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Abstract: Sonochemistry is a significant contributor to green science as it includes: (i) the use of less
toxic compounds and environmentally safe solvents, (ii) improvement of reaction conditions and
selectivity, (iii) no toxic sludge generation, (iv) reduction in the energy use for chemical transformations,
(v) reusability of materials. In water and wastewater treatment, ultrasound is used as an advanced
oxidation process to eliminate refractory pollutants. Ultrasound is also used as a very effective sludge
pretreatment technology in wastewater treatment plants to facilitate biogas production. Moreover,
sonochemical synthesis of nanoparticles has recently attracted great attention as a greener protocol.
This paper presents the main applications of ultrasound in environmental remediation and protection.
The study also introduces mechanism for the degradation of pollutants from water via sonication in
aqueous media and the principle factors affecting the cavitational effect.
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1. Introduction to Sonochemistry

Sonochemistry is a field that studies the enhancement of chemical reaction and mass transfer rates
under various ultrasonic conditions. Ultrasound is characterized as any sound wave at frequencies
above normal human ear hearing range (i.e., above 16 kHz). The mechanism causing sonochemical
effects in liquids is the phenomenon of acoustic cavitation. When ultrasound waves propagate in a
liquid medium, they generate a repeating pattern of compressions and rarefactions to supply energy
to the liquid phase. Compression and rarefaction cycles exert positive and negative pressure on the
liquid pushing or pulling the molecules together or away from one another, respectively [1].

Three successive steps of the phenomenon called acoustic cavitation are: (i) nucleation, (ii) bubble
growth (expansion), (iii) implosive collapse [1]. In the first stage, microbubbles trapped in micro-crevices
of small particles within the liquid form cavitational nuclei, where cavities are generated depending on
the type and purity of the liquid [1,2]. The second stage is when the microbubbles have been formed,
and when the intensity is too high a small cavity can quickly develop as a result of inertial effects [1].
The cavity expands by rectified diffusion when the acoustic intensity is low, and it lasts another few
acoustic cycles before expansion [1]. The third stage is when the cavity is so overgrown that it can
no longer absorb energy to sustain itself, and the surrounding liquid rushes in to lead to a violent
implosion as a catastrophic collapse [1-4]. At this point, the extremes of temperatures and pressures
create an unusual environment or high-energy micro-reactors that enable molecular fragmentation of
the entrapped gases in the collapsing cavities [5]. The following equations (Equations (1)-(5)) show the
reactions of hydroxyl radicals generated by sonication [6]:

H,O +))) — eOH + eH (pyrolysis) 1)

¢OH + e¢H— H,0 )
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2¢0H — H; + O, 3)
2¢0OH — H202 (4)
2¢H — H, ®)

Chemical reactions in homogenous sonolysis proceed via radical intermediates [7], meaning that
the severe conditions in collapsing microbubbles cause homogenous sonochemistry. Although many
organic compounds can be degraded by homogenous sonication, the decomposition rates might still be
slow for practical uses [8]. Thus, considerable efforts have been made to accelerate the decomposition
rates of organic contaminants in water by ultrasound. Previous studies found that the introduction of
heterogeneous surfaces increases the extent of interfacial cavitation. Thus, addition of solid particles
serves as an additional nucleus, increasing the numbers of cavitation events and accelerating the
rate of decomposition [9-11]. Improvement of chemical reactivity is related to physical effects of the
ultrasound in heterogeneous sonochemical systems, such as heat and mass transfer, activation of the
surface and interference of the solid due to jetting [1]. On the other hand, the solid particles may scatter
the ultrasonic wave in water, weaken the energy dissipation into water, pertibute bubble distribution
and decrease the removal efficiency. Therefore, understanding the effect of solid particles on sonolysis
is important as their presence may exhibit different influences on degradation kinetics.

Another consequence of acoustic cavitation in a liquid is the emission of light from the collapsing
bubbles. Hence, in addition to driving chemical reactions, ultrasonic irradiation of liquids can also
produce light and this phenomenon is called sonoluminescence (SL). Two types of SL are multi-bubble
sonoluminescence (MBSL) and single-bubble sonoluminescence (SBSL) [12]. MBSL is the light emission
that occurs from a cloud of cavitating bubbles, whereas SBSL occurs from a single cavitating bubble.
Due to increased sphericity of the collapse, which arises from the isolation of the bubble from
perturbations, much higher temperatures and pressures are thought to be generated during SBSL
compared to MBSL [13]. Cavitational collapse produces “sonoluminescence”, i.e., an intense UV
irradiation of a wide wavelength range (200-500 nm) [14]. The wavelengths shorter than 375 nm can
excite the surface of TiO; just like in photocatalytic processes [15]. The explanation for this phenomenon
is the hot spot theory, which basically states that when a bubble collapses sufficiently fast, its contents
are strongly compressed to lead to an adiabatic temperature rise for light emission in the form of short
flashes [16]. The flash duration (and intensity) depends on several details of bubble collapse (such as
frequency, sound pressure amplitude, type of liquid and the gas inside the bubble) [17].

