radicals. In deionized water-dve solutions,



where no competition was present, acidification rendered a siight enhancement in the

bleaching of disazo dves. but no change in those with monoazo character.

The addition of H,U, was found to enhance the rate of decoiorization. Furthermore,
the overall degradation of the dve as monitored bv the reduction in COD of the effluent
sampies was remarkably faster in the presence of H,O, and insignificant in its absence.
The total dissoived sclids were found to increase upon ulirasonic bieaching and
degradation, impiving the formation of soiuble intermediate bvproducts within the
oxidation process. Ultrasonic destruction of dvestuff in a dvebath mixture, which
resembled real dyehouse process effiuents, was observed to foliow the same trend as that

of individual dvebaths.



8.1. C.L Acid Orange7 and C.1 Reactive Orangei6

The study presented in this section is an extension of the paper presented in
“Ultrasonics 2003, held on 30 June-4 July 2003, in Granada. Spain”. The compiete work is

submitted to Ulfrasonics, and is currently under review.

8.1.1. Background

Azo dyes are chemically described with structures made up of single or multipie
units of N=N bonds connected to arvl and/or naphthalene eroups. the whole unit making
the characteristic chromophore 11 the dve. The large consumption of such dyes in the
industry, and the practice of discharging exhausted dvebaths with residuals of unfixed
dyestuff and spent chemicals have chalienged environmenial engineers and water quality
managers over the vears. A promising solution alternative o the protection of water
environment from these effiuents is to pre-ireat them with well-selected advanced
oxidation processes { AQ). which in situ generate extremelv powertul oxidants such as the
hydroxyl radicai {eOH}.

Ulirasonic cavitation is an emerging AU technology for use in decontaminating
natural waters or industrial process effluents from refractorv organic materiais. The rate of
target chemical destruction during sonication of contaminated waters i1s limited by the rate
of ®OH diffusion into the bulk Hiquid and the partial pressure of the compound, which
dictates its ability to migrate into the gaseous or the gas-ilquid interfacial layers for

pyrolytic and supercritical phase reactions. respectivelv (Suslick. 1990: Mason ez al., 1992;



Ince et ai., 2000; Joseph ef ai.. 2000). Because azo dves are highlv water soluble and thus
largely hydrophilic. their partitioning into the gas phase is not likely. Hence. the maijor
route for destruction of such dyes must be chemicai oxidation by OH radicais in the bulk

liquid.

Soncchemical oxidation of azo dves has been investigated by some researchers
during the fast few vears. In the reported studies. deionized water solutions of azo dves are
sonicated with medium frequency ultrasound during gas iniection and/or catalysis with
Fenton’s agent, Ti0, or ozone (Joseph ef ai.. 2000: Destaiilats ez a/.. 2002; Vinodgopal ef
al., 1998; Lorimer et ai., 2001). it is predicted bv proposed reaction mechanisms that color
decay is mainlv governed bv hvdroxvl radical addition to the azo bond in the agueous
phase and the overali degradation of the dve is a longer process. involving a number of
intermediate oxidation states (Destaillats ef al.. 2002: Joseph et al.. 2000, Stock et al.,

2000).

The purpose of this siudy was to investigate and compare degradability of azo dyes
by ultrasonic irradiation at 300 kHz and to assess the effects of dve structure and pH on the
rate of color decay. Two suiphonated monoazo dves of i-aryi-azo-2-naphtol structure were
selected from commercial dvestuff and used as surrogate compounds throughout.

8.1.2, Miaterials and Methods
8.1.2.1, Dyes

The dves C.1. Acid Orange7 (A07) and C.1. Reactive Urangel6 (RO 16) were both
obtained from Aldrich in 85 and 50 per cent puritv. resoectivelv. {No information was
provided about impurities.) All other reagents were anaivtical Merck grage.

General structure of the “arvi-azo-naphtol” tvoe model dve 15 aven Deiow.




The commercial and chemical properties of the model dves are given in Table 8.1.

Table 8.1. The commercial and chemicai properties of the modei dves

(R

Y Loy
EREE AL

TR I I

| |

T I i W H 1
Reactiveul angel ] I

REN | i |

$.1.2.3. Preparation of the Test Soiutions and Lxperimental Frocegure

The optimized sysiem paramerers were the same as previousiv given in Fable 7.3
Stock dve solutions were prepared bv dissolving 1 ¢ of dve {as received) in 1 L of boiling
deionized water during magnetic stirring. The solution with C.i. Reacuve Urangelo was
heated to 90 °C following pH adjustment to 1L and maintained for 6 hours there to allow
complete hydroiysis of the dve. The stocks were then transferred into opaque botties and

stored at 4 C in the dark.




Test solutions were made by proper diiution of the stocks to 30 M as dye using
ultra pure deionized water. 100 mL aiiquots of the test sampies following 2 h aeration were
irradiated for i h under the foliowing conditions: 1} without any pH adijustment: ii} after the
addition of H»>SUua (1 N} to adiust pH to 3.0: iii) after the addition of Na,COx to obtain basic
solution and they are summarized in Tabie 8.2. The solution containing RO16 was adjusted
to basic pH with varving concentrations of Na-COs as well as NaOH in order to investigate
the effect of carbonate scavenging. The other test soiution was adjusted to basic pH with
Na,COs only. Samples were withdrawn at 0. 3. 5. 10, i5. 20. 30. 435 and 60 min of contact

for spectrophoiometric analysis.

Table 8.2. Properties of the test soiutions in terms of pH and chemical butfer

Dyestuil | | 1
| i |
6.21 ,f none (naturai) ‘
AGT 8.5 | 0.2 mM COs
035 S e VR e e e
|
|
i
)
, |
RO16 | 3.58 g i N NaOH
i 8.40 | 0ZmM Oy |
| 0 44 | iamacor
i N e | PRy N ala s l
i . | |

Specirophotometric anaiyses were carried out using a Unicam-Heatos Alpha/Beta
double beam spectrophotometer through a 1 cm path length and the degree of
decolorization was assessed by relating the amount of visibie absorption abatemeni in time
to the original absorption at time zero. Total oreanic carbon (TOC) degradation was
monitored  with  Shimadzu TOC-V  CSH  analyzer. H:O»  was analyzed

spectrophotometricailv at 351 nm based on KJ (potassium iodide) method (Kiassen ef al.,
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1994). Total alkalinity was determined titrimetrically by titrating the solutions with 0.023
N H2804 to pH 4.5 (APHA, 1992). Alkalinity of the solutions were then calculated by
Equation (8.1.).

Alkalinity (mg CaCO; L) = 0.023 x acidconsumptionuntilpH 4.5(ml) x 50000

(8.1)
samplevolume(ml)

8.1.3. Results and Discussion

8.1.3.1. Dye Degradation at Neutral State

Upon dissolution, both dyes were found to be slightly acidic with pH=5.08 in AO7
and 5.22 in ROI16, to be attributed to deprotonation of naphtol OH. The higher value in
RO16 must be due to excess sulphonation of the molecule. When the stocks were diluted
with deionized water at pH=6.1, the final pH levels were recorded as 6.1 (AO7) and 6.9
(RO16), which were labeled as “non-buffered” solutions. Comparable profiles of the dye
spectra (Co=30 puM) at these conditions before and during sonication are presented in
Figure 8.1. and Figure 8.2.

AcidOrange7
0.75

8 05
=
©
£
Q
2
< 0.25

0

200 300 400 500 600 700

Wavelength (nm)

Figure 8.1. Spectral changes during 1 h sonication of the 30 pM AO7 solution at near
neutral pH (non-buffered conditions).
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Figure 8.2. Spectral changes during 1 h sonication of the 30 uM RO16 solution at near
neutral pH (non-buffered conditions).

Note that there are two distinct visible absorption peaks in the spectrum of RO16; at
400 nm and 492 nm, whereas only one peak (at 484 nm) is distinctive in that of AO7. The
two peaks in RO16 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 nm and
475-510 nm, respectively (Oakes and Gratton, 1998). The chemical structures of test dyes
both in azo and hydrazone forms are given below:

0
NeO3SOCH2CH2 — E——C}—,N-N S
— ! W/,
‘__—.
HaN

i
CHy— C — M

RO16 (Azo) RO16 (Hydrazone)



i42

A single peak at 484 nm in AD7 implies the preference of the hvdrazone tautomer:

, - MaOgs—, M e
P (;_::L i
= W
i .
‘st::f
AQ7 {(Azo) AG7 (Hvdrazone)

The UV-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 UV bands, specificaliy at 300 nm and 320 nm, corresponding

to the absorption of aromatic or naphthalene groups (Silverstein e a/.. 1991).

