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Abstract Pharmaceuticals are one of the chemical groups
largely used in health care, diagnosis aids, cure, treatment,
and prevention of disease. Increasing production and use of
pharmaceutical products has led to the entry of these
products into the environment and eventual pollution.
Several processes have been studied including the use of
ultrasound for the removal of these pollutants from the
aquatic environment. This review summarizes recent
research advances dealing with the development of sono-
chemical technologies for the degradation of pharmaceu-
tical organic pollutants. The review also includes the
mechanism of sonochemical processes, the characteristics
of irradiation sources, and the types of reactors used.
Moreover, the important factors affecting the sonochemical
oxidation efficiency are discussed, including the electrical
power, frequency, and temperature. Finally, this paper
discusses the recent applications of sonochemical processes
on the degradation of pharmaceutical organic pollutants
and suggests new research directions for the development
of this promising technology.
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Introduction

Pharmaceuticals belong to a group of compounds used by
humans or administrated to animals to enhance growth or
health of livestock. Depending on the medication, up to
90 % of these products pass through a human body
unchanged and are rejected in the environment (Boxall
et al. 2012; Fram and Belitz 2011; Gadipelly et al. 2014).
Scientists demonstrated that organic pollutants, such as
pharmaceuticals, may enter the receiving water source
through excretion, improper disposal of pharmaceutical
waste, and excess quantities used by human and animal
(Heberer et al. 2002; Roberts and Thomas 2006). This
results in a substantial amount of anthropogenic com-
pounds being directly or indirectly released into the aquatic
environment which is present in relatively low concentra-
tions of the range of ng L™' to ug L™' (Andreozzi et al.
2003; Heberer et al. 2002). The recent development of new
analytical techniques has allowed detection of these low
concentrations in the environment (Siddiqui et al. 2013).
This type of concentration of some pollutants has been
detected in surface water in many countries, such as USA,
Canada, UK, and several other countries in Europe.
Table 1 illustrates several pharmaceuticals found in water
and wastewater. Although they are often present in low
concentration, various studies on effects on quality and
ecological functioning of water systems show that these
chemicals form a potential new problem (Langenhoff et al.
2013). Their estrogenic and carcinogenic toxicity will
impact the quality of ecological life and possibly affect
human life (Leal et al. 2010). The toxicological studies
have reported that the exposure of fish and other aquatic
organisms to pharmaceuticals causes adverse reproductive
effects, such as reduced viability of eggs, endocrine dis-
ruption, and changes in sperm density (Belgiorno et al.
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Table 1 Concentrations of selected pharmaceuticals in the aquatic environment

Compound Source Concentration Country References
Diclofenac Wastewater 0.31-0.93 pg L™! Switzerland Buser et al. (1998)
Wastewater 0.25-5.45 pg L! France, Italy, and Greece Andreozzi et al. (2003)
Lake 1-7 ng L~} Switzerland Buser et al. (1998)
Lake 5-35ng L™ Germany Heberer et al. (2002)
Carbamazepine Wastewater 38 ug L™ Germany Heberer et al. (2002)
Wastewater <63 pg L™ Germany Ternes (1998)
Wastewater 1.5 ng L™! USA Ferrey (2011)
River <1.1 pg L~! Germany Ternes (1998)
Ground water 0.42 pg L~! USA Fram and Belitz (2011)
Surface water 0.4 ng L™ USA Ferrey (2011)
Ibuprofen Raw water 0.90-2.11 pg L' USA Richardson (2007)
Drinking water 1.35 ug L™ USA Richardson (2007)
River water 144-2370 ng Lt UK Roberts and Thomas (2006)
Wastewater 13.95-8771 ng Lt UK Roberts and Thomas (2006)
River water 2-38.8 ng L™! UK Boxall et al. (2012)
Erythromycin Wastewater 6.0 pg L™! Germany Hirsch et al. (1999)
Wastewater 110-199 ng Lt Swiss McArdell et al. (2003)
Surface water 1.7 pg L™! Germany Hirsch et al. (1999)

2007). A considerable effort has been spent on under-
standing the removal and the degradation efficiencies of
pharmaceuticals in water resources and wastewater dis-
charges. Conventional wastewater treatment plant typically
possess biological degradation using the activated sludge
process, whereas advanced plants may have tertiary treat-
ment processes, such as UV disinfection, reverse osmosis,
ozonation, and other advanced oxidation process. Several
works have been reported on the fact that pharmaceuticals
are difficult to be completely removed using conventional
biological/physicochemical treatment processes (Ferrey
2011; Fram and Belitz 2011). Some pharmaceutical dis-
charges are degraded within the sewage treatment plants,
but low removal rate was recorded depending on these
physical and chemical characteristics (White et al. 2006).
The majority of pharmaceuticals are relatively hydrophobic
and therefore less effectively removed by sorption to
sludge (Vieno et al. 2007). Wu et al. (2008) found a
removal rate typical of 12-80 % for chlortetracycline
(CTC) using conventional biological/physicochemical
treatment processes, while others found even lower than
10 % for CBZ (Bound and Voulvoulis 2006).

Advanced oxidation process is chemical oxidation with
hydroxyl radicals, which are very reactive and short-lived
oxidants (Illes et al. 2013; Riesz and Christman 1986). The
radicals need to be produced on site, in a reactor where the
radicals can contact the organics contaminant in the
wastewater (Mahamuni and Adewuyi 2010). Hydroxyl
radicals may be produced in systems using: ultraviolet
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radiation/hydrogen peroxide, ozone/hydrogen peroxide,
ultraviolet radiation/ozone, and through other means.
Advanced oxidation treatment processes (AOP), such as
ozonation, electrochemical oxidation, can generally
achieve higher removal rates for pharmaceuticals com-
pared with conventional processes (Mahamuni and Ade-
wuyi 2010). Ultrasound is one example of AOPs that
transform or destroy organic contaminants (Bremner et al.
2011; Leong et al. 2011). When water is exposed to
ultrasound, acoustic pressure waves are produced and lead
to the formation of bubbles. When the sound intensity is
greater than the cavitation threshold, within several cycles
of growing and shrinking, bubbles will exponentially and
eventually collapse. The collapse of bubbles causes extre-
mely high temperatures and pressures within a microen-
vironment in the liquid leading to the breakdown of
gaseous water molecules in the bubbles to form hydroxyl
radicals. This radical is capable of oxidizing and removing
great variety of organic contaminants from water (Gogate
et al. 2001; Leong et al. 2011; Mason 2011, 2012).
Recently, the use of ultrasound alone or combining with
other process is contributed important role in all technical
field and also for water treatment (Abdelsalam and Birkin
2002; Agranonik Ia et al. 1990). Ultrasound comprises
unique advantages compared to other technologies,
including no addition of chemicals, ease of use or
automation, and high efficiency (Birkin et al. 2001;
Bremner et al. 2011). However, according to the knowl-
edge of the authors, a review of recent advances in the



Environ Chem Lett (2015) 13:251-268

253

sonochemical techniques for the degradation of pharma-
ceutical organic pollutants was never published. This
review presents the mechanisms and principal parameters
for the degradation of pharmaceutical pollutants and its
future prospects.

