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Abstract This paper reports the results of an experi-
mental work on sonochemical degradation of benzophe-
none-3 (BP3), one of the most commonly used ultraviolet
(UV) filters whose disruptive effect on the endocrine sys-
tem of various living beings has been demonstrated.
Ultrasound irradiation is a promising advanced oxidation
technology that has received considerable interest as an
alternative for degradation of persistent organic pollutants
through hydroxyl free radicals that are generated from the
cavitation bubbles implosion. Taking into account the
potential risk due to the presence of BP3 in the environ-
ment and its possible removal using ultrasound, the effect
of operating parameters such us ultrasonic applied power,
pollutant initial concentration, pH, the presence of gases
(including ozone), inorganic anions and alcohols on the
substrate removal was investigated. During sonochemical
treatment, a higher pollutant degradation rate was achieved
by increasing the power in a range of 40.2-80.1 W. Like-
wise, at lower benzophenone-3 initial concentrations,
higher extents of degradation were observed, which could
be explained by a heterogeneous kinetics model. Acidic pH
enhanced the pollutant initial degradation by 21 %. Oxy-
gen, ozone and bicarbonate ions affected positively the
benzophenone-3 removal, while nitrogen, nitrate and
chloride anions inhibited it. Measurements of concentration
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of hydroxyl free radicals indicated that by promoting OH
radical formation, the pollutant elimination rate can be
increased.
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Introduction

UV-absorbing chemicals (UV filters) are a diverse group of
chemical additives included in a wide variety of everyday
products (Gago-Ferrero et al. 2012). Benzophenone-3 (2-
hydroxy-4-methoxybenzophenone, BP3) is one of the most
commonly used UV filters. It is employed as sunlight filter
in cosmetics, sunbathing lotions, beauty creams, shampoos
and other cosmetic formulations, to protect either the skin
or other formulation components from the effects of sun-
light exposure. This wide range of application is due to the
fact that BP3 can absorb, with limited phototransformation,
sunlight in the UVA and UVB regions. Likewise, BP3 is
not only used in sunscreens and personal care products but
also employed to photostabilize packaging materials (food
packaging), to prevent polymers photochemical degrada-
tion, in the treatment of photodermatitis, and in domestic
and industrial commodities or vehicle maintenance prod-
ucts (Gago-Ferrero et al. 2013; Vione et al. 2013).
Contamination of the aquatic environment with UV
filters, including benzophenone-3, may occur through two
input pathways: directly via wash-off from skin and
clothes, or indirectly via wastewater treatment plants
(rubbed off by towels, washed off during showering, or
from renal excretion after percutaneous or oral uptake)
(Balmer et al. 2005; Fent et al. 2010a; Li et al. 2007). BP-3
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has been detected in different aquatic systems (wastewater,
lakes, rivers and coastal areas), and there are indications
that it can accumulate in fish (Bliithgen et al. 2012; Fent
et al. 2010b).

Additionally, benzophenone-3 has shown estrogen-like
activity demonstrated by in vitro and in vivo assays (Gago-
Ferrero et al. 2013). Dermal and oral administration of BP3
to rats and mice has shown alterations in liver, kidney and
reproductive organs (Garcia et al. 2011). Likewise, the
exposure to elevated levels of benzophenone-type UV filter
compounds may be associated with some estrogen-depen-
dent diseases (Gago-Ferrero et al. 2013), and a recent study
showed that low concentration of BP3 leads to alteration of
genes involved in steroidogenesis and hormonal pathways
in zebrafish (Bliithgen et al. 2012). All these reports
demonstrate the disruptive effect of BP3 on the endocrine
system of different living organisms and demonstrate the
need for finding methods for its removal.

