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ab s t r ac t
The degradation of phenol, as an organic pollutant model, in water was systematically assessed under 
solar TiO2-photocatalysis in forced circulation loop reactor. The degradation rate was evaluated at 
various amounts of TiO2 and different initial concentrations of phenol. Additionally, the influence 
of coupling heterogeneous photocatalysis with high frequency ultrasonic irradiation (600 kHz) was 
investigated at various initial substrate concentrations. For both processes, •OH radical was the main 
species responsible for the oxidation of phenol. The photocatalytic degradation rate of phenol increased 
with increasing TiO2 concentration up to 1 g L–1 and decreased afterward. The solar photocatalytic 
process is efficient even if the pollutant exists at high concentration levels. The initial degradation 
rate increased with increasing initial substrate concentration, following a complex kinetics that was 
found to be perfectly described by the Langmuir–Hinshelwood model. The combination of ultrasound 
and photocatalysis exhibited synergistic effect, which was found strongly dependent on the initial 
substrate concentration. A synergy factor of 1.15 was obtained for an initial substrate concentration 
of 10 mg L–1 but for 50 and 100 mg L–1, the synergy factor increased significantly to 1.82 and 1.95, 
respectively. The synergy was mainly attributed to the advantages of ultrasound on the heterogeneous 
photocatalytic process. 
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1. Introduction

The increase of industrial activities and intensive use of 
chemical substances such as aromatic hydrocarbons, chlo-
rinated hydrocarbons, pesticides, dyes, dioxines and heavy 
metals have been contributed to environmental pollution 
with dramatic consequences in atmosphere, waters and 

soils [1,2]. Different methods of separation, degradation and 
elimination have been used in different polluting chemicals, 
which are generally present in wastewater coming out from 
the industrial sector [3]. The treatment of these pollutants can 
be efficiently achieved using advanced oxidation processes 
(AOPs) [4]. These processes are based on the production of 
hydroxyl radical (•OH) [4]. This species is extraordinarily 
reactive and attacks most organic molecules, with rate con-
stants usually on the order of 106–109 mol L–1 s–1 [5].
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Heterogeneous photocatalysis over TiO2 and sonolysis 
have independently attracted attention as AOPs for treating 
water [6–11]. Photoexcitation (with λ < 390 nm) of semicon-
ducting TiO2 promotes valence band electrons to the conduc-
tion band, thus leaving a reactive hole in the valence band [7]. 
Oxygen dissolved in the solution can scavenge excited elec-
trons, forming superoxide (O2

•–) and its protonated form 
hydroperoxide (HO2

•) and, hence, limiting the electron-hole 
recombination [12]. Holes can react with adsorbed water 
molecules or hydroxides anions to form •OH radicals, or can 
also be filled with an adsorbed organic donor [6,12]. Organic 
compounds may undergo oxidation directly at the hole or 
by means of ·OH radical [6]. On the other hand, the chemical 
effects of sonication arise from acoustic cavitation, namely 
the formation, growth and implosive collapse of bubbles 
in a liquid, which produces unusual chemical and physical 
environment [13]. The collapse of the bubbles induces local-
ized extreme conditions (temperatures as high as 5,200 K and 
pressures higher than 500 atm within the bubble [14]). Under 
such conditions, molecules trapped in the bubble (water 
vapor, gases and vaporized solutes) can be brought to an 
excited state and dissociate [15]. As a result, reactive species 
such as •OH, HO2

•, H• and O are created from H2O and O2 
dissociation and their associate reactions in the bubble [15]. 
These active species can recombine, react with other gaseous 
species present in the cavity or diffuse out of the bubble into 
the bulk liquid medium to serve as oxidants [9]. Therefore, 
photocatalysis and ultrasonic irradiation can cause the deg-
radation of organic pollutants with the same species, mainly 
•OH radical.

