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ABSTRACT

Basic fuchsin (BF) is an important dye used in textile and in biological and chemical assays,
suspected of being carcinogenic. The environmental and occupational issues related to it are
very important. This study aimed at investigating the sonochemical degradation of BF in
water using high-frequency ultrasound waves (600 kHz). The effects of several operating
parameters, namely initial substrate concentration, ultrasonic power, and liquid temperature
(25–45˚C), on the efficiency of ultrasonic process were investigated. Additionally, experi-
ments were conducted in the presence of salts (NaCl and Na2SO4) as well as tert-butyl alco-
hol as a radical scavenger. The viability of ultrasound to degrade BF in natural water was
also examined. The obtained results showed that ultrasound (600 kHz) is an efficient tech-
nique for removing BF. It was found that the initial degradation rate of BF increased with
increasing initial dye concentration in the range 1–15 mg L−1 and liquid temperature in the
interval 25–35˚C. The initial degradation rate increased by factor of 2.8 when the delivered
power increased from 30 to 90 W. Excepting the salting out effect, the presence of salts,
even at high concentration, has practically no significant effect on the efficiency of BF
removal, making ultrasonic treatment as a promising technique for removing organic
pollutants from industrial and natural waters. The presence of tert-butyl alcohol in a mass
ratio of 1:1 (BF:alcohol) drastically inhibited the degradation rate of BF, making sure that
hydroxyl radical was the main species involved in the degradation of this compound.

Keywords: Basic fuchsin (BF); Sonochemical degradation; Ultrasonic waves; Hydroxyl
radicals (�OH); Natural matrix

1. Introduction

One of the main sources with severe pollution
problems worldwide is the textile industry and its
dye-containing wastewaters (i.e. 10,000 different textile
dyes with an estimated annual production of

7 × 105 tons are commercially available worldwide;
30% of these dyes are used in excess of 1,000 tons per
year, and 90% of the textile products are used at the
level of 100 tons per year or less) [1]. 10–25% of textile
dyes are lost during the dyeing process, and 2–20%
are directly discharged as aqueous effluents in differ-
ent environmental components [1]. The discharge of
very small amounts of dyes (less than 1 ppm for some
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dyes) is esthetically displeasing, impedes light pene-
tration, affects gas solubility damaging the quality of
the receiving streams and may be toxic to treatment
processes, to chain organisms, and to aquatic life [2].
The majority of these compounds consumed at indus-
trial scale are azo derivatives, although anthraquinone,
indigoid, tryphenylmethane, xanthenes, sulfur or
phthalocyanine derivatives are frequently utilized [2].
Triphenylmethane dyes are aromatic xenobiotic com-
pounds that are used extensively in many industrial
processes, such as textile dyeing, paper printing, and
food and cosmetic manufacture [3]. They are known
to be highly toxic to mammalian cells and mutagenic
and carcinogenic to humans [4–6]. Based on their
potential risk for human health and environment, the
removal of these dyes from water is necessary to offer
a cleaner environment as a requirement for human
health and has attracted the most wanted attention of
environmentalists, technologists, and entrepreneurs.

A variety of physical, chemical, and biological
techniques are presently available for the treatment of
wastewater discharged from various industries.
Among them, much attention has recently been
focused on the so-called advanced oxidation processes
(AOPs). In these processes, various techniques (e.g.
photolysis, photocatalysis, Fenton reaction, UV/H2O2)
are applied to produce reactive species, principally
hydroxyl radicals (�OH), which are able to induce the
degradation and mineralization of water-dissolved
organic pollutants [7]. A new way of generating �OH
radials is the application of ultrasound in the fre-
quency range of 20 kHz–1 MHz, in which important
chemical effects can be observed [8,9]. Application of
ultrasound to aqueous solutions induces the formation
of vapor- and gas-filled microbubbles that grow,
undergo a series compression–expansion cycles, and
then adiabatically collapse causing temperatures of
about 5,000 K and pressures in excess of 1,000 atm
therein [10,11]. These extreme conditions induce,
inside the bubbles, the pyrolysis of water vapor, oxy-
gen molecules, and volatile organic substrates that can
be present in the gas phase [9]. Pyrolysis of water
vapor yields hydroxyl radicals (�OH) and hydrogen
atoms (H�) and with other gasses present in the bub-
ble, other active species such as O atoms and HO�

2

radicals may create from H2O and O2 dissociation and
their associate reactions [12,13]. Hydroxyl radicals in
particular are very reactive and can transform organic
compounds [14,15]. Reactions with free radicals can
take place in the gas phase, at the gas–liquid interface
and in the bulk solution after transfer of gaseous con-
tent into the liquid phase [16]. Accordingly, the sono-

chemical degradation of an organic compound can
occur in gas-phase pyrolysis and oxidation for volatile
substrates and by reaction with �OH radicals at the
gas–liquid interface and in the aqueous phase for non-
volatile substrates [17]. In the absence of any solutes
in the liquid medium, these primary active species of
sonolysis mostly recombine at the bubble–solution
interface (reactions (1) and (2)) to form hydrogen per-
oxide (H2O2) that is released in the medium [18]:

2�OH ! H2O2 k1 ¼ 5:5� 109 M�1 s�1 (1)

2�OOH ! H2O2 þO2 k2 ¼ 8:3� 105 M�1 s�1 (2)

Due to their high reactivity and their short lifetime, the
total number of primary active species produced by the
acoustic bubbles cannot be directly measured. It is gen-
erally accepted that the yield of H2O2 can be considered
as an indicator for quantifying the overall chemical
yield of ultrasound in aqueous medium [19,20].

