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� Examined acoustic cavitation using
hydrophone and chro-
noamperometry measurements.

� Stable cavitation prevalent at 1 MHz
while transient cavitation dominant
at 37 kHz.

� Higher generation rate of OH� at
1 MHz than at 37 kHz.

� p-cresol degradation rate faster at
1 MHz compared to 37 kHz.

� Addition of H2O2 or Cu2þ/H2O2

significantly improved the p-cresol
degradation rate.
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Many modern techniques exist for the degradation of organic pollutants in water. Numerous treatment
processes which utilize the formation of hydroxyl radicals for oxidation of pollutants have been studied
thoroughly. In this study, a three pronged approach has been used to characterize and understand the
effect of two distinct acoustic frequencies (37 kHz and 1 MHz) on cavitation behavior. Correlation of this
behavior with sonolysis of a target phenol pollutant is described. Hydroxyl radical capture, hydrophone,
and microelectrode studies in this work show that megasonic frequencies are more effective for gen-
eration of hydroxyl radicals and stable cavitation events than ultrasonic frequencies. UV absorption and
fluorescence measurements confirm that the combination of ultrasonic sonolysis with a Fenton reagent
achieved complete degradation of p-cresol at 50 mg/L in about 30 min. Cost estimates have been made
for different sonication processes and compared with traditional advanced oxidation processes.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Sonolysis is one of the techniques used for the degradation of
eswani).
organics in water (Gonzalez-Garcia et al., 2010; Chowdhury and
Viraraghavan, 2009). As an acoustic pressure wave from a trans-
ducer propagates through the aqueous medium, the oscillation
between high and low pressure causes cavitation bubbles to form,
oscillate and subsequently collapse (Awad et al., 2010). Cavitation
events are described as either stable or transient, and both cases
generate highly localized temperature (thousands of Kelvin) and
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pressure (hundreds of atmospheres) elevations (Flint and Suslick,
1991; Margulis and Margulis, 2004). The energy of the event is
dependent on the intensity of cavitation which in turn depends on
the amplitude and frequency of the acoustic wave among other
factors (Entezari et al., 2005). The frequency determines growth
time of the bubble. Lower frequencies give longer growth periods
and produce fewer but larger cavitation events for a given time
period. These cavitation events have greater likelihood of more
violent transient cavitation. Higher frequencies produce more but
smaller cavitation events due to a faster cycle. Events at higher
frequency have a greater likelihood of stable cavitation inwhich the
bubble does not collapse entirely but grows and shrinks periodi-
cally. Transient cavitation generates higher temperatures which are
more ideal for the pyrolytic degradation of volatile hydrophobic
organics, but stable organics, such as aromatics, are degraded by
cavitation indirectly (Entezari et al., 2005; Petrier and Francony,
1997). Researchers have been successfully able to fundamentally
study and characterize the cavitation effects by means of chemical
and electrochemical methods (Mason et al., 1994, 2012).

Organics undergo sonolytic degradation in two possible ways,
pyrolytic degradation and oxidative degradation. Besides heat, the
cavitation event causes the short lived formation of hydroxyl rad-
icals which can react with organic species to oxidatively degrade
them. Many studies have been performed in the ultrasonic range to
determine the most appropriate frequency for various organic
species. Petrier et al. (Petrier and Francony,1997; Petrier et al., 1992;
Petrier et al., 1994) have elucidated the role of acoustic frequency
on sonolytic degradation of organic compounds in aqueous solu-
tions. Their work on phenol degradation indicates that 200 kHz is
the most effective frequency for degradation among a range of
frequencies (20, 200, 500 and 800 kHz) investigated. About 50%
degradation of phenol (C0 ¼ 1 mM) was observed in about
100 min at 200 kHz. Another such study showed that with volatile
organic species, reaction rate increased with increasing frequency
from 20 to 800 kHz, but the reaction efficiency decreased with each
cycle (Petrier and Francony, 1997). This implies that there is an
energy threshold for degradation of the volatile organic, carbon
tetrachloride in this case, which is met on average by cavitation
events in the frequency range of 20e800 kHz but that as frequency
increases a greater proportion of those cavitation events did not
meet that energy threshold and so efficiency per cycle decreased.
There is undoubtedly a similar duality in the acoustic frequency
effects on OH� formation, but it is known that the energy threshold
in this case is much lower. This suggests that the megasonic fre-
quency range may be more effective for the degradation of stable
aromatic type compounds.

