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a b s t r a c t

The effects of various additives such as iron (elemental, bivalent and trivalent), carbon tetrachloride,
hydrogen peroxide, tert-btyl alcohol, salt (Na2SO4), sucrose and glucose on the sonochemical destruction
of cationic dye, Rhodamine B (RhB), in aqueous phase were studied. Additionally, sonolytic degradation
of RhB was investigated at varying initial dye concentration, power, pH and temperature. RhB can be
readily eliminated by the ultrasound process, but even after long ultrasound irradiation times (240 min),
more than 40% of chemical oxygen demand (COD) remained in the solution. Sonochemical degradation
of RhB was strongly affected by initial substrate concentration, ultrasonic power, temperature and pH.
The ultrasonic degradation of dye was enhanced by iron addition. The acceleration effect of iron on the
destruction rate displayed the following order: Fe(II) > Fe(III) > Fe0. It was found that the degradation
of the dye was accelerated with increased concentrations of CCl4 via the formation of oxidant chlorine

species. It was observed that there was an optimum concentration of H2O2 and Na2SO4 for enhancing
the degradation degree of RhB. In the presence of tert-butyl alcohol at low concentration, unexpectedly,
the rate of dye degradation was accelerated. Very slow RhB degradation occurs if the sonolysis is carried
out in the presence of high tert-butyl alcohol concentration. The slight decrease in the degree of RhB
removal in the presence of high concentrations of sucrose and glucose is a clear indication that ultrasonic
irradiation is a promising process for the removal of RhB from alimentary liquids containing sucrose and

glucose.

. Introduction

Rhodamine B (RhB), Basic Violet 10, is a highly water soluble,
on-volatile, basic dye of the xanthene class. The color of the dye

s bright reddish violet. It is widely used in industrial purposes as
colorant in textile, leather, jute and food industries, and is also a
ell-known water tracer fluorescent [1]. This dye is used for dying

otton, silk paper, bamboo, weed, leather, etc., preparing carbon
aper, ball pen, stamp pad inks, paints, etc. It is harmful if swal-

owed by human beings and animals, and causes irritation to the
kin, eyes, gastrointestinal tract and respiratory tract [2]. It also
auses phototoxic and photoallergic reactions. The carcinogenic-
ty, reproductive and developmental toxicity, neurotoxicity and
hronic toxicity towards humans and animals have been experi-

entally proven [3].
Various industries are responsible for contributing such chem-

cals into the environment. These discharged effluents are colored
ue to the residual dyes and when they are disposed to the natu-
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ral water sources, they pollute water. Colored effluents are known
to cause high oxygen demand, fluctuating pH, large solid load and
resistance to biological oxidation. Even a very small amount of dye
in water is visible and it impedes light penetration and thus reduces
photosynthesis in aquatic plants, affects their growth and decreases
gas solubility, interfering with the natural purification process [4].

Use of dyes has led to pollution load increase, and the indus-
tries have been required to use certain techniques to decolorize
the effluents before disposal into the surface water or to the land.
Many physical and chemical methods, such as coagulation, floata-
tion, chemical oxidation, solvent extraction, hyperfiltration, etc.,
have been tried in order to remove color from wastewater, but
they have not been very successful since dyes are stable to light and
oxidizing agents, and they involve high operational cost and aero-
bic digestion. Alternate technologies popularly known as Advanced
Oxidation Processes (AOPs) have been extensively explored for
effective degradation of these compounds for the past few decades.
The AOPs are characterized by production of OH (hydroxyl) radical

as primary oxidant. The OH radicals are extremely reactive species
and are powerful oxidizing agent.

Sonochemical oxidation has been investigated as a viable AOP
for the destruction of various pollutants in water. In this technique,
the free radicals are generated through transient collapse of cavita-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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ineering Journal 158 (2010) 550–557 551

t
i
w
s
s
t
s
c
o
b
s
o
i
t
c
r
o
a

d
d
t
s
e
l
t

a
t
s
a
d
s

2

2

j
w
P
G
o
t

S. Merouani et al. / Chemical Eng

ion bubbles driven by an ultrasound wave. Ultrasonic irradiation
nduces the production of cavitation bubbles in the liquid through