The main reaction pathway for sonicated azo dve solutions is oxidation by ®OH
attack in the bulk lionid (Eauation (& 70 while thermal reactions mav nccur at the bubble-

liquid interface provided that the conditions are suitabie for some of the dye molecules to

approach gaseous bubble surfaces (Equation (8.3)):

®QH + Dye — [Dye-OH adduct] »—Oxidized dve + CO-+ H-0 (8.2
Dve —»}))Organic radicals + Dissociated dye fragments + Cyiy (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 total absorption abatement in the
visible band was much larger in both dyes than that in the UV signifies the priority of ®OH
addition to the N=N ar C-N handg of the chramanharic oronn On the ather hand, despite
the large difference between the bleaching fractions. the amount of decay i the UV
absorption of the dves was quite the same (even larger in the slower bieaching ROri6).
implying that the oxidation of aromatic components was not ®OH limited, involving other

nd/or

an
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Figure 8.3. Relative fractions of UV and Visible absorption abatement in non-buffered test
solutions with initial dye concentration = 30uM.

The rate of color decay followed pseudo-first order kinetics with respect to the
visible absorption of the dyes. Profiles of color degradation during 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 AO7 bleached remarkably faster than RO16 can be attributed to its: i)
relatively simpler chemical structure and lower molecular weight; ii) lower initial pH and
lower SO;™ content (which increases anionicity of a molecule); and iii) hydrazone
preference, which is reported to be more reactive with H,0,/¢HO;" 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 AO7 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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Figure 8.4. Comparative rates of visible absorption abatement in non-buffered dye
solutions with initial dye concentration of 30 uM. The solid lines represent
the fit of experimental data to A/Ag=e™*' with regression coefficients R”>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
*tatistics. 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 uM AO7

bleaching rates. The solid lines are the fit of experimental data to A/Ag= ™.
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Figure 8.6. Impact of pH and carbonate alkalinity on pseudo-first order 30 puM RO16
bleaching rates. The solid lines represent the fit of experimental data to

A/Ag=e™.
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Acceleration of dye bieaching rates by acidification is due to neutralization of the
dves upon protonation of negativelv charged SOx sites. and the hvdrophobic enrichment of
the molecuies that enhance their reactivity under uitrasonic cavitation (Jjiang et al., 2002).
Moreover, H,O, formation after 1 h sonication at the two extreme pH leveis showed that
the final HyO, concentration was much larger at pH=3.0 (240 puM) than at pH=9.5 (130
uM), which is consistent with the ohservation of Jiang ef al.. 2002 (Jiang et al., 2002).
Considerable amounts of #OH recombine at the interface or bulk liquid and form H,O, at
acidic pH (k=6x 10 Ms™) where there are no or low scavenger concentrations such as

g,

carbonates {Equation {7.3}).

Fience, rate enhancement at acidic conditions is also due to the formation (upon
H,0, dissociation) and accumuiation of HOO radicals in the liquid bulk (unlike eOH),
which may contribute to the oxidation of intermediate OH-adducts if not the parent dye
(Equation (7.4)).
(eOH + H,0, — H,0 + HOOe k=27 x 10’ Mg

Table 8.3. Dye properties and correlation coior decay rate with pH (Cy=30 uM)

Dve Properties I pH™ 1 k107 (min™) R™ |
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inhibition of color decay at alkaline conditions is a consequence of ionization of the
dyes bv hydrogen loss irom protonated sites and naphthol —~OH. resulting in enriched
hydrophilic character. in fact, at pH above 9, the common ion (naphtaiate) predominates
over the azo and hvdrazone forms owing to the fact that pK. of arvi-azo-naphtol dves is

iarger than 9.0 (Oakes and Gration, 1998}

The common ion forms of test dves are shown below:

NaDﬁB—-{

Pl

AU7 {common ion} R{$16 {(common ion}

PR

Relative effect of pH on first order bieaching rate is given in Figure 8.7., and the resuits

show that at pH greater than 9. both of the dves were in their common ion forms.

Y OTTT T el N
4U ™
< as d ;
.
E—
i e
. 3 g - : j‘
& = A ]! v i fe

Ficure 8.7. Relative effect of bH on first order bieaching Rate (C. = 30 uM).
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There was a significant reduction in decolorization rates above pH 9 for AO7 and

'RO16. Probably the pKa of test dves were close to 9. and at pH above 9 the dves began 10
dissociate and iose nydrogen, resuiting in enriched anionic character. Because of their

increased hydrovhilic character. they tended to stav in bulk fiquid and degraded with

radicals only where as the dves at acidic pH probably degraded both via oxidation in bulk

liquid and at bubbie-liquid interface.

Moreover, at such and higher leveis of piH. eOiH scavenging effects become
significant, particularlv when the scavengerts are anions such as HCOx" and CO+" that were
introduced to the reactor by the addition of a sodium carbonate buifer. As can be seen in
Table 8.3.and Figure 8.8.. pseudo-first order decolorization rate constants for both dve
solutions were decreased aiong with the addition of Na,COs. When the pH of the RO16
solution was adiusted to 8.5 with 1 N NaGOH and Z mM Na,CO-. no significant carbonate
scavenging was observed. Formed carbonate radicais {Equation (7.9) and (7.i10)) are in
principle aiso capable of oxidizing volluiants but in general thev have lower rates than
oOH (Equation (7.12Z}). Thus, on one hand. carbonate tons can even promote the efficiency
of the treatment nrocess. but on the other hand. these ions are effective radical scavengers
reducing the amount of #OH availabie for poliutant oxidation {Equation. (7.9)). By the
addition of 5 mM soda ash (Na-('(3:) which is a tvnieal dose tor reactive dvebaths (~ 4

mM CO-% in th solution). two fold and three fold decrease in color

’53
(5

uM reactive d\ hath £

and UIV..- removals were evident resnsctively This tmaliad the oM enavenaing effect of

soda that became particularly pronounced for the color ana aromatic removal of 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 consequence of dgifferences 1n their stiuctural features.
Although the mechanism of eOH reactions with azo dves 1s siii noi clear, theoretical
methods using guantum mechanical calculations and proposed reaction mechanisins based
on product analysis have reveaied tnar the addition of ¢UH to tne azo bond 1s more
favorabie than addition to the C-N bond (Joseoh ef al.. 2000: Ozen e? al.. 2003). It has also

been proposed that reactions of UH radicals with azo dves involve both hydroxyl adduct

formation and electron transier processes { {(Das ef af.. 1599).
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Figure 8.8. Effect of pH and carbonate alkalinity on dye decolorization and ring
destruction.

When the test dyes are in azo form, 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 «OH was due to internal H-
bonding, by which the N-N bond distance shortened and the activation energy was lowered
(Destaillats et al., 2002). In RO16, which had a second o-substituent at the naphtol ring
(SO;y), 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 RO16 molecule, thus lowering its reactivity. It
is also possible that solvent effects in RO16 are stronger than in AO7 due to more complex
substituent structures in the former (such as p-positioned SO,RSO;Na at the benzene ring,
as opposed to SO;Na in AO7). Finally, the relative ease of ionization in RO16 to form the



anionic dye 1s a rate-decelerating feature at alkaline pH. as it was at near-neutrai or non-

buffered conditions.

Reaction mechanisms of hydrazone tautomers of azo dyes (containing o-Oil
groups) with the hvdroxvi radical are not clear, 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 by intramolecuiar H-bonding between one of the nitrogen atoms and

hydrogen of the OH group nearby.
8.1.3.3. Dye Miineralization
To further examine the extend of dye decomposition, the totai carbon converted to

the harmiess carbon dioxide was determined. Figure 8.9. illustrates the mineralization of

30 uM AQO7 solution at pii 3 during 4 h uitrasonic irradiation.

Ficure 8.9. Mineralization of AQ7 during uitrasonic irradiation (initiai dye concentration

30 uM, pH 31

Althoueh appreciable color and aromatic degradation was achieved, no TOCU
degradation (even a slight increase in total oreanic content) was observed during 4 h
ultrasonic irradiation of the test dye. This increase may be due 10 the diffusion of

atmospheric carbon dioxide into the reactor solution (the system was open to the



atmosphere) (Harada, 1998). Hence, ionger contact is needed for more appreciabie
mineralization of the dve. However. we believe that in uitrasonic svstems reliable TOC or
CO; production is not a measure of the overall degradaiion of organic matter, because in
most cases, pvrolysis results in the production of acetviene, which mayv not be converted to
CO,. As Beckett and Hua (2003) have shown, iower frequencies (300-400 kiHz) tend to
draw nonvolatile species such as dvestuffs into the exireme conditions of gas phase
through microstreaming effects. Thereiore, AG7 couid additionaliy be degraded within the
bubble bv additional thermolvtic mechanism and harmliess pvroivsis products, such as

acetylene couid be generated, which can not be monitored during TOC anaiysts.

i and C.I. Keactive Biack3
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£
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In this part of the study, the same dye model was investigated. using two different

test dves: C.1. Acid Blackl {AB1) and Reactive Black5 (RB51.
8.2.1. Materials and Methods
8.2.1.1. Dyes
{1, Reactive Black5 was Obwineé from Dwestar Hoechst and the latter was

obtained from Aldrich. A summary of commercial and molecular dve properties is

presented in Table 8.4. All reagents consumed in this studv were anaiviical Mierck grade.