Mechanism of the sonochemical process

Ultrasound-induced cavitation is an extremely useful and
versatile tool to carry out chemical reactions. Sonochem-
istry refers to the area of chemistry where chemical reac-
tions are induced by sound (Mason 2012; Rooze et al.
2013). The extreme temperature conditions generated by a
collapsing bubble can also lead to the formation of radical
chemical species. Sonochemistry normally uses frequencies
between 20 and 100 kHz as this is the range employed in
common laboratory equipment (Klima 2011; Leong et al.
2011). However, since acoustic cavitation in liquids can be
generated well above these frequencies, recent research into
sonochemistry uses wide range up to | MHz (Bremner et al.
2011). Ultrasound consists of cycles of compression and
rarefaction. When ultrasound is introduced into liquid, it
creates oscillating regions; compression cycles exert a
positive pressure, while rarefaction cycles exert negative
pressure (Bremner et al. 2011; Klima 2011). Correspond-
ingly, the liquid molecules experience periodic compres-
sion and expansion cycles. When the pressure amplitude
exceeds the tensile strength of liquid during the rarefaction
of ultrasonic waves, cavitational bubbles are formed as
microbubbles; they absorb energy from ultrasound waves
and grow. However, it will reach a stage of unstable size
where it can no longer efficiently absorb energy (Bringas
et al. 2011; Gallego-Juarez 2010). Figure 1 presents the
formation, growth, and implosion of a cavitation bubble
with various reaction sites in a bubble. Without the energy
input, the cavity can no longer sustain itself and implodes
during the compression cycle of ultrasonic wave. It is this
implosion of the cavity that creates an unusual environment
for chemical reactions (Gogate 2007; Rooze et al. 2013).
Localized hot spots are formed, which reach temperatures
and pressures around 5000 K and 500 atm, respectively,
depending on factors, such as ultrasonic power, frequency,
hydrostatic pressure, temperature, solvent property, and
dissolved gas (Gogate 2007; Gogate et al. 2001, 2003).
Some authors (Mason 2012; Rooze et al. 2013; Sinisterra
1992) have reported that sonochemical reactions can occur
at internal site or interface of a bubble. The first one is the
bubble’s interior gas phase, and it is suggested as the
dominant site for sonochemical reaction due to the intense
temperatures attained during collapse (~5000 K) (Leong
et al. ). In this site, the typical reaction can be decomposed
of water with the formation of radical species and the

production of oxygen gas. The second one is the liquid—gas
interface surrounding the bubble, which can reach temper-
atures of up to 1900 K (Leong et al. 2011). Thi2011s region
is represented by intermediate temperature/pressure. When
the bubble collapses, the generation of shock waves/mi-
crostreamers/microjets in this region will lead to increased
turbulence and shear forces which can facilitate mass
transport (Leong et al. 2011; Mason and Lorimer 2003d). In
addition to these two primary reaction sites on the bubble,
solutes in bulk solution beyond the bubble itself can react
with the radicals formed inside or on the surface of the
collapsing bubble (Marken et al. 1998; Mason 2011). Any
species dissolved in the solution is clearly going to be
subject to chemical reaction in theses site. As a result of
such processes, chemical reactions, by-products formation/
degradation or cleavage and radical generation from small
molecules, can result. In a typical treatment, organic con-
taminants may degrade by decomposition (by heat pro-
duced in the gas and interfacial regions of the cavitation
bubbles) and degrade by oxidation (react with hydroxyl
radical in the gas, interface, and bulk region of the cavita-
tion bubbles) (Leong et al. 2011; Xiao et al. 2014b). The
degradation pathway of each organic contaminant is
strongly dependent on its physical/chemical properties. For
example, the major degradation site for volatile contami-
nants is in the gas region; hydrophobic pollutants in the
interface site; and hydrophilic contaminants in bulk site. It
is worth noting that the hydroxyl radicals generated during
cavitation can be used for the oxidative degradation of
organic pollutants in an aqueous system. The heat produced
in the cavitation process can be used to remove volatile
pollutants by pyrolytic decomposition (Leong et al. 2011).
Generally, the production of hydroxyl radical, oxygen gas,
and hydrogen peroxide is followed the reaction (Mason and
Lorimer 2003d):

H,0 — H- + -OH (1)

The hydronium and hydroxyl radical formed in this
reaction are highly reactive and rapidly interact with other
radical or chemical species in solution. H- are highly
reducing in nature, and -OH radicals are highly oxidizing
(Gogate 2007; Mason and Lorimer 2003d). A common
product of this reaction in water is hydrogen peroxide
(Birkin et al. 2001; Mark et al. 1998). The generation of H-
and -OH radicals, commonly referred to as primary radi-
cals, has been confirmed and quantified by a number of
experimental techniques. Several methods of monitoring
the sonochemical efficiency are available including the use
of electron spin resonance (ESR) spin traps or the reaction
with chemicals, such as terephthalic acid. In an alkaline
aqueous solution, terephthalic acid produces terephthalate
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Fig. 1 Formation, growth, implosion, and various reaction sites in a cavitation bubble

anions that react with hydroxyl radicals to generate highly
fluorescent 2-hydroxyterephthalate ions which can be
assayed using spectroscopy (Mark et al. 1998; Riesz and
Christman 1986). In another dosimeter method, Fricke
dosimetry, Fe*" is oxidized by OH radicals and hydrogen
peroxide to form Fe**, and Fe*" is determined photomet-
rically (Iida et al. 2005). One of the most simple methods
used to quantify the amount of -OH radicals formed in water
is based on “Weissler” method. This method involves the
oxidation of iodide ions (Birkin et al. 2001; Gogate et al.
2001; Leong et al. 2011). In this technique, iodine is added to
water which is then sonicated and reacts with the hydrogen
peroxide, and the reaction scheme for this method is:

H,O, + 21" — 20H + I, (3)
L+ — I3 (4)

The absorbance of I3~ at 355 nm with the molar
absorptivity ¢ = 26,300 dm® mol ™' cm ™' can be measured
with the spectrophotometer. The dosimeters based on
photometry, such as Weissler method, produced reliable
and reproducible results, but the sensitivity is not enough
for special applications, for example chemical monitoring
of single-bubble cavitation (Ilida et al. 2005).

Sonochemical reactors
Ultrasonic transducers

Ultrasonic transducers are designed to convert either
mechanical or electrical energy into high-frequency sound,
and there are three main types: gas driven, liquid
driven, and electromechanical (Leong et al. 2011; Tudela
et al. 2011). The most readily available experimental
setup for carrying out sonochemical reactions is the
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electromechanical transducers, which is currently used not
only at laboratory level but also on a larger scale (Compton
et al. 1997). The two main types of electromechanical
transducers are based on either the piezoelectric or the
magnetostrictive effect. Magentostrictive transducer is
based on ferromagnetic materials which change dimension
when a magnetic field is applied. Rapid on/off application
leads to vibrations and sound energy (Mason and Lorimer
2003a). These are devices which use an effect found in
some materials, e.g., nickel which reduces in size when
placed in a magnetic field and returns to normal dimensions
when the field is removed. When the magnetic field is
applied as a series of short pulses to a magnetostrictive
material, it vibrates at the same frequency (Mason and
Lorimer 2003b). The most commonly used ones are
piezoelectric transducers, generally employed to power the
bath- and probe-type sonicator systems (Mason and Lor-
imer 2003e). Piezoelectric transducer is the most common
piezoelectric effect—instantaneous generation of electric
charge between opposite faces of certain materials when a
sudden pressure is applied across them; transducers use
opposite of this effect by either expansion or contraction
when an electric charge is applied (Gonzalez-Garcia et al.
2010b; Mason and Lorimer 2003¢). Usually an alternating
charge at 20 kHz is applied. Piezoelectric materials are
ceramics dispersed with BaTiO3;, PbNb,Og, and lead zir-
conate titanate (PZT). Although more expensive than
mechanical transducers, still electromechanical transducers
are by far the most versatile (Compton et al. 1997; Mar-
gulis 1985). The most common form is a disk with or
without a central hole. Another form is the piezoelectric
transducer within the converter, where it is changed to
mechanical vibrations (Mason and Peters 2002). The
vibrations from the converter are intensified by the horn
(probe), creating pressure waves in the liquid. Normally,
piezoelectric devices must be cooled if they are to be used
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for longer periods at high temperatures because the ceramic
material will degrade under these conditions (Mason and
Peters 2002). Such transducers are highly efficient
(>95 %), and depending on dimensions, they can be used
over the whole range of ultrasonic frequencies from 20 kHz
to several MHz (Leong et al. 2011; Mason and Lorimer
2003c; Rooze et al. 2013).