Ozonation, peroxone oxidation, photo and fungal
degradation, and oxidation with ferrate (VI) have been
some of the techniques employed by different groups to
remove BP3 (Gago-Ferrero et al. 2012, 2013; Yang and
Ying 2013). However, the effectiveness of ultrasound
irradiation (US) on the BP3 removal has not been
explored. US is a novel advanced oxidation technology
whose application for degrading persistent organic pol-
lutants has received considerable interest (Chiha et al.
2011; Dailianis et al. 2014; Mahvi 2009; Méndez-Arriaga
et al. 2008). The propagation of ultrasound through a
liquid leads to the acoustic cavitation phenomenon in
which bubbles are generated from existing gas nuclei in
liquids (Chiha et al. 2011; Siddique et al. 2014). The
bubbles form, grow and collapse through compression and
rarefaction cycles (Mahvi 2009). During the collapse of
bubbles, temperature and pressure can reach extreme
values (around 5000 K and hundreds of atmospheres) in a
very short period of time (Chiha et al. 2011; Mahvi 2009;
Méndez-Arriaga et al. 2008). Under these conditions,
different reactive species can be generated. For example,
in aqueous systems, reactive hydroxyl free radicals and
hydrogen are formed from the thermal dissociation of
water vapor (Eq. 1) and reactions of oxygen gas (Eqgs. 2—
5) (Chiha et al. 2011).

H,0 +)))) — H + OH (1)
0, — 20 (2)
H + 0, — OOH (3)
O + H,0 — 20H (4)
H+ O, —~OH + O (5)

According to hot spot theory, sonochemical reactions
can occur in three different regions: (1) the interior of the
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collapsing bubbles, (2) the bubble-liquid interfacial region
where the hydroxyl free radical reactions are predominant
and (3) the bulk of the solution (Chiha et al. 2010, 2011;
Henglein 1987). When the sonolysis is conducted in the
presence of organic species, a number of chemical
processes can occur, depending on the physical and
chemical nature of the solute. A volatile and hydrophobic
pollutant most probably will be pyrolized inside the bubble
of cavitation, while a nonvolatile and hydrophilic
compound will be oxidized by the radicals in the
interface or the bulk solution (Chiha et al. 2010;
Hoffmann et al. 1996).

Taking into account the potential risk due to the pres-
ence of BP3 in the environment and its possible removal
using ultrasound, the aim of this study was to evaluate the
degradation of benzophenone-3 by ultrasonic treatment and
investigate the effect of operating conditions such as pH,
pollutant initial concentration, applied power and the
presence of dissolved gases (oxygen, nitrogen and ozone),
anions and hydroxyl radical scavengers (alcohols) in the
solution. This research project was carried out in April—
September, 2013, in the Department of Chemical and
Biological Engineering of the University of Saskatchewan
(Saskatoon, Canada).

Materials and methods

Benzophenone-3 containing more than 98 % pure com-
pound was purchased from Alfa Aesar (Ward Hill-MA,
USA) and used as received. All solutions were prepared
using Milli-Q water (18.2 MQ cm) (Milli-Q Integral sys-
tem—Millipore, Darmstadt, Germany). Ultrahigh-purity
(UHP)-grade oxygen, nitrogen and air were supplied by
Praxair (Mississauga, Ontario, Canada). Ozone was pro-
duced from pure oxygen using a laboratory ozone gener-
ator (Azco Industries LTD VMUS-4S, Langley, BC,
Canada). HPLC-grade methanol and acetonitrile were
supplied by Sigma-Aldrich (Oakville, Ontario, Canada).
The pH adjustment was carried out with concentrated
solutions of sodium hydroxide and nitric acid (Alfa Aesar,
Ward Hill, MA, USA). Sodium bicarbonate, potassium
nitrate and chloride (Sigma-Aldrich, Oakville, Ontario,
Canada) were used to evaluate the effect of the presence of
anions in the solution.

An Ultrasonic VCX-500 (Sonics and Materials, Church
Hill Road, Newtown, CT, USA) was used as ultrasound
generator. Ultrasonic waves (20 kHz) were emitted from
the probe (tip diameter: 13 mm, length: 136 mm, material:
titanium alloy) which was completely immersed in the
solution (ultrasonic probe and horn system). Experiments
were conducted in a cylindrical glass reactor. The
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temperature of the solution was monitored using a ther-
mocouple inside the reaction medium and was maintained
at 25 £ 2 °C using a cooling water bath. The amplitude of
vibrations at the probe tip was controlled at four different
levels (40, 50, 60 and 65 %). In each sonication, run
200 mL of solution was processed. In the ozonation and
ozone + ultrasound experiments, samples were quenched
using a sodium thiosulfate solution. All the runs were
conducted in triplicate. The standard deviations and coef-
ficients of variation of the data were below 5 %.