hich it is transmitted. These microbubbles grow during the sub-
equent compression–rarefaction cycles until they reach a critical
ize. Further compression leads to the collapse of the bubbles, with
he concomitant release of heat and production of chemically active
pecies during the last phase of the bubble collapse [5–7]. The
hemical effects are a direct result of the very high temperatures,
n the order of 5000 K, and pressures, in the range of hundreds of
ars, which are reached in the gaseous cavities when the cavities
ize is reduced many orders of magnitude within a few microsec-
nds [8]. The extremely high temperatures and pressures formed
n collapsing cavitation bubbles in aqueous solutions lead to the
hermal dissociation of water vapor into reactive hydroxyl radi-
als and hydrogen atoms [9,10]. The radical species produced can
ecombine, react with other gaseous species present in the cavity,
r diffuse out of the bubble into the bulk fluid medium where they
re able to react with solute molecules.

The two major pathways or mechanisms for the sonolytic degra-
ation of organic compounds in dilute aqueous solution are thermal
ecomposition of the volatile pollutant molecules entrapped inside
he bubble [11], and secondly, the reaction of OH radicals with the
olute adsorbed at the bubble interface, in the bulk, and to some
xtent within the bubbles [12]. The extent of degradation in bulk
iquid is limited by the quantity of hydroxyl radicals diffused into
he water [13].

The aim of this work was to investigate the influence of various
dditives such as iron (elemental, bivalent and trivalent), carbon
etrachloride, hydrogen peroxide, tert-butyl alcohol, salt (Na2SO4),
ucrose and glucose on the sonolytic degradation of RhB. Addition-
lly, the effects of some experimental parameters such as initial
ye concentration, ultrasonic power, pH and temperature on the
onochemical degradation of dye was studied.

. Materials and methods

.1. Reactor

Sonolysis experiments were performed in a cylindrical water-
acketed glass reactor operating at 300 kHz (Fig. 1). Ultrasonic
aves introduced from the bottom of the solution through a plate
yrex surface (diameter 5 cm) holding the piezoelectric disk (Saint-
obain Quartz, France) with a diameter of 4 cm. The temperature
f the solution was monitored using a thermocouple immersed in
he reacting medium. The temperature inside the reactor was kept

Fig. 1. Scheme of the sonochemical reactor used for RhB degradation.
Fig. 2. Chemical structure of Rhodamine B (Basic Violet 10).

constant by circulating cooling water within the jacket surround-
ing the cell. Energy dissipated in the reactor was measured by the
calorimetric method [14,15].

2.2. Materials

Rhodamine B (abbreviation: RhB; C.I. Basic Violet 10; C.I.
number: 45170; chemical class: xanthene; molecular formula:
C28H31N2O3Cl) was procured from Sigma–Aldrich. Rhodamine B
(molecular weight: 479.01 g mol−1); IUPAC Name N-[9-(ortho-
carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-ylidene] diethyl
ammonium chloride, which is a highly water soluble, was used as a
model solute. The molecular structure of RhB was shown in Fig. 2.

Elemental iron, ferrous sulfate, ferric sulfate, carbon tetrachlo-
ride, hydrogen peroxide, tert-butyl alcohol, sodium sulfate, sucrose
and glucose were commercial products of the purest grade avail-
able (analytical grade). All solutions were prepared with distilled
water.

2.3. Procedures

The initial concentration of RhB solution was 5 mg L−1 for all
experiments, except for those carried out to examine the effect
of initial dye concentration. Various aqueous solutions of RhB
(5 mg L−1) containing different additives were prepared by adding
the required amount of these agents and stirring using a magnetic
bar.

Sonolytic degradation of RhB was carried out at 300 kHz under
different conditions using constant solution volume of 300 mL.
Ultrasonic power was adjusted at 60 W, excluding runs conducted
to investigate the influence of power. The temperature of the solu-
tion was maintained constant at the required value with circulating
water. Aqueous samples were taken from the solution and the
concentrations of dye were determined using a UV–vis spectropho-
tometer (Jenway 6405).

Experiments were performed at pH 5.3, which resulted from
dissolution of RhB in distilled water without further adjustment,
except for those conducted to examine the effect of solution pH.
When the effect of pH was investigated, the solution pH was
adjusted using 0.1N H2SO4 or NaOH aqueous solutions.