Ultrasonic reactors

The reactor design plays an important role for the efficacy of
sonochemical reaction. Table 2 presents typical sonochem-
ical transducers system used for degradation of pharma-
ceuticals. Ultrasonic baths were mostly manufactured for
cleaning purposes. Typical baths usually have the trans-
ducers (pieces of piezoelectric in form of disk or plate)
attached to the bottom, although the transducers can be
submersed in a conventional tank to obtain similar effects
(Gogate 2007; Gogate et al. 2011). For this type of trans-
ducer, the size (or diameter) of immersion transducer relative
to the reactor size is one of the most important parameters.
This ratio mainly affects the level of turbulent dissipation of
energy and the intensity of the ultrasound and hence would
be more essential where the physical effects are needed
(Gogate et al. 2011). Bath systems are widely used in
sonochemical research because they are readily available
and relatively inexpensive. The reaction vessel is typically
immersed in the fluid contained in the bath (indirect soni-
cation) (Grcic et al. 2012; Reisse et al. 1994). In addition,
obtaining reproducible results may be difficult because the
amount of power reaching the reaction mixture is highly
dependent upon the placement of the sample in the bath
(Gogate et al. 2011; Klima 2011). When indirect sonication
is used, the ultrasonic power which reaches the reaction
vessel is relatively low as compared to other ultrasonic
systems, such as a probe (Andaluri et al. 2012; Gogate 2007).
The probe systems, also called horn systems, in which the
transducers can be submersed in the fluid contained in the
reactor, are more frequently used for sonochemical research
in the laboratory due to the fact that this type of system is
capable of delivering large amounts of power directly to the
reaction mixture which can be regulated by varying the
amplitude delivered to the transducer (Grcic et al. 2012;
Siddique et al. 2011). The position of immersion probe in an
ultrasonic horn is an important parameter which may affect
the extent of reflection of the incident sound waves from the
liquid surface as well as the reactors walls (Gogate et al.
2011). A few novel reactor configurations based on contin-
uous operation have been developed for food processing and
other application (Gogate and Pandit 2015; Graff 2015).
However, in the laboratory scale, the batch operation
approach is commonly used due to the size and possibility of
successful application at small operation.

Parameters affecting the sonochemical process
Influence of the ultrasonic power

The power of ultrasound is the power delivered to the
liquid divided by the surface area of the ultrasonic trans-
ducer (Gallego-Juarez and Graff 2015). The power can be
characterized by two parameters: ultrasonic intensity,
defined as the ratio between the power inputs to the irra-
diated medium to the transmitting area, or the power
density, defined as the ratio between the power inputs to
the irradiated medium to the sonication volume (Andaluri
et al. 2012; Gallego-Juarez 2010). Higher acoustic pressure
(amplitude of vibration), greater amounts of cavitational
events, and more violent cavitational collapse happen at
elevated power intensity of ultrasound. The relationship
between the ultrasonic power intensity and the acoustic
pressure may be expressed as Eq. 5 (Mason et al. 1990):
P
I = 25C (5)

where [ is the power intensity of a sound wave (W), Py is
the acoustic pressure (Pa), p is the density of the liquid
(kg m73), C is the sound speed in the liquid (m sfl).
There exists a threshold value of intensity at which the
beneficial effects of cavitation start to occur. Some authors
have demonstrated that the increase in the yield with the
power input is weak and reaches saturation, and attribute
this effect to the coalescence of the bubbles, which would
increase their size, leading to lower pressure pulses at the
end of the collapse (Gallego-Juarez 2010; Pang et al.
2011). This saturation has been observed in several sys-
tems. Isariebel et al. (2009) investigates the influence of
ultrasonic power on levodopa and paracetamol degradation
carried out at the frequency of 574 kHz, and ultrasonic
powers of 9, 17, 22 and 32 W were found that above a
threshold power of about 9 W, the initial degradation rates
increase linearly with the actual power for both products
(with correlation coefficients of 0.9939 for levodopa and
0.9967 for paracetamol). This result is expected because by
increasing the magnitude of power dissipation of the horn,
there will be an increase in the number of cavities gener-
ated, and hence, the cumulative pressure pulse (number of
cavities multiplied by the collapse pressure due to a single
cavity) will also increase. After investigating the
sonophotolytic degradation of synthetic pharmaceutical
wastewater (composition of 4-aminophenol, paracetamol,
phenol, chloramphenicol, benzoic acid, salicylic acid,
diclofenac sodium, and nitrobenzene), Ghafoori et al.
(2015) have found that by increasing the ultrasound power,
higher TOC percent removal was achieved. The TOC
removal was 60.22 % at 20 W compared to 75.26 % with
power of 140 W. The elevated ultrasound power causes the

@ Springer



256

Environ Chem Lett (2015) 13:251-268

Table 2 Typical sonochemical transducer system used for degradation of pharmaceuticals

Application Type of reactor Position of Process  Power (W)  Frequency References

transducers mode (kHz)

Degradation of Piezoelectric disk Exterior, bottom Batch 20-60 600 Serna-Galvis et al.
fluoxetine (2015)

Oxidation of ibuprofen  Piezoelectric disk Exterior, bottom Batch 100 35, 300, 500 Thokchom et al. (2015)

and 1000

Degradation of Piezoelectric disk Exterior, bottom Batch 20-60 600 Villegas-Guzman et al.
dicloxacillin (2015)

Degradation of Ultrasonic bath Exterior, bottom Batch 30-150 20 and 40 Sutar and Rathod
cetirizine (2015)
dihydrochloride

Degradation of Probe Interior, immersion  Batch 20/50 20 and 620 Xiao et al. (2014a, b)
ciprofloxacin and
ibuprofen

Tinidazole removal Ultrasonic bath Exterior, bottom Batch 750 40-160 Rahmani et al. (2014)

Degradation of atenolol  Plate-type piezoelectric ~ N/A Batch 20-80 200-1000 Nejumal et al. (2014)

Decomposition of Plate-type piezoelectric =~ N/A Batch 115/28.5 577-1145 Ziylan et al. (2013)
diclofenac and horn-type 20

piezoelectric

Treatment of Ultrasonic bath Exterior, bottom Batch N/A 30 Nachiappan and
pharmaceutical Muthukumar (2013)
effluent

Mineralization of Horn sonicator Interior, immersion  Batch 200 24 Duran et al. (2013)
antipyrine

Degradation of Ultrasonic bath N/A Batch Up to 500 59 Lan et al. (2012)
naproxen

Degradation of Probe Interior, immersion ~ Batch 200 24 Braeutigam et al.
carbamazepine (2012)

Degradation of Horn sonicator Interior, immersion ~ Batch 130-600 20 Hapeshi et al. (2010)
ofloxacin

Degradation of Horn sonicator Interior, immersion  Batch 200 24 Guo et al. (2010)
cephalexin

Sonolysis of Piezoelectric disk Exterior, bottom Batch 9-32 574, 860 and  Isariebel et al. (2009)
paracetamol 1134

Degradation of Piezoelectric disk Exterior, bottom Batch 20-80 300 Mendez-Arriaga et al.
ibuprofen (2008)

higher rate of the breakage of H,O, molecules in aqueous  disappearance of dihydropyrimidinones was lowest

solution; consequently, the concentration of hydroxyl rad-
icals was increased, and the produced radicals attack the
organic matters. Furthermore, an increase in the ultrasonic
power contributed to enhance mixing intensity due to the
turbulence and microstreaming which is generated during
the cavitational microbubble collapse (Ghafoori et al.
2015). Other authors have pointed out that lower intensities
are more effective than higher intensities at the same total
power, not only in experiments on water sonolysis but also
in the degradation of organic compounds. Increasing
intensity will raise the acoustic amplitude, resulting in a
more violent cavitation bubble collapse. A study by
Memarian and Farhadi (2008) to investigate the oxidation
of dihydropyrimidinones by sonothermal process has
shown that by increasing the ultrasound intensity, a
decrease in the time of reaction is observed. The time of