Although photocatalysis with TiO2 and sonolysis have 
been extensively investigated individually for the deg-
radation of many organic compounds in aqueous media 
[16–24], their combination has become the focus of current 
research. Enhancement of the photocatalytic efficiency 
using low frequency ultrasound (20–100 kHz) has been 
widely investigated [25–30]. However, in spite of the nota-
ble performance of high-frequency ultrasound for the deg-
radation of organics, only few reports have addressed the 
combination of photocatalysis and high frequency sonoly-
sis. Théron et al. [25] reported that no synergy was observed 
between photocatalysis and 515 kHz ultrasound for the 
degradation of phenyltrifuoromethylketone. Moreover, 
sonophotocalysis with TiO2 and 213 kHz showed a neg-
ative impact for the degradation of monocrotophos com-
pared with photocatalysis alone [31]. On the other hand, 
Torres-Palma et al. [32,33] and Méndez-arriaga et al. [34] 
showed a significant synergy between photocatalysis and 
300 kHz ultrasound for the degradation of bisphenol A and 
ibuprofen. Therefore, the synergy between photocatalysis 
and sonolysis toward the degradation of organic com-
pounds remains controversial.

This work is a contribution to the study of the 
photocatalytic process and its coupling with high frequency 
sonolysis (600 kHz) in forced circulation loop process, using 
phenol as a substrate model. Phenol is one of the most com-
mon compounds found in the effluents of many industries 
such as petroleum refining and petrochemicals, pharma-
ceuticals, pesticides, paint and dye industries, organic 
chemicals manufacturing, etc. [35]. Its concentration has 
been reported in the range of trace quantities to thousands 

of milligrams per liter [36]. If present in even small quan-
tities (of the order of a few ppm), phenol causes toxicity 
and foul odor to the water. It has been listed as a priority 
pollutant in the list of Environmental Protection Agency 
(EPA, USA) [35]. Therefore, there is more demand for 
applying AOPs for the removal of phenol from the effluent 
streams.

2. Materials and methods

2.1. Reagents

Phenol, supplied by Sigma-Aldrich (France), and 
titanium dioxide (TiO2 P25), supplied by Degussa (France), 
were used as received.

2.2. Apparatus

Milli-Q water was used for the preparation of aqueous 
solutions and as component of the mobile phase in high 
performance liquid chromatography (HPLC) analysis. The 
experiments were carried out with 600 mL of air-equilibrated 
phenol solution at initial pH 6 in two connected systems, one 
under Suntest irradiation and the other one under sonication. 
The schematic diagram of the experimental setup is very sim-
ilar to that showed by Torres-Palma et al. [32]. It consists of 
Pyrex glass vessel (200 mL) illuminated from the outside using 
a solar lamp CPS Suntest system (Atlas Gmbh, Germany) 
with a radiation intensity of 830 W m–2. The lamp has a spec-
tral distribution with about 0.5% of the emitted photons at 
wavelength shorter than 300 nm and about 7% between 300 
and 400 nm. The emission spectrum between 400 and 800 nm 
follows the solar spectrum. The sonochemical reactor consists 
of a cylindrical water-jacketed glass (500 mL) cell to control the 
temperature. The ultrasonic waves emitted at 600 kHz and 70 
W were delivered from the bottom through a piezoelectric disc 
(diameter 4 cm) fixed on Pyrex plate (diameter 5 cm). The tem-
perature of the solution was kept at 20°C by circulating coolant 
through a jacket surrounding the cell. A peristaltic pump recir-
culated the solution from the sonochemical reactor to the pho-
tochemical reactor with a flow rate of 230 mL min–1. The total 
solution volume (600 mL) was distributed as follows: 400 mL 
in the sonochemical reactor, 150 mL in the photochemical reac-
tor and 50 mL in the connecting tubing. In this setup, we can 
test each system separately as well as the coupling photoca-
talysis/sonocatalysis. During the photocatalytic process, the 
sonicator was turned off, and stirring in the sonicator cell was 
performed. Bekkouche et al. [37] reported that the adsorption/
desorption equilibrium of phenol on TiO2 (P25) particles was 
attained after 40 min of treatment. Therefore, in photocatalysis 
or photocatalysis/sonocatalysis runs, the appropriate quantity 
of TiO2 was added in the reacting mixture, and the suspension 
was left for 1 h with agitation in the dark to ensure a complete 
adsorption/desorption equilibrium of the pollutant. After that 
period, the Suntest lamp and/or the sonicator were turned on, 
and this was taken as time zero for the reaction.