In the current work, focus has been laid on the sonolytic
degradation of p-cresol, an organic compound which is present in
waste water from coal conversion plants, textile industry, paper
pulp treatment facilities, refineries, pharmaceutical plants and
others (Jiazhen et al., 2007). Although present in small quantities
(several ppm) (Nakhla and Suidan, 1995), p-cresol is prevalent in
wastewaters originating from refineries, petrochemicals, polymeric
resins, pharmaceuticals, and various chemical industries (Rojas
et al., 2010). One of the primary mechanisms behind degradation
of phenolic compounds is by oxidation through reaction with a
strong oxidant such as OH�. Advanced oxidation processes (AOP's)
such as UV, photocatalysis, O3/H2O2, UV/H2O2, and UV/O3 are some
common methods used to treat such pollutants (Esplugas et al.,
2002). Among all the available oxidative processes, the use of O3

has been identified to be the most effective and economical due to
large oxidation rate constant of 4.42 hr�1 (pseudo first order),
which is about an order of magnitude higher than that observed in
the presence of UV and photolysis (Hoigne and Bader, 1983). It has
also been established that other combinative processes are not as
effective as using just O3 (Esplugas et al., 2002). On the contrary,
ultrasound has been given much attention due to its relatively high
efficiency of oxidation through homolytic cleavage of water during
cavitation. However, complete degradation through sonolysis alone
takes much more time than when combined with other oxidative
techniques (Bagal and Gogate, 2014; Gogate, 2008). Addition of
hydrogen peroxide increases hydroxyl radical formation during
sonication because it is a direct precursor. Another technique is the
addition of Fenton's reagent such as iron/copper ions with H2O2
that react with each other to form hydroxyl radicals in parallel with
sonication. The Fenton's reagent is a very effective formulation for
catalyzing hydroxyl creation especially when irradiated with light
or acoustic power, but even individually at higher concentrations
(Kubo et al., 2004). Aside from the influence of solution parameters,
the work of Gogate et al. (Sutkar and Gogate, 2009; Gogate and
Pandit, 2004a, 2004b) shows the importance of the dynamics and
non-linearity of acoustics. Design aspects such as shape and
configuration of the transducer, liquid height, and reactor geometry
play a key role in the development of a sonochemical reactor for
commercial applications. In order to capture the bubble cavitation
dynamics, a variety of measurement techniques have been used in
the past. Some of these include hydrophone (pressure), calorimetry
(temperature), iodide dosimetry (von Sonntag et al., 1999), ter-
ephthalic acid dosimetry, sonochemiluminescence and electro-
chemical sensors (Zhou and Maisonhaute, 2013).

Petrier et al. have reported that with 50 W of acoustic power,
higher frequencies, from 20 to 500 kHz, cause better generation of
hydroxyl radicals (Petrier and Francony, 1997). However, the study
also showed a greater rate of phenol degradationwith addition of a
Fenton's reagent at a much lower frequency, 35 kHz, but equal
acoustic power, which demonstrates that additives and the ge-
ometry of the transducer and vessel play a significant role as well.
There may be a unique frequency of maximum efficiency or reac-
tion rate for every set of conditions and geometries. However, the
general consensus is that hydroxyl formation due to acoustic
cavitation is greater at higher frequencies within the ultrasonic
range (Didenko et al., 1994). A study by Namkung et al., in 2008
found that in advanced Fenton processing of phenols in solution,
total organic carbon (TOC) content removal was not significantly
increased by changing the intensity of sonication from 2.4 to 4.7 W
in an acid solution containing ferrous and zero valent iron as a
Fenton's type reagent. However, increasing the hydrogen peroxide
flow rate from 14 ml/h to 60 ml/h increased the TOC removal by
almost 4 times from about 11 to 38% (Namkunga et al., 2007).

A study by Entezari et al. (2005) found that ultrasonic acoustics
increased the effectiveness of 2-chlorophenol degradation in a so-
lution containing a Fenton's reagent (iron II), hydrogen peroxide
and inorganic catalyst (titanium dioxide) at 6 mM, 10 mM and
0.01e0.06 (wt. %) respectively. The combination of inorganic cata-
lyst, Fenton's reagent and sonication with 20 kHz at 11e45 W/cm2

was far more effective than any individual technique. The original
concentration of 2-chlorophenol, 50 mM, was completely degraded
in approximately 100 min in the most ideal case.

The ultrasonic frequency range of sonolysis has been studied
extensively with many papers reporting effective conditions for the
degradation of phenols below 800 kHz (Kidak and Ince, 2006),
however, the megasonic frequency range is yet to be explored. In
this study, characterization of the cavitation activity was conducted
by means of a microelectrode, a hydrophone, and hydroxyl radical
capture measurements at two contrasting frequencies of 37 kHz
and 1 MHz. Further, we have been able to separate out stable
cavitation from transient cavitation at ultrasonic and megasonic
frequencies using the acoustic emission technique and correlate the
effect of these frequencies on generation rate of OH� and sonolytic
degradation of a model compound such as p-cresol in the presence
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and absence of peroxide and Fenton's reagent.

2. Materials and methods

2.1. Reagents

De-ionized water (18 MU-cm) was used for preparation of so-
lutions. p-cresol, copper sulfate, potassium ferricyanide, potassium
chloride and sodium hydroxide of purity greater than 99% were
procured from Fisher Scientific Inc. Terephthalic acid (98%) and 2-
hydroxyterephthalic acid (97%) were purchased from Sigma
Aldrich. Semiconductor grade hydrogen peroxide (30%) was pur-
chased from Honeywell Inc.