Samples of 1 mL. were withdrawn at different time
intervals. Benzophenone-3 concentration was determined
using an Agilent Technologies 1100 (Santa Clara, CA,
USA) high-performance liquid chromatography (HPLC)
system, with a Nova-Pak C-18 column
(150 mm x 4.6 mm) (Milford, MA, USA) and a diode
array detector set at 287 nm. An isocratic flow
(1 mL min™") of acetonitrile and Milli-Q water (70:30,
v/v) was the mobile phase. The column temperature and
injection volume were 30 °C and 100 pL, respectively.
Dissolved organic carbon (DOC) content was determined
using a Shimadzu TOC-L CPH/CPN instrument (Canby,
OR, USA). The ‘OH radical concentration was measured
indirectly using dimethyl sulfoxide (DMSO, Sigma-
Aldrich, St. Louis, MO, USA) as a capture agent to pro-
duce formaldehyde. The formaldehyde was treated with
2,4-dinitrophenylhydrazine (DNPH, Sigma-Aldrich, St.
Louis, MO, USA) to produce formaldehyde-2,4-dinitro-
phenylhydrazone, which was quantified using HPLC with
an Eclipse Plus C-18 column (150 mm x 4.6 mm) (Agi-
lent Technologies, Santa Clara, CA, USA) and a mixture of
acetonitrile and Milli-Q water (45:55, v/v) as mobile phase.

Results and discussion
Effect of applied ultrasonic power

Two of the most important parameters in application of
ultrasonic treatment in the removal of organic pollutants
are the power and frequency employed (Méndez-Arriaga
et al. 2008). Thus, four amplitudes of vibration at the probe
tip were selected resulting in nominal ultrasonic powers of
40.2, 55.9, 73.8 and 80.1 W.

Ultrasonic energy dissipated in the reactor was esti-
mated using the calorimetric method and Eq. 6 (Mason
et al. 1992),

dTr
Power = (E) x C, x M (6)

where Cp is the heat capacity of the solvent (J Kg~' K1),
M is the mass of solvent used (Kg) and d7/d¢ is the vari-
ation of the temperature with time. For each system under

study, the initial temperature rise (7) was recorded against
time (#) at different time intervals. Control experiments
indicated that approximately 60 % of the power is trans-
mitted to the solution and the rest is lost mainly in the form
of heat.

The effect of input power on the benzophenone-3
sonolytic treatment is shown in Fig. 1. These results indi-
cate that by increasing the power, the extent of degradation
of BP3 increases. After 60 min of sonolytic irradiation, a
914 % decrease in the pollutant concentration was
achieved with the highest power, which represents an
improvement of 47.6 % over the minimal power applied.
Likewise, in terms of initial degradation rate, calculated as
AC/At, it can be noted (data depicted in Fig. 2) that with
increasing power from 40.2 to 80.1 W, the initial degra-
dation rate increased, reaching a maximum value around
0.5 uM min~" for 80.1 W of applied power.
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Fig. 1 Effect of the ultrasonic applied power on BP3 degradation
[frequency: 20 kHz, temperature: 25 £ 2 °C, pollutant initial con-
centration: 3.9 mg/L, pH: natural (6.5)]
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Fig. 2 Effect of the ultrasonic applied power on BP3 initial
degradation rate [frequency: 20 kHz, temperature: 25 + 2°C, pollu-
tant initial concentration: 3.9 mg/L, pH: natural (6.5)]
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Table 1 Physicochemical properties of benzophenone-3 (SRC Phy-
sProp database, 2014) OH o)

\O‘

Molecular weight (g/gmole) 228.25
Water solubility (mg L1, 25 °C 68.56
Henry’s law constant (atm. m? mol ™), 25 °C 1.50 x 1078
Octanol/water partition coefficient (Log Kow) 3.79

Table 1 shows the structural formula and some of the
physicochemical properties of BP3, respectively. This
compound cannot be degraded by pyrolysis inside the
cavitation bubble, since its estimated Henry’s law constant
is 1.5 x 107% atm. m® mol™' suggesting a low volatility.
Additionally, due to its low solubility in water and high
octanol/water partition coefficient, BP3 is most probably
present at the interface of bubble and solution bulk. Thus,
the ‘OH free radicals generated by ultrasound may be the
main species responsible for the substrate degradation.