Samples (1 mL) were withdrawn at different time inter-
vals and filtrated with 0.2 µm Millipore filters (Whatman, 
France). The concentrations of phenol were then measured 
by HPLC (Waters® 510 HPLC). A Supelcosil C-18 column 
(internal diameter (i.d) = 4.6 mm, length = 25 cm) and a UV 
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detector set at 270 nm were used. The mobile phase, pumped 
at 1 mL min–1, was composed of methanol (60%) and water 
(40%). All experiments were conducted at least in triplicate, 
and the data were averaged.

3. Results and discussion

3.1. Direct photolysis and TiO2-photocatalytic degradation of 
phenol

Initial experiments were conducted to evaluate the effi-
ciency of the phtocatalytic system using 1 g L–1 of TiO2 toward 
the degradation of phenol (10 mg L–1) in the batch-loop reac-
tor. An addition control treatment with photolysis alone was 
included for the comparison. The volumetric flow rate of the 
solution was maintained at 230 mL min–1 for all experiments. 
The obtained results are shown in Fig. 1. This figure clearly 
indicates that the combined use of photolysis and TiO2 had a 
significant higher phenol removal than the photolysis alone. 
After 300 min of treatment (5 h), phenol removal achieved 
100% with the photocatalytic system, whereas only 50% 
was reached with photolysis alone. The initial degradation 
rate increased 10-fold when using photocatalysis system 
rather than photolysis (0.327 mg L–1 min–1 compared with 
0.0323 mg L–1 min–1). In all experimental conditions, phenol 
dark adsorption at equilibrium did not exceed 10% of its ini-
tial concentration.

The destruction of phenol in aqueous solution by pho-
tocatalysis (UV/TiO2) or direct photolysis in batch system 
was investigated in several reports [38–42]. Grabowska et al. 
[43] delivered an interesting review on the mechanism of 
phenol photodegradation in the presence of TiO2. Globally, 
the degradation of phenol by direct photolysis was reported 

by Chun et al. [38] and was attributed to the absorption of 
the UV light of wavelengths shorter than 400 nm. This range 
constitutes only ~8% of the solar spectrum of the modulator 
used in our experiments, which justified the lower photo-
lytic conversion. Based on the intermediates detected during 
the TiO2-photocatalytic degradation of phenol, it has been 
reported that •OH radicals attack the phenyl range, yield-
ing catechol, resorcinol and hydroquinone, then the phenyl 
ranges in these compound break up to give malonic acid, 
then short-chain organic acids such as maleic, oxalic, acetic, 
formic and finally CO2 [43]. Therefore, the principal reaction 
leading to phenol oxidation would be the one with •OH rad-
ical formed at the surface of the photocatalyst.