2.4. Analysis

A well-known procedure for determining RhB concentra-

tions, based on Beer’s law calibration plots, was applied using a
UV–visible spectrophotometer (Jenway 6405). The wavelength res-
olution and the bandwidth were, respectively, 1 and 0.5 nm. The
length of the optical path in glass cell was 1 cm. The maximum
absorption wavelength was determined as equal to 553 nm at pH
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ig. 3. Experimental and predicted initial RhB degradation rates for various dye con-
entrations (conditions: volume: 300 mL; initial dye concentration: 1–500 mg L−1;
emperature: 25 ◦C; pH: 5.3; frequency: 300 kHz; power: 60 W).

–2, 552 nm at pH 3 and 551 nm at pH 4–13. Then, the calibra-
ion plot was constructed. The calibration was repeated five times
uring the period of measurements. The linearization of this plot
sually provided determination coefficient close to 99.99%.

.5. COD measurement

Chemical oxygen demand (COD) was measured according to the
ethod presented by Thomas and Mazas [16], using a dichromate

olution (Aldrich) as the oxidizer in a strong acid medium. Test
olution (2 mL) was transferred into the dichromate reagent and
igested at 150 ◦C for 2 h. The optical density for the color change
f dichromate solution was determined with a UV–vis spectropho-
ometer (Jenway 6405). In order to avoid the interference of the
esidual hydrogen peroxide, samples were neutralized with sodium
ydroxide and treated with catalase (supplied by Merck) previous
o COD analysis.

. Results and discussion

.1. Effect of operational parameters

.1.1. Effect of initial dye concentration
Application of 300 kHz and 60 W ultrasound irradiation to

00 mL of RhB solutions in the concentration range of 1–500 mg L−1

aused an exponential decrease of the dye concentration with time.
ig. 3 depicts the initial degradation rate (computed as �C/�t over
he first minutes of sonication from the results showing the evolu-
ion of RhB concentration as a function of sonication time) versus
nitial dye concentration. It is clear that degradation does not follow
first order kinetic as generally reported in the literature. During

his study, different runs were compared using the initial degrada-
ion rate (mg L−1 min−1) rather than the pseudo-first-order kinetic
onstant. From Fig. 3, it can also be noticed that the initial degrada-
ion rate increased with an increase in the initial concentration up
o 300 mg L−1, followed by almost constant sonolytic degradation
ate for higher concentrations. The fact that the degradation rate
ncreases proportionally with concentration despite the increased
ompetition for hydroxyl radicals in the bulk solution shows that
t higher concentrations decomposition occurs not only in the bulk
iquid but also at the bubble-liquid interface. However, a linear
elationship was not observed, as expected, for a first order kinetic

aw.

The initial degradation rate can be expected to be dependent on
he concentration of OH radicals produced and the concentration
f the dye molecules at the interface of the cavitation bubble. At
he surface of the collapsed bubble, the OH radical concentration
ng Journal 158 (2010) 550–557

is remarkably high [17]. At lower dye concentrations, a consider-
able part of these OH radicals will recombine yielding H2O2 and the
degradation is carried out in the bulk of the solution where there is
a lower concentration of OH radicals because only about 10% of the
OH radicals generated in the bubble can diffuse into the bulk solu-
tion [18], which conduct to lower degradation rates. On an increase
in the dye concentration, the probability of OH radical attack on
RhB molecules increases, thus leading to an increase in the degra-
dation rate. However, if the dye molecules at higher concentration
reach a saturation limit at the bubble surface during the persistence
time of the bubble, an almost constant degradation rate at higher
solute concentrations is reached. At higher dye concentration, an
increasing proportion of the OH radicals will be scavenged and the
H2O2 yield progressively reduced and because RhB is a non-volatile
compound, the sonochemical reaction with the hydroxyl radical is
expected to take place at the cavitation bubble interface where the
hydroxyl radical concentration attains an upper limit. In this work,
H2O2 analysis [19] could not be carried out because of the colored
solution of the dye.

In order to explain the local reaction zone in the interfacial
region of cavitation bubbles, where RhB was degraded by high con-
centration of OH radicals, a heterogeneous kinetics model based on
a Langmuir type mechanism was applied [20]. This model is given
by the following equation [20]:

r = Kb + kKC0

1 + KC0
(1)

where Kb is a constant representing the rate of decomposition
in the bulk liquid (mg L−1 min−1), r is the initial degradation rate
(mg L−1 min−1), k is the pseudo-rate constant (mg L−1 min−1), K is
the equilibrium constant (L mg−1) and C0 (mg L−1) is RhB initial
concentration.