@ Springer

(11 min) at highest power (460 W), due to the formation of
oxidant compounds brought about by the sonochemical
process. Similar phenomena have been observed by other
authors (Mendez-Arriaga et al. 2008; Naddeo et al. 2009;
Suri et al. 2007; Villegas-Guzman et al. 2015), while
sonochemical process for degradation of estrogen hor-
mones, ibuprofen, diclofenac, and dicloxacillin was
applied; the degradation rates increased linearly with the
power. This was confirmed when the hydrogen peroxide
and hydroxyl radical formation is increased when ultra-
sound power increased (Villegas-Guzman et al. 2015). Lan
et al. (2012) also observed that the extent of degradation
increased with an increase in the ultrasonic power. The
degradation efficiency of naproxen by combination of
Fenton reagent and ultrasound irradiation after 33 min was
only 66 % with power amplitude at 40 %.When power
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amplitude was set at 90 %, the degradation efficiency
increased to almost 100 %. In the study of Thokchom et al.
(2015) for the ultrasonically electrochemical oxidation of
ibuprofen, the rate constants of ibuprofen were increased
linearly with increasing ultrasonic power density. The
degradation trend followed: 100 WL™' >80 W L™' >
60 W L™' > 40 W L. The number of active cavitation
bubbles increases with an increase in the acoustic power
leading to an increase in the corresponding amount of OH
radicals generated. However, in another study the degra-
dation of the antibiotic cephalexin in aqueous solution, Guo
et al. (2010) have obtained that the optimal ultrasound
power for cephalexin degradation in the system was 200 W
(when compared to other ultrasonic powers 100, 300, 400,
and 500 W). At higher power output, a large number of gas
bubbles exist in the solution, which scatter the sound waves
to the walls of the vessel or back to the transducer. Thus,
less energy is dissipated in the liquid due to cavitational
activity, although the vessel is exposed to higher power.
Bubble cloud formation may occur at the surface of the
horn or transducer if the power is too high, resulting in
attenuation of the sound wave (Guo et al. 2010). Also, due
to the higher number of cavities per unit volume of liquid,
there is a coalescence of the cavities resulting in the for-
mation of a larger cavity (the collapse pressure is inversely
proportional to the size of the cavity). Sutar and Rathod
(2015) also reported this phenomenon using ultrasound
assisted enzyme catalyzed degradation of cetirizine dihy-
drochloride. Effect of irradiation power on degradation was
investigated by varying the power in the range of
30-150 W and keeping constant frequency of 25 kHz. The
degradation was less at lower irradiation power of 30 and
50 W (~50 %), as compared to higher irradiation power
(~90 % at 100 W and ~80 % at 150 W). At highest
power, more bubbles were formed with further increase in
irradiation power, hampering the propagation of shock
waves so that degradation gets decreased. Also at higher
irradiation power, the bubbles coalesce to form bigger
bubbles causing weak implosion so that degradation was
reduced (Sutar and Rathod 2015). It is interesting that some
of the authors have argued that the trend in energy con-
sumption and its efficiency, higher power gave the best
efficiency from the view point of degradation; however, the
application of lower power is recommended for scale-up
purposes (Gogate and Pandit 2015; Mason 2012; Thok-
chom et al. 2015). Summary of effect of the ultrasonic
power on the degradation of pharmaceutical compounds is
presented in Table 3.

Influence of the frequency

Frequency is the number of occurrences of a repeating
event per unit time. The frequency is one of the most

important operational variables in a sonochemical process.
The frequency of ultrasound directly affects the generation,
oscillation, resonant size, and final collapse of cavitational
bubbles in terms of the amount of collapse and the violence
of collapse. At lower frequency, more violent cavitation
will be produced, resulting in higher localized temperature
and pressure. High frequency will reduce cavitational
effect because the negative pressure produced by rarefac-
tion cycle is insufficient in duration and/or intensity to
initiate cavitation, or compression cycle occurs faster than
the time for microbubbles to collapse (Gonzalez-Garcia
et al. 2010a; Leong et al. 2011). Figure 2 shows the fre-
quencies range diagram and its effects on sonochemistry.
Generally, at low frequency, ultrasound has stronger
sonophysical effects, and at high frequency, it increases the
production of hydroxyl radicals (Chen et al. 2011; Mason
et al. 1990). Thokchom et al. (2015) have reported that
high frequencies in the range of a few hundred to thousand
kilohertz are recommended for the efficient degradation of
contaminants pollutants in wastewater treatment, and lower
frequencies are more typically employed in biotechnolog-
ical applications, textile processing, solid-liquid extrac-
tions. At very high frequencies, the cavitation activity is
reduced because either the rarefaction cycle of the sound
wave produces a negative pressure which is insufficient in
its duration and intensity to initiate cavitation or the
compression cycle occurs faster than the time required for
the bubbles to collapse (Gonzalez-Garcia et al. 2010a;
Mason 2011). For example, at 20 kHz, 20,000 implosions
per second could occur, whereas at 300 kHz, approxi-
mately 100,000 cavitational events occur per second (Chen
et al. 2011). In a study by Rahmani et al. (2014), the
application of the frequencies over 120 kHz does not have
a noticeable effect on efficiency removal of tinidazole from
aqueous solution by sonolysis in the presence of hydrogen
peroxide. The efficiency degradation was about 40 % at
40 kHz and 60 % at 80 kHz. At higher frequencies, the
efficiency was 74 % at 120 kHz and 75 % at 180 kHz. The
author argued that by increasing the frequency, the number
of acoustic cycles and bubble collapse increased. The
resulting bubbles released less energy than the low-fre-
quency ones for one single pulsation. Thus, applying higher
frequency may compensate for the lower energy released in
the single-bubble explosion. In the study of sonoelectro-
chemical oxidation of ibuprofen (IBP), Thokchom et al.
(2015) have found that the kinetic rate constants for fre-
quencies from 35 to 1000 kHz were found to increase from
0.014 (~19 % IBP removal) to 0.027 min~' (~58 % IBP
removal) and 1000 kHz shown to be the best for the oxi-
dation of IBP. Author suggested that increased frequency
decreases the lifetime of bubbles, thereby increasing bub-
ble collapse per unit time producing more OH radicals,
which in turn facilitates the transport activities across the
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Table 3 Removal of different types of organic pollutants in solutions using sonochemical processes: effect of power

Matrix Type of pollutant Operating conditions Results and comments References
Millipore Ibuprofen Initial conc. = 21 mg L™'; pH = 3; Degradation rate Mendez-Arriaga et al.
water frequency = 300 kHz; pH = 3; (pmol L™ min™") at different (2008)
temp = 25 °C; treatment power was: Pyow = 1.18;
time = 30 min; power = 20, 40, Piow = 2.44; Pggw = 3.51;
60, and 80 W Pgow = 6.1; degradation
efficiency = 25 % (20 W),
40 % (40 W), 90 % (60 W),
and >95 % (80 W)
Ultrapure Levodopa Initial conc. = 25 mg L™"; Degradation rate Isariebel et al. (2009)
water treatment time = 240 min; (mg Lt min~"): 0.001 (9 W);
frequency = 574 kHz; 0.05 (17 W); 0.1 (22 W); and
volume = 300 mL; 0.16 32 W)
temp. = 20 °C; temp. = 20 °C;
power =9, 17, 22, and 32 W
Ultrapure Paracetamol Initial conc. = 25 mg L™"; Degradation rate Isariebel et al. (2009)
water treatment time = 240 min; (mg L' min™Y: 0.001 (9 W);
frequency = 574 kHz; 0.11 (17 W); 0.22 (22 W); and
volume = 300 mL; 0.3 (32 W)
temp. = 20 °C; temp. = 20 °C;
power = 9, 17, 22, and 32 W
Millipore Diclofenac Initial conc. = 80 mg L™'; The degradation efficiency: 55 % Naddeo et al. (2009)
water frequency 20 kHz; treatment (400 W L") and 35 %
time = 60 min; temp. = 20 °C; (200 W L_l)
volume = 150 mL; power
densities = 200 and 400 W L™
Millipore Cephalexin Initial conc. = 20 mg L7 The degradation rates: 26 % Guo et al. (2010)
water treatment time = 60 min; (100 W); 52 % (200 W); 35 %
frequency = 24 kHz; ultrasonic (400 W); and 28 % (500 W)
power = 100, 200, 300, and
400 W; volume = 100 mL;
temp. = 25 °C; pH = 6.5
Millipore Naproxen Initial conc = 10 mg L™'; treatment Degradation efficiency: 40 % Lan et al. (2012)
water time = 33 min; (200 W); 90 % (300 W);
frequency = 59 kHz; 100 % (450 W)
volume = 50 mL;
temp. = 28-33 °C;
Fe’™ =243 mg L),
H,0, = 1.76 mmol L™';
pH = 3.0; ultrasonic
power = 450, 300, and 200 W
Ultrapure Carbamazepine (CBZ) Initial conc. = 10 mg LY The CBZ conversion rate: Jelic et al. (2013)
water treatment time = 120 min; 3-50 % with power density
volume = 350 mL; from 130 to 640 W L™!; DOC
temp. = 25 °C; power = 130, removal was around 21 % for
260, 390, 510, 640 W L™ 640 W L™
Synthetic 4-Aminophenol, Initial TOC conc. = 10-30 mg L~'; The TOC removal rate: 60.22 % Ghafoori et al. (2015)
wastewater paracetamol, phenol, treatment time = 120 min; to 75.26 % with power from 20
chloramphenicol, volume = 7.0 L; to 140 W
benzoic acid, salicylic power = 20-140 W
acid, diclofenac sodium
Deionized Ibuprofen Initial conc. = 2.0 mg L™"; Degradation rate Thokchom et al. (2015)
water frequency = 1000 kHz; (mg L~" min™"): 0.034
temp. = 25 °C; time = 60 min; (100 W); 0.03 (80 W); 0.027
volume = 1000 mL; (60 W); and 0.026 (40 W)
power = 100, 80, 60, and
40wL™!
Millipore Dicloxacillin Initial conc. = 0.21 mM; Degradation rate (mol L™ s7h: Villegas-Guzman et al.
water frequency = 600 kHz; 1.96 1078 (20 wW); 3.11 1078 (2015)

temp. = 20 °C; time = 60 min;