3.2. Effect of catalyst loading

The effect of TiO2 concentration in the range of 0.01–2 g L–1 
on the solar photocatalytic degradation of phenol was exam-
ined for an initial concentration of 10 mg L–1. The results of the 
photocatalytic experiments are shown in Fig. 2. These results 
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Fig. 1. Degradation kinetics of phenol with solar photolysis and 
photocatalysis in the batch-loop reactor (conditions – volume: 
600 mL, TiO2 loading: 1 g L–1, initial substrate concentration: 
10 mg L–1, [TiO2]: 1 g L–1, volumetric flow rate: 230 mL min–1, 
temperature: 20°C, pH: 6).
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Fig. 2. Effect of catalyst loading on the photocatalytic degradation 
of phenol in the batch-loop reactor (conditions – volume: 600 mL, 
initial substrate concentration: 10 mg L–1, [TiO2]: 0.01–2 g L–1, 
volumetric flow rate: 230 mL min–1, temperature: 20°C, pH: 6): 
(a) degradation kinetics and (b) initial degradation rates vs. TiO2 
concentration.
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clearly demonstrate that an increase in TiO2 loading from 
0.01 to 1 g L–1 resulted in significant increase in the degrada-
tion of phenol. The removal efficiency in the absence of TiO2 
(photolysis alone) was 36.4% after 3 h of treatment. This effi-
ciency increased to 72.2%, 81.4%, 87.2% and 95.4% when TiO2 
was added at 0.01, 0.1, 0.5 and 1 g L–1, respectively (Fig. 2(a)). 
In the presence of 0.01 mg L–1 of TiO2, the initial degradation 
rate increased by factor of 3.84 compared with that obtained 
without catalyst and by factor of 5 and 10 when the TiO2 
concentration was increased to 0.1 and 1 g L–1, respectively 
(Fig. 2(b)). However, an excess of TiO2 above 1 g L–1 did not 
enhance further the degradation rate. Thus, a maximum 
degradation rate of phenol occurred at TiO2 concentration of 
1 g L–1. These findings are in excellent agreement with those 
of Torres et al. [32] for bisphenol A, Berberidou et al. [30] for 
malachite green and Selli [26] for acid orange 8 dye.

The beneficial effect of TiO2 in the range of 0.01–1 g L–1 
toward phenol degradation was explained by the increase 
of the total photoactivated surface area (active sites) with 
increasing catalyst dosage, which increases the number of 
hydroxyl radical through interaction between light and TiO2 
particles. However, the deceleration in the degradation rate 
of phenol for catalyst concentration above 1 g L–1 is due to 
the aggregation of TiO2 particles, which reduces the interfa-
cial area between the reaction solution and the photocatalyst 
[27,32]. According to our results (Fig. 2), it can be concluded 
that this phenomenon starts to take place when the catalyst 
dosage exceeds 1 g L–1. The increase in opacity and light scat-
tering by the aggregated particles is another reason for the 
decrease in the degradation rate because it limits the absorp-
tion of light and this lowers the production of hydroxyl rad-
icals [44]. The detrimental effect of TiO2 above the optimum 
dose was largely reported in the literature [30,32,44–46].

3.3. Effect of initial phenol concentration

The effect of initial concentration of phenol on the solar 
photocatalytic process was studied by varying its concentra-
tion in the range of 1–100 mg L–1 using 1 g L–1 of TiO2. Fig. 3 
depicts the normalized-degradation kinetics for five initial 
concentrations (1, 5, 10, 50 and 100 mg L–1). As can be seen, the 
removal efficiency decreased with increasing initial phenol 
concentration. Phenol elimination was completely achieved 
after 90 min of sonication for 1 mg L–1, but the removal effi-
ciency, at the same time, decreased to 85%, 71%, 47% and 
38% when the initial concentration of phenol increased to 5, 
10, 50 and 100 mg L–1, respectively. However, for the same 
conditions, the destroyed amount of phenol, summarized 
in Table 1, showed an inverse trend. The destroyed amount 
increased by factor of 1.66, 5.53 and 9 when the initial con-
centration increased from 5 to 10, 50 and 100 mg L–1, respec-
tively. These results will be discussed and interpreted in the 
following section.

Fig. 4 displays the initial degradation rates of phenol (cal-
culated from Fig. 3 as ∆C/∆t after few minutes of treatment) as 
function of its initial concentration. It was remarked that the 
higher the substrate concentration, the higher the initial degra-
dation rate. However, a linear relationship was not observed, 
as expected, for a first-order kinetic law. These results are 
in accordance with those reported by several research stud-
ies for different pollutants [6,39,40]. The absence of linear 

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200 250 300

1 mg/L
5 mg/L
10 mg/L
50 mg/L
100 mg/L

C
/C

0

Time (min)

Fig. 3. Effect of initial substrate concentration on the 
photocatalytic degradation of phenol in the batch-loop reactor 
(conditions – volume: 600 mL, initial substrate concentration: 
1–100 mg L–1, [TiO2]: 1 g L–1, volumetric flow rate: 230 mL min–1, 
temperature: 20°C, pH: 6).
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Fig. 4. Variation of the initial degradation rate of phenol (data and 
fit) vs. initial concentration, for the same condition as in Fig. 3.