Expression (1) indicates that the rate of disappearance of
the pollutant follows a concentration independent path and a
concentration-dependent course [20]. In this model, the overall rate
of solute decomposition r is the sum of the rates in the bulk solu-
tion and the interfacial layer and can be estimated by the observed
concentration reduction within short time intervals.

The sonolytic degradation data was analyzed by non-linear
curve fitting analysis method, using MicrocalTM Origin® soft-
ware, to fit the kinetic model. The value of the model
parameters are 11.76 × 10−3 L mg−1, 1.899 mg L−1 min−1 and
15.42 × 10−3 mg L−1 min−1 for the equilibrium constant (K), the
pseudo-rate constant (k) and rate of decomposition in the bulk
liquid (Kb), respectively. A perfect description of the sonolytic
destruction of RhB was obtained by the used model as shown in
Fig. 3. These results indicate that the degradation of the dye most
takes place at the bubble/solution interface by hydroxyl radical
attack, whereas some radical reactions also occurred in the bulk
of the solution.

3.1.2. Effect of power
In order to investigate the influence of ultrasonic power on the

sonolytic degradation of RhB, experiments were conducted by vary-
ing ultrasonic power from 20 to 60 W and using 300 mL of 5 mg L−1

RhB aqueous solution. Fig. 4 shows the effect of ultrasonic power
on sonochemical degradation of RhB. The obtained results clearly
demonstrate that an increase in ultrasonic power results in an
increase in sonochemical reactivity. The increase in dye degrada-
tion with an increase in ultrasonic power may be explained by the
increase in the number of active cavitation bubbles. So because of

the increasing acoustic amplitudes, degradation of dye increased.
When power is increased, transmittance of ultrasonic energy into
the reactor increases. Due to this energy, the pulsation and collapse
of bubble occur more rapidly, the number of cavitation bubbles
increase and realizing a higher concentration of OH radicals into
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Fig. 4. Effect of ultrasonic power on sonochemical degradation of RhB (conditions:
volume: 300 mL; initial dye concentration: 5 mg L−1; temperature: 25 ◦C; pH: 5.3;
frequency: 300 kHz).
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The effect of temperature on the sonolytic degradation of RhB
ig. 5. Effect of pH on sonochemical degradation of RhB (conditions: vol-
me: 300 mL; initial dye concentration: 5 mg L−1; temperature: 25 ◦C; frequency:
00 kHz; power: 60 W).

he dye solution. Thus, an increase in ultrasonic power results in an
ncrease in acoustic amplitude, which favors more violent cavita-
ion bubble collapse because the bubble collapse time, the transient
emperature, and the internal pressure in the cavitation bubble dur-
ng collapse are all dependent on the acoustic amplitude [21]. That
s, high enough ultrasonic power results in transient cavitation.
ence, the results of an increase in the sound power are greater

onochemical effects, resulting in higher degradation rates.
.1.3. Effect of pH
The effect of pH was investigated by sonication of 5 mg L−1 RhB

t different pH in the range 1–13. Fig. 5 shows the effect of pH on

Fig. 6. Forms of Rhoda
Fig. 7. Effect of temperature on sonochemical degradation of RhB (conditions: vol-
ume: 300 mL; initial dye concentration: 5 mg L−1; pH: 5.3; frequency: 300 kHz;
power: 60 W).

sonochemical degradation of RhB. The results indicated that the
ultrasonic degradation rates in strong acidic water (pH 1–3) are
higher than those obtained in higher pH aqueous solutions (pH
4–10). Degradation rates decrease from pH 1 to 5, and there is
almost no change in the pH range 5–8. The lower degradation is
observed at pH 10. Higher initial degradation rates are obtained in
strong basic water (pH 11–13). It was observed that �max for the
dye changed very little in the pH range 1–13. The obtained �max for
RhB were 553 nm at pH 1–2, 552 nm at pH 3 and 551 at pH 4–13. In
polar solvents, RhB is known to exist in two principal forms, viz., in
cationic (RhB+) or in zwitterionic form (RhB±), as indicated in Fig. 6.
At pH values higher than pKa of RhB (3.7 [20]), the carboxyl group
of cationic form (RhB+) is deprotonated and the dye is transformed
into zwitterionic form (RhB±) [22,23]. These two forms have nearly
the same absorption spectrum. The hydrophylic character of RhB
is lowest at very low pH conditions where the compound is in its
cationic form, and the degradation rate of RhB is highest at the low
pH. High pH solutions undergo sonolytic degradation at a much
slower rate. In higher pH solutions, RhB is present in its zwitteri-
oned form and does not readily accumulate at the bubble interface.
In strong acidic pH, RhB exists in higher concentrations at the bub-
ble interface and thus, is more readily subjected to the OH radical
attack. The enhancement of degradation rate in strong basic con-
ditions (pH 11–13) may be caused by the change of hydrophobic
property of the dye.