The number of active cavitation bubbles generated by
ultrasound increases with the increase in the irradiation
power, leading to an increase in the amount of hydroxyl
free radicals formed due to a more violent cavitation
bubble collapse. A high ultrasound power would increase
the acoustic amplitude, varying the collapse time, tem-
perature and pressure (Chiha et al. 2011; Emery et al. 2005;
Gao et al. 2013; Lim et al. 2007). The concentration of ‘OH
radicals was determined based on the methods described by
Tai et al. (2004) and Ji et al. (2012). Profile of variation of
"OH radicals as a function of time for different power levels
is shown in Fig. 3. An increase in the applied ultrasonic
power increases the amount of radicals in the solution.
Therefore, increase in the number of radicals can be
responsible for the enhancement in the pollutant degrada-
tion rates with respect to the applied power and the irra-
diation time.

Effect of pollutant initial concentration

The effect of pollutant initial concentration on the ben-
zophenone-3 degradation was evaluated. For an initial
concentration range of 1.5-4.5 mg/L (6.6-19.7 pmol L"),
different experiments were conducted to determine BP3
initial degradation rate and the extent of removal. Results
indicated that the removal of BP3 decreased from 90.8 to
61.1 % with increasing in the initial concentration. How-
ever, as shown in Fig. 4, the initial degradation rate
increased with increase in the initial concentration. A linear
relationship was not observed, as expected, for a first-order
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Fig. 3 Effect of different input power levels and gases presence on
Hydroxyl free radicals content [frequency: 20 kHz, temperature:
25 £ 2 °C, pollutant initial concentration: 3.9 mg/L, pH: natural
(6.5), power: 55.9 W]
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Fig. 4 Initial degradation rate as function of the initial concentration
of BP3 and comparison with model prediction [frequency: 20 kHz,
temperature: 25 £+ 2 °C, power: 55.9 W, pH: natural (6.5)]

kinetic law. These findings are consistent with the results
that a number of research groups have reported for the
sonolytic degradation of other organic substances, indi-
cating that the sonochemical degradation does not obey a
first-order kinetics (Chiha et al. 2010, 2011; Méndez-Ar-
riaga et al. 2008; Torres-Palma et al. 2008). With the
objective of describing the reaction mechanism occurring
in the interfacial region of cavitation bubbles in the sono-
chemical degradation, a heterogeneous kinetics model
developed by Okitsu et al. (2005) was used. This model
indicates that when pollutant molecules are degraded in the
interfacial region of cavitation, the degradation rate can be
expressed as Eq. 7,
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L kKC
T 14+KC

(7)

where r is the initial degradation rate (UM min~ ), k is the
pseudo-rate constant (WM min~'), C is the pollutant initial
concentration (UM) and K is the equilibrium adsorption
constant of BP3 toward the effective reaction sites prior to
bubble collapse (uM ™).

Considering the above, the sonolytic degradation data
were analyzed by nonlinear curve fitting method using Ori-
gin 9.0 software, to fit the kinetic model. A superposition of
experimental results and the calculated points are presented
in Fig. 4. The values of the model parameters are
0.3893 pM min~" and 0.2041 uM for the pseudo-rate con-
stant (k) and the equilibrium adsorption constant (K),
respectively. Additionally, the value of the coefficient of
determination (Rz) was 0.9872, indicating an excellent fit of
the experimental data with the model. These results imply
that the heterogeneous kinetic model describes adequately
the BP3 sonochemical degradation, indicating that degra-
dation occurs mainly at the interfacial region of cavitation
bubbles by hydroxyl free radicals attack. So, the profile in
Fig. 4 shows that at the interfacial region the radical con-
centration is high and the OH" recombination would be the
dominant process (Chiha et al. 2011; Gao et al. 2013).
However, when the BP3 initial concentration increases, the
fraction of hydroxyl free radical that reacts with the substrate
and the degradation rate increases.