In the present work, the dye under consideration
is basic fuchsin (BF), which is a cationic dye of the
tryphenylmethane class. In addition to its use in tex-
tile, BF is also used in the analysis of SO2 and
formaldehyde present in the air and water [21], as a
pH indicator and also as biological stain [22]. In bio-
logical assays, BF has been used for staining of bacte-
ria, antibody, or other organisms [22]. BF is toxic [23]
and has been shown to cause cancer in animals and
mutagenic effects in laboratory studies [24]. Its occu-
pational and environmental issues are therefore of
concern and especially the treatment and final disposi-
tion of BF wastes. Kosanic and Trickovic [25] present
the process of photo-assisted degradation of BF in
aqueous solutions through treatment with visible light.
The authors report that illumination of the BF solution
in the presence of oxygen or argon leads to the
decrease in dye absorption. Martins et al. [23] showed
that ozonation is an efficient technique for degrading
BF. However, the same authors affirmed the
non-effectiveness of ultrasound at 20 kHz toward the
degradation of BF.

This study aimed at demonstrating the effective-
ness of ultrasonic action at 600 kHz for the treatment
of water contaminated with BF. The effects of several
parameters such as initial dye concentration, ultra-
sonic power and liquid temperature on the sonochem-
ical elimination of BF were evaluated. Additionally,
the potential of ultrasonic waves to degrade BF in the
presence of salts and mineral and organic scavengers
was investigated.

A. Taamallah et al. / Desalination and Water Treatment 57 (2016) 27314–27330 27315



2. Materials and methods

2.1. Reagents

Basic fuchsin (abbreviation: BF; CAS number: 569-
61-9; molecular formula: C20H20ClN3, molecular
weight: 337.84 g mol−1) was supplied by Sigma-
Aldrich (≥98%) and used without any purification.
The molecular structure of BF was shown in Fig. 1.

Potassium iodide (Riedel-de Haën), sodium sulfate
(Acros Organics), sodium chloride (Sigma-Aldrich),
sodium hydroxide (Sigma-Aldrich), sulfuric acid
(Sigma-Aldrich), Mohr’s salt Fe(NH4)2(SO4)2·6H2O
(Panreac), and tert-butyl alcohol (Prolabo) were used
as received (analytical grade).

2.2. Ultrasonic reactor

Sonolysis experiments were conducted in cylindri-
cal water-jacketed glass reactor (Fig. 2). The ultrasonic
waves of 600 kHz were emitted from the bottom of
the reactor through a piezoelectric disc fixed on stain-
less steel plate. The emitting system was connected to
a high-frequency generator operating at variable sup-
plied electric power. The temperature of the solution
was monitored using a thermocouple immersed in the
reacting medium. Acoustic energy dissipated in the
solution was estimated using a standard calorimetric
method [26]. The range of supplied electrical power
used in this study was from 30 to 90 W. The estimated
acoustic powers are 10.5, 13.5, 21.5, and 28 W for,
respectively, 30, 50, 70, and 90 W of electrical powers.

2.3. Procedures

All BF solutions were prepared with distilled
water. Experiments of BF degradation were carried
out under different conditions using constant solution
volume of 300 mL. The pH of the solution was

adjusted using NaOH or H2SO4. Aqueous samples
were taken periodically from the solution and the con-
centrations of the dye were determined using a UV–
vis spectrophotometer (Lightwave II) at 543 nm. The
temperature of the sonicated solution was kept con-
stant by circulating cooling water through a jacket sur-
rounding the cell. In the tests to investigate the effects
of dissolved gasses, a gas cylinder was used for
bubbling air or N2 at least 15 min prior to start and
until completion of experiments. In all the other exper-
iments, the reactor was open to the air without any
saturation.

Potassium iodide solution was sonicated in the
above-described reactor. The absorbance was recorded
with a UV–vis spectrophotometer at the maximum
wavelength of the formed triiodide (I�3 ) (352 nm; the
molar absorptivity є = 26,000 L mol−1 cm−1).

Fricke solution was prepared by dissolving FeS-
O4(NH4)2SO4·6H2O (10−3 M), H2SO4 (0.4 M) and NaCl
(10−3 M) in water. The obtained solution was sonicated
and the absorbance of Fe3+ formed was measured at
304 nm (the molar absorptivity є = 2,197 L mol−1 cm−1)
by using a UV–vis spectrophotometer.