3.1.4. Effect of temperature
was investigated and the results are shown in Fig. 7. It can be
observed that the degradation of RhB increases with the increase in
temperature. The raise in temperature from 25 to 55 ◦C results in a
1.7-fold increase in the initial rate of RhB degradation. The increase

mine B in water.
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ig. 8. RhB and COD removal during ultrasonic treatment of RhB solution (condi-
ions: volume: 300 mL; initial dye concentration: 5 mg L−1; temperature: 25 ◦C; pH:
.3; frequency: 300 kHz; power: 60 W).

f aqueous temperature certainly increases the number of cavita-
ion bubbles on sonolysis and thus the rate of production of radicals
hough results in a lowering of the cavitation threshold due to the
ise in vapor pressure associated with heating of the liquid [24].

.1.5. COD removal
Evolution of the initial compound concentration and chemical

xygen demand (COD) of a 5 mg L−1 RhB solution were determined
o evaluate the pollutant elimination and COD removal respectively
Fig. 8). It can be observed from this figure that the RhB aqueous
olution was decolorized after 140 min of irradiation but the oxida-
ion is a relatively slow process with COD decrease being as low as
bout 45 and 58% after 120 and 240 min of sonication respectively.
OD was not completely removed under the ultrasonic action even
ith a long treatment period (240 min). These results underline

he fact that degradation products of RhB are recalcitrant toward
onochemical treatment. This is due to the fact that the interme-
iate products have very low probabilities of making contact with
H radicals, which react mainly at the interface of the bubble. Thus,

he sonochemical action that gives rise to products bearing more
ydroxyl (or carboxylic) groups is of low efficiency toward COD
batement.

.2. Effect of various additives

.2.1. Effect of iron addition
The influence of elemental, bivalent and trivalent iron on the

onolytic degradation of RhB was studied. The initial degradation
ate for the sonolytic degradation of RhB as a function of the con-
entration of Fe0, Fe(II) and Fe(III) are illustrated in Fig. 9. In these
ystems, the ultrasonic degradation of RhB was enhanced by iron
ddition. The acceleration effect of iron on the degradation rate
isplayed the following order: Fe(II) > Fe(III) > Fe0. Enhancement of
egradation by Fe(II) or Fe(III) addition in a catalytic amount was
ue to H2O2 decomposition and OH radical generation in the Fenton
Fe(II)/H2O2) and Fenton-like (Fe(III)/H2O2) processes (reactions
2)–(6)).

e2+ + H2O2 → Fe3+ + •OH + OH− (2)

e2+ + •OH → Fe3+ + OH− (3)

e3+ + H2O2 → Fe–OOH2+ + H+ (4)
e–OOH2+ → Fe2+ + HOO• (5)

e3+ + HOO• → Fe2+ + O2 + H+ (6)

The rate enhancements in the presence of Fe0 in the sonication
rocess could be attributed to the iron solid effect and Fe(II)-
Fig. 9. Effect of iron addition (elemental, bivalent and trivalent) on sonochem-
ical degradation of RhB (conditions: volume: 300 mL; initial dye concentration:
5 mg L−1; temperature: 25 ◦C; pH: 3; frequency: 300 kHz; power: 60 W).

catalytic with promoting the production of OH radicals, as shown
in reactions (7) and (8), resulting in the increase in the degradation
efficiency of RhB. Furthermore, ultrasound increased the adsorp-
tion of RhB on iron particles by the enhancement of mass transfer
by high-speed microjets, high-pressure shock waves and acoustic
vortex microstreaming [25–27].

