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ABSTRACT

In the last two decades, advanced oxidation process (AOP) has been developed to remove low amount of organic
compounds from aqueous wastewater. Free radicals involved in the AOP can be produced using several radiation
methods, including UV, y-radiation, electron-beam and ultrasonic waves. Ultrasonication promotes oxidative
degradation of organic compounds by hydroxyl radicals. The chemical effect of ultrasound is produced through the
phenomenon of cavitation, which is caused by the expansion and contraction of cavitation nuclei due to the
compression and rarefaction cycles of ultrasonic waves. Cavitation causes the formation, rapid growth and finally
implosive collapse of the bubbles, resulting in unusual reaction environment in the vicinity of the bubble. The
temperature inside the cavity can theoretically reach temperatures of about 5,200 K in the collapsing bubbles and
1,900 K in the interfacial region between the solution and the collapsing bubbles. The main objective of this
research is to compare the degradation of Eosin B and Rhodamine B by sonochemical degradation, and by the
combination of ultrasound with other advanced oxidation process,like sonophotocatalysis and photocatalysis in
presence of Na,S,03, KI  to inhibit electron-hole recombination and enhance the degradation. The degradation of
the two dyes were analysis under the influence of ultrasound, photocatalysis and sonophotocatalysis under solar
irradiation and sun simulator using n-titanium dioxide ae well as bulk titanium dioxide as catalyst. Finally, it was
shown that the enhancement of the degradation can be achieved by sonophotocatalysis.

Keywords: Sonophotoctalysis; wastewater treatment; spectpisstudies.

INTRODUCTION

Mankind has witnessed unprecedented and remarRahtésh in industry during the past few decaddsisTgrowth
resulted in a prosperous life style for the popatabf many countries. In many developing couniribgre is an
explosive industrial growth and the use of fosgél§ has caused environmental pollution as welttasastes that
find their way into the air and water, leading &visus health problems. To address these problamsmber of
advanced oxidation process for waste water tredtnmave been developed [1-3]. AOP involves various
combinations of ozone, hydrogen peroxide, songlysisviolet radiation and photocatalytic treatmpgtj, all these
processes are based on the production of hydr@l) (radicals. These species are highly reactive asgtlactive
and attack most organic molecules, with rate constasually on the order of ¥a0°mol L™ s*[5]. Among these
processes, we study, the technique where sonaohitfishigh-frequency ultrasound is used in combitivith
titanium dioxide TiQ under irradiation of UV (US/UV/Tig) for the purification of water from persistent aric
pollutants in water. A large number of minute blgls, which are referred to as cavities, are geedray the
irradiation of US in water. When the cavities cp#ia, a liquid jet with energy of a high magnitudessure pulse is
formed to stir the bulk liquid intensely [6]. Asstdt, the inside of the cavity reaches high temjpeeaand pressure
instantaneously (5000 K, 1000 atm) [4], thus destg organic pollutants. In addition, active spscseich as OH
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[7-9], which contribute to the degradation of onggpollutants, can be generated by sonication of peater via the

following chain reaction:

H,0 +))) — OH+H (1)
OH+H — H,0 (2)
‘OH + OH — H,0, 3)
20H— H,0+0 (4)

When US are used in combination with UV irradiatiddH radical is also readily generated fromO5lvia the

following reactions [10]:
H202+ h-t] — 20H

®)

Further, the product of OHadical is promoted when,@ present in water as shown in the following eigunet [8,

9l
0;+)) -0 +0 (6)
O+ H0— 2°0OH (7)

In photocatalysis with UV/TiQ OH radical is primarily generated from water by Wradiation as well as US
according to the following [11-13]:

However, there is disagreement over the actual arésims of photocatalysis. Different possible chenieactions
which produce reactive species during the phottdatadegradation of organic dyes and can be sunazedras

follows [14-19];