Table 1 
Destroyed amounts of phenol (calculated after 90 min of solar 
photocatalytic treatment) for various initial concentrations

Initial concentration (mg L–1) Destroyed amounts (mg L–1)

1 1 ± 0.025
5 4.27 ± 0.106
10 7.10 ± 0.177
50 24.64 ± 0.616
100 38.24 ± 0.951
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relationship between the initial degradation rate and the initial 
phenol concentration clearly indicates that solar photocatalytic 
degradation of phenol cannot be associated with first-order 
kinetics. A heterogeneous kinetics model based on Langmuir–
Hinshelwood (L–H) equation (Eq. (1)) [6,43] was applied to fit 
the experimental data. Even if this kinetics model is used to 
assume automatically that reactions take place at the surface of 
the catalyst particles, most authors agree that, with minor vari-
ations, the expression for the rate of photocatalytic degrada-
tion and mineralization of organic substrates with irradiated 
TiO2 follows the L–H law whatever the reactions take place on 
the catalyst surface or in the fluid phase [6].

r
k KC
KC

r=
+

0

01
� (1)

In Eq. (1), r is the initial degradation rate (mg L–1 min–1); 
kr is the reaction rate constant (mg L–1 min–1); K is the L–H 
adsorption equilibrium constant (L mg–1) and C0 is the ini-
tial concentration of phenol (mg L–1). The model parame-
ters were determined by non-linear curve-fitting method 
using KaleidaGraph© software. The obtained values are 
kr = 0.4584 mg L–1 min–1 and K = 0.04715 L mg–1, and the corre-
sponding theoretical curve was superimposed on the exper-
imental data points (Fig. 4). It was clearly seen that the L–H 
kinetic model perfectly described the photocatalytic degra-
dation rate of phenol, signifying that phenol degradation rate 
is not only related to its concentration but also to the avail-
able reaction sites at catalyst surface, which control the local 
concentration of •OH radicals. Thus, with increasing initial 
pollutant concentration in the bulk solution, more and more 
phenol molecules will be available at the catalyst surface, and 
this increases the probability of •OH radical attack on phe-
nol molecules, leading to an increase in the degradation rate 
as observed in Fig. 4. However, this is valid for the studied 
range of initial concentration (1–100 mg L–1), because a con-
tinuous increase in initial substrate concentration does not 
necessarily imply a continual increase in the degradation rate. 
At a certain point of high initial substrate concentrations, the 
catalyst surface will be saturated, and the degradation rate 
becomes steady as found by Malato et al. [6].

3.4. Effect of coupling photocatalysis with high frequency 
sonolysis

Before studying the combination effect of photocatalysis 
and sonolysis, it is of interest to investigate firstly the action 
of ultrasound and ultrasound/TiO2 processes separately on 
the degradation of phenol in the forced circulation loop sys-
tem. Fig. 5 shows the results of the sonochemical degradation 
(600 kHz, 70 W) of 10 mg L–1 of phenol in the absence and 
presence of various concentrations of TiO2. As seen, ultra-
sound alone degraded phenol. During sonolysis, volatile 
substrates will be pyrolyzed in the bubble by the high core 
temperature whereas non-volatile substrates will be oxidized 
by hydroxyl radicals at the bubble-liquid interface and in the 
bulk liquid solution [47]. Extensive works on the sonolytic 
degradation of phenol were conducted by the research group 
of Prof. Pétrier [11,16,47]. They established that phenol can-
not enter the bubbles but it is degraded by hydroxyl radical 

attack at the cavitation bubbles interface (conclusion based 
on the identification of phenol degradation by-products). It 
should be mentioned that some oxygen and nitrogen-active 
species, such as HO2

•, NO2
• and NO3

•, may be formed from O2 
and N2 sonolysis and their associate reactions in the bubble 
under ultrasound action of aerated solution [48]. However, in 
addition to their lower activities compared with that of •OH 
[49–51], the concentration of these species is very low to be 
involved in the degradation mechanism [48]. 