Hydrogen peroxide concentrations formed during
water sonolysis were analytically determined using
the iodometric method [18]. The iodide ion (I−) reacts
with H2O2 to form the triiodide ion (I�3 ) that absorbs
strongly at 352 nm (є = 26,000 L mol−1 cm−1). Sample
aliquots taken from the reactor were added in the
quartz cell of the spectrophotometer containing potas-
sium iodide (0.1 M) and ammonium heptamolybdate
(0.01 M). The mixed solutions were allowed to standFig. 1. Molecular structure of BF.

Sampling portThermocouple

Sonicated solution

Coolant outlet

Coolant inlet
Piezoelectric disc

To the generator  

Fig. 2. Scheme of the ultrasonic reactor.
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for 5 min before absorbance was measured. In the dye
solution, the accumulated concentration of H2O2 was
measured using the same procedure as the resulted
absorption band of I�3 (λmax = 352) is more distinct
from those of the dye (two bands with λmax = 287 and
543 nm), which allow an easy monitoring of the peak
intensity at 352 nm without any interference with the
dye absorption bands.

3. Results and discussion

3.1. Characterization of the sonochemical reactor

The direct quantification of the species inducing
sonochemistry, i.e. radicals such as �OH, H�, and
HO�

2, is still not possible. However, there are several
chemical dosimetries, which might be used to
monitor the generation of hydroxyl radicals: Fricke
dosimetry [27], iodide dosimetry [28], and dosime-
ters based on organic substances such as terephtha-
late [29] or salicylic acid [30]. Sonochemical
production of hydrogen peroxide, nitric or nitrous
acid in water is also used as a chemical dosimeter
[20,31]. All these chemical methods are based
on oxidation reactions occurring in an aqueous solu-
tion. In the present work, three dosimetries, namely
iodide dosimetry, Fricke dosimetry, and the produc-
tion of H2O2 in water, were used for characterizing,
in term of radicals’ production, the 600-kHz
ultrasound reactor used for the degradation experi-
ments. A brief description of these methods is given
below:

(1) When aqueous solution of potassium iodide
(KI) is irradiated, oxidation occurs and I− ions
are oxidized to I�3 by means of �OH radicals
generated acoustically. The main reactions
occurring in this method are shown below
(reactions (3)–(6)) [20]. The amount of the
generated I�3 ions was quantified spectrophoto-
metrically at 352 nm:

�OHþ I� ! IþOH� (3)

Iþ I� ! I�2 (4)

2I�2 ! I2 þ 2I� (5)

I2 þ I� ! I�3 (6)

(2) When ultrasonic waves are passed through
Fricke solution, Fe2+ ions in the solution are
oxidized to Fe3+ ions as follows [20]:

�OHþ Fe2þ þHþ ! Fe3þ þH2O (7)

H2O2 þ Fe2þ þHþ ! Fe3þ þH2Oþ �OH (8)

HOO� þ Fe2þ þHþ ! Fe3þ þH2O2 (9)

The amount of Fe3+ ions can be then quantified using
UV spectrophotometer at 304 nm.

(3) As indicated earlier, if there are not any solutes
in the liquid medium, the primary radicals
recombine at the bubble–solution interface to
form hydrogen peroxide (H2O2) according to
reactions (1) and (2). As k1 >> k2, the yield of
H2O2 can be used to estimate the amount of
�OH radicals released by the bubbles at deter-
mined sonochemical conditions [20].

Fig. 3 shows the evolution of I�3 , Fe
3+, and H2O2

concentrations during the sonication at 600 kHz and
90 W of, respectively, KI solution (0.1 M), Fricke solu-
tion and pure water. The three species concentrations
evolve linearly with time, following a zero-order
kinetic law. This linear increase in the sonochemical
activity is generally expected as the sonication time
corresponds to a linear increase in the power input.
Thus, the three dosimetries demonstrated the viability
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Fig. 3. Evolution of the species H2O2, I
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trations during the sonication of KI (0.1 M), Fricke solution
and pure water, respectively (conditions: volume: 300 mL,
temperature: 25˚C, frequency: 600 kHz, ultrasonic power:
90 W).
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of the 600-kHz reactor to produce chemical oxidants,
particularly �OH. The obtained production rates of I�3 ,
Fe3+, and H2O2 with respect to the supplied ultrasonic
power are presented in Fig. 4. An increase in the
chemical reactivity of ultrasound is observed with an
increase in ultrasonic power from 30 to 90 W. There-
fore, the production of the oxidants is strongly sensi-
tive to the variation in operational condition, i.e.
supplied power.