Table 8.4

d (‘"J

ommercnal and chemicai properties of C.1. Acid Biacki and C.i. Reactive
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deionized water or alkaline tap water, respectivelv. The solutions were sonicated for oine
hour under the following conditions: 1} without the addition of « buffer. i.e. at their natural

pH: ii} after the addition of I N Hy50. to buffer to pH=3.0: 1ii) after the addition of

o vx %1 exaess

Na,COa to buffer to pH=8.5 and 9.5. as summarized in Tabie 8.5. Hundred milliliters of

Sammes WETE aerated for 7 h and then irradiated for i hior Uv-vis Spectiomenry awaivqs

tXﬁeHmems were extended to 4 h to moenitor the ultrasonic mineraiization of the dx es.
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Table 8.5. Properties of the test solutions in terms of pH and chemicai buffer

( Dyestuii | i. ,
| | |
AbB1 5.98 |
.00 l
RBS 750 { nona Inataraly
i ! ]
| | |
Analyticai

UV-VIS spectrophotometrv analvses were carried out using a Unicam, Hehios
Alpha/Beta double beam spectrophotometer through a 1| cm path liength. Dye

mineralization was foliowed bv a Shimatzu TOC V analvzer during 4 h irradiation.

Resulis and Discussion

8.2.2,
8.2.2.1. Dve Degradation at Neutral State

The effect of dve structure on color decav was investigated in deionized water
solutions ai their neutral (non-buffered) conditions. The azo and hvdrazone forms of the

test dyes are iliustrated 1n Figure 8.10.

NS RS e S RN E— NN
NaRE0CHCH e RS OCHATHD — MR m0s
N~ \1 .1:\,
HIM .

Azo (AB1) Hydrazone {Abl)

Figure 8.10. Azo and hydrazone forms of the test dves.



Both test dves contain a hydroxyi group in orzho position to the azo bond and exist
in equilibrium with two tautomeric forms. azo and hvdrazone which absorb at different
visible wavelengths. The specira of 30 uM ABI and RB3 soiutions at their non-buffered
conditions before and during sonication are oresented in Fieure 8 11. and Figure 8.12.

respectively.

i
i

17 N

Figure §.11. Spectral changes during i h sonication of the 30 uM ABI solution at near
neutral nH (non-buffered conditions)

o}

Fioure 8 12 Spectral changes during 1 h sonication of the 30 1M RBS51 selution at near

neutrai pH (non-buffered conditions).
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From the above spectra of the test dyes, ABI is expected to favor the hydrazone
form, because it has a high absorption at 484 nm. RBS is expected to exist in both
hydrazone and azo form, because there is also another peak between 390-440 nm (not as
high as the peak at 596 nm).

Color and aromatic fragment degradation after 1 h ultrasonic irradiation are given
in Figure 8.13. Color degradation of AB1 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 «OH
limited. Other sonochemically generated radicals, such as eHO, and O, can play role in
aromatic fragment degradation.

90
80
70
60
50
40
30 -
20 -
a1

78 % mCOLOR
70% BRING

1

% Abatement

AB1 RB5

Figure 8.13. Relative fractions of UV and visible absorption abatement in non-buffered
ABI and RB5 solutions with initial dye concentration = 30uM.

Faster color removal of monoazo dyes RO16 and AO7 (Section 8.1) than disazo
dyes AB1 and RB5 confirms that color decay is ®OH diffusion controlled, and is limited
«OH concentration in bulk liquid. Hence, at limited #OH, the rate of
number of chromophores (in our case azo bonds) in dye

by the steady state
bleaching slows down as the
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increases. Also,thecharacterofo-andp-substituemsmmtheazohondsandthe
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 1 h sonication of the test dye solutions at non-buffered conditions are illustrated in
Figure 8.14.

1.009-
kx10°=23.99+1.16 min"' m ABK1
kx10°=14.71+0.39 min" o RBK5
0.754
<
<
0.50-
0.25 : : . . » L
0 10 20 30 40 SO

Time (min)

Figure 8.14. Comparative rates of visible absorption abatement in 30 uM of AB1 and RB5
solutions at non-buffered conditions. The solid lines represent the fit of
experimental data to A/Ao = ¢*' with regression coefficients R*>0.98 in both

fits.

Both test dyes were disazo and have o-substituents such as OH and NH,. Similarity
of their azo groups and o- substituents, the higher color removal rate in AB1 solution can
be attributed to i) lower molecular mass and simpler structure, ii) difference of p-
substituents, iii) lower SO;™ content (will be less anionic and will tend to approach to
bubble to degrade additionally at the bubble/liquid interface), and iv) and the preference of

the reactivity H,O,/eHO; pair with hydrazone form.
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8.2.2.2. Effect of pH and Molecular Structure

The impact of pH on color degradation is illustrated in Figure 8.15. and Figure
8.16., and estimated rate coefficients are given in Table 8.6.

0 10 20 30 40 50 60
Time (min)

Figure 8.15. Impact of pH and carbonate alkalinity on pseudo-first order 30 puM ABI1
solution bleaching rates. The solid lines represent the fit of experimental data
to A/Ag=€".



158

0 10 20 30 40 50 60
Time (min)

Figure 8.16. Impact of pH and carbonate alkalinity on pseudo-first order 30 uM RBS5
bleaching rates. The solid lines represent the fit of experimental data to
AlAg=e".

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 SO;
sites. As a result, dye molecule becomes more hydrophobic and approaches to bubble
interface and also reacts with radicals at the bubble-liquid interface. 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, resulting 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))OH scavenging effect of HCO;" and COs>, which were
added with sodium carbonate buffer during pH adjustment.
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Table 8.6. Dye structures and pH-dependent color decay rates of 30 uM AB1 and RB3
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As can be seen in Figure 8.17., there was a significant reduction in bieaching rates
of AB1 after pH 8.5. implving that the dve was mostlv existing in its common ion form. .

and because of its anionic structure probabiy it degraded oniy with radicais in soiution
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The reduction in bleaching rates of RBS was not considerable, and pKa of RB5 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 ultrasonic

irradiation of 30 uM AB1 and RBS5 solutions. The obtained total organic carbon (TOC)
data are displayed in Figure 8.18.

25
<. e -
= 15 - 4 *
£
= -
1 L =
Q 108 .
|—
5 u
¢ RB5 ®m AB1
0 T 1 T L]
0 50 100 150 200
Time (min)

Figure 8.18. Total organic carbon variation in 30 pM ABI1 and RBS 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 iinkage between a benzene ring and a
naphtol group. Conditions that favor neutrai molecules such as acidic pH accelerate the
rate of bieaching by hvdrophobic enrichment of the moiecuies and the formation of excess
Hy07, 'HO»- and -O»-. Similarly, rate of bleaching is inhibited at aikaline pH upon the
formation of negatively charged dve moiecuies and radicais. and OH radical scavenging

effect of carbonate/bicarbonate species.

The rate of azo dye bieaching by uitrasound is aiso dependent on structurai features,
such as the largeness and complexity of the molecule. the type and position of the
substituents about the azo bond, and the anionicity. A simpie dve structure having oniy the
naphtol OH in or#io position to the N=N bond decavs much more rapidiv than a more
compiex one having a second oritho substituent such as SOz and other
attributes/substituents that tend to stabiiize the molecule against oxidative degradation.
Much ionger contact time is needed for appreciabie conversion of TOC to CO, by

ultrasonic treatment alone.