TiO, +hv — hy" +es )]
OH(ads) +hy" — OHagsj )
HO + Ky —OH +H (3)
20H — H,0, (4)
2H" + Q +2gg — H,0, 5)
2HO + 2Ry — HO, +2H (6)
H0, + hv — 2OH @)
Opagsy + &8 — O 8
O, + &g (+2H") — H,0O, 9
O,” + HO, — OH +OH + O, (10)
0," +H — OOH 11)
0, +hy' =0, (12)
OOH + 02" — O, + HO, (13)
Dy€ass) + AV — DYe (ag) (14)
DYE adsy + TiO, — Dyegs) + TiOy(e) (15)
DYE aasy +O — Dyepss +'Oz (16)
Dye + TiG(e) — Dye a7)

Pelagia Research Library

130



Muhammed S. Al-Amoudi et al Der Chemica Sinica, 2012, 3(1):129-147

Dye + k2" — Dye" (18)
MATERIALSAND METHODS

2-Experimental

The chemical studied were selected from simple atimndyes. They are Eosin B amhodamine B they are
xanthene dyes, having staining properties. Theyrasdy soluble in water and thus can be found atewfrom the
dye industry. The molecular structure of Eosin B &nhodamine B are shown in Figure 1.

Rhodamine B

COO-

O,N N I NO,
O O (0]
Br _ Br
Eosin B

Figure 1 chemical structure of Rhodamine B and Eosin B

2-1-Experimental conditions

Reagent-grade methanol, Titanium dioxide nanogartdiaminopyridine(Aldrich), Silver nitrate, peradisulphate
(N&S,0g), Potassium lodide (Kl), and Sodium thiosulphdt@ZS203) were analytical grade reagents purchased
from Merk. The dyes namely Rhodamine B and Eosirewé analytical grade and used without purificationless
otherwise specified, all reagents used were ofyéinal grade and the solutionwere prepared usingbiodistilled
water.

Sonolysis experiments were performed at ultrasdait (Elma D-78224/Htw, Type E 60 H f 50/60 V 22402P
20 P 500 W) a continuous wave mode. Erlenmeyek ftasround bottom flask was used as reaction ves3é¢le
bath temperature was maintained by adding ice. biditom of the reaction vessel is placed to thednotof the
water bath.. The volume of the solution sonicated ®00mL. Photo-irradiation was carried under siofadiation
or by means of simulator with 300 xenon lamp fdastight with AM 1.5 filters. The solar sonophotdalytic or
photocatalyic degradation of the dye where cardedin 300 ml EImyer or round bottom flask at tle®frof Tail
University all the degradation reactions were earriout according to the following procedure: 240 wofy
photocatalyst was added to 300ml of 3iM6aqueous dye solution Rhodamine B and Eosin)ialhitthe solution
mixture was stirred using magnetic stirrer for 6 im the dark to ensure establishment of the degsilibrium
adsorption. After 60 min, the sun light or Sun dimbor allowed irradiating the reaction mixture, aad20 min
intervals, samples were drawn from the suspengiontlae change of each dye concentration was mehsisieg
UV-Visible spectrophotometer (Perkin Elmer) at fixevave length of 549 and 515 for Rhodamine B andirEo
respectively. For this purpose, the photocatalyss wemoved by centrifuge> Solar experiments wergechout
from 10 a.m. to 1 p.m. The intensity of solar réidiawas (1050 W) measured by using solar meter. It fluctuates
during the reaction even under clear sky. Howewerkept the solar experiment of required reactioten identical
conditions, by carrying out the experiments simmétzusly, side by side, thus making it possibleaimgare results
of photodegradation.
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RESULTSAND DISCUSSION

The combination of ultrasound and photocatalysisefovironmental remediation is an active field e$earch [20-
24]. We found, in our experiments that US + irréidiaindeed enhances the photodegradation of RhimgaBhand

Eosin compared with sonolysis alone. However, intrast to our previous work, the presence of3a; decreases
the degradation [25-27]. The effectiveness of sbotgcatalusis can be summarized as follows: [28]

+ Ultrasound through acoustic cavitation generatésiesource of OHRadicals from cavitation.

» Acoustic cavitation can remove intermediated fréwen photocatalytic active sites. Acoustic cavitatigmerates a
number of physical effects, such as shear foregbutence and microstreaming , that help regendhsteactive
catalytic surface.

» When the catalytic or the pollutant is in the foofa powder or agglomerate, acoustic cavitatiomeiases the
uniformity of the dispersion, thereby increasing #vailable surface area.