1.1. The Reaction Sites in Acoustic Cavitation Processes

In homogenous sonochemistry, there are three main reaction sites: the cavitation bubble,
the interface between gas bubbles and the surrounding liquid, and the bulk solution, as schematized
in Figure 1 [18]. The decomposition of organic molecules takes place either inside the bubble if
they are highly volatile, or at the bulk liquid and the gas-liquid interface [19]. Oxidation reactions
in the bulk solution are limited by the number of available, uncombined, free radicals that have
migrated from the collapsing cavities and the interface into the bulk [20]. Hydrophilic compounds
with low volatility are not expected to migrate towards the bubble or the interfacial region, but rather
remain in the bulk solution. Hydrophobic compounds that are highly volatile readily diffuse into
the cavitation bubbles, where pyrolysis and oxidation with the OH radical are the predominant
phenomena. Finally, the gas-liquid interface is the most probable reaction site for water contaminants,
and, owing to the high concentration of eOH (relative to that in the bulk solution) and sufficient
pressure gradients and temperatures, the reactions proceed at considerably high rates.
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Figure 1. Main reaction sites in homogenous sonochemistry [18].

The fate of highly soluble water contaminants in the bulk solution is related to the rate of ¢OH
radical transfer from the bubble interior (and its interfacial sheath) into the bulk solution, which in
turn is a function of the duration of cavities, the intensity of the pressure, the geometry of the reactor
and the frequency of the applied ultrasound waves [3,6]. Some of these parameters are described in
the following section.

1.2. Parameters Affecting Sonochemical Reactions

The main parameters affecting the sonolytic degradation efficiencies are the frequency of
ultrasonic waves, properties of the target solute, power intensity, applied bubbling gas, temperature,
physicochemical properties of the pollutant and addition of solids as catalysts to the system.

1.2.1. Frequency

Frequency has a very important role in sonication and three ranges are reported: (i) low frequency
(20-100 kHz), (ii) medium frequency (300-1000 kHz), and high frequency (2-10 MHz) [21]. During low
frequency sonication, a large number of compressions and rarefactions take place, which delays the
collapse stage and allows volatile compounds to move into the gas phase. Hydrophobic compounds
can successfully be decomposed by low-frequency ultrasound as they migrate through the cavity
bubbles and are pyrolysed within or can be thermally decomposed in the gas-liquid interface.
The delayed growth and prolonged collapse of the bubbles, on the other hand, induces radical
scavenging and recombination and inhibits hydroxylic radicals’ transfer to the bulk solution [22].
When a medium frequency ultrasound is applied, greater energies are released into the liquid
because “transient” cavitations collapse more rapidly and violently [21]. Due to the extremely quick
explosions, radical scavenging does not usually take place inside the bubble and at the interface.
For advanced oxidation processes that aim to destroy nonvolatile organic pollutants by free radical
effects, medium frequencies are therefore highly effective [22-24].
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1.2.2. Power Intensity

The sonochemical reactions strongly depend on the intensity of the sound waves. In most cases,
with increasing power, the reaction rate increases too. When high ultrasonic power is applied, a great
number of cavitation bubbles are generated in the solution. However, many of these bubbles will
come together to form larger, longer lived bubbles which will act as a barrier to the transfer of acoustic
energy through the liquid, which is known as the cushion effect [1]. Therefore, it must be realized that
intensity cannot be increased indefinitely.

1.2.3. Properties of Saturating Gas

The dissolved gas bubbles act as nuclei for cavitation during sonication. However, once the
gas stream is terminated, it is dissolved instantly, as ultrasound’s initial effect is degassing [25].
Thus, the fluid is continuously bubbled with gas during all of the sonication process to maintain
the continued stream of gas into the bubbles and maintain “extreme” conditions of collapse.
Employing gases with large polytropic ratio values is known to enhance the adiabatic conditions in
the collapsing bubble and improve sonochemical effects. For this reason, monatomic gases (He, Ar,
Ne) are used in preference to diatomic gases (N, air, O,). It was found that halogenic compounds
are more efficiently broken down under argon, and the others (without halogens) are more efficiently
degraded under air [26]. When air is selected as the bubbling gas, H,O, generation is accompanied
by the formation of nitrous and nitrogenous ion and larger yields are obtained due to the reaction of
nitrogen with molecular oxygen to form nitric acid and radical species such as «OH, eNO;, and eNO;3,
accelerating the oxidation process [26].