Effect of initial pH

The effect of solution initial pH on the sonolytic degradation
of BP3 was studied. Concentrated solutions of sodium
hydroxide and nitric acid were used to adjust pH of the
solution. The pKa value of benzophenone-3 is 8.06 (Gago-
Ferrero et al. 2013). Above this value, ionic BP3 is the pre-
dominant specie, and at lower values, BP3 is mainly found in
its molecular form. In order to evaluate the effectiveness of
ultrasonic treatment on different BP3 forms (ionic and neu-
tral), experiments were carried out at pH 2 and 10 as extreme
values and pH 6.5 corresponding to the initial natural pH of
the solution. The effect of solution pH on the benzophenone-
3 sonochemical degradation is depicted in Fig. 5. It may be
observed from this figure that the decrease in BP3 concen-
tration was faster and higher under acid media. This fact can
be attributed to the effect of pH on the benzophenone-3
ionization. The ionic fraction of BP3 at the evaluated pH
value can be calculated using Eq. 8 (Chiha et al. 2011),

1

1 + 10wKa—pH) (8)

Dions =

BP3 is a nonvolatile compound with a low solubility in
water, and as mentioned previously, the region of
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Fig. 5 Effect of the initial pH on the BP3 degradation (frequency:
20 kHz, temperature: 25 £ 2 °C, pollutant initial concentration:
3.9 mg/L, power: 55.9 W)

degradation would be at the exterior of the cavitation
bubbles, mainly in the interfacial region. The reaction
between the free radicals generated by ultrasonic treatment
and the pollutant would be enhanced if its hydrophobicity is
favoured. According to Eq. 8, BP3 has a high hydrophobic
character at pH 2 and 6.5 because it is mainly in its molecular
form (ionic fraction 8.71 x 107> and 2.68 %, respectively).
Under this condition, the pollutant will be accumulated in the
interface of the cavitation bubbles, where the concentration
of OH' free radicals is higher, generating a faster degradation
of the compound. In contrast, at pH 10 benzophenone-3 is
almost completely in anionic form (¢ jons ~0.99) due to the
deprotonation of the phenolic group, implying a higher
hydrophilicity and solubility. Thus, the degradation would
take place at both the interfacial and the bulk solution
regions, limiting the pollutant extent of degradation since in
the bulk solution the amount of radicals is low due to their
low diffusion (~ 10 % of the generated in the cavitation
bubbles; Méndez-Arriaga et al. 2008).

Effects of different dissolved gases

The presence of dissolved gases in water can enhance or
inhibit the process efficiency of sonochemical treatment of
pollutants (Méndez-Arriaga et al. 2008). With the objective
of evaluating the effects of the presence of dissolved gases
on the BP3 ultrasonic degradation, O3, N, and O, were
introduced into the solution.

Combined ultrasound/ozone degradation
The combination of ultrasound treatment and ozonation in

the removal of organic pollutants has been evaluated by
several authors. Results have shown that in combined
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ultrasound/ozone treatments, ultrasound not only promotes
ozone mass transfer to the liquid, but also ozone is
decomposed thermolytically in the vapor phase of the
cavitation bubbles, increasing the rate of formation of
hydroxyl free radicals (Eqs. 9-10) (Ji et al. 2012; Weavers
et al. 1998). Therefore, it is expected that in a combined
treatment, the removal of organic compounds increases in
comparison with application of each process separately.

0; — 0, + O (°P) (9)
O (°P) + H,0 — OH (10)

In order to evaluate the effect of the presence of ozone on
the ultrasonic treatment of benzophenone-3, experiments
were conducted by introducing, O3 (0.5 mL minfl) into the
reaction media. Figure 6 shows the comparison, in terms of
variation in the concentration of BP3, corresponding to the
combined use US/O; and each process separately. Itis evident
that both ozonation and the combined use of ultrasound and O3
increase the pollutant degradation under the studied
conditions, attaining in both cases a 100 % removal.
However, the degradation is faster in the combined process.

As previously mentioned, incorporating ozone in the
system can promote the formation of OH' free radicals,
which together with molecular ozone, would increase the
BP3 degradation rate. The amount of radicals generated in
the three cases (presented in Fig. 3) confirms that the number
of radicals formed follows the order, US/O; > O3 > US,
and there is a synergy effect between ozone and ultrasound.

Presence of oxygen and nitrogen
N, and O, were introduced at the same flow rates

(800 mL min~") into the solution, and results are shown in
Fig. 6. It can be noted that the presence of oxygen

1
0.9
0.8
0.7
0.6 - N
Sy . %
o ) L
0.4 =
0.3 7 Ozonation Y . §i
il US T ) e )
0.2 US+Ozone §
0.1 ---@--- US+Oxygen I 3.
US+Nitrogen
0 10 20 30 40 50 60
Time (min)

Fig. 6 Effect of different gases on the BP3 degradation rate
[frequency: 20 kHz, temperature: 25 & 2 °C, pollutant initial con-
centration: 3.9 mg/L, power: 55.9 W, pH: natural (6.5)]

’r @ Springer

increased the benzophenone-3 degradation, reaching in
60 min a 73.5 % pollutant removal, which is 6.7 % higher
than the base treatment (without gas). In contrast, when N,
is present in the solution, BP3 degradation is inhibited,
reaching only 48.30 % removal. This can be due to the
generation or scavenging of hydroxyl radicals which, as
previously discussed, are responsible for degrading the
benzophenone-3 in the interfacial region.