» Acoustic cavitation is able to enhance mass transfeards the liquid-solid interface.

» Acoustic cavitation is capable of acceleratingatisorption activity of reactant on the photocatalys

» Sonolysis is likely to decompose the hydrophobid p& pollutant compound, which is unlikely to ocaan the
surface of photocatalyst.

3-1- Sonocatlytic (US+TiO,), photocatalytic (UV+TiO,) and sonophotocatalytic degradation of Rhodamine B
and Eosin B

Table 1 shows the decomposition rate of RhodarBinender various conditiond in aqueous phase. Ireagsl
phase soncatalytic, there three potential sitesdanchemical reactions, namely

(i) The gaseous region of the cavitations bubblemtvolatile and hydrophobic species are easilyatkgl through
pyrolytic reactions as well as reactions involvihg participation of hydroxyl radicals with thet&tbeing formed
through water sonolysis:

H,O +))) —— H + OH (19)

(ii) The bubble-liquid interface where hydroxyl feals are located and, therefore radical reacteslominate
although pyrolytic reactions may also, to a lesegtent, occur and (iii) the liquid bulk where sedary

sonochemical activity may take place mainly duéde radical that have escaped from interface aiggdate to the
liquid bulk. It should be pointed out that the hyxlyl radical recombine yielding hydrogen peroxiddijch may in

turn be able to recombine yielding hydrogen perexidhhich may in turn react with hydrogen to regater
hydroxyl radicals:

OH + OH —— H,0, (20)
H,0, + H —— H,0 + OH (21)

In presence of Ti@particles in the reaction mixture, the sonochetmiggradation should partially be increased.
This can be explained on the bases of the adsaoratid desorption characteristic of the dye on,G&@alyst.

3-2- Photocatalytic (UV+TiO,) degradation of Rhodamine B and Eosin

The relative degradation time curves during thetgatalytic degradation of Rhodamine B while thecpatage
degradation is summarized in Table 1. As cleargnsghotocatalytic degradation occurs apprecialdyet than
sonophotocatalysis but faster than soncatalytigattation under similar experimental conditions: Frgtance, in
40 min and at 0.6 g/L catalyst loading, percentdegradation is changed from 4.83% in sonocatalgti®4.16% in
photocatalysis and to 57.26 in sonophotocatalgsipectively.

3-3- Sonophotocatalytic (US+tUV+TiO,) degradation of Rhodamine B

Degradation of Rhodamine B by means of simultaneduasound and ultraviolet irradiation in presewéelio,
was studied and changes of degradation reactidngisonophotocatalysis. It is very interestingée & synergistic
effect between ultrasound and ultraviolet irradiatin presence of semiconductor since percentageadation of
the combined process (US + UV +TGjGare greater than the sum of the percentage ahttieidual process (US +
TiO, + UV + TiO, ). The Synergy can be quantified as the normalidéftrence between the percentage
degradation obtained under sonophotocatalysis amdsim of those obtained under separate photosetaind
sonocatalysis [29]
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100 x %US + UV + Ti02 — (%US + Ti02+ %UV + Ti02)
0%US + UV 4 Ti02

YpSynergy =

The beneficial effect of coupling photocatalysishaonolysis may be attributed to:

- Increase production of hydroxyl radicals in thectea mixture through reaction,@— H + OH and HO,

- Enhanced mass transfer between the liquid phastharmhtalyst surface [30]

- Catalyst excitation by ultrasound-induced lumin@seewhich has a wide wave wavelength range belosv 37
nm [31, 32]

- Increased catalytic activity due to ultrasound dgragating catalyst particles, thus increasingssarfarea [33].

substrate product substrate product

o4l e n

o @ \ >< light
active site

catalyst photocatalyst

Fig. 1a: Differencein concepts of catalytic and photocatalytic reactions: A catalyst contains active sites of
which a substrateisconverted into a product, while no active sites are present on a photocatalyst.
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Fig. 1b: Contributionsto photocatalysis from various sub-disciplines of chemistry.
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Fig.2b: Ultrasonic unit
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Fig. 2c: Principles of photocatalysis