2.2. Experimental setup

Ultrasonic andmegasonic systemswith operating frequencies of
37 kHz and 1 MHzweremanufactured by Elma Ultrasonics and PCT
Systems Inc., respectively. The reactor consisted of a flat bottomed
glass beaker (total volume ¼ 1.5 L) containing about 1 L of p-cresol
solution (Fig. 1). The beaker was immersed in the ultrasonic tank
and placed about 1 cm above the transducer. Tomaintain a constant
bath temperature (30 ± 2 �C), the water was recirculated through a
heat exchanger.

2.3. Analysis

Hydroxyl radical capture studies were conducted with air
saturated solutions containing 2 mM terephthalic acid and 4.1 mM
sodium hydroxide (pH ~ 9.5). Samples were collected in regular
intervals and the OH� was quantified by means of fluorescence
spectroscopy (Keswani et al., 2014). The OH� generated during
acoustic exposure reacts with the terephthalic acid to form 2-
hydroxyterephthalic acid that exhibits emission at 425 nm, when
excited at 318 nm. Microelectrode studies were performed in argon
saturated solutions containing 50 mM potassium ferricyanide
(electroactive species) and 100mMpotassium chloride (supporting
electrolyte). The setup consisted of a 25 mm diameter platinum disc
as the working electrode along with 500 mm diameter and 1 cm
long platinum wires as counter and reference electrodes. Electro-
chemical investigations were conducted at an applied potential
of �0.6 V to the working electrode (vs Pt reference), which was
achieved by means of a potentiostat (Gamry Interface 1000).
Pressure measurements were conducted at sampling rates of 50
million samples per second for total duration of 1 s using a HCT-
0310 hydrophone (Onda. Corp.) and an oscilloscope (NI USB
5133). LabVIEW 2012 (version 12.0) was used to acquire the data
and Matlab 7.3 was used to process the spectral information. The
Transducer

p-cresol

wate

Generator

H

Fig. 1. Schematic of the experimental setu
net acoustic pressure (root mean square, rms) delivered into the
aqueous solution (air saturated) was estimated to be about 70 kPa
and 80 kPa at 1 MHz and 37 kHz, respectively.

Degradation studies were carried out under two different fre-
quencies (37 kHz and 1 MHz) and varied parameters such as con-
centration of components (0.6e150 ppm Cu and 10e60 mM H2O2)
of Fenton's reagent in solutions containing 50 ppm of p-cresol.
Generally, iron is used for Fenton's system. However, we have used
copper since the standard reduction potential for the equilibrium
reaction of Cuþ/Cu2þ is lower (0.18 V) than that of the Fe2þ/Fe3þ

couple (0.77 V) and therefore Cuþ would be easier to oxidize
(thermodynamically) compared to Fe2þ at low concentrations of
H2O2 and likely to generate OH� more readily. The concentration of
p-cresol was determined mainly by fluorescence spectroscopy, but
also with limited studies conducted using UVeVis spectroscopy.
Fig. S1 shows the calibration curves obtained for different p-cresol
(1e50 ppm) standards. When excited at a wavelength of 277 nm, p-
cresol shows peak emission at about 305 nm. The intensity at this
emission wavelength was used to calculate p-cresol concentration
in actual degradation samples. UVeVis characterization was ach-
ieved by calculating the area under the absorbance peak at 277 nm
using OriginPro software. The UVeVis characterization served as a
confirmation to the fluorescence measurements and a good cor-
relation was observed between the results obtained using the two
methods.

3. Results and discussion

In this section, characterization of acoustic cavitation through
hydroxyl radical measurements, hydrophone and microelectrode
studies are discussed. Then an attempt is made to relate cavitation
to degradation of p-cresol at ultrasonic and megasonic frequencies.

3.1. Hydroxyl radical measurement

Terephthalate dosimetry has been a well-established technique
to quantify cavitation activity in acoustically irradiated solutions.
Literature suggests that volume of solution, shape of the container
(Mason et al., 1994), concentration and type of dissolved gas,
transducer power, and acoustic frequency (Hua and Hoffman,1997;
Lida et al., 2005) are some of important parameters that affect OH�

generation. It has been established that for the frequency range of
20e500 kHz and in the presence of various dissolved gases (Kr, Ar,
He, O2), the generation rate of OH� is maximum (3.17 mM/min) at
500 kHz and solutions saturated with Kr. In this study, a similar
approach has been adopted, but with the exception of investigating
this behavior at a much higher frequency of 1 MHz. Fig. 2 shows the
concentration of the generated OH� as a function of sonication time
r
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Heat Exchanger
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p used for degradation experiments.