(40 W); and 4.36 10~% (60 W)
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Table 3 continued
Matrix Type of pollutant Operating conditions Results and comments References
Deionized Cetirizine Initial conc. = 5.0 mg L™"; Efficiency of degradation: ~50 % Sutar and Rathod (2015)
water dihydrochloride  frequency = 25 kHz; time = up to 7 h; (30 and 50 W); ~80 %

volume = 20 mL; power = 30, 50, 100, (150 W); and ~90 % (100 W)

and 150 W
Fig. 2 Frequency range 20kHz Ultrasound Frequency
diagram and its effect on | | |
sonochemistry T | | >

10 kHZ 100 kHZ 1 MHZ
Q Low Medium High
Cavitation Range for sonochemistry Microcurrents
Cavitation bubble
Low frequency High frequency

interface (Thokchom et al. 2015). Besides, at a higher
frequency, a shorter lifetime and quick collapse favor the
ejection of hydroxyl radicals before they are able to
recombine (Vajnhandl and Le Marechal 2007). For rela-
tively low frequency, the number of cavitational events is
increased, and bubbles have relatively more time to grow
and collapse, which results in maximum size and violent
collapse. However, for relatively high frequency, a large
number of oscillations (the pulsation and collapse of the
bubble occurs more quickly) might still be attributed to a
larger fraction of hydroxyl radical escaped from the bub-
bles and lead to a higher frequency resulting in increase in
the number of free radicals in the system. These results
were confirmed by Im et al. (2013) during degradation of
acetaminophen and naproxen by using ultrasound in the
presence of single-walled carbon nanotubes. The authors
found that the efficiency degradation of acetaminophen
was 27.1 % at 28 kHz and 86.1 % at 1000 kHz. Similar
results have also been reported in the case of naproxen, and
the degradation efficiency was 52.5 % at 28 kHz and more
than 99 % at 1000 kHz. After applying ultrasound assisted
enzyme catalyzed degradation of cetirizine dihydrochlo-
ride, Sutar and Rathod (2015) showed higher degradation
at 25 kHz (~80 %) than 40 kHz (~30 %). At higher
frequency, the cavitation decreases because smaller and

less energetic bubbles are formed which lead to decreased
cavitation zone violence. Also it has been observed that at
same energy dissipation in the reactor: less scattering and
attenuation of sound waves as well as easy cavitation at
lower frequency (Sutar and Rathod 2015). The optimal
frequency for the degradation of an organic compound also
depends on its properties, such as low or high solubility,
volatility. For the low volatility (similar to properties of
most of the pharmaceutical products), the degradation rate
was better at the frequency at which the formation of
hydroxyl radical or hydrogen peroxide was higher. Isar-
iebel et al. (2009) showed that the degradation efficiency of
the levodopa and the paracetamol in aqueous solution by
the ultrasound at various frequencies (574, 860, and
1134 kHz) is maximum at 574 kHz, which was strongly
linked to the reaction, whereby hydroxyl radicals and
hydrogen peroxide were formed. Guyer and Ince (2011)
indicated that a relatively high degradation rate was
achieved at a frequency of 861 kHz during degradation of
diclofenac in water by sonolysis. After 60 min of treat-
ment, maximum rates were attained at 861 kHz due to a
larger number of active bubbles and oscillations and ulti-
mately efficiency of hydroxyl radical release into the bulk
solution. Some other authors (Nejumal et al. 2014; Xiao
et al. 2014a) have reported the same phenomena that faster
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degradation of pharmaceutical organic compounds at fre-
quencies ranging from 350 to 600 kHz. The summary
effect of the various frequencies on the sonochemical
degradation of pharmaceutical organic compounds is
shown in Table 4.

Influence of the temperature
It is known from the literature that cavitation-induced

reactions are optimal with respect to operating temperature
(Mason 2012; Rooze et al. 2013). Most of the ultrasonic

experiments were carried out in temperature-controlled
system to ensure that the isothermal conditions are main-
tained (Mason and Lorimer 2003c). With increasing tem-
perature, the vapor pressure of water increased leading to
an easier generation of cavitation bubbles and decreasing
temperatures and pressures during the collapse-phase
(collapse intensity) (Leong et al. 2011; Margulis and
Margulis 2002). With the increasing vapor pressure, more
cavitation bubbles are generated, collapsing with lower
temperatures resulting in decreased hydroxyl radical con-
centration and therefore observed decrease in contaminant

Table 4 Removal of different types of organic pollutants in solutions using sonochemical processes: effect of frequency