Fe0 + 2H2O → Fe2+ + H2 + 2OH− (7)

2Fe0 + O2 + 2H2O → 2Fe2+ + 2H2 + 4OH− (8)

In the presence of Fe(II), the degradation rate increased with the
increase of Fe(II) concentration up to a maximum at 5 mg L−1 Fe(II).
No further enhancement of the sonolytic degradation was observed
at concentrations over 5 mg L−1 Fe(II), because of the direct scav-
enging effect of the hydroxyl radical by the excessive quantity of
Fe(II) (reaction (3)). In the presence of Fe(III), the maximum degra-
dation rate was observed at a concentration of 7 mg L−1 Fe(III). It can
be expected that Fe–OOH2+ as an intermediate produced from the
reaction of Fe(III) with H2O2 may be partitioned as Fe(II) and HOO•

by the ultrasonic irradiation (reactions (4) and (5)). The regenerated
Fe(II) also catalyzes the decomposition of H2O2. The concentra-
tion of Fe(II) would be held constant as a function of the Fe(III)
concentration.

The acceleration effect of iron on the destruction rate dis-
played the following order: Fe(II) > Fe(III) > Fe0. For Fe(II), because
the beginning of the reaction between Fe(II) and H2O2 (Eq. (2)) dur-
ing the initial step is faster, the degradation of RhB rapidly occurs.
For Fe(III) and Fe0, the overall degradation of dye is slower.

3.2.2. Effect of carbon tetrachloride addition
Ultrasonic degradation of RhB was investigated in the presence

of different concentrations of carbon tetrachloride ranging from 50
to 200 mg L−1. The obtained results were presented in Fig. 10. It was
clear that the degradation of dye was appreciably enhanced by the
addition of CCl4. This improvement is due to the degradation of CCl4
by pyrolytic cleavage in cavitation bubbles, which conducts to the
release of oxidizing agents that can react with dye molecules. The
sonolytic degradation of CCl4 has been studied by several research
groups [28–31]. The overall reaction mechanism can be written as
[28–31]

CCl4 → •CCl3 + •Cl (9)
CCl4 → : CCl2 + Cl2 (10)

•CCl3 → : CCl2 + •Cl (11)

•CCl3 + •CCl3 → CCl4 + : CCl2 (12)
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ig. 10. Effect of carbon tetrachloride addition on sonochemical degradation of
hB (conditions: volume: 300 mL; initial dye concentration: 5 mg L−1; temperature:
5 ◦C; pH: 5.3; frequency: 300 kHz; power: 60 W).

CCl3 + •CCl3 → C2Cl6 (13)

CCl2 + : CCl2 → C2Cl4 (14)

Cl + •Cl → Cl2 (15)

l2 + H2O → HClO + HCl (16)

The sonolytic degradation of CCl4 generates •Cl radicals that
ill lead to a series of recombination reactions conducting to

he formation of additional active species, such as HClO, Cl2 and
hlorine-containing radicals (•Cl, •CCl3 and :CCl2), having strong
xidizing property, which will markedly accelerate the degradation
f RhB in aqueous solution.

From Fig. 10, it was clear that the destruction rate increased
ith increasing the concentration of CCl4. It was also found that the

nitial degradation rate became 2.4 times larger by the addition of
0 mg L−1 of CCl4 and 4.6 times larger by the addition of 100 mg L−1

f CCl4 and 21 times larger by the addition of 200 mg L−1 of CCl4,
espectively. Further studies are needed to optimize the concentra-
ion of CCl4 and in order to prevent residual amount of CCl4 in the
nal discharge effluent stream.

.2.3. Effect of hydrogen peroxide addition
In order to investigate the effect induced from the addition of

−1

2O2, the sonolytic degradation of RhB at 5 mg L in the presence
f 50–1000 mg L−1 H2O2 was performed. These results are illus-
rated in Fig. 11. The rate of dye degradation was increased by the
ddition of H2O2 to the ultrasound system. This is due to the decom-
osition of hydrogen peroxide into hydroxyl radicals causing high

ig. 11. Effect of H2O2 addition on sonochemical degradation of RhB (conditions:
olume: 300 mL; initial dye concentration: 5 mg L−1; temperature: 25 ◦C; pH: 5.3;
requency: 300 kHz; power: 60 W).
ng Journal 158 (2010) 550–557 555

degradation rate [32,33]. The degradation rate increased with the
increase of H2O2 concentration up to 100 mg L−1 and decreased
afterward.