Fig. 2. Concentration of OH� as a function of sonication time, Solution: 2 mM tereph-
thalic acid and 4.1 mM sodium hydroxide, pH ¼ 9.5, Excitation wavelength ¼ 318 nm,
Emission Wavelength ¼ 425 nm.
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for two different frequencies, 37 kHz and 1 MHz. The figure shows
that OH� concentration increases linearly with time at both fre-
quencies suggesting a constant rate of generation due to relatively
uniform and steady sonochemical activity. At 37 kHz, the measured
OH� concentration increased to about 20 mM in 150 min, an average
generation rate of about 0.14 mM/min. Interestingly, at higher fre-
quency of 1 MHz, the measured OH� was about 100 mM after
150 min, about 5 times greater (~0.63 mM/min) than measured at
37 kHz. This increased generation of OH� at higher frequencies
could possibly be attributed to increased number of stable cavita-
tion cycles that a bubble undergoes, about 25 times more at 1 MHz
than at 37 kHz. The extreme temperatures at the end of each cycle
provide conditions for the breakdown of water into radicals.
Although lower frequencies are known to generate more intense
transient cavitation due to the larger size of cavities prior to
collapse, the occurrences of total cavitation (stable and transient)
events with high temperature conditions are much lower at these
frequencies, which reduces the overall generation rate of OH�.
3.2. Microelectrode studies

Fig. 3(a) and (b) show the current versus time at acoustic fre-
quencies of 37 kHz and 1 MHz, respectively. The measured current
is a result of electrochemical reduction of ferricyanide species (to
ferrocyanide) at the electrode surface. As the species is consumed,
it is continuously being replenished by transport due to diffusion
(in the absence of sound field) or combination of convection and
diffusion due to acoustic streaming and/or stable and transient
cavitation. The figures display a steady baseline current of
about �0.4 mA in the absence of sonication, under an applied po-
tential of�0.6 V. This limiting current corresponds to the reduction
of ferricyanide to ferrocyanide. In the presence of an acoustic field,
current peaks were observed. The current peaks pertain to the ef-
fects produced by the collapsing or oscillating cavities near the
microelectrode. Transient cavities grow in size and collapse, which
causes accumulation of ferricyanide ions at the bubbleeliquid
interface by advection (Keswani et al., 2013a, 2013b). The concen-
trated ferricyanide diffuses radially after collapse and reaches the
electrode surface where it is electrochemically reduced, which
causes the current to increase in magnitude. The current continues
to increase with more transport of ferricyanide towards the elec-
trode and reaches a peak value and starts dropping as ferricyanide
disperses by diffusion and finally attains the baseline value. Similar
effect is observed during the compression phase of a stable
oscillating cavity, although in this case, the peak magnitude will be
much smaller due to lower degree of advection and smaller ferri-
cyanide accumulation. Examples of current peaks at 37 kHz and
1 MHz is illustrated in Fig. 3(c) and (d), respectively. A peak was
defined as due to cavitation when the maximum current reached
0.6 mA or higher in magnitude. Below this threshold, any increase in
current from the baseline is attributed to reduction in the boundary
layer due to acoustic streaming. The rise and fall times of peaks
were in the range of 10e30 ms and 30e80 ms and 3e10 ms and
12e20 ms at 37 kHz and 1 MHz, respectively. The average peak rise
and fall times were higher (~3 times) at 37 kHz indicating that the
average time per cavitation event is much larger at lower fre-
quencies. As the time per cavitation event increases, the frequency
of occurrence of high temperature conditions goes down, possibly
reducing the OH� generation rate and the oxidative power of the
solution.

At 37 kHz, several current peaks with magnitudes greater than
3 mAwere observed, the greatest at about 5.5 mA. At 1 MHz, most of
the current peaks were less than 1 mA, with a limited number of
peaks in the range of 1 and 2 mA. The larger magnitude of current
peaks seen at ultrasonic frequency is likely due to the fact that the
bubble grows into a larger transient cavity thereby yielding a more
violent collapse at this frequency. At megasonic frequency, the
overall amplitude of current peaks significantly reduces indicating
predominance of stable cavitation at higher acoustic frequency.
During 12 s of acoustic exposure, 80 peaks exceeding 0.6 mA were
observed at 1 MHz but only 30 at 37 kHz. These results clearly
demonstrate that although the maximum intensity of cavitation at
1 MHz is lower than that at 37 kHz, the total number of significant
cavitation events is higher at megasonic frequencies leading to
more frequent generation of conditions sufficient to achieve release
of active radicals (Keswani et al., 2013a).