CHAPTER 9. ULTRASOUND IN ADVANCED OXiDATION
PROCESSES A CASE STUDY WITH ACTD ODANCE 7

Part of this chapter is the studv presented in “Ultrasonics 2003, 30 june-4 July
2003, Granada. Spain” {published in conference proceedings). and the whole work is

submitied to Uifrasonics, and is under review.
9.1. Background

Ultrasonic irradiation is a potentiai cataivzer of Advanced Oxidation Processes
(AOPs) in environmental remediation. due to #OH and H.0» nroduction during cavitation-
induced water decomposition. it is possibie to achieve compiete coior removal and
mineralization in refractorv pollutants such as those tound in textile dveing mill etfluents
"‘Dy AQUPs. Advanced oxidation is a term commoniv used to describe oxidative degradation
of organic matter by free radicals. particularlv the hvdroxvi radical (eOH). which is a
nonselective and verv powerful oxidizing agent. Ultravioiet light {UV) coupled with a
powerful oxidizing agent or a semi-conductor. Fenton and photo-Fenton processes are
some of the common Advanced Uxidation Processes (Glaze er af.. 1987. ince and

Tezcanii, 1999; Vinodgoval and Kamat. 1998: Nafirechoux e </, 7000},

Cavitation in liquids resuits in extreme temperaiures and pressures upon coiiapsing
of acoustic micro bubbies. This phenomena initiates and promotes chemical reactivity
through thermolysis within the center of the bubbie, free radical oxidation at the interface
of the bubble and/or in the bulk liauid (Ince er ai.. 2000 Joseph e7 a/. 2000} The
efficiency of eOH diffusion into the aqueous phase is reiated to svstem parameters such as
frequency, reactor g@(}mgt]’;\]c sparge gases. and ltrasonic nower (Mason and Cordemans.
1998). When the sparge gas is Argon and the medium is water. the reaction sequence is as

follows (Ince et af.. 2000):
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HyO +)))— o0k + oH {thermoivsis) 9.1
°OH + ofios F,0 (9.2)
®JH + eUH— HQ_GQ (93\)
200H > H,0+ 0 (9.4)

IR

iv 4ism i braia T I R S 1 3 PoE g i :
1 TS SOIULION 18 saturated wilh oxygen, peroxyl and additional hydroxyl radicals

are formed 1 the gas phase {Becketi and Hua, 200U0) as:

Uy + 1))— 20 (9.5)
0:+0 > 05 (9.6)
Oy + eH— e(»H (or eOH + O (9.7)
O + 00yt — o0H + O (9.8)
s(pH + eUyH— H, 0y + 6o (9.9)
(0 + HyO — 2e0H (9.10)

Physical and chemical properties of the medium such as pH. vapor pressure and

artition coefficient of the solutes are aiso significant parameters that atfect sonochemical

)

vields. In sonolysis of water containing hvdrophiiic compounas such as textile dves.
oxidative dve destruction is possible if the radicals are effectivelv eiected into the soiution
bulk. The optimum frequency range for degradation of these compounds is 200-600 kHz.

(Pétrier and Franconv. 1997).

Ozonation {coupled with or without a source oi ultravioiet iight} is one ot the most
common practice of free radicai oroduction n AOPs. Ozone reacts with oreanic
compounds via two different pathways nameiv direct molecuiar and indirect radicai chain
type reaction depending upon pH of the water. Molecular O 1s the maior oxidant at acidic

oH and reacts directly bv electrophilic attack. whereas less selective and faster radical



reaction oxidations (mainiy ¢0H) become predominant at pH > 7. as a consequence of
acceleration of O decomposition bv OH (Glaze er a/.. 1987) When ozonation is counled
with UV irradiation, additional eGH radicais are produced (Equation (9.11)) as:
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When ozonation 1s combined with uitrasonic irradiation. thermai decomposition of

ozone in cavitation bubbies results in increased e OH and H-()» as shown (Destailattes ef

sTT P

al.. 2000: ince and Tezcanii. Z001. Weavers ef af.. 1998}

On > Onla) + OCPY () (9.12)

OCP) @) + H:0(g) —2e0H (0.13)
s+ «0H — oHO, + Oy (9.14)
O3 THO — ZHOGe (9.15)
O; + HOUe — oH + Z2(1, (9.16)
Os + Hy0p — o0H + Or + HG, {917
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however CO‘H’IDEH&HOH of US with other techniques {sonoelectro IVHIS ultrasound/H 24U

and/or Ox ultrasound/UV. uitrasound/Fenton's reagent) are veiv effective upon excess

o0l formation and enhanced Os diffusion {Naftrechoux ¢/ al.. 2000: Beckett and Hua.

2003: Lorimer ef af . 2000

The purpose of this study was 1o investigate the performance of 520 kHz uitrasound

i binati i itraviolet i1¢l i both. The test chemical was a textile
and its combinations with ozone. uitraviolet light and both. ii

azo dve C.I. Acid Orange 7. The dearadation of the dye was monitored by the abatement 1n
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Its abscroance at the visibie. UVasa. and UVay, bands: the reduction in total oreanic carbon:

and the increase in biodegradabilitv.
9.2. Materiai and Methods

e

9.2.1. Test Dye and Freparation of Dye Solutions

The teat dve C 1 Acid Orange 7 (MW= 350 ¢ mal™) wag abtained from Aldrich in

RS ner cent vurityy. The chemical atracture of which wag given in Chanter R a ctock dve

solution was prepared by dissoiving 1 g of the dye in 1 L of boiling deionized water and
test soiutions for all runs were made bv diluting the stock to tvpical effluent dve
concentrations {57 uM) using delonized water. The pH of test sofutions was 5.5 prior to
sonication and no nH adiustment was made during the experiments. All sampies were

aeraied for 1 h before sonication.

$.2.Z. Experimentai Methods

Optimum system parameters of Svstem iii which were previously defined in

Chapter 4.2.3 are listed in Table 9.1.

Tabie 9.1. Optimum parameters of System iii

l (ol ) Iy 1 minTh !
i 20U ; Ui 1 AT U ;

: i
i |

Ozone was generated onsite from dry pure O and suppiied 1110 tne sysiem througn

P

an OzoneLab 100 model generator (Uzone Services) at 0.25 L min” of O, tlow rate. and 40

. ] invelvine 0., the solufion was not sparged with
gm” O3 output. During the experiments im olving O 1 parg
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Experimenial Scheme:

The experiments were grouped as:

1) Ozone + Ultrasound; (O3+US),

i32% e < § Tibeaare i - 5 1% 1t AT S TTOAT IV
i} VECIIC + UIHasOuiia = U v 11 adiaiion, (UsTuUSTU Y, and

iv) UV 1rradiation + Ultrasound {UV+U

Controi experiments were conducted with each run 1o assess the impact of singie systems.

The controis were: 1) a. i) UV. and iii) US. The conditions of each group are specified in

resuits and discussion seciion.

Determination of Dye Degradabiiity:

Alr-saturated test solutions were 1rradiated in the presence or absence of ozone, UV

light or both for 1 h for

i} spectrophotometric analysis in the UV-Visibie band,

i1} total organic carbon analvsis.

iii) five-day Biochemical Oxygen Demand (BUDs) analvsis. This determination
involves the measurement of the dissolvzd oxveen consumed by
microorganisms to biologicaily degrade the organic waste during the first 5
davs of biodegradation. It has traditionallv been one of the most important

measurement of the strength of organic poliution,

iv) H>0» anaivsis.
9.2.3. Anaiytical Methods

i) Spectrophotometric Measurements (for color and aromatic fragment
degradation): The optical absorption spectra (200-700 nm) and the reduction in UV/visibie

absorption of the dye solutions were recorded by a Unicam, Heiios Aipha/Beta double
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beam spectrophotometer through a I cm path fength. Color degradation was monitored by

—

the abatement in UVags nm, and aromatic fragment degradation was monitored by the

abatement in UVssy, and UV, nm bands.

11) Hydrogen Peroxide and UV Intensity Measuremenis: The concentration of
hydrogen peroxide was measured in sonicated deionized water in the absence and presence
of UV iight, using the Ki method (Kiassen ef ¢/, 1994). UV light intensity was measured
by peroxodisulphate/tert butanol chemical actinometer (Mark ef a/., 1990). Upon
photolysis of this solution, suiphuric acid is formed. whose liberation can be directly

foliowed with a pH meter. Details of UV intensitv measurement are given in Appendix C.

iii) Total Organic Carbon Measurements: Totai organic carbon (TOC) monitored
with a Shimadzu TOC-V CSH analyzer. The instrument was calibrated by standard

solutions of KHP {5-30 ppm).

iv) BODs Measurements: BUD;s tests were tun in accordance with the dilution
method described in Standard Methods of Water and Wastewater Analysis (APHA, 1989).
BODs test involve putiing a sample of waste into stoppered bottes {300 mL), measuring
the concentraiion of dissolved oxvegen in the sample at the beginning of the test and again 5
days iater after incubating at 20 °C. All samples were seeded with a bacterial culture that
has been acclimated to the organic matter that mav be present in the effluent Supernatants
(1.5 mL) of acciimatized mixed cuiture obtained from aeration tank of a focal wastewater
treatment plant were mixed with 300 mL of raw and sonicated test solutions. Acclimization
of biomass was conducted during several weeks by synthetic domestic wastewater. The
feed base was diluted to obtain a COD rate of 250 mg L™ On/dav. Dissolved oxvgen is
measured initiaily and after incubation, and ihe difference between initial and finai {5 days
later) dissolved oxygen concentrations were determined bv WTW Oxvmeter 3000
dissolved oxygen apparatus with membrane electrode. The BOD of the samples was

determined by calculating the difference between the sample BOD and the blank BOD

(seeded dilution water}.



v) Uzone Measurements: The concentration of ozone in solution was determined
using the Indigo colorimetric method described in Standard Methods of Water and

WasteWater Analysis (APHA,1989).