3.2. Degradation of BF

3.2.1. Characteristics of BF sonolysis

The degradation of the dye during the reaction
period may be assessed by absorption abetments at
two bands: the visible, which is responsible for the
chromophoric group of the dye and the UV at 287 nm,
which represents the absorption of the aromatic
derivatives rings. However, the absorption decay at
287 nm did not follow a common kinetic pattern as it
did in the visible band to avoid confliction between
intermediates (formed during oxidative degradation of
the dye) absorption in the UV region.

Fig. 5 displays the evolution of the UV–vis spectra
during the sonolysis at 600 kHz and 90 W of ultra-
sonic power of 10 mg L−1 BF solution at several time
intervals. In absence of ultrasound, the absorption

spectrum presents two main bands: the first is in the
visible region (responsible for the color), with a maxi-
mum absorption at 543 nm, and the second is in the
UV region, with a maximum absorption at 287 nm.
Following a period of sonolysis, these characteristic
absorption bands decreased in intensity and undergo
a change in their spectral shape, indicating the degra-
dation of the dye and the formation of absorbing
products in the UV region. At this level, it should be
mentioned that BF is a water-soluble compound (solu-
bility: 2,650 mg L−1 at 25˚C [32]) which suggests a neg-
ligible volatility in water (vapor pressure:
7.49 × 10−10 mmHg at 25˚C [32], Henry’s law constant:
2.28 × 10−15 atm m3 mol−1 [32]); consequently, it cannot
enter the bubbles to be incinerated by the high core
temperature but must be eliminated through reaction
with hydroxyl radicals (�OH) at the outside of the col-
lapsing bubbles. Fig. 5 shows that after 60 min of soni-
cation, the color decay was 81%, whereas the
absorbance decay at 287 nm was only 37%, signifying
the priority of �OH attack to the chromophoric group
of the dye and hence, the rapidly increase in aromatic
intermediates that likely absorb in UV region, which
is clearly reflected by the appearance of a new absorp-
tion peak at 206 nm. When the reaction progressed
(>60 min), the absorption peaks at 543 and 287 nm
completely disappeared and the intensity of the
206 nm peak increased with increasing irradiation
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time, indicating the increase in the concentration of
the BF byproducts as well as nitrous and nitric acids
that absorb light at ~200 nm. Particularly, nitrous and
nitric species have been detected and quantified in
several works [33–35]. At 300 kHz and 80 W, Torres-
Palma et al. [34] found that both nitrite and nitrate
ions concentrations in water increased with sonication
time, reaching a maximum (approximately 300 μM for
both nitrite and nitrate) after 90 and 150 min, respec-
tively. At 447 kHz, Mead et al. [35] reported that
HNO2 and HNO3 are formed in sonicated aerated
water with initial rates of 22 and 6 μM min−1, respec-
tively. In our case (600 kHz, 90 W), HNO2 and HNO3

were not quantified but the decrease in the solution
pH from an initial value of 5.9 to 2.8 after 160 min of
sonication reflected the formation of these acidic
species.

In order to verify the priority of �OH radical attack
rather than pyrolysis in the bubble for BF sonodegra-
dation, the evolution of the H2O2 concentration during
sonication was monitored in the absence and presence
of BF. Fig. 6 shows the kinetics of BF (10 mg L−1)
degradation and the H2O2 evolution in the absence
and presence of BF during sonolysis at 600 kHz and
90 W. While the BF showed an exponential decay (BF
was completely destroyed after 160 min), the H2O2,
produced primarily from hydroxyl radical recombina-
tion, evolved in linear manner with a formation rate
of 2 μM min−1 in the absence of BF. In the presence of

BF, a lower formation rate was observed
(1.66 μM min−1), indicating that a fraction of �OH
reacts with the pollutant molecules. This observation
confirmed that �OH radical attack at the outside of the
cavitation bubble is the mean pathway for the sonoly-
tic degradation of BF.

3.2.2. Effect of initial BF concentration

BF solutions of different initial concentrations (1, 2,
5, 10, and 15 mg L−1) were submitted to sonolysis at
600 kHz and 90 W. Fig. 7 depicts the results of the
degradation kinetics of BF for the five initial
concentrations. The results show that ultrasonic action
is efficient toward the degradation of BF, particularly
when the dye is present at low concentration. In all
cases, the concentration of BF decreases exponentially
with time, suggesting apparent first-order kinetics
law. The removal percentage of BF (calculated after
25 min of treatment) decreases progressively with
increasing the initial dye concentration but, however,
the removed amount of the dye increased with the
rise of its initial concentration (Fig. 7, the insert).
These findings are in line with that reported in the
literature [36–38].

On the other hand, several authors [34,39–42] have
recently claimed that the sonolytic degradation of
organic pollutants does not obey first-order kinetics.
To confirm this hypothesis, the initial BF degradation
rates (calculated from Fig. 7 as ΔC/Δt after few min-
utes of sonication) were evaluated and displayed as
function of initial BF concentration in Fig. 8. It was
remarked that the higher the substrate concentration,
the higher the initial decomposition rate. However, a
linear relationship was not observed as expected for a
first-order kinetic and thus, effectively, the degrada-
tion of BF cannot be associated with a first-order
kinetic law. Consequently, the degradation kinetics
depends on the concentrations of both the dye and
�OH radical.