Matrix Type of pollutant Operating conditions Results and comments References
Deionized Levodopa Initial conc. = 25 mg L™'; treatment Efficiency of degradation: 91 % Isariebel et al.
water time = 240 min; power = 32 W; (574 kHz); 90 % (860 kHz); and (2009)
volume = 300 mL; temp. = 20 °C; 66 % (1134 kHz)
frequency = 574, 860, and 1134 kHz
Deionized  Paracetamol Initial conc. = 25 mg L™'; power = 32 W; Efficiency of degradation: 95 % Isariebel et al.
water temp. = 20 °C; treatment time = 240 min; (574 kHz); 92 % (860 kHz); and (2009)
volume = 300 mL; frequency = 574, 860, and 67 % (1134 kHz)
1134 kHz
Millipore  Diclofenac Initial conc. = 30 uM; power = 108 W; Efficiency of degradation: ~19 % Guyer and
water temp. = 25 °C; treatment time = 60 min; (577 kHz), ~21 % Ince (2011)
volume = 500 mL; frequency = 577, 861, and (861 kHz), ~ 14 % (1145 kHz)
1145 kHz
Deionized  Acetaminophen  Initial conc. = 5 pM; power = 180 W; Efficiency of degradation: 27.1 % Im et al.
water temp. = 25 °C; treatment time = 60 min; (28 kHz); 86.1 % (1000 kHz) (2013)
volume = 1000 mL; frequency = 28 kHz and
1000 kHz
Deionized Naproxen Initial conc. = 5 pM; power = 180 W; Efficiency of degradation: 52.5 % Im et al.
water temp. = 25 °C; treatment time = 60 min; (28 kHz); >99 % (1000 kHz) (2013)
volume = 1000 mL; frequency = 28 kHz and
1000 kHz
Ultrapure  Atenolol Initial conc. = 107> mol L™"; power = 50 W; Efficiency of degradation: ~16 % Nejumal et al.
water treatment time = 60 min; temp. = 25 °C; (200 kHz), ~43 % (350 kHz), (2014)
frequency = 200, 350, 620 kHz, and 1 MHz ~36 % (620 kHz), and ~36 %
(620 kHz)
Ultrapure  Tinidazole Initial conc. = 80 mg L™'; power = 750 W; Efficiency of degradation: ~40 % Rahmani
water temp. = 25 °C; treatment time = 150 min; (40 kHz); ~60 % (80 kHz); ~74 % et al. (2014)
volume = 100 mL; pH = 3; (120 kHz); and ~75 % (180 kHz)
Ci202 = 333 mM L™'; frequency = 40, 80, 120,
and 180 kHz
Millipore  Ciprofloxacin Initial conc. = 100 uM; power Efficiency of degradation: ~26 % Xiao et al.
water density = 400 W L temp. = 20 °C; (20 kHz); ~98 % (620 kHz) (20144, b)
time = 150 min; volume = 125 mL; pH = 8.5;
frequency = 20 and 620 kHz
Millipore  Ibuprofen Initial conc. = 100 pM; power Efficiency of degradation: ~49 % Xiao et al.
water density = 400 W | temp. = 20 °C; (20 kHz); ~99 % (620 kHz) (2014a, b)
time = 150 min; volume = 125 mL; pH = 8.5;
frequency = 20 and 620 kHz
Deionized Ibuprofen Initial conc. = 2.0 mg L™"; power Efficiency of degradation: ~19 % Thokchom
water density = 100 W Lfl; temp. = 25 °C; (35 kHz); ~34 % (300 kHz), ~46 % et al. (2015)
time = 60 min; volume = 1000 mL; (500 kHz); ~58 % (1000 kHz)
frequency = 35, 300, 500, and 1000 kHz
Deionized  Cetirizine Initial conc. = 5.0 mg L™'; power Efficiency of degradation: ~30 % Sutar and
water dihydrochloride density = 32 W; time = up to 7 h; (40 kHz); ~80 % (25 kHz) Rathod
volume = 20 mL; frequency = 25 and 40 kHz (2015)
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degradation. Thokchom et al. (2015) mentioned that the
degradation trend followed: 40 °C > 30 °C > 20 °C >
10 °C when applied ultrasound to enhanced electrochem-
ical oxidation of ibuprofen. An increase in temperature
leads to the increased diffusion rate caused by the
decreased viscosity of the medium with increasing tem-
perature. Furthermore, less dissolved gas is present at
higher temperatures and higher intensities, and more cav-
itation bubbles may be formed. Braeutigam et al. (2012),
while investigating the degradation of carbamazepine in
water by hydrodynamic-acoustic-cavitation, have found
that the rate constant depends on the reaction temperature,
and thus, an increase in temperature should lead to
increased conversion. Reactions below the value of 25 °C
resulted in lower formation of cavitation bubbles, lower
bubble density, higher collapse intensity, and lower rate
constants. For carbamazepine, an optimal temperature of
25 °C was detected which showed 90 % degradation of
CBZ. With low solubility of the organic compound, the
solubility was improved at higher temperature of the test
samples from a heated stock solution (40 °C), as shown by
Ziylan et al. (2013), and degradation of diclofenac at pH
3.0 by ultrasound contributed to higher degradation rate.
However, an increase in solution temperature was shown
to have a negative effect on the formation of cavitation,
leading to a linear decrease in the collapse pressure. High
temperatures during sonication likely facilitate bubble
formation by increasing the equilibrium vapor pressure,
and bubbles contain more vapors that cushion bubble
implosion and decrease the temperature which was
achieved upon bubble collapse, reducing the cavitation
effects (Manousaki et al. 2004). Moreover, high tempera-
tures can cause degassing of the liquid phase reducing the
number of microsite available for cavitation. The degra-
dation rate of organic compounds was shown to be directly
proportional to temperature as organic molecules migrated
from the bulk solution to the gas-liquid interface region
where the temperature and hydroxyl radical concentration
are high (Gallego-Juarez and Graff 2015; Neis 2015;
Pétrier 2015). This phenomenon was observed by Im et al.
(2013) while investigating ultrasound degradation of
acetaminophen and naproxen in the presence of single-
walled carbon nanotubes. The degradation rates of the
acetaminophen increased gradually from 15 to 25 °C or
35 °C; however, temperatures higher than 35 - C resulted
in a slight decrease in acetaminophen degradation at
1000 kHz. Similar results clearly show that the increase in
temperature is not responsible for a faster mineralization of
antipyrine in aqueous solution by sonophotocatalytic
(Duran et al. 2013). Another report of Sutar and Rathod
(2015) for the degradation of cetirizine dihydrochloride
also shows that at lower temperature (30-50 °C), the
extent of degradation is lower as compared to higher

temperature range (60-70 °C). With an increase in reac-
tion temperature from 40 to 50 °C, the degradation
obtained after 7 h was increased from 58 to 84 %. The
cavitation effect starts decreasing as the temperature was
further increased higher, and only ~70 % of cetirizine
dihydrochloride was removed at 60 °C and even lower at
70 °C (~20 %). Table 5 summarizes the effect of tem-
perature on removal of different types of pharmaceutical
organic pollutants in solution using sonochemical
processes.

Sonochemical degradation of contaminants
in association with different methods

The sonochemical processes for the oxidation of organic
compounds have been developed as a powerful tool for
treatment of effluents (Compton et al. 1997; Gogate and
Pandit 2004; Mason 2012). Thus, Fenton reaction is well
known in the degradation of organic material by extra
generation of hydroxyl radicals. Hydrogen peroxide gen-
erated through cavitation action (ultrasound) of molecular
oxygen is highly active toward the destruction of an
organic species. Fenton reagent system can be applied to
circumvent this problem that enabled the maximum
amount of free radicals (specifically hydroxyl radicals) to
be generated. This was achieved by the addition of Fe*" to
the solution that is known to catalyze the destruction of
organic material through the generation of extra hydroxyl
radicals, according to a Fenton-type mechanism. Lan et al.
(2012) presented a method for degradation of naproxen by
combination of Fenton reagent and ultrasound irradiation.
Optimum dosage of Fenton reagent for naproxen removal
comprised hydrogen peroxide at 9.98 mmol L™", ferrous
jon at 4.83 mg L™' while naproxen at 20 mg L™'. The
degradation of naproxen by ultrasound alone was very
slight (only 30 %); however, when combined with Fenton,
a degradation efficiency of 100 % was achieved within
10 min under sonolysis (Lan et al. 2012). In the Fenton
process, Fe’" reacted with H,O, and produced a complex
intermediate (Fe—O,H>"). Under ultrasound irradiation, the
decomposition rate of Fe-O,H," could be greatly
enhanced. Once the Fe>" was isolated, it reacted with H,O,
and produced -OH again, and then, a cycle mechanism was
established (Sun et al. 2007) following the reaction:

Fe’* + H,0, + H — Fe’t +-H + H,0 (6)
Fe*t + H,0, — Fe — O,H*" + H' (7)
Fe — O,H** — Fe*' 4+ .0O0H (8)

Due to that, more -OH can be formed rapidly in the
process of US/Fenton, and so, the best degradation result
of naproxen was achieved. On the other hand, there are
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Table 5 Removal of different types of organic pollutants in solutions using sonochemical processes: effect of temperature

Matrix Type of pollutant Operating conditions Results and comments References
Millipore ~ Carbamazepine Initial conc. = 43.9 pg L™'; time = 15 min; The CBZ conversion rate was Braeutigam
water volume = 1.0 L; pH = 8.5; frequency = 24 kHz; highest at 25 °C (approx. 90 %). et al.
temp. = 15-35 °C (2012)
Millipore  Antipyrine Initial conc. = 50 ppm; Cyr0, = 1500 ppm; The increase in temperature is not  Duran et al.
water Creary = 12 ppm; UV 9p_280nm = 150 W; the responsible for a faster (2013)
frequency = 24 kHz; frequency amplitude = 100 %; mineralization of antipyrine
pulse length (cycles) = 0.3 during 15 min; pH = 2.7;
volume = 400 mL; temp = 30 °C
Deionized  Acetaminophen Initial conc. = 5 pM; power = 180 W; treatment Efficiency of degradation: 13.2 Im et al.
water time = 60 min; volume = 1000 mL; (15 °C); 14.5 (25 °C); 12.8 (2013)
frequency = 28 kHz; temp. = 15-55 °C (35 °C); 7.7 % (55 °C).
Deionized  Naproxen Initial conc. = 5 pM; power = 180 W; treatment Efficiency of degradation: 83.1 Im et al.
water time = 60 min; volume = 1000 mL; (15 °C); 89.9 (25 °C); 94.5 (2013)
frequency = 1000 kHz; temp. = 15-55 °C (35 °C); 93.2 % (55 °C)
Ultrapure  Diclofenac Initial conc. = 30 uM L™"; frequency = 861 kHz; The Diclofenac fraction in the Ziylan et al.
water time = 50 min; power = 9 W, 14.5 W and 57.5 W; solution: 0.75 (22 °C) and 0.86 (2013)
volume = 250 mL; temp. = 22 and 40 °C (40 °C)
Deionized Ibuprofen Initial conc. = 2.0 mg L™'; power Efficiency of degradation: ~ 15 Thokchom
water density = 100 W L™'; time = 60 min; (10 °C), ~18 (20 °C), ~20 et al.
volume = 1000 mL; frequency = 1000 kHz; (30 °C), ~27 % (40 °C) (2015)
temp. = 10; 20; 30; and 40 °C
Deionized  Cetirizine Initial conc. = 5.0 mg L™"; power = 50 W; Efficiency of degradation: ~ 58 Sutar and
water dihydrochloride time = 7 h; volume = 20 mL; frequency = 25 kHz; (40 °C), ~84 (50 °C), ~70 Rathod
temp. = 40; 50; 60; and 70 °C (60 °C), ~20 % (70 °C) (2015)