9.3. Resulis and Discussion

9.3.1. Comparison of US/O; with UV/O;

9.3.1.1. Seiection of the Ozone Conceniration

Ozone was injected into the reactor at a generator Os output of 10, 20, 40 and 60 g
m™ during ultrasonic irradiation of the dve solution (pH= 5.5) for | h. and samples were
collected within short intervals for spectrophotometric analvses at the UV-visible region.
The absorbance decav curves were obtained bv fitting the absorption data (at 484 nm) to
Equation (4.2.) as presented in Figure 9.1. Maximum color degradation was observed at 60
am™, but 40 gm™ (corresponding to a rate oxveen flow rate of 0.25 L min™') was selected
as the optimum wvalue (working conceniration) for economic reasons. All control
experiments with ozone {40 gm™) and ultrasound alone were conducted on air-saturated

dye solutions.
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10°x k 4= 34.95 + 0.80 min"'
103x k= 53.06 + 1.67 min"’
103x k 4= 79.45 + 3.67 min™
103x k o= 108.40 + 6.25 min™

1.0+

¢ 4 > N

0.54

0.0
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Figure 9.1. Color degradation of AO7 in the presence of US and O;. Subscripts 10, 20, 40
and 60 refer to the O3 outputs of the generator (g m™).

The ozone concentration in the dye solution increased for 12 min and then
remained almost constant. The corresponding O3 concentration in solution at 40 g m™ input
was analytically determined (Indigo method) as 0.95 mg L™, The details of the procedure
are outlined in Appendix B.

The Concentration of Ozone in Solution

The enhancement of color and aromatic removal rates during US/O; combination

was attributed to increased mass transfer of O3 by sonolysis. This hypothesis was also
supported by monitoring the O3 concentration in sonicated and non-sonicated deionized

water in accordance with the Indigo colorimetric method (APHA, 1989). The procedure
and the experimental data of this section are given in Appendix B. Ozone concentration
was monitored at varying experimental conditions as follows:

e 40 g m” ozone supply into deionized water at pH 2,
A) without sonication



B) with sonication
C)Withsonieutionand20mgaddiﬁonofws ‘ .
Dissolved ozone concentration throughout the ozo e
experimental conditions are illustrated in Figure 9.2.

o
(%)
1

¢ A e BN

1.2
HA " e
~— [} = b.’
0.8 *
n
€06 - . . o
2 = @ A
80.4‘ & A ‘
o
&
8

yee E
0 5 1020

Figure 9.2. Dissolved O; concentrations in deionized w
A and B in Figure 9.2. reveals that the :
concentration in solution is enhanced by sonolysis. °

concentration in sonicated deionized water (B) was approxit

dye solution (C) was lower than the concentration in deic
the scavenging effect of AO7. This might be due to the ¢
reaction with the dye molecule.



9.3.1.2. Color Degradation

x o= 9E A
Comparative results of color degradation by the ¢

by combinations of US/O; and US/OyUV are presented in

57 uM AO7.
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Figure 9.3. Effect of ultrasound on ozonation of 57 ul [ AC
ml, Ozone: 40 g m>, R? > 0.98).

Decolorization by US alone was 3 times slower than by €
application of the two yielded more than 4 times enhan
Increased decolorization during US/Os combination is ¢

whwh,)mdnealywnhthemm_ _.
produce excess *OH radicals (Equation (
(Equation (9.1)- (9.10)). i
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Figure 9.4. Comparison of US/O; and UV/O;
(Volume:1200 mL,Cq=57 M, O; output: — o

In fact Oy/UV, 03/US and Os/US/UV syste:
removal as shown in Figure 9.4. When O; was d to;
rate of decolorization did not change within 95 per cent .
koswsuv=80.58 min™). :

9.3.1.3. Aromatic Fragment Degradation

To assess the overall degradation process, pro
and 312 nm, which correspond to the absorpt
naphthalene-like structures, respectively, were mo
pseudo-first order decay rate coefficients of UVasq an
Table 9.2.
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Table 9.2. Coefficients of aromatic fragment degradation in single and combined svstems

[— 1
Uosg ‘ [BAYS
S |
30T (min’; ‘ K> 107 {(nun’')
| 7.75+0.55
03 I 3599+ 1.12

Gs/US/UV | 2171+ 158 | 39.72 £ 112

The peendo-first order decay rates at both wavelenaths were much slower than that
in the visible band. Ultrasound aimost had no effect on olefinic/aromatic dye degradation,
and had minor effect on the degradation of naphthalene like structure. Ozonation at near
acidic pH resuited 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 general readily attacked bv molecular ozone (Reife and
Freeman. 1996). Comparative evaluation of rate coefficients of UVass and UVar shows
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 O addition reactions with

olefins.

9.3.2. Comparisen of US/UV with U

b

iments with UV alone {at L= 1x107 F m~ <) showed that AO7 did

not undergo any degradation bv nhotalysis. The Hoht intensity was estimated bv

peroxodisulphate/tert butanol chemical actinometry (Mark e/ af.. 1990). and the data are

given in Appendix C.

9.3.2.1. Coior Degradation

in the literature, there are reported studies showing the enhancement of organic
2

matter degradation by UV/US combinations (Naffrechoux et al., 2000; Petrier ef al. 2002).

In the present study, the combination of US/UV was investigated at increasing UV powers.



Rate of decolorizations were investigated at 3 different UV f i 2,

rate coefficients were compared in Figure 9.5. as bars. -

30

10™ X Kegptro= 20.06£0.34 min”*
10 X kagw = 23.0310.52 min™*
10 X kppy= 25.1840.95 min™
25 { 10° xkpow= 26.36+1.01 min”"

Figure 9.5. Pseudo-first order color degradation rate coe
to US and US/UV combinations at increasing

Maximum degradation occurred at UV pow
was 2.1x10* E m® 5. The increase in color degrad
attributed to the formation of excess #OH by UV phote
+hv—2 «OH).
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9.3.2.2. Aromatic Fragment Degradation
e

Rate of aromatic/olefinic carbon dm
presented in Table 9.3. The profile of aromatic band dec
visible. i

i

Table 9.3. Estimated UVyss and UV, degradatior

combination xS
254nm
System K107 (min)
Us 1.75.4 0.54) S-S
usuv 3.68 £0.26 7 _!

]
-
_

formation of additional oOHbyUVpholiolysk Ofm _



in Figure 9.7. for the two controls and combined schemes.
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Figure 9.7. Spectral changes in S7uM AO7 during 1 '
04/US: (d) Oy/UV (&) US/UV (f) O5/US/

20.25,30, and 45 min).
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Per cent removal at Ausgs, Asjo, and Asss (45 min) are calculated from Figure 9.7..

and the results are presented in Table 9 4.

Table 9.4. Comparison of dye degradability by different schemes

| Experimental Schemes l

US| Os [USIOy [ UVIOs [US/UV | USIONMUV |
i 6054 O 84 * 0824 ' 04 2 i T on 1 T80 00 |
| | | | | |
Assi | 1430 | 5166 | 4302 | o4i3 | 1589 | 7069 |
As1z 31230 | 7700 | 7018 | 8210 | 3500 | 8346 |

It is possibie to achieve appreciabie color and aromatic fragment removais by US/Os and

US/G-/UV combinations.

9.3.3. Dye Mineralization Assessment

mineralization as both the parent dve and the intermediates that are totally degraded into
inorganic species. To further examine the extent of C.i Acid Orange7 (57 uM) destruction
in System II1, total conversion of organic carbon to €O, was determined in effluents of the
experimental schemes described in Section 9.2.7. The extent ui mineraiization was probed

over a period of 1 hour using individual and combined svstems. The data are displaved in

Figure 9.8.