In order to clarify the reactivity zone of BF sono-
oxidation, our results were analyzed using two hetero-
geneous kinetic models based on a Langmuir-type
mechanism. The first model (Eq. (10)), proposed by
Okitsu et al. [43], is based on the fact that organic
molecules adsorb and desorb from the liquid interface
layer surrounding the cavitation bubble, assuming a
pseudo-steady state and so the degradation occurred
mainly at the liquid–bubble interface. The second
model (Eq. (11)), proposed by Serpone et al. [44],
assumed that the overall rate of solute decomposition
r is the sum of the rates in the bulk solution and the
interfacial layer:

0

0.2

0.4

0.6

0.8

1

0

10

20

30

40

50

60

70

0 20 40 60 80 100 120 140 160

BF

H2O2 without BF

H2O2 with BF

C
/C

0

H
2 O

2   (µM
)

Time (min)

Fig. 6. BF degradation and hydrogen peroxide production
for aerated water (conditions: volume: 300 mL, initial BF
concentration: 10 mg L−1, temperature: 25˚C, pH 5.9, fre-
quency: 600 kHz, ultrasonic power: 90 W).

A. Taamallah et al. / Desalination and Water Treatment 57 (2016) 27314–27330 27319



r ¼ kKC0

1þ KC0
(10)

r ¼ Kb þ kKC0

1þ KC0
(11)

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

The models parameters were determined by non-
linear curve fitting method using KaleidaGraph© soft-
ware. This method was found to be the more appro-
priate technique to determine the model parameters
[45]. The obtained values of the two models parame-
ters are listed in Table 1 and the corresponding theo-
retical curves were superimposed on the experimental
data points (Fig. 8). It was clearly seen that the two
models perfectly described the sonolytic destruction of
BF. This indicates that the degradation of the dye
mostly takes place at the bubble/solution interface by

hydroxyl radical attack, whereas some radical reac-
tions also occurred in the bulk of the solution as the
Serpone’s model showed the more perfected fitting of
the experimental data at low dye concentration
(1 mg L−1). On the basis of this conclusion, the effect
of initial BF concentration on the initial degradation
rate can be explained as follow: at low dye concentra-
tion, a high fraction of �OH generated would recom-
bine to yield H2O2 (Fig. 8) and the oxidation reaction
takes place far from the surface of the collapsing bub-
ble where the concentration of �OH radical is relatively
high [46]. This conducted to lower degradation rates
of BF (Fig. 8). In contrast, at high BF concentrations
(>1 mg L−1), the degradation is likely occurred at the
interface of the collapsing bubble. As a result, high
portion of �OH radical will be scavenged by the dye
molecules, resulting in high degradation rate and
lower production rate of H2O2 as observed in Fig. 8. It
should be noted that the higher and lower levels of
H2O2 at, respectively, lower and higher substrate con-
centration are largely reported in the literature
[39,42,45–47].
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3.2.3. Effect of power

The applied ultrasonic power is an important
parameter that determines the cost effectiveness of the
sonolytic process. In order to study the effect of power
on the degradation of BF, sonolytic experiments were
carried out using 30, 50, 70, and 90 W for an initial BF
concentration of 10 mg L−1. The selected range of power
is in an interval between the cavitation threshold, below
which no reaction is observed, and a maximum inten-

sity above which the sonochemical effects are attenu-
ated [48]. A significant enhancement in the BF
degradation rate was observed when the ultrasonic
power was increased as shown in Fig. 9. For example,
the removal efficiency increased from 40.5% at 30 W to
75 and 97% at 70 and 90 W, respectively. Correspond-
ingly, the initial degradation rate increased notably with
the ultrasonic power increase (Fig. 9, the inset), which is
in good agreement with previous studies on the sono-
chemical degradation of several organic pollutants
[39–42,47]. The initial BF degradation rate increased by
factor of 2, 2.7, and 3.2 when the ultrasonic power
increased from 30 W to, respectively, 50, 70, and 90 W.

The reason for the observed enhancement in the
rate at higher ultrasonic power may be explained as
follow. The acoustic bubble during collapse can be
considered as a closed microreactor within which
high-temperature chemical reactions occur. In this sit-
uation, the extent of free radicals, principally �OH,
production in the bubble will be controlled by means
of three factors: the bubble temperature, the amount
of water vapor trapped in the bubble, and the collapse
time. An increase in power results in an increase in
acoustic amplitude that favors more violent collapse.
The acoustic amplitude, PA, is given by the following
equation [9]:

PA ¼ ð2IaqLcÞ1=2 (12)

where Ia is acoustic intensity (power per unit area), ρL
is the density of the liquid, and c is the speed of
sound in the liquid (1,500 m s−1 at 25˚C). With an
increase in acoustic amplitude, the expansion ratio of
the cavity Rmax/R0 as well as the compression ratio
Rmax/Rmin increase (Rmax, and Rmin are, respectively,
the maximum and the minimum bubble radius
reached during bubble oscillation, whereas R0 is the
initial bubble radius) [49]. Using the adiabatic collapse
approach [49], Rmax/Rmin and Rmax/R0 are correlated
with the collapse time (τc), the maximum bubble tem-
perature (Tmax) and the amount of water vapor
trapped at the collapse (yH2O) as [9,49]:
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Fig. 8. Effect of initial BF concentration on the initial
degradation rate and the production rate of H2O2. The pre-
dicted curves of the initial degradation rate vs. initial BF
concentration are superimposed on the experimental data
points (conditions: volume: 300 mL, initial BF concentra-
tion: 1–15 mg L−1, temperature: 25˚C, pH 5.9, frequency:
600 kHz, acoustic power: 90 W). The production rate of
H2O2 in BF solution, rH2O2

ð Þs, was evaluated by the equa-
tion [36]: rH2O2

ð Þs¼ rH2O2
ð Þw�0:5rBF, where rH2O2

ð Þw is the
production rate of H2O2 in pure water and rBF is the initial
degradation rate of the BF. rH2O2

ð Þw was given at 90 W
form Fig. 4 as 2 μM min−1. The dark dote (●) near the
curve of H2O2 represents the experimental value of
the production rate of H2O2 during the sonication of
10 mg L−1 BF (the error between experimental and
predicted rates of H2O2 at 10 mg L−1 BF is ~1%, show-
ing an excellent agreement between them).

Table 1
Parameters of the Okitsu et al. and Serpone et al. models obtained using the non-linear curve fitting method

Model Kb (mg L−1 min−1) k (mg L−1 min−1) K (L mg−1)

Okitsu et al. – 0.3301 0.2193
Serpone et al. 0.0136 0.3317 0.1776
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sc ¼ 0:915R0
Rmax

R0

� �
qL
Ph

� �1=2

(13)

Tmax ¼ T1
Rmax

Rmin

� �3ðc�1Þ
(14)

yH2O ¼ Pv Pv þ Pg0
Rmax

R0

� �3
" #�1

(15)

where T∞ is the bulk liquid temperature, γ is the ratio
of specific heats capacities (cp/cv) of the gas/vapor
mixture, Pv is the vapor pressure, Pg0 is the gas pres-
sure in the bubble at its ambient state, and Ph is the
hydrostatic pressure (1 atm).

Thus, higher bubble temperatures will be reached at
higher compression ratios (Eq. (14)). Similarly, the
higher the expansion ratio, the higher will be the
amount of water vapor trapped in the bubble at the col-
lapse (Eq. (15)). The increase in both the amount of the
trapped water and the collapse temperature with
increasing acoustic amplitude promotes the formation
of free radicals, since they result essentially from the
dissociation of the water vapor molecules inside the

bubble. In addition, as the collapse time (τc) is propor-
tional to the expansion ratio of the bubble (Eq. (13)),
chemical reactions in the bubble at higher power have
enough time to evolve and then convert reactant mole-
cules to free radical and atoms. Consequently, an
increase in acoustic amplitude will thus result in greater
sonochemical effects inside a single collapsing bubble.

On the other hand, the number of the collapsing
bubble may also increase at higher ultrasonic power
[19,50]. Therefore, the observed enhancement in the
rate of BF degradation at higher powers, interpreted
earlier with respect to the single-bubble event, may
also be due to the increased number of active cavita-
tion bubbles and hence the generation of more hydro-
xyl radicals in the medium, resulting in higher BF
degradation rates.

3.2.4. Effect of saturation with N2

The nature of the dissolved gas is an important
factor that affects the internal bubble chemistry and
thus controls the extent of hydroxyl radical generation.
In our case, nitrogen was continuously dissolved
before and until complete degradation of BF solution
(10 mg L−1) at 600 kHz and 90 W. The results of
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Fig. 10 illustrate the effect of N2 saturation on the
degradation of the dye. The presence of N2 deceler-
ated the BF removal. The initial degradation rate was
reduced by more than 40%. Similar results were found
previously for naphthol blue black [36] and ibuprofen
[42].