1.2.4. Temperature

Due to increases in the surface tension or viscosity with decreasing temperature, or due to a decrease
in the vapor pressure, the threshold limit is reported to increase with decreasing temperature [26].
Moreover, as the temperature increases, the effects of cavitational collapse are reduced.

1.2.5. Physicochemical Properties of the Pollutant

Physicochemical properties of the compound are also very important as they determine the
sonochemical reaction site. Hydrophobic compounds move into the gas bubble itself or the
bubble-liquid interface [27-29]. Therefore, power ultrasound at low frequencies (which generates
long-lived “stable” cavities) is more efficient for the pyrolytic degradation of such compounds [28].
Hydrophilic compounds, on the other hand, stay in the bulk solution, due to the repulsive forces
between the compound and the hydrophobic bubble surfaces. Therefore, their destruction depends
on the quantity of hydroxyl radicals ejected to the liquid medium, which is at its maximum during
medium frequency sonication (where collapse is “transient”) [29]. Thermal decomposition of such
non-volatile compounds may also occur at the bubble-liquid interface, but hydroxylation in the bulk
medium is much more effective.

1.2.6. Addition of Solids

Solid catalysts, including Al,O3, SiO5, talc, ceramic disks and glass beads, are widely used to
enhance cavitation effects in the reaction medium. In pure liquids, cavity bubbles are spherical during
collapse because their surroundings are uniform. In the presence of a solid surface, the cavity collapse
dynamics change dramatically. Approaching a solid boundary, cavity collapse is very asymmetric
and generates high-speed jets of liquid [21]. Liquid jets drive into the heterogeneous surfaces with
velocities of roughly 400 km h™! and cause severe damage at the point of impact, producing newly
exposed, highly reactive surfaces [21].
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2. Applications of Ultrasound in Water and Wastewater Decontamination

In the last two decades, considerable interest has been shown in the application of ultrasound
as an advanced oxidation process (AOP) for water decontamination. As described in the previous
section, sonication of water leads to extreme reaction conditions, leading to thermal decomposition
of water to produce hydroxyl radicals. Under these conditions, all organic pollutants including
emerging micropollutants such as toxic azo dyes, endocrine disrupting compounds, pharmaceuticals
and personal care products are decomposed by reactions with these radicals and direct pyrolysis [30,31].

Many researchers studied the effect of sonication as a pretreatment to minimize toxicity and
enhance biodegradability before secondary treatment [32-34]. Moreover, a large number of studies
have been conducted on the application of ultrasound as a post-treatment technique for the destruction
of refractory compounds in effluent streams [35]. It was concluded that ultrasound is not only an
efficient pretreatment method to improve biodegradability but also an effective post-treatment option
for the elimination of refractory compounds from water. However, much of the experiments of
ultrasonic treatment were carried out at laboratory scale.

The advantages of ultrasound in water treatment are low maintenance requirements and low
energy efficiency of alternative methods (e.g., ozonolysis, UV photolysis). Moreover, ultrasound waves,
unlike ultraviolet light, are able to be fully transmitted through opaque systems. Therefore, in contrast
to many other processes that are negatively affected when suspended solids of effluent increase, in
ultrasonic processes efficiency may even improve by increase of turbidity or suspended solids [26,36].
If the reaction mechanism is pyrolysis, cavitational intensity and efficiency can be increased by the
addition of solid particles, gases and adjustment of other parameters discussed in the previous
section. If the main reaction mechanism is free radical attack, the combination of ultrasound with
other advanced oxidation processes (hydrogen peroxide, ozone and photocatalysis) is reported to
successfully improve the system [36].