P + - o~ —: O o 1 e 31 i ] AT i ";l“"}'.“xr“‘ i Nalk] 3
As it is obvious from Figure 9.8. that. mmeralizalion 15 not possibie with ultrasound

alone. Similar to what was observed with the decolorization of the parent dve. TUC

N

deoradation rate by US/0x combination was generally faster than those with US or O3
o \ 3

alone. The enhanced efficiency of the combined svstem resulted from the increased mass

transfer of ozone bv uitrasound. which reacts directiv with the intermediates and also
4 1 A :

decomposes to generate additional eOH 1t appears that ultrasound coupled svstems (except



with respect to ultrasound alone.
M Hgm\( : 8g+uv
45.00
40.00 -
35.00 -
30.00 -
E 25.00 -
© 20.00 -
2 1500 - g
R 10,00 - "
5.00 .J_‘J
0.00 .
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Time (min)

molecular ozone reactions with the dye molecule. Af
intermediates with «OH began to be pronounced. A
TOC destruction of over the first 15 min, the rates dec
oxidation by O; were formed. As the reaction proce
than US/O; and Os. The increased UV absorption of t
«OH by the photolysis of sonochemically generated HyC 2 can |
enhancement. a ﬁp-

R A

As a consequence, a quick mmahmofﬁ utant
minimize the survival time of possible harmful inte o
combination would be more beneficial for dye mineralizatic .



rate of this triple combination was very close to the

combinations. US/0+/UV provided the highest dve mineraliz

9.3.4. Eifect on Biodegradability

So far. the chemical degradability of the test dve {bv color and organic carbon) was

investigated. It is well known that refractorv and poorlv biodegradable compounds can be

-
~]
O

rates of US/Oz and UV/Oa

ation rates.

transformed into iess harmful (and probably more biodegradabie) forms by powerful

oxidants such as free radicals (Stockinger ez a/.. 1996). This is another way of saying that

as more and more of the chemical bonds are cieaved, the parent compound is converted

into smaller and more polar intermediates. which are easier to metabolize by

microorganisms in naturai 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 biodegradabie or not, and the resuits are presented in Table 9.5.

Tabie 9.5. Five day Biochemical Oxvgen Demand (BODs) of AG7 (Co=57 uM) at 30 min

and 60 min contact with single and combined schemes

Tvpe of AQP 1 BOD: (me L™H i BOD: (mg L) |
1 0 min i 60 min |
| i ]
! o ? 3! ]
| i l
| VLS | =AY r %

B - | 3.00 |
| 0 - P - 0.69
— =

As in the case of color and TOC degradation, the trea

UV/Qs, and US/Q:/UV combinations

of the ulirasonic irradiaiion or US/UV combinaiion.

tment performances of US/Gx,

for biodegradability improvement far exceeded that



TheratioofBOD,toTOCisakominm .
nature of a pollutant (Tchobanoglous and Burton, 1991
scheme arc plotted as bars in biodegradability Figure 99,

- Lin_!.n .:;.

0.60 oot I3
—~ 747'

test schemes.

The figure shows that the ratios of BOD.
US/UV < 03 < US/0; < UV/O; < US/O3/UV. Henc
to the triple scheme with US, O3, and UV irradiatiol
carbon is made of biodegradable or biochemically oxic

9.4. Conclusions

Thlsandpu-evmnsmdgswnhmdwm :
effective in decolorizing textile wastewaters, no i -_‘.:._
mmeralmtlonlspossibleunlmnnsmedmm.
In the present study, combination ofultzmmdﬁ
found effective in accelerating the rate of dye degradation.



The rate of color decay was pseudo-first order with respect to the visibie absorption
of the model dye. C.I. Acid Orange 7 in single and combinative operations. and all
investigated svstems performed hest when a snarge ¢as ratio of 1:0.5 L min"' Ar/O,
> decolorization rate wag faster than that aromatic fragment removal
(monitored by the absorption of the dye solution at 254 nm and 312 nm) in all systems,
following the order: US/0:/UV > US/O: > UV/O: > 0; > US/UV > US. Dve
mineralization and biodegradabiiity improvement in aii systems followed the order:

US/O3/UV > UV/Gz > US/O: > 05 > US/UV > US.

The observed synergy in US/Ox combination was attributed 1o enhanced diffusion
of Os. which accelerates both electrophilic and radical reaction rates. On the other hand.

photolysis) and prabable UV-photolvsis of some intermediate products of oxidation.

The combination of uitrasonic irradiation with ozonation can be proposed as an
alternative AOP. since this svstem has similar color and aromatic degradation efficiency as
that of Os/UV, which is a weli-known advanced oxidation scheme. This system is
especially beneficial for compounds, which have low reaction rates with Oz. because any
¢OH that is formed at the expense of increased (J: concentration (bv sonolysis) will
increase the destruction of the substrate. The kev for such a coupled svstem should lie in
choosing processes that compiement each other and iead to synergistic effects. In terms of
applicability of the system. it must be economically competitive and the problems related

to scale-up application should be addressed in the near future.



This chapter presents a modeling approach to the studv of *OH production and
depletion kinetics in sonicated solutions of azo dves. The model was based on the
assumption that dye molecules are oxidized only in the bulk liquid upon reaction with
hvdroxyl radicals. which are generated bv water sonolysis and depleted bv recombination
and scavenging reactions. The list of such reactions and the rate coefficients associated are

given in Table 10.1

Table 10.1. List of chemicai reactions and rate coefficients used in model development

| Chemicai Reactions tn Bulk Liquid E Rate Constant |
| 1. HO+))—-OH+<H | Kion |
| o o |
2 - 1 i
7 : 5 1
z. D = 6 10N !
I
, T e A
< ‘ A 1§ M's
5. oHOp <00y W pKa=4§ |
5 ol =101 10T
i _ ]
= : com =07 10 AT
i ‘ |
: o i -1 H
2 RizozT O o U N S

i R

O Destaillats e af., 2000

The first and second reactions describe the formation of *GH and the degradation ot
the dve by hydroxylation. respectivelv. Reactions 3. 7 and 8 represent the formation of
H,0,. but the reported rate constanis reveal that the contribution of the last one is
insignificant. Reactions 4 and 6 describe the depletion of «OH bv scavengers. specifically

H,O, and O, and reaction 5 describes the equilibrium between peroxy and superoxide

radicals.
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Using the information in Table 10.1, a kinetic model to represent the time rate of

hydroxy! radical variation in the dve solution was developed as:

where Kron and kav are unknown rate coefficients or the parameters of the model, knnoz
and kanon are model constants. and the expressions in brackets are molar concentrations. or
variables of the model. For the soiution of Equation (i0.1). the zero-order rate coefticient
of hydroxyl radical formation Keu was used as the adiustable parameter, and the “dve”
was represented by C.1. Acid Blacki. Hence, the data for {dye] and [H,O.] were generated

experimentally by sonicating 30 uM of Acid Blackl in Svstem 1 at pH=3.0 while

monitoring cotor and HyO, in the solution.

Note that the model is made simple by ignoring some of the reactions given in
Table 10.1. These were 1) reaction 8 (H>0O- formation) due to its much lower rate constant
than that of Reaction 3. and ii) reactions 6 and 7 due to the equilibrium condition in

reaction 5. which implies that molar concentration of O~ is insignificant at pH=3.0.

At steady state, d[*OH}/dt=0, and the rate expression becomes:

JE = T oFRE I T oLy P 3, Yot Fodermt . K L i ‘
kleZGZ %OUE”S; - K202 lcbnjss {maUnhe 7 Kdve %_GUE i_isa taven NGO 0 { 102)

where TeOH] « is the steady-state hvdroxyl radical concentration (My 1H-O, ki and [dye}; are

concenirations of hvdrogen peroxide and dve at iime L. respectivelv (MY Koo, Kapon. are

o o o FLOn formation and HyOs reaction with *OHL.
bimolecular reaction rate coefficients of Hylh formation and it b, reaction with O

. R NPT 1 order reaction rate cocetficient of the dve with <OH
respectively (M 8" ): I is the second order reaction rate coeihci nt of the dve with <O

. . i Viriont of «OH farmation in SYSTEM T{M )
(MY and K is the zero-order rate coefficient of <O formation in SYSTEM TIM &),

Since the rate of dye decradation was first order in the visible absorption of the dye,

the bimolecular rate coefficient. ka. in Eauation (10.2) can be replaced by k’/[-OH]}

because of the following reiation:
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(1050

where didyej/dt is the rate of dye degradation and k' is the pseudo-iirst order decay
. -1 . . . . . . .
coefficient (s”). The final equation exvressing the rate of *OH formation/depletion at

steady-siate 1s:

2+ Ko FOHL, THAO: 1, + K[ dve] — Koy =0 (10.4)

The solution of Equation {10.4} 1s possibie using graphical or numerical methods initiated
by assigning a hypothetical value to Kaw and inserting experimental data of [H»O-], and

[dye];, the iatter to be estimated by Lambert-Beer Law:

S (10.5)

where A, is the maximum absorbance of the solution {(Aqa ) at time L € is the molar
extinction coefficient of the dve at 620 nm (4 41 x 10* M 'em™ and b is the optical path

iength (1 cm).