In order to evaluate the effect of H2O2 alone on the degrada-
tion of RhB, control experiments were carried out by adding H2O2
from an external source in a continuously stirred 300 mL solution
containing 5 mg L−1 of RhB. The dosage of added hydrogen perox-
ide (50–1000 mg L−1) was the same as the amounts used in the
presence of ultrasound. The results indicate that a similar dosage
of H2O2 in absence of ultrasound produce low degradation of RhB,
even after long times (240 min). Thus, hydrogen peroxide alone has
a very limited effect on the degradation rate of RhB.

As the addition of hydrogen peroxide in the presence of ultra-
sound enhances the degradation rate of RhB due to additional
free radicals generation, it can be concluded that the controlling
mechanism of RhB degradation is the free radical attack. The degra-
dation rate was not appreciably increased by the addition of H2O2,
although its concentration was much higher than that of RhB. The
H2O2 may be mainly present not inside the cavitation bubbles
but in the bulk solution due to the high water solubility and the
low volatility. The lower intensification of degradation rate in the
presence of high concentrations of H2O2 may be attributed to the
increased level of OH radical scavenging by H2O2 itself (reaction
(17)). As the concentration of H2O2 in the solution is increased from
200 to 1000 mg L−1, its •OH scavenging effect increased causing a
decrease in the degradation of dye.

H2O2 + •OH → H2O + HOO• (17)

Similar results for the enhancement of sonolytic degradation of
RhB in the presence of hydrogen peroxide were reported in litera-
ture [33,34].

3.2.4. Effect of tert-butyl alcohol addition
It is expected that the sonolytic degradation of RhB would

mainly occur by hydroxyl radical attack. In order to investigate
the dependence of the hydroxyl radical during the degradation of
RhB by ultrasonic irradiation, the sonolytic degradation of RhB in
the presence of tert-butyl alcohol, known as an effective hydroxyl
radical scavenger, was performed. Extensive work on the sono-
chemistry of tert-butyl alcohol has been reported by Tauber et al.
[35]. The tert-butyl alcohol is able to scavenge OH radicals in the

bubble and prevent the accumulation of OH radicals at the inter-
face of the bubble. The degradation results of RhB in the presence
of tert-butyl alcohol are illustrated in Fig. 12. At low tert-butyl alco-
hol concentrations (7 and 20 mg L−1), unexpectedly, the rate of dye
degradation was accelerated. This enhancement may be attributed

Fig. 12. Effect of tert-butyl alcohol addition on sonochemical degradation of RhB
(conditions: volume: 300 mL; initial dye concentration: 5 mg L−1; temperature:
25 ◦C; pH: 5.3; frequency: 300 kHz; power: 60 W).
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Fig. 14. Effect of sucrose and glucose addition on sonochemical degradation of
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o the relatively low dose of tert-butyl alcohol, at which competi-
ion for OH radical is unlikely and the rapid decomposition of the
dditive to produce reactive methyl radicals (•CH3), which are the
ain products of high-temperature pyrolysis of the additive [36].
dditionally, tert-butyl alcohol, a surfactant substance, can reduce

he surface tension of the liquid and thus reduce the cavitation
hreshold and facilitate the generation of bubbles and, therefore,
he production of hydroxyl radicals. At high tert-butyl alcohol
oncentrations (250–2500 mg L−1), the degradation was effectively
uenched, but not completely, by the addition of tert-butyl alcohol,
uggesting that the main mechanism of RhB destruction is chemical
xidation by hydroxyl radicals. The degradation efficiency of RhB
ecreased with the increase of concentration of tert-butyl alcohol

n solution. Another factor that also affects the rate of RhB degrada-
ion is the formation of volatile products from the tert-butyl alcohol
egradation that accumulate inside the bubble. Such volatile prod-
cts decrease the temperature inside the bubble, which, in turn,
low the sonolytic reactions [35].