The nature of the dissolved gas influence sonolysis
through the single bubble yield and the number of
active bubbles [51]. A gas with greater polytropic
index γ (γ = cp/cv) and lower thermal conductivity pro-
duces higher temperature upon collapse resulting in
higher sonochemical reactivity inside the collapsing
bubble. On the other hand, gas with higher solubility
can create more nucleation sites, and improve the
cavitation events by increasing the number of bubbles.
In our case, air and N2 have the same poly-
tropic ratio (γAr = 1.4) and thermal conductivity
(λ = 0.026 W m−2 K−1 [52]) and hence the implosion for
the two cases (air and N2 saturations) will generate
the same bubble temperature (Eq. (14)). Therefore, the
beneficial effect of air compared to N2 was mainly
attributed to the nature of the reactants trapped in the
bubble at the collapse (O2/N2/H2O in case of air and
N2/H2O in the case of N2) and the amount of the dis-
solved gas in liquid phase. In our previous report [51],

we carried out numerical simulations of chemical reac-
tions inside a collapsing air and N2 bubbles. We found
that the production rate of hydroxyl radical is strongly
sensitive to the amount of N2 trapped in the bubble at
the collapse, and the higher the concentration of N2,
the lower was the production rate of �OH radical from
the collapsing bubble. The reason for this trend was
associated to the consumption of �OH radical through
the reaction NO + �OH + M ↔ HNO2 + M. Thus,
because NO was found to be formed mainly
through the reactions N2 + O � NO + N and
NO2 + M � O + NO + M, the higher the concentration
of N2 in the bubble, the higher will be the concentra-
tion of NO and this accelerates the consumption
rate of �OH radical through the reaction
NO + �OH + M � HNO2 + M. Therefore, basing on
single-bubble chemistry results, it is well justified that
between air and N2, the degradation rate of BF follows
the order air > N2 as the production rate of �OH radi-
cal is higher in the case of air bubble than N2 bubble.
In addition to all of this, there is the fact that air will
generate a greater number of bubbles in the BF solu-
tion as its solubility is relatively higher than that of N2

(xair = 1.524 × 10−5, xN2 = 1.276 × 10−5 [53]).
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3.2.5. Effect of liquid temperature

To assess the effect of liquid temperature on the
sonochemical removal of BF (10 mg L−1), experiments
(600 kHz, 90 W) were performed at three liquid tem-
peratures: 25, 35, and 45˚C. The obtained results
(Fig. 11) showed that the rise in temperature from 25
to 35˚C enhances the degradation rate of the dye by
factor of 1.3. However, further increase in temperature
to 45˚C shows no further enhancement in BF removal.
It seems that there exists an optimum temperature
(~35˚C) for the degradation of BF. This result is in line
with that of Jiang et al. [46] that found that the degra-
dation rate of 4-chlorophenol as well as the produc-
tion of H2O2 at 500 kHz increase with increasing in
solution temperature up to 40˚C and decrease after-
ward. A similar trend was also reported by Entezari
and Kruus [54] at 900 kHz where an optimum liquid
temperature is observed for the sono-oxidation of KI
in aqueous solution.

The change in the liquid temperature affects both
the single-bubble sonochemistry and the number of
bubbles. An interesting discussion about the depen-
dence of these two parameters to the liquid tempera-

ture has been made elsewhere [55]. Briefly, as the
bulk liquid temperature increases, the liquid vapor
pressure increases and consequently more water
vapor is trapped in the bubble at the collapse. Vapor
dissociation inside a bubble at the collapse by the
high temperature cools the bubble considerably due
to the endothermal heat of the dissociation
(H2O → �OH + �H, ΔH = 508.82 kJ mol−1 [56]), which
makes the maximum bubble temperature much lower
for high liquid temperature (Eq. (14)). As conse-
quence, the production of radicals, i.e. �OH, for a sin-
gle bubble will be lower at lower liquid temperature.
On the other hand, higher liquid temperature pro-
duces a greater number of bubbles, which enhances
the production rate of �OH radical. The competition
between these two factors, the single bubble yield
and the number of bubbles, yields the observed opti-
mum temperature for the degradation of BF. From
the results of Fig. 11, it can be concluded that the
effect of rising liquid temperature in the interval 25–
35˚C is controlled by the number of bubbles, whereas
the strong competition takes place above 35˚C, result-
ing in a fixed production rate of radicals in the BF
solution as can be seen in the insert of Fig. 11.
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3.2.6. Effect of dissolved salts and natural matrix

It was recently reported that sonochemical treat-
ment of organic pollutants may be enhanced (intensi-
fied in some cases [57–59]) in the presence of some
mineral anions usually present in water [39,41,47,57–
61]. To verify this suggestion toward the degradation
of BF, experiments (600 kHz, 90 W and 10 mg L−1 BF)
were conducted in solutions containing NaCl and
Na2SO4 in a concentration range of 0.1–10 g L−1. The
obtained results are shown in Figs. 12 and 13 for NaCl
and Na2SO4, respectively. The presence of NaCl and
Na2SO4, even at high concentration, showed an
enhancement in the rate of BF elimination. However,
the salt loading was not shown a significant effect.