The numerical method invoived caiculation of [Oiij for an inttial assumption of
Kam and insertion of the lowest [*OHI into Equation (10.4) to solve for Ky This
computed vaiue of Kem was then used-in the next solution 10 recompute a new set of
[eQOH];. The procedure was repeated until the last substituted value converged with the last

calculated Kuon, The experimental data for 50U min sonication {at 300 kHz) of 30 uM dve

at vH=3.0 and numerical estimations of [«OH1 for Ky = 4 0x10 “are listed in Table 10.2.

Profiles of [<OH], variations with time for some selecied soiutuons of Equation (10.4) are

illustrated in Figure 10.1.

The fleure shows that at ail vaiues of Ron the concentration of’ *OH increases

linearly during the first 40 min. but with varying slopes that are proportional to the

Kiop. This 1 he due to the presence of excess gas bubbles during
itude of Kepon. | rease mav be due 1o the pi 0
magnitude of Keop. 1018 MC 3

initial contact (due to air-saturated dve solution) and lack of hvdrogen peroxide. The
i ( :



steady-state condition is reached approximately at t=4
min. As the rate of depletion/scavenging reacti
degassing and H;O; accumulation), the steady-state

=

begins to decline to fairly low concentrations until it

10 x [.OH] (M)

Figure 10.1 Model predictions of [*OH] variations

Values of Kon and [*OH]s computed by the t
4.01x10° M s~ and 3.62x10™ M, respectively. Estimatio
rate coefficient is possible by substituting model predict
order color decay coefficient k” into Eq (10.3): R

-4 -1
. M_L =1.22x10°M's"!
3.62x10"°M

The calculated value is in good ag
ooefﬁcientsofamdyswithhydroxﬂM(
Joseph ef al., 2000). L



Tabie 10.Z. Model varables
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CHAPTER 11, ECONOMIU EVAL UAi iON, CONCLUDING

AND DECOMMEND A TIONS

ii.i. Economic fvaiuation

Cost-effectiveness {operational} of System i. ii and iil were investigated on the
basis of 45 per cent color removal in 1 m” of wastewater containing 20 me L™ of an azo
dye, represented by C.I. Acid Orange 7. Unit costs of materiais and electrical power
(local) that were used in the calculations are listed in Table 11.1. Despite the fact that
argon was the most efficient bubbling gas in all svstems. operationai costs were estimated
based on air as the injected gas (to be provided with the use of a simple air compressor)

because of the fact that the cost of Ar is 100 iarge to use in large-scale operations.

Table 11.1. List of operating parameters and their costs

( Pararneter 1 Unit Cost {(UC) [‘
| Electrical Power | 0.055 USD kWh™ ' |
\I H>0, | nnosirent 1 i
| £ 1 2 vrom 230 i
|

Cost comparisons were made for singiv overated ultrasound mn all svsiems and tor
the combination of ultrasound and ozone In SYSTEM ML The reason why this

combination was ihe only one const idered was for consistency (only 1his one made use of

C.1. Acid Orange 7).

The total operation cost {TCy in single operations was equal 1o the cost of electrical

power used by the ulirasound geaerator and the aeration pump:

ower Consumprion+ Pump Power Consumption) toxUCy. 1.e

[l

= ( Generator P




=]
@]
Il
&

+PP) to.xUCk (11.1)

where GP and PP are experimentallv observed electrical power consumptions of the
generator and pump, respectively {W). 1, is the estimated contact time for 1 m’ wastewater

treatment (b}, and Uk is the unit cost of electricity (USD kW b}, The operation time t, for

each system was estimated hu oaltinlviag the evnerimental contact time t by 1000/Vy,

where V; is the test volume in liters.

P

11.1.1 Cost of Singie Ultraseund Systems

=14 mmn

V;=0.1 mL

= 14/60 h x 1000/8.1

TCq=1(25 W+ 2.5 WY1000 W kW] x 0055 USD kWi « 2344 |

Vi =300 mlL

V“ﬁ/\}tiﬂﬂ_’

to =458 h
WO w NSRS L L 458 h
TC\Q — i{g(@@ W+2 5 VJ\ 1000 G W f AR 1S KW R 4

£
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Hence, cost effectiveness of the systems when operated alone is in the order: SYSTEM Il >

11.1.2. Cost of System 1ii Operated with US/Os
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 O (0.25 L min™ O,) and electrical

power:

where Vi, is the volume rate of O, consumption in the system {V/min}, UCq; is the unit
cost of Oy (USD m™) and OP is the elecirical power consumption of the ozone generator
(W). (Note that no additional gas injection (no aeration cost} is applied in ozonated

solutions.) Systermn parameters were:

TCA(US/Ox = [€0 .25 L min™ x m’/1000L x 60min hix 1.5 USD w7+ (18W+390W /1000

% 35 EA “

Note: If the system was operafed without ulirasound, e

treated fo
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11.2. Conciuding Remarks

Three uitrasonic systems and 9 textile dyes were investigated in this study to assess

the impacts of system conditions, physical/chemical agents, dve properties and dvebath

matrix on sonoiviic destrucition of textile dves.

'U’u

The systems were specified as:

e  SYSTEM [ Generator capacitv=25W. frequencv=300kHz, volume=150 mL.

o SYSTEM II: Generator capacitv=100W, frequencv=>520kHz, volume=1200
ml.

o SYSTEM III: Generator capacitj;r:éGOW’ frequency=3x520 kHz, volume=2000
mL; equipped with 3 UV-C lamos emitting ultraviolet light at 254 nm.

The test media were:

e deionized water sohitions of textile dvestuff

o simulated dvebath wastewater

The test dyes were:

o (.1 Acid Black 1

o .1 Acid Orange 7

Q
e
@
o C.I Resctive Orange 16,

o (.1 Reactive Red 141,
Gas injection was made with constant flow of Ar. Oy or air. or with Ax/Or mixture
Analyiical parameters were:
o Color (visible absorotion of the test dye)
o {rganic matter
UVYass and UVan
Chemical Oxygen Demand (COD)
Total Organic Carbon (TOC)
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>,

Five-day Biochemicai Oxvgen Demand {BODs)
s Toxicity
e Total Solids

Kinetics of dve degradation with hydroxyl radicals was modeled.

The conclusions drawn were:

i, Systems and Gases

&)

@

The efficiency of the studied systems in terms of decolorization of the test solutions
was such that: Svstem I > System II > Svstem III. The technical efficiency of

System I was enhanced when it was operated with O, and/or UV irradiation.

Injection of different gasses showed that rate of decolorization increased in the
sequence: Ar > (> > Air. Combination of an Ar O, gas mixture further enhanced
the rate, and maximum color degradation was obtained at a sparge gas ratio of 66
ner cent Ar to 34 per cent O, in SYSTEM IIL

The eificiency of System 1 was most sensttive to the applied power, while

sfficiencies of Svstem 11 and I were affected more by the geometry and volume of

reipaths

and chromophoric properties of the dve than to the composition of the dvebath.

The presence of a-substituents around the reactive component of dyes accelerated

the rate of dve bleaching bv promoting intramolecular hvdrogen bonding.

Dive structures having a single OH substituent in ortho position to the N=N bond

decayed more rapidiy than those with a second o-substiuent such as SOs.
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e Anthraquinone dves bleached faster than azo dves as a consequence of the
reactivity of benzoguinone structures with superoxide radicals that form during

water sonication.

e The rate of bleaching was decelerated bv the formation of anionic sites, as a

consequence of increased hvdrophilicitv.

e Decolorization in dvebath solutions was inhibited only if the concentrations of
carbonate and chloride ions were sufficientlv large to allow competition of these

species with the dye for hvdroxvl radicals.
3. Analysis Parameters

e The fraction of visible absorption abatement in sonicated dve solutions and
dvebaths was alwayvs larger than the abatement in their UV absorption. indicating
that chromophores were more reactive with hvdroxyl radicals than non-

chromovhoric organic components.

e Ultrasound was not effective in the overall degradation of the dves as measured by
Chemical Oxveen Demand (COD)Y and Total Oreanic Carbon {TOC) of the test

solutions, uniess operated in combination with phvsical/chemical agents.

o Toxic dves were detoxified bv ultrasound within shori contact, but in non-ioxic
dves the ratio of 5-dav BOD to TOC {which is an indicator of the degree of
harmfulness of organic compounds} did not change significanily by ultrasonic
irradiation alone.