.2.5. Effect of salt (Na2SO4) addition
Sonication experiments were conducted with RhB solutions

ncluding Na2SO4 to study the effect of salt addition on the degra-
ation of dye at 5 mg L−1 and 25 ◦C. Fig. 13 presents the effect of
a2SO4 salt added on sonolytic degradation of RhB in aqueous solu-

ion. As it can be seen from Fig. 13, addition of Na2SO4 slightly
nhanced the degradation of RhB up to 2 g L−1 when compared
ith the absence of Na2SO4 salt. The positive effect of Na2SO4 on

he destruction of RhB decreased very slightly in the concentration
ange 2–5 g L−1, but the initial degradation rate remained higher
han that obtained without Na2SO4. So there may be an optimum
mount of Na2SO4 to increase degradation rate. Addition of salt to
ye aqueous solution pushes RhB molecules from the bulk aque-
us phase to the bulk–bubble interface [37,38]. The presence of
alt may increase the hydrophilicity, the surface tension and ionic
trength of the aqueous phase and decrease the vapor pressure
37,38]. All these factors help in collapsing of the bubbles more
iolently, resulting in high degradation of dye. Excessive amount
f Na2SO4 may interfere with the introduction of ultrasound into
he liquid [39].

.2.6. Effect of sucrose and glucose addition
The sonolytic degradation of RhB solutions was investi-
ated in the presence of organic competitors such as sucrose
water solubility: 2.1 × 103 g L−1, Kow: 2 × 10−4, Henry’s law
onstant: 4.4 × 10−22 atm m3 mol−1) and glucose (water solu-
ility: 0.661 × 103 g L−1, Kow: 1.5 × 10−3, Henry’s law constant:

ig. 13. Effect of sodium sulfate addition on sonochemical degradation of RhB (con-
itions: volume: 300 mL; initial dye concentration: 5 mg L−1; temperature: 25 ◦C;
H: 5.3; frequency: 300 kHz; power: 60 W).
RhB (conditions: volume: 300 mL; initial dye concentration: 5 mg L−1; temperature:
25 ◦C; pH: 5.3; frequency: 300 kHz; power: 60 W).

4.28 × 10−20 atm m3 mol−1). The effect of sucrose and glucose
addition (0.1–5 g L−1) on the sonochemical degradation of RhB
(5 mg L−1) was shown in Fig. 14. It was observed that the sonolytic
degradation of dye slightly decreased in the presence of sucrose
and glucose. The slight decrease in the degree of RhB removal by
an increase in the relative concentration of sucrose and glucose
in the mixture is a clear indication of interfacial reactions of RhB
with hydroxyl radical. The present study demonstrated that ultra-
sonic irradiation is a promising process for the removal of RhB from
alimentary liquids containing sucrose and glucose.

4. Conclusion

The present work has shown that Rhodamine B (RhB) can be
effectively removed from water by 300 kHz ultrasound irradiation.
This study demonstrates that RhB sonochemical degradation occurs
mainly through reactions with hydroxyl radicals. It was found that
the initial degradation rate increased with an increase in the ini-
tial dye concentration up to a certain value (300 mg L−1), followed
by almost constant sonolytic degradation rate for higher concen-
trations. Reaction rates are strongly affected by ultrasonic power,
temperature and pH. COD of RhB solutions was not completely
removed under the ultrasonic action even with a long treatment
period (240 min). The degradation of RhB was enhanced by iron
addition. The acceleration effect of iron on the degradation rate
displayed the following order: Fe(II) > Fe(III) > Fe0. The sonolytic
degradation of RhB was drastically improved by the addition of
CCl4 via the formation of HClO, Cl2 and chlorine-containing rad-
icals (•Cl, •CCl3 and:CCl2), having strong oxidizing property. The
destruction rate increased with increasing the concentration of
CCl4. The rate of dye degradation was increased by the addi-
tion of H2O2 to the ultrasound system. The degradation increased
with the increase of H2O2 concentration up to a definite value
(100 mg L−1) and decreased afterward. In the presence of tert-butyl
alcohol at low concentrations, unexpectedly, the rate of dye degra-
dation was accelerated. At high tert-butyl alcohol concentrations,
the degradation was effectively quenched, but not completely, by
the addition of tert-butyl alcohol. The sonolytic degradation of
dye decreased in the presence of sucrose and glucose. The slight
decrease in the degree of RhB removal in the presence of high
concentrations of sucrose and glucose in the mixture is a clear

indication that ultrasonic treatment is a promising process for the
removal of RhB from alimentary liquids containing sucrose and
glucose.
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