135

Pelagia Research Library



Muhammed S. Al-Amoudi et al Der Chemica Sinica, 2012, 3(1):129-147

(6]

H p-HH 0,9,

fiv
Important 1ssues

© cxcitation

® charge transport and trapping

© charge transfer

@ molecular adsorption

@ reaction mechanisms

@ poisons and promoters

@ surface and material structure

Fig. 3a: Schematic moddl illustrating the seven fundamental processes occurring with TiO, photocatalysis
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Fig. 3b: Correct electron energy band diagrams of TiO,. electron energy E plotted upwar ds as a function of
the distance from the surfaceto the bulk of the solid

136

Pelagia Research Library



Muhammed S. Al-Amoudi et al Der Chemica Sinica, 2012, 3(1):129-147

35 +

= Seriesl
= Series2
- Series3
= Seriesd
= Series5
= Seriesb

Series7

400 450 500 550 600 650

Fig. 3c: Photodegradation of Rhodamine B in US, US+Sun, US+K |, US+Na,S,0;
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Fig. 4: Sonolysis of Rhodamine B in bulk TiO, for 180 min.
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Fig. 5: Sonolysis of Rhodamine B in n-TiO, for 180 min
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Fig. 6: Degradation of Rhodamine B US+SUN in bulk TiO, for 180 min
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7: Degradation of Rhodamine B US+SUN in n-TiO, for 180 min
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Fig. 8: photoder adation of Rhodamine B in bulk TiO, + Sun
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Fig. 9: photoder adation of Rhodamine B in n-TiO, + Sun
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Fig. 10: Sonodegradation of Rhodamine B in n-TiO, + Na2S,0;
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Fig. 11: Sonodegradation of RhodamineB in n-TiO, + K
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Fig. 12: Sonophotocatalysis (Eosin + TiO,+Na2S203 + Simulator)
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Fig. 13: EOSIN + SSIMULATOR (no catalyst)
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Fig. 14: Eosin + TiO2 + Simulator
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Fig. 15: Eosin + TiO2 + Simulator without sonication
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Fig. 16: photodegradation of Eosin + TiOy; (TiO, + Na,S,05)
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Fig. 17: FT-IR spectrum of Eosin (a) and Rhodamine B (b) in the absence (i) and presence (ii) of n-TiO,
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Fig. 18: Cost of AOP involving ultrasound for dye degradation
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Table 1: Photodegradation of Rhodamine B in n-TiO, and bulk TiO, by US, sun, US+sun

z
©

Min.

A

B

C

D

E

F

G

H

Nano
Sono
dark

Bulk
Sono
dark

Nano +Sono
Sun

Bulk

Sun + song

Nano
Sun

Bulk
Sun

NanoSono
Dark+ NaS,04

NanoSono
Dark+ Kl

3.0522

3.0522

3.0522

3.0522

3.0522

3.0522

2.0146

1.9798

20

2.9242

3.0473

2.3714

1.6855

2.6844

2.0581

2.0969

1.5921

40

2.9048
4.8%

3.0578
0%

2.0095
34%

1.3045

57%

2.0525
32%

1.7849
41%

2.0916
0%

1.5663
10.5%

60

2.9149

3.0769

1.4296

1.3696

2.0169

1.5574

80

2.9399

3.0704

0.9873

0.9538 -

1.0941

2.0159

1.6442

100

2.888

3.0335

0.5956

0.451

4 | 1.0147

0.9052

2.0434

1.5964

120

2.9349

3.0449

0.3489

0.297

2 |0.9464

0.7189

2.0308

1.4692

140

2.9037

3.0627

0.1481

0.1989

0.6207

0.5671

2.0402

1.5673

160

2.5487

2.8855

0.0478

0.1548

0.477

0.4385

2.0500

©o|o|~N|o|a|s|w| N [k

180

2.2605

2.5909

0.0342

0.1257 -

0.4131

2.1076

Dye + TiO, + NaS,0;

Time A

bsorbance

0 min.

0.5249

20 min.

0.5158

40 min.

0.4029

60 min.

0.3362

80 min.

0.3064

100 min.

0.2684

Dye only

Time

Absorbance

0 min.