4. Combinations of Ultrasound

05 and Fe*'

increased deoradation vielde conciderably with vesnect to those observed with
sonication alone. Moreover, the effect of these combinations was larger than that of
chemical oxidation with Os and Fe*' applied individually. Hence. ultrasound is an

effective tool in advanced oxidation processes for lowering chemical consumptions.



e Somnication of dyebaths with the addition of hydrogen peroxide rendered 10-12 per
cent enhancement in the efficiencv of color decav and more than 80 per cent

g

enhancement in that of COD reduction.

o Combinations of uitrasound with O resuited in dve mineraiization, which was four

times larger than mineralization with Oz alone.

e The most effective combined scheme was ultrasound/ozone/UV irradiation, under
which all analytic parameters related to organic quality were significantly

degraded.

5. Kinetic Modeling

e A kinetic model was proposed to express the rate of #OH reactions in dye solutions
scnicated with 300kHz, and it was shown that steadv-siate conditions were reached

at =40 min and =150 min. Thr rough model- predicted eUH concentrations at steaav

state, it was possible to compute the second-order reaction (decolorization) rate

coefficient of azo dyes with hvdrowyl radicals. The computed coefficient (1.22x 10’

ol 2 .
N Loty was in annd acreement with valies «pnmﬂ@m 1 the Litergtiire

P

6. Beomomic Evalngtion

simaied operational costs of System I, System 1i, and Svstem 1l for 45 percent

H = L7
i

f@%@@ti&z@iy The cost of ozone-ulirasound combination tn System Il was 2.57
USD m™~, which was much less than operation without ozone (9.88 USD m17).
11.3. Recommendations

In accordance with the results obtained within the experimental conditions

employed in this study, it is recommended that System III be modified for geometry,



194

volume and elecirical components of the generator. The inefficiency is dus to s
power/volume ratio and equipment with a single generator for three transducers. Similarly.
reducing the cell volume can also modify SYSTEM III by increasing its power-volume
ratic. An alternative method to improve SYSTEM I is to operate it with a more powerful

generaior.

A better understanding of chemical structure and sonochemical vield relations is
recommended by studying simpler compounds as surrogate chemicals, and by running
chromatographic analyses to depict intermediate products. This will also assist the

examination of reaction vathwavs and mechanisms.
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APPENDIX A

A.1. H>O, Determination by the I3 Method and Calibration Curve

H;O, determination for the System 1, 11, and 1II was carried out according to the
procedure described by Klassen ef al.. (1994). This method is based on the reaction of (1)
with H,O; to form the tritodide ion (I37), which has a strong absorbance 351 nm. The
analysis of HoO» at concentrations as low as 1 uM is convenientlv done by determining the
yield of I5” formed when H,0, reacts with K1 in a buffered solution containing ammonium

molybdate tetrahydrate as a catalyst.

Solutions A and B for the 13" method were prepared according to the recipe given
by Kalssen ef ai., (1994). Solution A consisted of 33 g of K1, 1 g of NaOH, and 0.1 g of
ammonium molybdate tetrahydrate diluted to 500 mi with deionized water. The solution
~ was stirred for ~1 h to dissolve the molvbdate. Solution A was kept in dark to inhibit the
oxidation of I'. Solution B, an aqueous buffer, contained 10 g of KHP per 500 ml. Various
concentrations of H,O, was prepared from reagent grade HyO, (35%), Merck. 2.5 mL of
solution A, 2.5 mL of solution B, 1 mL of sample were mixed and diluted to 10 mL by
deionized water, and the absorbance at 351 nm was recorded. Blank sample was prepared
in the absence of sample. Various concentrations of [0, and the corresponding
absorbance values at 351 nm are recorded for calibration curve, and gtven i Table A.1.
Plot of H,0, concentration versus the corresponding absorbance of the solution, and the

calibration curve for H,O» analysis in sonicated samples is given in Figure A 1.



Table A.1. H,O; concentration versus absorbance at 351 nm data used for calibration curve

preparation

| H,0, concentration {mgL™) E H,0: concentration (M) Absorbance at 351 nm
L 0.3955 ; 11.63 0.037 4
| 0.75G7 ‘ 2325 $.070
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23732 69.92 | 0.188

|
o~ Y
| & . | H0zconc. (mgl) = 13.136AbS 351nm) - 0.0714
| = 2.5 - .
- R? = 09047 P
® ! -
- E 15 rd
6 f o
-z
| n

Tigiire A 0 LI o SEELAEE CERTLTER
fisuib Fa, R, TATASD wOIIUIGLEULE VAl Ve,

A.1.1. H,0, Production during Sonication in System 1, i, and 11

i mL of sample was taken for 10 min intervals during | 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 351 nm was recorded for each sample, and then

substituted into H,O, calibration curve equation given in Figure A.1.1. Table A2. shows
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the resuits obtained for H,O, production during sonication of pre-aerated deionized water

in Svstem L. 11, and 1T bv 1x” Method.

Table A.2Z. HyO, production during sonication of deionized water in System I, 11, and [II

| SYSTEM (i)

A
SR35T um

SYSTEM (D)

Lerzy o &
>3 I £

| S

A% ] i 15

[ 350 0.482 0.842 323
60 | 0.610 0.988 380




APPENDIX B

B. 1. Determination of the Ozone Concentration in System LIl

Ozone concentration in solution in System Til 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, selective, 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.

For the preparation of indigo stock solution, 770 mg potassium indigo trisulfonate
(Ci6H7N,011S3K2) and 1 ml conc. phosphoric 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,
‘10 g sodium dihvdrogen phosphate (NaH,PO.). and 7 mL conc. phosphoric acid were
added to a volumetric flask and filled to 1 L with deionized water. Then 10 mli indigo
reagent and 5 mL sample were mixed and diluted to 100 mL with deionized water. Blank
sample was prepared in the absence of sample. The absorbances of both solutions were

measured at 600 nm and the ozone concentration was vrepared by the following equation:

where AA is the difference in absorbance (600 nm) between biank and sample, b is the
nathlensth of cell. am (1 em), V is the volume of the samnia. ml and the oroportionality

constant at 600 nm is 0.42 + 0.0V/cm/mg/L (A € = 20 000/M. cm) compared 10 the
ultraviolet absorption of pure nzone of £ = 2050/M. cm ar 258 nm)
The absorbance vaiues at 600 nm were recorded for 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 Tabie B.1. The ozone concentration for each sampie was calcuiated by substuting

the absorbance value at 600 nm into the above equation.

Table B.1. Resuits for the ozonation experiments conducted at different experimental

conditions

] Experiment |

>

0.1 0.666 |

0.13¢ 0.1 0571
5 1 g1a2] o952 [o1ze | 1005 [ 015 | 0.152 | 0476
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APPENDIX C

C. 1. Determination of the Light Intensity of UV-C Lamps in System Iif

The applied UV dose in System 11l was measured by peroxidisulphate/ tert butanol
chemical actinometer which included an aqueous solution containing potassium
peroxidisuifate (0.01 M} and tert-butanoi (0.1 M) (Mark e a/., 1990). Upon photoiysis of
solution with three mercurv low pressure UV lamps (108W, and emitting at 254 nm)
resulted in a sulphuric acid (H") formation. The concentration of hydrogen ions was
followed with 2 WTW-100 pH meter and the dron in pH as a function of irradiation time

(400 sec) was recorded and converted into [H'] (pH = -log[H']). Plot of [H']

concentration versus irradiation fime is given in Figure C.1.

| U 100 200 30U 400




(TH 1)/t) value was obtained from the slope of [H'] versus t plot data given in

Figure C.1.1. Then, the guantum vield of H' formation (the ratio of the number of H ions

formed to the number of photons absorbed) (¢ (Hﬁ')) was calculated according to the

where Vi denotes the total volume of the solution (cm®), M is the irradiated surface area
of the solution fem?). t is the irradiation time ( %ec\ Leo/N; (Ny, Avogadro number) is the
absorbed fluence rate in terms of Einsteins m™ s, ¢ (H") is a reference value of 1.8, and
[H'Vt is 3.3x10° mol L s (from Figure C.1.1.). Each UV light sources were transmitted
by quariz windows with 5 cm width, and 14 cm height, therefore the surface area (M) was

3x70 cm®. The absorbed fluence rate was then caiculated as:

I, 33x10°x1200x10 2 1
= — mos
N, 1.8x 210

= (49.56 W m™) (1 Einstein=4.72x10 J)

Incident photon infiuence rate (Ig) was caiculated by:

Tabe = Tp (1 — 107559

where ¢ is the molar extinction coefficient of potassium peroxidisulfate (20 dn” mol™ cm’
1 is the concentration of the notassinm neroxidisulfate (0.01 M) and pathlength of the

cell that UV ligit 1s transmitted (in our case 3 X 0.5 cm).

}QSXIGT ::R t": gﬁ'l?"‘ L

i—ig"

As a resuit, fifty per cent of the incident fluent rate was found 10 be absorbed in

actinometer soiution.
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