The fact that sonochemical removal of substrate, at
least, was not affected by the presence of salts, this mak-
ing ultrasonic treatment a promising technique for
removing organic pollutant form industrial and natural
waters which usually containing salts. To verify this
hypothesis, sonolytic experiments (600 kHz, 90 W and
10 mg L−1 BF) have been conducted in real natural water.
The natural water characteristics are pH 7.2,
Ca2+ = 81 mg L−1, Mg2+ = 24 mg L−1, Na+ = 15.8 mg L−1,
Cl− = 72 mg L−1, SO2�

4 = 53 mg L−1, HCO�
3 = 265 mg L−1,

and TOC = 0 mg L−1. The obtained results are depicted
in Fig. 14. As can be seen, the high quantity of salts
present in the real water does not reduce the efficiency of
the ultrasonic process. Contrarily, BF removal is more
efficient in the natural water than in pure water.
Additionally, unlike the other AOPs when the
negative effect of HCO�

3 , a well-known �OH scavenger
(kHCO�

3 –
�OH = 8.5 × 106 M−1 s−1) is well established (i.e.

photocalysis [62], Fenton [63], UV/H2O2 [64], and
UV/O3 [65]), the presence of 265 mg L−1 HCO�

3 did not
affect the degradation of the dye. It has been recently
reported that the effect of HCO�

3 on the sonochemical
degradation of organic pollutants is notably only at low
substrate concentration [57–59].

The positive effect of salts on the sonochemical
degradation of BF was attributed to the salting out
effect on both the solute and the dissolved gas. On
one hand, salts present during sonication of aqueous
solutions may increase the ionic strength of the aque-
ous phase. This phenomenon (commonly called “salt-
ing-out” effect) pushes organic pollutants toward the
bubble–bulk interface where the concentration of
oxidants is high and, therefore, leads to a higher
degradation rate [60]. On the other hand, Brotchie
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et al. [66] showed that the effects of salts could be
completely attributed to their “salting-out” on the dis-
solved gas (not on the substrate molecules). They found
that bubble coalescence is strongly proportional to the
gas concentration in the sonicated liquid and that the
presence of salts reduces the bubble coalescence,
which resulted in smaller bubbles of higher sonochem-
ical and sonoluminescing activities. This conclusion
was supported by Wall et al. [67] which showed
experimentally that of all physicochemical proprieties
of water that are affected by the addition of salt (activ-
ity, ionic strength, viscosity, surface tension and gas
solubility), gas solubility appeared to be the only
parameter that links the general behavior of an
increase in sonoluminescence intensity with increasing
salt concentration in high-frequency ultrasonic cavita-
tion field in water.

3.2.7. Effect of tert-butyl alcohol addition

Tert-butyl alcohol is a well-known hydroxyl radical
scavenger (kðCH3Þ3COH–�OH = 6 × 108 M−1 s−1). It is a vola-
tile substrate that can easily penetrated in the bubbles
and pyrolyzed via a free-radical-induced mechanism

[68]. The tert-butyl alcohol is able to scavenge �OH
radicals in the gas phase of the bubble (reaction (16)
[68]) and prevent their accumulation at the bubble
interface:

ðCH3Þ3COHþ �OH ! ðCH3Þ2CH2COH� þH2O (16)

Therefore, if �OH radical is the main participant in the
sonolytic oxidation of BF, the addition of tert-butyl
alcohol to the reaction mixture should suppress the BF
degradation. Sonolysis experiments (600 kHz, 90 W,
and 10 mg L−1 BF) were performed in the presence of
1 and 10 mg L−1 of alcohol and the results are pre-
sented in Fig. 15. The presence of tert-butyl alcohol
quenches, but not completely, the degradation of the
dye. After adding 1 and 10 mg L−1 of alcohol, the effi-
ciency of BF removal decreased to 10 and 3%, respec-
tively. Thus, it can be concluded that �OH radical
plays the major role in the oxidation of BF. It can be
also observed from Fig. 15 that the degradation of the
dye in the presence of tert-butyl alcohol follows two
steps: a slightly decrease during the first few minutes
(~10 min), followed by a plateau (C/C0 = 0.9 and 0.97
for 1 and 10 mg L−1 of alcohol, respectively). Thus, it
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is difficult to calculate an order of reaction for BF
degradation in the presence of alcohol.

4. Conclusion

The results presented in this work prove the poten-
tial of ultrasound as an AOP for treating water con-
taminated with BF. The dye oxidation occurred
mainly through hydroxyl radical attack at the surface
of the collapsing cavitation bubbles. The degradation
rate of the dye was strongly affected by the opera-
tional conditions. It increased with increasing initial
substrate concentration and ultrasonic power. The liq-
uid temperature rise enhances the degradation rate of
the dye, but an optimum of 35˚C was observed. The
degradation of the dye was more efficient under air
than N2 saturation atmosphere. The presence of salts,
even at high concentration, did not alter the degrada-
tion of the dye, making sonochemistry as one of the
promising techniques for the treatment of industrial
and natural waters. The presence of tert-butyl alcohol
as a hydroxyl radical scavenger inhibited at high
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extent the degradation of BF, making sure that hydro-
xyl radical was the main species involved in the
degradation of this compound. Finally, even if the pre-
sent study furnished some interesting results concern-
ing the sonolytic oxidation of BF, further efforts
should be carried out to assess the oxidative scheme
of dye.
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