Under an O, atmosphere, additional hydroxyl radicals
are generated by molecular oxygen dissociation inside the
cavitation bubble (Egs. 12-13) (Pétrier et al. 2007).

0, — 20 (11)
O + H,0 — 20H (12)

Due to the greater availability of these additional "OH
radicals, BP3 can be oxidized faster.

On the other hand, the presence of N, can scavenge the
free radicals and inhibit the pollutant degradation (Chiha
etal. 2011; Wu et al. 1992) as shown in Egs. 13-18 (Chiha
et al. 2011).

N, + OH — NO, + H
N, + O—=NO + N
0,+ N—=NO+ O
NO + O — NO,

NO' + OH — HNO;,
'NO, + OH — HNO;

13
14
15
16
17

(
(
(
(
(
(18

)
)
)
)
)
)

The results of the experiments carried out to determine
the amount of OH' (Fig. 3) indicated, as expected, that
more radicals are formed in the presence of oxygen, while
nitrogen reduces the amount of OH'.

Effect of chloride, nitrate and bicarbonate ions

Inorganic ions are present in industrial and natural waters,
so their impact on the performance of water treatment
processes needs to be investigated. TiO, photocatalysis,
photo-Fenton and UV/O5 are examples of advanced oxi-
dation process whose performance is affected by the
presence of sulfate, chloride, carbonate and bicarbonate
ions (Guzman-Duque et al. 2011). In the case of sono-
chemical treatment, the effect of the presence of inorganic
ions has not been clarified. Some reports indicate that
sonochemical degradation processes in the presence of
inorganic species can be enhanced, while others report that
degradation rates are not significantly affected by inorganic
ions (Pétrier et al. 2010). The influence of chloride, nitrate
and bicarbonate ions in the sonolytic removal of BP3 was
investigated. Figure 7 shows the variation of the ben-
zophenone-3 concentration in 60 min of sonochemical
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Fig. 7 Effect of the presence of different anions on the BP3 degradation rate [frequency: 20 kHz, temperature: 25 £ 2 °C, pollutant initial
concentration: 3.9 mg/L, power: 55.9 W, pH: natural (6.5), anion concentration: 5 mmol/L]

0.9 .
1 I

0.8 : S
0.6 4. .

-+ 4&---- Control
0.5 «---4---- 1000 mg/L Methanol E

1000 mg/L Ethanol )