In addition to degradation and removal of pollutants, ultrasonic irradiation can also be used for
disinfection [37]. Nevertheless, the use of high ultrasound intensities is required to obtain 100% kill
rates. Therefore, the procedure might be costly for general microbiological decontamination. However,
combination of ultrasonic irradiation with other disinfection techniques is known to enhance the
kill rates of certain microorganisms that are resistant to existing biocidal, ultraviolet light and heat
treatment technologies. Recent studies have, therefore, explored the use of low-frequency ultrasound
in combination with chlorination, ozonation, electrolysis, various adsorbents and semiconductors that
act as heterogeneous catalysts. According to those studies, the combined treatments have been able
to achieve excellent disinfection efficiencies. Operating conditions such as intensity and frequency
of ultrasound, irradiation time, and characteristics of water may also determine process efficiency.
Very limited studies in the past have shown the effectiveness of ultrasound in removing viruses from
water [38]. Gogate (2007) conducted a detailed study on the application of various ultrasonic reactors
for water disinfection and concluded that the combined efforts of chemists and physicists are needed
to use ultrasound technology efficiently at an industrial scale [37].

3. Ultrasonic Sludge Pretreatment

Conventional activated sludge processes for wastewater treatment transform organic pollutants
into CO,, water and biomass. Due to stringent sludge disposal regulations worldwide, the processing
and ultimate disposal of excess biomass known as waste activated sludge (WAS) is one of the major
problems in biochemical wastewater treatment, because it accounts for approximately 35-60% of
the whole operation cost [39]. As a consequence, there are numerous studies worldwide on the
development of low-cost WAS treatment or stabilization technologies. The most favorable of all so far
has been anaerobic digestion, which is well recognized with its capability for energy production.

The cost-effectiveness of anaerobic digestion (AD) is not only based on its capacity to produce
renewable energy in form of methane gas, but also for rendering high degrees of mass reduction and
stabilization. However, the process has a major drawback with its slow hydrolysis step, which leads to
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large fermenters and excessive space requirements. Thus, the only way to enhance the performance
and efficiency of AD processes is to accelerate the rate-limiting hydrolysis step [40,41], which is possible
by pre-treatment of the sludge to improve the biodegradability of the solids.

Pretreatment of WAS for enhanced solids biodegradability is possible by biological, thermal,
mechanical (ultrasound, high pressure, lysis), chemical (oxidation, ozonation) and alkali methods [42].
Amongst them, ultrasonic pretreatment has become very popular due to several inherent merits of
US, such as no chemical requirements, efficient sludge disintegration, and improvements in digester
stability [42].

Ultrasonic disintegration of waste activated sludge is a well-known method of breaking up
microbial cells to extract the intracellular material in them [43]. Figure 2 represents a typical layout
of an activated sludge process and options for bio-mass disintegration. Ultrasound de-agglomerates
biological flocs and disrupts large organic particles into smaller size particles by the formation
and implosion of cavitation bubbles [44]. The shear forces produced by high pressure waves
break down bacterial cell walls and release intracellular substances into the aqueous phase [42].
Moreover, ultrasonic pretreatment improves volatile solid reduction and biogas production. The only
disadvantage of ultrasonic methods is that they require substantial energy for effective disintegration of
high-solid wastes. However, the high energy requirements can be reduced by combining ultrasonication
with chemical processes to allow different mechanisms of action for disintegration.

Wastewater treatment
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Figure 2. (a) Typical layout of an activated sludge process. (®: options for bio-mass disintegration.)
(b) Ultrasound system for improvement of biogas production on a farmland biogas plant in
Lohndorf, Germany.

In the literature, many studies reveal the efficiency of the WAS pretreatment by short wave
ultrasonication. According to Savun et al. (2012), sonication is a suitable method for rendering
disintegration and organic solutes transfer from solids into the aqueous phase to enhance the
biodegradability of the sludge. In addition, the degree of disintegration is directly proportional to the
energy input, the applied ultrasound dose or the contact time [45].

The effects of various ultrasonication parameters, including frequency, duration and intensity,
and their effects on the characteristics of sludge have been studied by many researchers and summarized
in the following subsections.

3.1. Somnication Frequency

Both hydromechanical shear forces and their sonochemical effects can contribute to the ultrasonic
disintegration of sewage sludge. According to Portenlanger (1999), macromolecules with a molar
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mass above 40,000 are disrupted by the hydromechanical shear forces produced by ultrasound and
the mechanical forces are most effective at frequencies below 100 kHz. Sonochemical degradation
processes can occur in a broad ultrasound frequency range from 20 kHz up to about 1 MHz. The highest
efficiency of sonochemical reactions was observed at more than 100 kHz [45]. Thiem et al. (2001),
having studied the process at different frequencies and within the range of already explored frequencies
between 41 and 3217 kHz, found that the disintegration of WAS was most effective at the lower end,
showing that ultrasonic sludge disintegration is most effective at low ultrasound frequencies and
hydromechanical shear forces produced by ultrasonic cavitation are predominantly responsible for
sludge disintegration [45].