3.3. Hydrophone studies

The results from hydrophone measurements at 37 kHz and
1 MHz are shown in Fig. 4. The root mean pressure values for direct
field, stable cavitation, and transient cavitation are plotted for the
two frequencies in this figure. The methodology for obtaining the
different pressure fields has been described in Zhao et al. (2015);
Balachandran et al. (2015). The pressure-time data computed af-
ter application of hydrophone calibration to the acquired volta-
geetime curves was converted into the frequency domain using a
Discrete Fourier Transform (DFT). The resulting plot consisted of
line spectrum representing direct field and stable cavitation pres-
sure and broadband spectrum (white noise) denoting transient
cavitation. The direct field has contribution from pressure wave
emanating from the transducer at the driving frequency as well as
that from resonant bubbles oscillating at that frequency. The stable
cavitation pressure includes contributions from non-linearly
oscillating stable bubbles at harmonic and sub-harmonic fre-
quencies, while transient cavitation pressure results from random
collapses of cavities that produce shock waves and microjets. The
integral under the fundamental peak (above the background) was
used for computing the direct field pressure while collective inte-
gral under the line spectra (above the background) at harmonics,
sub-harmonics, and ultraharmonics provided the stable cavitation
pressure. The transient cavitation pressurewas obtained by fitting a
curve to the continuous broadband spectrum or white noise (on
which the line spectra are superimposed) and taking the integral
under this curve. As one may note from Fig. 4, the direct field
pressure at 37 kHz is ~15 kPa and increases to 160 kPa at 1 MHz.
Similarly, the stable cavitation pressure is about 1.5 times higher at
1 MHz compared to 37 kHz. On the other hand, the trend in tran-
sient cavitation activity is reversed where transient cavitation
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pressure is much lower at 1 MHz (~20 kPa) than that at 37 kHz
(~70 kPa). These results suggest that the frequency of occurrence of
stable cavitation event is higher at megasonic frequency of 1 MHz
and that of transient cavitation is lower compared to ultrasonic
frequency of 37 kHz. Additionally, the pressure field at 1 MHz and
37 kHz increases in the following order direct > stable > transient
and transient > stable > direct, respectively. This indicates that
predominantly all the cavitation generated at 1 MHz occurs as a
result of stable resonating bubbles which is in contrast to that
observed at 37 kHz. Overall, hydrophone measurements in com-
bination with OH� capture and microelectrode studies reveal that
stable cavitation dominates at megasonic frequencies.
3.4. Degradation of p-cresol

Fig. 5(a) through (c) show degradation results obtained from
fluorescence spectroscopy under a variety of conditions, while
Fig. 5(d) was acquired using data from UVeVis spectroscopy. The
presence of hydrogen peroxide, Fenton's reagent at several con-
centrations and the application of acoustic field at 37 kHz and
1 MHz were studied individually and in some combinations. The
concentration of p-cresol remaining was normalized with respect
to the original concentration and plotted as function of time.

In the absence of sonication (Fig. 5(a)), the percent degradation
proceeds slowly with time when the solution contains 60 mM of
hydrogen peroxide. At the end of about 3 h, the degradation is only
about 20%. When 150 ppm of copper ion as CuSO4 was introduced
into the solution, more than 85% degradation was achieved in less
than 10 min and only about 2% of the original concentration
remained after 3 h. The initial sudden drop in p-cresol concentra-
tion in these solutions is likely due to high OH� release rate with
immediate addition of Fenton's reagent followed by a slow degra-
dationwith equilibrium progression of the Fenton's reaction. These
results also emphasize the importance of hydroxyl radicals in
enhancing oxidation of aromatics as indicated by the increase in the
p-cresol degradation rates for solutions containing hydrogen
peroxide and Fenton's reagent both.

The effect of application of sonication at 37 kHz on p-cresol
degradation is illustrated in Fig. 5(b). In the absence of any addi-
tives, the p-cresol degrades only 10% in 150 min. In the presence of
60 mM peroxide, degradation in 150 min was only about 20%, but
with the same concentration of peroxide combined with sonication
about 80% p-cresol was degraded in 150min. Degradation increases
from continuous generation of OH� when peroxide containing so-
lutions are irradiated with a sound field. The most effective
degradation of p-cresol was achieved by the following combination
of Fenton's reagent, 60 mM peroxide and 150 ppm copper ion
exposed to a 37 kHz sonication field. Under this condition, com-
plete degradation of p-cresol was achieved in 30 min. In compari-
son, about 98% of p-cresol was degraded in 180 min using the
Fenton's reagent but in the absence of sound field. Reducing
peroxide concentrations to 10 mM (keeping Cu at 150 ppm) or
copper concentration to 2.5 ppm (keeping H2O2 at 60 mM)
increased the sonication time required for complete degradation to
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100 min and 160 min respectively. However, further lowering the
copper concentration to 0.6 ppm (with 60 mM H2O2) did not yield
complete degradation of p-cresol in the investigated time of
160 min. Increased degradation rates with the combination of
sonication and Fenton's reagent possibly arises from the catalytic
effect of acoustic cavitation induced localized thermal and pressure
increases on enhancing the Fenton's reaction and therefore OH�

generation rates.
At 1 MHz of sonication, the percent degradation of p-cresol,

shown in Fig. 5(c), was much higher than at 37 kHz. When soni-
cated at 1 MHz, without any additives, as much as 85% degradation
was attained in 150 min. With just the addition of hydrogen
peroxide at 60mM,100% p-cresol degradationwasmeasured in less
than 160 min, while the percent degradation was only 80% when
37 kHz frequency was applied for the same time. Although mega-
sonic frequencies were not explored in combination with peroxide
and Fenton's reagent, these results clearly suggest that megasonic
frequencies are more effective than ultrasonic for degradation of p-
cresol and perhaps many, if not all aromatics.