04 «++-@---- 1000 mg/L Isopropyl alcohol §

~~~~~ ¥:---- 1000 mg/L Tert-butyl alcohol E
0.3

0 10 20 30 40 50 60
Time (min)

Fig. 8 Effects of different alcohols on the BP3 degradation (frequency: 20 kHz, temperature: 25 + 2 °C, pollutant initial concentration: 10 mg/

L, power: 55.9 W, pH: 6.5)

treatment. It can be noted that the presence of NO3 and
CI™ inhibited the pollutant removal, while HCO5 anions
enhanced the BP3 degradation and the initial degradation
rate.

In the presence of anions, two parameters can impact
the ultrasonic degradation rate. One is the commonly
called “salting out effect,” a phenomenon caused by
ions in water, which pushes organic pollutants toward
the bubble-bulk solution interface leading to acceler-
ated degradation (Gao et al. 2013; Pétrier et al. 2010).
Likewise, there are some anions that can react rapidly
with reactive oxygen species produced, and compete
with the contaminant for the oxidizing agents (Gao et al.
2013). In the case of bicarbonate, it reacts with OH"
radicals to produce the carbonate radical (Eq. 19) (Gao
et al. 2013; Guzman-Duque et al. 2011), which, unlike

the hydroxyl radicals, can migrate to the bulk solution
and promote the pollutant degradation.

HCO; + OH — CO;~ + H,0 (19)

Although CO;™ radical is less reactive than hydroxyl
radical (Gao et al. 2013), it can attack BP3 molecules in the
solution whereas NO; and CI™ have a scavenging effect
that reduce the degradation rate.

Effects of hydroxyl radical scavengers (alcohols)

Alcohols and other organic species of low molecular weight
(four and less carbon atoms) can act as quenchers in reactions
with ‘OH radicals (Behnajady et al. 2008). Therefore, the
effect of the presence of four alcohols: methanol, ethanol,
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Fig. 9 Variation on DOC/DOC, ratio during BP3 degradation [frequency: 20 kHz, temperature: 25 £ 2 °C, pollutant initial concentration:

3.9 mg/L, power: 55.9 W, pH: natural (6.5)]

isopropyl alcohol and tert-butyl alcohol in the sonolytic
degradation of BP3 was investigated. Experimental results
are depicted in Fig. 8, indicating that all of the four alcohols
inhibit the extent of degradation of benzophenone-3. This
confirms that hydroxyl free radicals are the main oxidizing
agents that are consumed by alcohols. It can be noted that as
the alcohol carbon number increases the inhibiting effect
also increases. This can be attributed to the possible reaction
of hydroxyl free radicals with hydrogens bonded to carbon in
alcohol molecules (Behnajady et al. 2008). Likewise, this
scavenging activity order was in agreement with the order of
alcohols specific heat capacities, which has been reported by
other authors, who attributed it to the fact that large specific
heat capacities would reduce the maximum size of micro-
bubble and the interfacial temperatures achieved from bub-
ble collapse, resulting in generation of fewer "OH radicals
(Gao et al. 2013).

Mineralization of BP3

The dissolved organic carbon (DOC) analysis of the reac-
tion medium (Fig. 9) indicated that although the extent of
benzophenone-3 degradation in all cases studied (without
inhibitors and gases) is more than 60 %, the decrease in
DOC is <10 %. This suggests that BP3 is mostly trans-
formed into organic by products with lower volatility and
higher hydrophilicity, which migrate to the bulk solution,
where the concentration of radicals is much lower than the
interface. Recently, Gago-Ferrero et al. (2013) reported a
study on the ozonation and peroxone oxidation of BP3, in
which the identified degradation products were hydroxy-
lated derivatives formed by a non-specific attack of
hydroxyl radicals at different moieties of the solute mole-
cule. A similar range of products can be generated through
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ultrasonic treatment. In the presence of gases, it can be
noted that O enhances the removal of organic compounds
present in the solution. This fact can be due to the presence
of molecular ozone which would oxidize byproducts that
because of their solubility and volatility could not be
attacked by the hydroxyl radicals generated by ultrasound
or pyrolized inside the cavitation bubbles. Under O, and N,
atmospheres, there is no significant change in DOC
concentration.

Conclusion

This study shows how hydroxyl free radicals formed from
the cavitation bubbles collapse were responsible for
removing benzophenone-3 (BP3), one of the most used UV
filters and endocrine disrupting compounds. The results
indicate that the ultrasonic applied power, solution pH, the
presence of some gases, ions and alcohols can play an
important role in terms of enhancement/inhibition of pol-
lutant removal.

Increasing the applied power between 40.2 and
80.1 W increased the initial degradation rate of BP3,
getting with the higher power an extent of the degra-
dation equivalent to 91.37 %. Likewise, the excellent
fit between the experimental data and the model
developed by Okitsu et al. indicated that the pollutant
is degraded mainly in the interface bubble-bulk solu-
tion region.

The acidic medium enhanced the degradation due to the
increased hydrophobicity of the compound. In this regard,
at a natural pH (6.5) a 66.83 % removal was achieved, but
at a pH 2 removal was 80.91 %. The presence of bicar-
bonate anions, oxygen and ozone increased the BP3
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removal, since they can contribute to the generation of
more hydroxyl free radicals, in the specific case of Os,
molecular ozone also could oxidize the substrate, while
nitrate and chloride anions, nitrogen and alcohols are
inhibiting species.

On the other hand, ultrasound alone does not seem to
cause a significant reduction in dissolved organic carbon;
however, in combination with ozonation, more than 80 %
DOC reduction can be achieved.

In general, the research findings indicate that ultrasound
is a potentially effective method for BP3 removal in water,
offering a new option for wastewater treatment.
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