other methods associated with sonochemical processes,
such as in the presence of ozone or hydrogen peroxide and
in conjunction with photocatalysis. Duran et al. (2013)
reported the degradation of antipyrine in aqueous solution
using an innovative homogeneous sono-photocatalytic
oxidation process. At the selected operation conditions
[H,0,] = 1500 ppm, [Fe**] = 12 ppm, pH = 2.7, ultra-
sound amplitude = 100 %, pulse length (cycles) = 0.3 for
15 min and later 1 min, 92 % of TOC was removed after
50 min resulting in an aqueous solution containing 50 ppm
of antipyrine. An important synergistic effect between
sonolysis and photoFenton (UV/H,0,/Fe) of 45.4 % was
quantified using the first-order rate constants for TOC
(Duran et al. 2013). Ghafoori et al. (2015) have investi-
gated the use of ultrasound to enhance degradation of
synthetic pharmaceutical wastewater (a mixture of
4-aminophenol, paracetamol, phenol, chloramphenicol,
benzoic acid, salicylic acid, diclofenac sodium, and
nitrobenzene) by applying different processes including
sonolysis (US alone), photolysis (UV alone), and combi-
nation of both UV and US. Total organic carbon (TOC)
measurements were used to determine the effectiveness of
oxidation process. After 120 min treatment time, it was
found that removal of TOC from US is only about 3.1 %
higher with photolytic (8 % reduction in the TOC was
observed). However, combining UV and US did not
enhance the degradation. The TOC reduction in the US/
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UV process was 4 % which is lower than that of the single
process alone. The lower in reported results could be
explained by considering the nature of components being
studied which is a multicomponent wastewater more
complicated than that of single component. Also, the
output power of the US instrument and the power of the
UV light could be influential in the degradation efficiency
(Ghafoori et al. 2015). In another study, Naddeo et al.
(2009) reported a method for the removal of diclofenac in
aqueous solutions using ultrasound treatment with ozone
addition. Under the conditions applied (31 g h~' O5 flow,
at 400 W L™! ultrasonic power density), ozone, ultra-
sound, and combination of both proved effective in
inducing diclofenac oxidation, leading to 22 % of miner-
alization for O3 and 36 % for US after 40 min of treat-
ment. The synergy observed in the combined schemes,
mainly due to the effects of US in enhancing the O3
decomposition, led to higher mineralization (about 39 %)
for 40 min treatment and to a significantly higher miner-
alization level for shorter treatment duration. The molec-
ular ozone in aqueous solutions is one of the most active
oxidizing agents. It also can interact with water, giving
oxygen, hydroxyl ion, and radical. Unlike the ozone,
Rahmani et al. (2014) used hydrogen peroxide and ultra-
sonics assisted in enhancement of the degradation effi-
ciency for the tinidazole removal from aqueous solution.
The maximum removal efficiency of 75 % was achieved
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under the optimum operating conditions (pH 3, 120 kHz
frequency, 333 mM L~ ! of H,O, and 150 min of operat-
ing time). It has been confirmed that the ultrasound waves
improve agitation and also play a significant role in
increasing the reaction rate, which could be due to the
enhancement of the contact area between the hydroxyl
radicals and the pollutants. The results also revealed that
no harmful intermediate compounds were observed.
Another approach to the combination, Secondes et al.
(2014) have investigated the removal of emerging con-
taminants (diclofenac, carbamazepine, and amoxicillin) by
simultaneous application of membrane ultrafiltration (Me),
activated carbon adsorption (A), and ultrasound (US). It is
interesting that the addition of ultrasound in the membrane
filtration increased removal rate from an average of 92 %
in the A-Me process to over 99 % in the US-A-Me pro-
cess. This enhancement is a result of a fluid flow effect
called microstreaming, and intense shear stress is produced
as the flow velocities change which allows the contami-
nants to penetrate the porous structure. Biological is an
alternative method for treatment of organic contaminant
and has now been investigated along with ultrasound
irradiation (Serna-Galvis et al. 2015). This technique uses
aerobic microorganisms, and ultrasound was found to be
able to remove the pharmaceutical fluoxetine. Biological
degradation test of the sonicated and nonsonicated efflu-
ents has shown ~70 % of TOC removal within 360 min
of sonication compared to ~10 % of TOC removal
without sonication. The improvement was due to the
transformation of the fluoxetine into more biodegradable
substances under ultrasound irradiation (the BODs/COD
ratio changes from 0.05 to 0.41), and therefore, they could
be more easily eliminated in a biological process (Serna-
Galvis et al. 2015). The use of enzyme catalyzed in con-
junction with ultrasound for degradation of cetirizine
dihydrochloride has been also shown to be more effective
as compared to conventional enzymatic degradation tech-
nique (Sutar and Rathod 2015). Using enzyme catalyzed
alone, cetirizine dihydrochloride was degraded less about
13 % only in 24 h. On the combination, the maximum
degradation of 91 % has been achieved at optimized
experimental parameters (0.02 % enzyme loading (w v_'),
50 °C, power 100 W, frequency 25 kHz and 50 % duty
cycle with agitation speed of 200 rpm). It is observed that
enzymatic degradation of cetirizine dihydrochloride under
the influence of ultrasound irradiation not only enhances
the degradation but also reduces the time of degradation.
This is due to the fact that more interaction between
enzyme and substrate particles enhances the degradation
percentage. Recently, the study of using ultrasound, along
with electrochemical, has increased considerably for
degradation of pharmaceutics contaminants (Thokchom
et al. 2015; Tran et al. 2015). The beneficial results from

exposing electrochemical cells to the effects of power
ultrasound include the enhancement of mass transport, the
increase in current efficiencies, and the continuous acti-
vation of the electrode surface (Birkin and Silva-Martinez
1997). These effects can be ascribed to the rapid genera-
tion and collapse of microbubbles within the electrolyte
medium or nearby the electrode surface. This cleaning
effect has been reported to improve electron exchanges by
peeling out passivation films on surface electrode or
piercing them by microholes (Compton et al. 1997). Tran
et al. (2015) have described the sonolytic degradation of
pharmaceutics pollutants and found that the carbamazepine
concentration (10 mg L™") could be optimally diminished
up to 90 % by applying a current intensity of 4.86 A for a
177-min reaction period and by imposing an ultrasound
power of 38.29 W. The optimal conditions were subse-
quently applied for tertiary treatment of municipal
wastewater effluent contaminated with 10 ug CBZ L™".
The removal efficiencies of CBZ, TOC, COD, and color
recorded were 93, 60, 93, and 86 %, respectively. Like-
wise, the toxicity was completely removed (bacterium
Vibrio fischeri) from municipal wastewater effluent. The
synergistic effect is defined as an effect arising between
two or more agents, entities, factors, and substances that
produce an effect greater than the sum of their individual
effects. The degree of synergy, S, which can be calculated
via kinetics constant k by the equation:

_ keo-us — (kgo + kus)
keo-us

S x 100 9)

From this equation, the author calculated the degree of
synergy was 11.11 % indicating that the CBZ removal is
higher when both processes, ultrasound and electrochemical,
are present than individually. In this combination, ultra-
sounds enhance the mass transfer between the electrolyte
and the electrodes (Tran et al. 2015). Other studies per-
formed by Thokchom et al. (2015) on the sonoelectro-
chemical degradation of Ibuprofen reported that among the
methods examined (US, EC, and US/EC), the hybrid method
US/EC resulted 89.32, 81.85, and 88.7 % degradations using
NaOH, H,SO,, and deionized water, respectively, with a
constant electrical voltage of 30 V, an ultrasound frequency
of 1000 kHz, and a power density of 100 W L™" at 25 °Ciin
1-h treatment time. When compared to single process alone,
only 73.81 % (NaOH), 50.54 % (H,SO,), and 21.46 %
(deionized water) removals of IBP were achieved by elec-
trolysis. The positive synergic process may be attributed to
various mechanisms such as acoustic streaming induced by
the ultrasonic transducer, enhancing mass transport to the
electrode, electrode surface activation by hindering passive
layer formation due to cavitational collapse at the solid-
liquid interface; a highly reactive -OH radicals produced by
violent collapse of ultrasonic cavitation (Thokchom et al.
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Table 6 Removal of different types of organic pollutants in solutions: sonochemical in association with different methods