Fig. 5 shows that the presence of catalyst at 0.1 g L–1 in the 
sonicating medium enhanced slightly the degradation of the 
pollutant. This is due to the TiO2 particles, providing extra 
nuclei for bubble formation [52]. However, the observed 
positive effect was reduced and disappeared when using 
0.5 and 1 g L–1 of TiO2. This phenomenon was also reported 
by Berberidou et al. [30] and Torres et al. [32] and was mainly 
attributed to the attenuation of ultrasound waves by the cat-
alyst particles, which reduces the penetration of ultrasonic 
waves in the solution. Overall, as the positive and negative 
effects of TiO2 on the sonolytic degradation of phenol are 
marginals (~7% for each one), the optimum amount of TiO2 
obtained for the photocatalytic reaction (1 g L–1) was main-
tained for the sonophotocatatytic experiments. 

Fig. 6 shows the degradation-time profiles of phenol 
for 2 h of treatment under ultrasound, ultrasound/TiO2 
(sonocatalysis), photocatalysis and sonophotocatalysis. It 
is clearly seen from this figure that the degradation rate 
follows the following order: sonocatalysis < sonolysis < 
photocatalysis < sonophotocatalysis, and the beneficial 
effect of sonophotocatalysis treatment on phenol abatement 
is very remarkable. After 2 h, ~91% of phenol was degraded 
using sonophotocatalysis whereas 82% was eliminated with 
photocatalysis, 58% with ultrasound alone and only 51% 
with sonocatalysis. More interestingly, a synergy of 1.15 was 
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Fig. 5. Effect of TiO2 loading on the sonochemical degradation of 
phenol in the batch-loop reactor (conditions – volume: 600 mL, 
initial substrate concentration: 10 mg L–1, [TiO2]: 0.1–1 g L–1, 
volumetric flow rate: 230 mL min–1, temperature: 20°C, pH: 6, 
frequency: 600 kHz, power: 70 W).
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observed when combining ultrasound with photocatalysis 
using 1 g L–1 of TiO2. This result is in good agreement with 
that reported by Torres et al. [56] at 300 kHz and 80 W. The 
synergy, S, was calculated using the following equation [31]:

S
r

r r
=

+
sonophotocatalysis

phptocatalysis sonocatalysis

� (2)

where rsonophotocatalysis, rphotocatalysis and rsonocatalysis are the degrada-
tion rates of phenol with sonophotocatalysis, photocatalysis 
and sonocatalysis, respectively.

In order to explore the dependence of the synergy S to the 
initial pollutant concentration, sonocatalytic and sonophoto-
caralytic experiments, with 1 g L–1 of TiO2, were conducted 
for various initial phenol concentrations in the range of 
1–100 mg L–1. Fig. 7 shows the variation of initial degradation 
rate as function of initial phenol concentration for the three 
processes (sonocatalysis, photocatalysis and sonopho-
tocatalysis). The corresponding effect of initial substrate 
concentration on the synergy S is shown in Table 2. From 
Fig. 7, it was obviously seen that the sonocatalytic as well 
as sonophotocatalytic degradation didn’t follow first-order 
kinetic law as there is no linear relationships between 
the initial degradation rate and the initial concentration. 
Additionally, for all initial concentrations, the order sonoca-
talysis < photocatalysis < sonophotocatalysis toward the deg-
radation of phenol was observed. More interestingly, the ben-
eficial effect of the combined treatment is very remarkable 
at high levels of initial substrate concentration. For example, 
the initial degradation rate obtained by sonophotocatalysis 
at 10 mg L–1 is as much as about 3.3 and 1.57 times greater 
than those obtained by sonocatalysis and photocatalysis, 