Further confirmation for the degradation of p-cresol was ach-
ieved by means of using UVeVis spectroscopy (Fig. 5(d)). For so-
lutions containing 60 mM H2O2 and irradiated with 37 kHz,
complete degradation was observed in about 20 min and 140 min
in the presence of 150 ppm and 2.5 ppm copper respectively,
whereas about 90% degradation was measured after 160 min with
0.6 ppm copper. These trends are similar to those observed using
fluorescence spectroscopy and confirm the reproducibility of the
data and improve the reliability of the results obtained in this study.
It may be noted that the quenching of fluorescence and loss of UV
absorbance indicates the degradation of the aromatic structure. We
are not claiming mineralization here, but rather, the loss of the
parent compound as measured by intrinsic spectroscopic
properties.
3.5. Cost estimate

Fig. 6 shows the comparison of the cost estimates obtained for
different sonolysis processes for the degradation of p-cresol. The
cost of chemicals and electricity were included in the estimated
cost calculations. Calculations were performed using 1 m3 of
effluent as the basis. Electrical energy required for ultrasonic and
megasonic processes were computed based on the power trans-
mitted into the solution during acoustic exposure using the
following electrical energy per order (EE/O) equation (Mahamuni
and Adewuyi, 2010).

EE=O ¼ P*t*1000

V*60*log
�
C0
C

� (1)

Where, P ¼ electrical power in kilo Watts transmitted to the solu-
tion, t ¼ time (in minutes) needed to degrade p-cresol concentra-
tion to a concentration C, V ¼ volume of solution in liters, C0/
C ¼ ratio of initial to final concentration of p-cresol. The measured
37 kHz 1 MHz

Fig. 6. Cost estimates of different degradation processes for p-cresol.
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pressure rms values of 70 and 80 kPa for ultrasonic and megasonic
field respectively were converted to power density (Irms), using
equation (2), from which the power (rms) was calculated by
multiplying with the area of the exposed solution (~78 cm2) in the
container.

Irms ¼ p2
rms/(2*c*r) (2)

where, c is the speed of sound in water (1490 m/s) and r is the
density of water (1000 kg/m3)

The EE/O was calculated to be roughly 1000 and 90 kWh/m3-
order for ultrasonic and megasonic processes, respectively. Elec-
trical cost is the product of electrical energy (kWh) and rate per unit
of energy consumed (~$0.08/kWh). The cost of hydrogen peroxide
and copper sulfate were estimated at about $ 4 per gallon and $ 2.2
per kg (Mahamuni and Adewuyi, 2010), respectively. For 1 m3 of
effluent solution about 6 L of H2O2 and 0.15 kg of CuSO4 was
required. Therefore, total chemical costs were computed to be
about $6.35 and $0.33 for H2O2 and CuSO4, respectively.

In the presence of only the acoustic field, megasonic frequency
clearly seems to be much more cost effective as the cost is lower by
an order of magnitude ($6 in comparison to $144 at 37 kHz). In the
case of added peroxide, cost of operation for the ultrasonic process
reduces to $16 while it increases slightly for megasonic process to
$8. However, it may be noted that megasonic process with peroxide
requires much lower time for degradation than ultrasonic or
megasonic only and ultrasonic with peroxide. When Fenton's re-
agent was added to ultrasonic process, the estimated cost was ~ $7
and the degradation time was the lowest. However, the disadvan-
tage with use of Fentons's reagent is that the process leaves behind
metallic impurities in the solution at the end of degradation. In
comparison, the costs for UV/O3 and UV/H2O2 processes have been
estimated to be $10 and $80, respectively, for degradation of phenol
(Mahamuni and Adewuyi, 2010).
4. Conclusion

This work explores the use of a combinative technique
employing sonication with conventional oxidizing agents such as
hydrogen peroxide and Fenton's reagent for destruction of p-cresol.
It was successfully shown that the acoustic systems utilized in this
work produced greater concentrations of hydroxyl radicals at
higher frequencies. At 1MHz, complete degradation of p-cresol was
achieved in about 160 min with only the presence of 60 mM H2O2.
The effect of a lower acoustic frequency, 37 kHz, was also studied to
understand the effects of cavitation and achieve conditions that
would yield complete degradation. Complete p-cresol degradation
was observed at 37 kHz in about 30min in the presence of 150 ppm
copper and 60 mMH2O2. Rate of generation of OH� and the number
of cavitation peaks were observed to be 5 and 3 times higher,
respectively, at 1 MHz than those at 37 kHz. The combinative
technique involving sonication and Fenton's reagent is clearly
much more effective than any part individually for the elimination
of p-cresol. Greater hydroxyl generation at megasonic frequencies
using Fenton's reagentmay improve this combinative technique yet
further. Cost estimates showed that themost suitable conditions for
achieving complete degradation of p-cresol were 1 MHz sonication
with peroxide and 37 kHz with Fenton's reagent.
Acknowledgments

The authors would like to thank Water, Environmental and
Energy Solutions (WEES) for their financial support (Grant #
5825632).
Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.chemosphere.2015.12.066.

References

Awad, S., Nagarajan, R., 2010. Ultrasonic cleaning. In: Kohli, R., Mittal, K.L. (Eds.),
Developments in Surface Contamination and Cleaning, vol. 2. Elsevier, Oxford,
UK.