Association Contaminants Operating conditions Results and comments References

methods
Sono-ozonation Diclofenac Initial conc = 40 mg L™'; treatment Efficiency of degradation (TOC Naddeo
time = 40 min; frequency = 20 kHz; removal): US = 36 %, O; = 22 %, et al.
volume = 150 mL; temp. = 20 °C; and US4+ 03 =39 % (2009)
0; =31 gh™'; pH = 3-4; US
power = 400 W L™

Sono-fenton Naproxen Initial conc = 10 mg L™'; treatment Degradation efficiency: Lan et al.
time = 33 min; frequency = 59 kHz; US = ~ 30 %, (2012)
volume = 50 mL; temp. = 28-33 °C; Fenton = ~ 50 %, and US/
Fe’* =243 mg L™"; Fenton = 100 %
H,0, = 1.76 mmol L™; pH = 3.0;
ultrasonic power = 450 W

Sonophotocatalytic  Antipyrine Initial conc. = 50 ppm; Cyoor = 1500 ppmy; Synergistic degree: UV/H,0,/Fe/ Duran et al.
Creany = 12 ppm; frequency = 24 kHz; US =454 % (2013)
frequency amplitude = 100 %; pulse length
(cycles) = 0.3 during 15 min; pH = 2.7,
volume = 400 mL; temp = 28-50 °C

Sono-ultrafiltration  Diclofenac, Initial conc. = 50 ppm; membrane Efficiency of degradation: Secondes

carbamazepine, ultrafiltration (AME) 6.6 cmz, permeate AME = 92 %; US/AME > 99 % et al.
and amoxicillin flux = 150 L m? h; US frequency = 35 kHz. (2014)

Time = 240 min

Sono-biological Fluoxetine Initial conc. = 16.0 mg TOC L7 ~70 % of TOC removal with Serna-
volume = 300 mL; power = 60 W; 360 min of sonication compare with Galvis
frequency = 60 kHz; temp. = 20 °C; ~10 % of TOC removal without et al.
biological process = aerobic microorganisms  sonication (2015)
(aerated in 5 days, 37 °C and 2 % v/v of
microorganisms)

Ultrasound Cetirizine Initial conc. = 5.0 mg L™"; power = 100 W;  Efficiency of degradation: with Sutar and
assisted enzyme dihydrochloride time = 7 h; volume = 20 mL; sonication = 91 %; without Rathod
catalyzed frequency = 25 kHz. Temp. = 50 °C sonication = 13 % (2015)

Sonophotolytic Synthetic Initial TOC conc. = 20 mg L™"; treatment Efficiency of degradation (TOC Ghafoori

pharmaceutical time = 120 min; volume = 7.0 L; removal): UV = 8 %, UV/ et al.
wastewater power = 80 W, UVys3,m = 13 W, US=4% (2015)
pH = 3.9, air flow rate = 2 L min~"'

Sono- Carbamazepine Tnitial conc. = 10.0 mg L™"; time = 120 min; Efficiency of degradation: Tran et al.
electrochemical volume = 4.0 L; electric current = 2A, US EO = 48 %; US = 8 %; EO- (2015)

power = 40 W, frequency = 500 kHz, US = 58 %. Synergistic
temp. = 25 °C degree = 11.11 %

Sono- Ibuprofen Initial conc. = 2.0 mg L™"; time = 60 min; Efficiency of degradation: Thokchom
electrochemical volume = 1000 mL; electric EC = 73.81 %; US = 70.7 %; et al.

voltage = 30 V, US power = 100 W L™/, EC-US =89.32 % (2015)

frequency = 1000 kHz, temp. = 25 °C;
electrolyte = NaOH

2015). Table 6 summarizes the removal of different types of
pharmaceutical organic pollutants in solution using sono-
chemical combination process.

Current, future prospects, and challenges
of sonochemical processes

Ultrasound-induced cavitation is an effective tool for
application of sonochemistry in the field of wastewater
treatment. This tool has been recently exploited rapidly due
to the availability of industrial transducers and ultrasonic
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reactors. The hydroxyl radicals generated during cavitation
can be used for the oxidative degradation of organic pol-
lutants in an aqueous system. Recently reported studies
have shown that sonochemical degradation of various
pharmaceutical organic pollutants could be achieved by
both oxidative and pyrolysis mechanisms. Ultrasound has
shown that they have been often used in conjunction with
conventional techniques, such as ultra filtration, biological,
UV, Fenton, ozonation, electrochemical, that can increase
effectiveness and also demanded lower requirements for
chemical or energy usage. In combination with ozone or
hydrogen peroxide, ultrasound can be used to add excessive
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oxidizing power which provides faster degradation rates.
Ultrasound can also combine with ultraviolet light for the
destruction of chemical pollutants. The improvement is the
result of mechanical effects of ultrasound to increase mass
transport in the system. However, effect of ultrasound on the
synergistic effect (lower or higher efficiency), mass transport
(increase or decrease in the transport of species in the bulk),
especially effect of ultrasound on the cleaning electrodes
surfaces (in sono-electrochemical or sono-photo-electro-
chemical), is still not cleared and is under development.
More over many of these techniques based on ultrasound are
frequently unclear because by-products have been uniden-
tified or even more persistent and toxic than original con-
taminants. It is well known that the beneficial effect of
ultrasound for cleaning is widely used, and during the
electrochemical treatment, the organic compounds and/or
sample constituents have usually strong interactions with the
surface of electrodes thus inhibiting their usage in practical.
The future study should be focus on the association of
ultrasound with other methods and the synergistic phe-
nomena. The energy consumption, efficiency, and another
important factor such as reactor design, scale-up also need to
be considered. The reactor design in terms of the energy
requirement, the size of the transducer, ratio of the trans-
ducer to the reactor diameter, also size of reactor, and
position of the transducers should be considered as to play
an important role in the specific application. Electrochemical
processes can be a powerful tool for the degradation of
contaminant, since the ultrasound is responsible for the
increase in mass transport, activation of electrodes surfaces
using the electrochemical direct/indirect oxidized contami-
nants. Ultrasound is particularly effective due to its cavita-
tional effect, and it can reach electrode surface or mixing the
system which is not easily reached by conventional methods.
The main drawback of sonochemical processes is its energy
cost and its application at large scale. The important scale-
up consideration is to set up the optimum parameters for the
treatment in terms of the operating cost/design/efficiency
factor that influence cavitation. However, the application of
ultrasound on an electrolytic solution is beneficial so that it
reduces the resistant, activation electrode surface, thereby
allowing discharge at lower applied voltage, which could
contribute to lower consumption of energy for total system.
Also, the design and produced materials should be planned
to overcome application on large scale to provide econom-
ically viable treatments.

Conclusion
Ultrasonic cavitation, which is an AOP, has been proposed as

an attractive alternative method for the treatment of pharma-
ceutical contaminants due to its advantages of being

nonselective and without generating secondary pollutants.
Different theories are usually used to explain sonochemical
effect, but hot-spot theory is usually used to explain the pro-
cess, in which microbubbles are produced to generate heat and
different reactive species. Ultrasonic cavitation is known to
generate reactive species which are able to oxidize toxic
contaminants present in the environment. The mechanisms of
ultrasound make it unique when compared with other AOPs.
Ultrasound can effectively decompose pharmaceutical com-
pounds in aqueous solution, and the extent of degradation
depends strongly on the operating conditions, such as ultra-
sound power, ultrasound frequency, and temperature of the
medium. However, the degradation rate is slow if only the
ultrasonic treatment is used. Therefore, some efforts have
been made to increase the degradation efficiency by applying
hybrid techniques, such as sonobiological, sonofiltration,
sonoelectrochemical,  sonophotocatalytic,  sono/Fenton/
ozonation. The combination has shown that the effectiveness
of this application can be increased. This proves that sono-
chemical processes is an advanced technology and is gaining
importance for the purification of contaminated water, espe-
cially for pharmaceutical pollutants.
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