3.2. Energy/Power Input and Sonication Time

The economy of an ultrasound system is primarily governed by the power (W or kW) or energy
(J or kJ) input supplied. Thus, quantification of energy/power input needed to obtain a desired degree
of disintegration is a key factor in selecting the ultrasound system for field application. The power
or energy supplied for sludge disintegration can be expressed in a number of ways, such as specific
energy (kJ (kg Total Solids)™1), dose (J L), density (W L™1) and intensity (W cm™2).

4. Sonochemical Synthesis of Nanoparticles

One of the most important applications of sonochemistry has been the synthesis of nanoparticles.
Among a variety of methods, ultrasonic techniques have received special attention via their ability
to provide very small dimensions, specifically 2-50 nm [46]. Some of these fine particles, owing to
their massive surface area, are demonstrated to act as excellent catalysts in water chemistry.
Sonolytic production of nanoparticles involves the reduction of metals by primary and secondary
radicals, which generate during the formation, growth and violent collapse of acoustic cavity
bubbles [47,48]. The chemical reactions describing the process are as follows [48]:

H,0 — ¢OH + oH (6)

eH + ¢H — H, 7)

eH + ¢OH — H,0 ®)

RH + eOH (or eH) — reducing species + H,O (or Hy) 9)
RH + HpO — R + unstable products (10)

M™™ + eH/H,/eR — M’ (11)

where: M"* corresponds to a metal ion and RH to an organic additive.

Reactions Equations (6) and (7) show the formation of reducing agents: (i) H from pyrolysis of
water inside the collapsing cavity bubbles, (ii) Hy from the reaction of RH with ¢OH or eH. Reaction
Equation (10) shows the formation of secondary radicals (eR) from pyrolysis of the organic additive.
In the presence of these species, the metal salt is readily reduced to the zero-valent form (M"), which is
then converted to M°,,,1 via adsorption onto MY,. The organic additives, which function as stabilizers,
are generally alcohols, surfactants and water-soluble polymers.

Preparation of metallic nanoparticles by sonochemical techniques is closely related to the ambient
and applied conditions, such as temperature, contact time, metal concentration, frequency, and organic
additives [49,50]. For example, the particle size is inversely proportional to the concentration of the
stabilizer (e.g., an alcohol) and the alkyl chain length due to the fact that alcohols adsorbed on the
surface of metal nuclei restrict the enlargement of particle size via stabilization [46,51]. The type and
concentration of dissolved gases in the solution also affects the rate of reduction, and faster rates are
achieved in the presence of monoatomic gas molecules (due to higher collapse temperatures) [52].
Applied frequency also plays a critical role in controlling particle size [8]. The effect of frequency is
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based on the fact that sonochemical reactors are subject to standing waves, i.e., the number of active
cavitating bubbles is a function of the frequency and reaction volume [8].

The synthesis of nanoparticles by sonochemical methods may be an alternative green reductant
source for green chemistry if combined with natural eco-friendly starting materials and stabilizing
agents. The distinctive advantages of this method over all chemical methods (e.g., sodium borohydride,
hydrogen, alcohol) are: (i) no chemical addition (except the stabilizer); (ii) reasonably fast reaction
rates; and (iii) production of ultra-fine particles [47].

5. Conclusions

Based on the literature review, it can be concluded that ultrasonic irradiation is an excellent option
for the treatment of refractory compounds in water and wastewater. The major advantages of this
process are the reduction in the toxicity without generating any sludge, and easy and safe operation.
In addjition, ultrasound is a promising technology used in the pretreatment of waste activated sludge.
Ultrasonic disintegration is one of the most effective pretreatment methods owing to the capacity
of ultrasound to break-up microbial cells and extract the intracellular material. Recently, the use of
ultrasound in different areas of nanochemistry and related fields of nanotechnology has attracted
the attention of scientists. Ultrasound is an efficient, inexpensive and environmentally-friendly
method of nanoparticles/nanocomposites synthesis. Hence, ultrasonic irradiation can be effectively
used as a “green” technology in the synthesis of the nanomaterials, in assisting the oxidative
destruction of emerging water contaminants and in sludge pretreatment to facilitate solubilization and
biodegradability. Although there are many studies in the literature on the use of ultrasound for different
environmental purposes, most of these studies are small-scale. Further investigations are needed on
the cost-effectiveness of the proposed processes to shed light on their large-scale applicability.
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