Bagal, M.V., Gogate, P.R., 2014. Wastewater treatment using hybrid treatment
schemes based on cavitation and Fenton chemistry: a review. Ultrason. Sono-
chem. 21, 1e14.

Balachandran, R., Zhao, M., Yam, P., Zanelli, C., Keswani, M., 2015. Characterization of
stable and transient cavitation oin megasonically irradiated aqueous solutions.
Microelectron. Eng. 133, 45e50.

Chowdhury, P., Viraraghavan, T., 2009. Sonochemical degradation of chlorinated
organic compounds, phenolic compounds and organic dyes e a review. Sci.
Total Environ. 407, 2474e2492.

Didenko, D.N., Nastich, S.P., Pugash, Y.A., Polovinka, Y., Kvochka, V.I., 1994. The effect
of bulk solution temperature on the intensity and spectra of water sonolumi-
nescence. Ultrasonics 32 (1), 71e76.

Entezari, M.H., Heshmati, A., Sarafraz-Yazdi, A., 2005. A combination of ultrasound
and inorganic catalyst: removal of 2-chlorophenol from aqueous solution.
Ultrason. Sonochem. 12 (1e2), 137e141.

Esplugas, S., Gimenez, J., Contreras, S., Pascual, E., Rodrigues, M., 2002. Comparison
of different advanced oxidation processes for phenol degradation. Water Res.
36, 1034e1042.

Flint, E.B., Suslick, K.S., 1991. The temperature of cavitation. Science 253 (5026),
1397e1399.

Gogate, P.R., 2008. Treatment of wastewater streams containing phenolic com-
pounds using hybrid techniques based on cavitation: a review of the current
status and the way forward. Ultrason. Sonochem. 15, 1e15.

Gogate, P.R., Pandit, A.B., 2004. A review of imperative technologies for wastewater
treatment I: oxidation technologies at ambient conditions. Adv. Environ. Res. 8,
501e551.

Gogate, P.R., Pandit, A.B., 2004. A review of imperative technologies for wastewater
treatment II: hybrid methods. Adv. Environ. Res. 8, 553e597.

Gonzalez-Garcia, J., Saez, V., Tudela, I., Diez-Garcia, M.I., Esclapez, M.D.,
Louisnard, O., 2010. Sonochemical treatment of water polluted by chlorinated
organocompounds. Water 2, 28e74.

Hoigne, J., Bader, H., 1983. Rate constants of reactions of ozone with organic and
inorganic compounds in water-I, non-dissociating organic compounds. Water
Res. 1, 173e183.

Hua, I., Hoffman, M.R., 1997. Optimization of ultrasonic irradiation as an advanced
oxidation technology. Environ. Sci. Technol. 31 (8), 2237e2243.

Jiazhen, Z., Wuhua, D., Jinquan, X., Yiyan, Y., 2007. Experimental and simulation
study on the extraction of p-cresol using centrifugal extractors. Chin. J. Chem.
Eng. 15 (2), 209e214.

Keswani, M., Raghavan, S., Deymier, P., 2013. Characterization of transient cavitation
in gas sparged solutions exposed to megasonic field using cyclic voltammetry.
Microelectron. Eng. 102, 91e97.

Keswani, M., Raghavan, S., Deymier, P., 2013. Effect of non-ionic surfactants on
transient cavitation in a megasonic field. Ultrason. Sonochem. 20, 603e609.

Keswani, M., Raghavan, S., Govindarajan, R., Brown, I., 2014. Measurement of hy-
droxyl radicals in wafer cleaning solutions irradiated with megasonic waves.
Microelectron. Eng. 118, 61e65.

Kidak, R., Ince, N.H., 2006. Ultrasonic destruction of phenol and substituted phe-
nols: a review of current research. Ultrason. Sonochem. 13, 195e199.

Kubo, M., Matsuoka, K., Takahashi, A., Shibasaki-Kitakawa, N., Yonemoto, T., 2004.
Kinetics of ultrasonic degradation of phenol in the presence of TiO2 particles.
Ultrason. Sonochem. 12 (4), 263e269.

Lida, Y., Yasui, K., Tuziuti, T., Sivakumar, M., 2005. Sonochemistry and its dosimetry.
Microchem. J. 80, 159e164.

Mahamuni, N.N., Adewuyi, Y.G., 2010. Advanced oxidation processes (AOPs)
involving ultrasound for waste water treatment: a review with emphasis on
cost estimation. Ultrason. Sonochem. 17, 990e1003.

Margulis, M.A., Margulis, I.M., 2004. Mechanism of sonochemical reactions and
sonoluminescence. High Energy Chem. 38 (5), 285e294.

Mason, T.J., Lorimer, J.P., Bates, D.M., Zhao, Y., 1994. Dosimetry in sonochemistry: the
use of aqueous terephthalate ion as a fluorescence monitor. Ultrason. Sono-
chem. 1 (2), S91eS95.

Mason, T.J., Bernal, V.S., 2012. An introduction to sonoelectrochemistry. In:
Pollet, B.G. (Ed.), Power Ultrasound in Electrochemistry. John Wiley & Sons Ltd.