0.5249

30 min.

0.5214

60 min.

0.5018

Dye + TiG,

Time

Absorbance

0 min.

0.4883

20 min.

0.2865

40 min.

0.1985

60 min.

0.1079

80 min.

0.0779

100 min.

0.0474

Dye + TiG, without sonication

Time

Absorbance

0 min.

0.5651

20 min.

0.4970

40 min.

0.4939

60 min.

0.4894

80 min.

0.4816

100 min.

0.4811

120 min.

0.4722

140 min.

0.4597
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Table 2: photodegradation of Rhodamine B in n-TiO, and bulk TiO, by US, sun, US+sun

Per centage photodegradation
A B C D E F G H
No. | Min. gggg Sg:lko Nano Bulk 2228 Sngo NanoSono | NanoSono
dark dark Sun Sun Sun Sun Dark+ NaS,0; | Dark+ Kl
- Ty | 3.0522| 3.0522| 3.0522| 3.0522| 3.0522| 3.0522 2.0146 1.9798
1 20 | 2.9242 3.0473| 2.3714| 1.6855| 2.6844 | 2.0581 2.0969 1.5921
2 40 | 4.83%| 0% 34.16%| 57.26%)| 32.75%| 41.52 0% 20.89%
3 60 | 2.9149 3.0769| 1.4296 - - 1.3696 2.0169 1.5574
4 80 | 2.9399 3.0704| 0.9873| 0.9538 - 1.0941 2.0159 1.6442
5 100 | 2.888| 3.0335| 0.5956 | 0.4514| 1.0147 | 0.9052 2.0434 1.5964
6 120 | 2.9349 3.0449| 0.3489| 0.2972| 0.9464 | 0.7189 2.0308 1.4692
7 140 | 2.9037 3.0627| 0.1481| 0.1989| 0.6207 | 0.5671 2.0402 1.5673
8 160 | 2.5487 2.8855| 0.0478| 0.1548| 0.477 | 0.4385 2.0500 -
9 180 | 2.2605 2.5909| 0.0342| 0.1257 - 0.4131 2.1076 -
Table 3: photodegradation of Eosin in n-TiO, by simulator + US
No. | Min. | TiO,+NaS20; | TiO,+Simulator+sonication TiO,,No sonicationc
- T 0.5249 0.4883 0.5651
1 20 0.5158 0.2865 0.4970
2 40 23.24% 54.35% 12.60%
3 60 0.3362 0.1079 0.4894
4 80 0.3064 0.0779 0.4816
5 100 0.2684 0.0474 0.4811
6 120 -- -- 0.4722
7 140 -- -- 0.4597
CONCLUSION

The sonochemical effect of ultrasound is highlyigxg and versatile field. Its operation is simpt@nvenience.
Ultrasonic irradiation can be usedenvironmental decontamination due to the production of high concentration of
oxidizing species such @H and HO, in the solution and localized high transient higimperature and pressures.
In this research paper, a comparative study of clmemical, photocatalysis, sonophotocatalysis of tiyes i.e.
Rhodamine B and Eosin B were conducted. Significamhancement was observed for the combination of
ultrasound light and Ti®

The following important conclusion can be drawmifrthe following study:

- The addition of external inorganic anions like,8#s, Kl decreases the degradation significantly inghesence
of ultrasound sonication.

- The addition of external inorganic anions like,8®;, Kl has a significant effect on the degradatiornihe&f dyes
in photocatalysis.

Recommendations

- The research has shown that it is technically BBado remove organic dyes by sonolysis. Howeuweanmfthe
degradation of Eosin B and Rhodamine B, using o#itbranced oxidation process, complete degradatfon o
pollutants is difficult to obtain at reasonableeratith ultrasound alone.

- The research on water detoxification requires @aeh group from different disciplines (chemistbyplogy,
chemical engineering) to develop it into a plarstiec

- There a plant for water decontamination in Spatoforma Solar de Almeria (CIEMATA), Carretera 8snKm

4, 04200 Taberna (America). It will be agood itiea@ollaboration with them so that some of our[phcan do their
dissertation at this plant.

- Equipment for this research should be purchasdatidwyniversity since they are expensive.
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