respectively. However, for 100 mg L–1 of phenol, sonophoto-
catalysis yielded an initial degradation rate, which is about 
~4.5 and 3.4 times larger than those calculated for sonoca-
talysis and photocatalysis, respectively. Correspondingly, the 
synergy factor (S) increased with increasing initial substrate 
concentration. It was more important at 50 and 100 mg L–1, 
i.e., 1.82 and 1.95, respectively. At 5 mg L–1 the combination 
effect is additive whereas at 1 mg L–1 photocatalysis was neg-
atively affected by the presence of ultrasound at 600 kHz. To 
the best of our knowledge, the obtained synergy-dependence 
of the initial substrate concentration was never addressed 
previously.

Photocatalysis and sonocatalysis, the two processes 
under investigation contribute to the production of •OH as 
a dominant free radical, which is responsible for increasing 
the rates of reaction. Taking into account that TiO2 particles 
at 1 g L–1 did not enhance the ultrasonic degradation of phe-
nol (Fig. 6), the obtained synergy between photocatalysis and 
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(conditions – volume: 600 mL, initial substrate concentration: 
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Table 2 
Synergy between photocatalysis and sonocatalysis with respect 
to the initial substrate concentration

Initial concentration (mg L–1) Synergy (S)

1 0.91 ± 0.022
5 1.06 ± 0.026
10 1.15 ± 0.028
50 1.82 ± 0.045
100 1.95 ± 0.048
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sonocatalysis toward the degradation of phenol was mainly 
attributed to the advantages of cavitation on heterogamous 
photocatalysis, as listed below:

•	 In addition to the production of •OH radical, ultrasound 
generates a significant amount of H2O2 from the radicals’ 
recombination at the bubbles interface [53]. Its concen-
tration, varied from 1 to several µM min–1 [32,47,54,55]. 
The ultrasonically yielded H2O2 promotes the produc-
tion of additional •OH radicals in the reacting medium 
through two ways: (i) by direct UV-photolytic decompo-
sition (Eq. (3)) [56] and (ii) by reduction of electron-hole 
recombination as H2O2 is better electron accepter than 
O2 (Eq. (4)) [57].

H O OHh
2 2 2v → • � (3)

TiO e H O TiO OH OH2 2 2 2( )− −+ → + +• � (4)

•	 Ultrasound increases the catalyst surface area due to its 
de-aggregation, fragmentation and pitting actions on 
the photocatalyst particles [58]. This enhanced the per-
formance of the photocatalytic process. In fact, Chave 
et al. [59] have evidenced that the catalytic activity of 
TiO2-catalyst is enhanced by high frequency ultrasound 
due to the strong dispersion effect. It was shown that 
at 360 kHz the main size of TiO2 aggregates in aqueous 
solutions decreases from ~50 to ~1 μm even after short-
time ultrasound treatment [59].

•	 Cleaning and sweeping of the TiO2 surface due to acous-
tic microstreaming allows more available active sites at 
any given time. 

•	 Mass transport of the reactants and products is increased 
at the catalyst surface and in the solution, due to the facil-
itated transport by shockwave propagation.

4. Conclusion

The degradation of phenol by solar TiO2-phtocatalysis, 
sonocatalysis and sonophotocatalysis was investigated in 
forced circulation loop process that couples a photochemi-
cal reactor with sonochemical reactor operating at high fre-
quency ultrasound (600 kHz and 70 W). It was found that 
the photocatalytic reaction rate is significantly influenced 
by the operating parameters, i.e., pollutant concentration 
and TiO2 loading. The degradation rate was more effi-
cient when coupling ultrasound with TiO2-photocatalysis. 
Sonophotocatalysis in the batch-loop mode exhibited a syn-
ergistic effect, which was mainly attributed to the effects 
of ultrasound on the photocatalytic process. This process 
should be a promising technique for the degradation of 
organic pollutants in water. However, further efforts should 
be carried out to investigate the performance of this technol-
ogy under various real matrices.
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