Nakhla, G.F., Suidan, M.T., 1995. Anaerobic toxic wastes treatment-dilution effects.
J. Harzard. Mater. 42, 71e86.

Namkunga, K., Burgess, A., Bremner, D., Staines, H., 2007. Advanced Fenton pro-
cessing of aqueous phenol solutions: a continuous system study including
sonication effects. Ultrason. Sonochem. 15 (3), 171e176.

Petrier, C., Francony, A., 1997. Ultrasonic waste-water treatment: incidence of ul-
trasonic frequency on rate of phenol and carbon tetrachloride degradation.
Ultrason. Sonochem. 4 (4), 295e300.

Petrier, C., Jeunet, A., Luche, J-L., Reverdy, G., 1992. Unexpected frequency effects on

http://dx.doi.org/10.1016/j.chemosphere.2015.12.066
http://dx.doi.org/10.1016/j.chemosphere.2015.12.066
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref1
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref1
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref1
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref2
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref2
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref2
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref2
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref3
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref3
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref3
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref3
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref4
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref4
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref4
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref4
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref4
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref5
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref5
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref5
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref5
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref6
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref6
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref6
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref6
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref6
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref7
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref7
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref7
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref7
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref8
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref8
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref8
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref9
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref9
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref9
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref9
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref10
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref10
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref10
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref10
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref11
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref11
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref11
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref12
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref12
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref12
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref12
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref13
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref13
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref13
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref13
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref14
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref14
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref14
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref15
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref15
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref15
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref15
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref16
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref16
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref16
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref16
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref17
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref17
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref17
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref18
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref18
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref18
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref18
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref19
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref19
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref19
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref20
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref20
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref20
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref20
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref21
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref21
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref21
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref22
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref22
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref22
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref22
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref23
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref23
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref23
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref24
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref24
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref24
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref24
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref25
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref25
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref25
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref26
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref26
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref26
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref27
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref27
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref27
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref27
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref28
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref28
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref28
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref28
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref29


R. Balachandran et al. / Chemosphere 147 (2016) 52e59 59
the rate of oxidative processes induced by ultrasound. J. Am. Chem. Soc. 114,
3148e3150.

Petrier, C., Lamy, M.-F., Francony, A., Benahcene, A., David, B., 1994. Sonochemical
degradation of phenol in dilute aqueous solutions: comparison of the reaction
rates at 20 and 487 kHz. J. Phys. Chem. 98, 10514e10520.

Rojas, M., Perez, F., Whitley, D., Arnold, R., Saez, A., 2010. Modeling of advanced
oxidation of trace organic contaminants by hydrogen peroxide photolysis and
Fenton's reaction. Ind. Eng. Chem. Res. 49, 11331e11343.

von Sonntag, C., Mark, G., Tauber, A., Schuchmann, H-P., 1999. OH radical formation
and dosimetry in the sonolysis of aqueous solutions. In: Mason, T.J. (Ed.), Ad-
vances in Sonochemistry, vol. 5, pp. 109e146.
Sutkar, V.S., Gogate, P.R., 2009. Design aspects of sonochemical reactors: techniques
for understanding cavitational activity distribution and effect of operating pa-
rameters. Chem. Eng. J. 155, 26e36.

Zhou, X.-S., Maisonhaute, E., 2013. Electrochemistry to record single events. In:
Compton, R.G., Wadhawan, J.D. (Eds.), Electrochemistry Volume 11 Nano-
systems Electrochemistry. RSC Publishing.

Zhao, M., Balachandran, R., Madigappu, P.R., Yam, P., Zanelli, C., Sierra, R.,
Keswani, M., 2015. Characterization of cavitation in ultrasonic and megasonic
irradiated gas saturated solutions using a hydrophone. Solid State Phenom. 219,
165e169.

http://refhub.elsevier.com/S0045-6535(15)30520-8/sref29
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref29
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref29
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref30
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref30
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref30
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref30
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref31
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref31
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref31
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref31
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref32
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref32
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref32
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref32
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref33
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref33
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref33
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref33
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref34
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref34
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref34
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref35
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref35
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref35
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref35
http://refhub.elsevier.com/S0045-6535(15)30520-8/sref35

	Understanding acoustic cavitation for sonolytic degradation of p-cresol as a model contaminant
	1. Introduction
	2. Materials and methods
	2.1. Reagents
	2.2. Experimental setup
	2.3. Analysis

	3. Results and discussion
	3.1. Hydroxyl radical measurement
	3.2. Microelectrode studies
	3.3. Hydrophone studies
	3.4. Degradation of p-cresol
	3.5. Cost estimate

	4. Conclusion
	Acknowledgments
	Appendix A. Supplementary data
	References


