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ARTICLE INFO ABSTRACT

Keywords: The degradation of paracetamol, a widely found emerging pharmaceutical contaminant, was investigated under

Pharmace“ﬁc?b a wide range of single-frequency and dual-frequency ultrasonic irradiations. For single-frequency ultrasonic

zonf’de_gradatmn irradiation, plate transducers of 22, 98, 200, 300, 400, 500, 760, 850, 1000, and 2000 kHz were employed and
aviation for dual-frequency ultrasonic irradiation, the plate transducers were coupled with a 20 kHz ultrasonic horn in

Dual-frequency ultrasound . . . . .. o . .

Dosimetry opposing configuration. The sonochemical activity was quantified using two dosimetry methods to measure the

yield of HOe and H2O3 separately, as well as sonochemiluminescence measurement. Moreover, the severity of the
bubble collapses as well as the spatial and size distribution of the cavitation bubbles were evaluated via sono-
luminescence measurement. The paracetamol degradation rate was maximised at 850 kHz, in both single and
dual frequency ultrasonic irradiation. A synergistic index higher than 1 was observed for all degrading fre-
quencies (200-1000 kHz) under dual frequency ultrasound irradiation, showing the capability of dual frequency
system for enhancing pollutant degradation. A comparison of the results of degradation, dosimetry, and sono-
luminescence intensity measurement revealed the stronger dependency of the degradation on the yield of HOe
for both single and dual frequency systems, which confirms degradation by HOe as the main removal mechanism.
However, an enhanced degradation for frequencies higher than 500 kHz was observed despite a lower HOe yield,
which could be attributed to the improved mass transfer of hydrophilic compounds at higher frequencies. The
sonoluminescence intensity measurements showed that applying dual frequency ultrasonic irradiation for 200
and 400 kHz made the bubbles larger and less uniform in size, with a portion of which not contributing to the
yield of reactive oxidant species, whereas for the rest of the frequencies, dual frequency ultrasound irradiation
made the cavitation bubbles smaller and more uniform, resulting in a linear correlation between the overall SL
intensity and the yield of ROS.

Sono(chemo)luminescence

1. Introduction

In recent years, thanks to the advancements achieved in analytical
chemistry, the detection and quantification of trace organic pollutants
have been feasible up to the order of ng/L [1-3]. This advancement has
revealed unregulated compounds being released to the environment [4]
that current municipal water treatment plants are unable to entirely
capture and degrade [5-8] and consequently, allowing such compounds
(at trace levels) to be discharged and built up in the water cycle and
appear even in the drinking water [9]. These trace pollutants, called
emerging contaminants (EC), include chemicals such as industrial ad-
ditives, plasticizers, dyes, flame retardants, surfactants, perfluorinated
compounds, and pharmaceuticals [1,10] which are increasingly
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consumed to improve human life expectancy and quality [11,12].
Recent studies have shown pharmaceutical ECs have a direct and indi-
rect harmful impact on the environment and human health [1,13].
Studies on algae, invertebrates, and fish have evidenced that these
pollutants adversely affect endocrine and reproduction cycles, water
transport, and osmoregulation processes of biota, changing the cellular
reactions of vital organs or gene expressions of living creatures [14-19].
Some pharmaceuticals are widely consumed antibiotics that could
inhibit biodegradation processes and if discharged could lead to bacte-
rial resistance in the environment and consequently, the spread of dis-
eases [20,21].

Considering the inadequacy of current water treatment plants for the
removal and degradation of ECs, especially pharmaceuticals, alternative
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treatment methods have been explored to address this issue [22].
Studies have shown ultrasound irradiation is an effective and promising
advanced oxidation process (AOP) for the degradation of organic pol-
lutants and more specifically, pharmaceuticals [23].

During ultrasound irradiation of solutions, if the acoustic pressure is
strong enough, existing gas nuclei within the solution will grow via
rectified diffusion and coalescence under Bjerknes forces, until they
reach the active size at which an adiabatic collapse occurs [24]. The
collapse results in severe pressure and temperature (~5000 K
and ~ 1000 bar) inside the bubbles [25] causing molecules of the water
vapour or oxygen inside the bubbles dissociate to form HOe. The radical
is well-known as a strong reactive oxidant species (ROS) that could
directly attack and degrade the organic molecules within the solution
[24]. The radicals could also combine and produce HyO5 which is a
weaker ROS [26]. In addition to the chemical oxidation by the ROS
produced, organic pollutants might be degraded via two other mecha-
nisms (by pyrolysis inside/at the surface of the bubbles as well as su-
percritical water oxidation near the surface of the bubbles) [27]. During
the bubble growth or collapse, organic pollutant molecules near the
cavitation bubble surface could enter the bubble core via evaporation
[28] or injection of nanodroplets into the bubbles [29]. In this condition,
the organic pollutants would be directly pyrolyzed under the severe
conditions of the adiabatic bubble collapse. Moreover, the extreme
pressure and temperature generated inside a collapsing bubble could
lead to the formation of a zone of supercritical water near the bubble
surface, which could contribute to further degradation of the organic
pollutants via thermolysis. However, in the vicinity of the bubbles, the
oxidative effect of ROS is expected to be dominant and the thermolysis
by the supercritical water would be negligible.

While ultrasound is known as a clean AOP that does not require the
addition of any chemical, the main drawbacks of this method are high
energy consumption and long reaction times [30]. Accordingly, studies
have been aiming to address these issues by finding the optimum con-
dition via investigation of different parameters such as the sonication
frequency and power [31,32], or combining ultrasound with other AOPs
or other ultrasound frequencies to enhance the efficiency of the process
by the possible synergy [33-35]. Considering that combining multiple
ultrasound frequencies requires the addition of no chemicals, since the
early 2000 s, there has been an increase in the investigation of the
possible advantages that simultaneous application of multiple fre-
quencies might have over single-frequency ultrasound (SFUS). Several
studies have reported a synergistic effect for the application of dual-
frequency ultrasound (DFUS) [36] and have attributed this synergy to
the magnification of the bubbles’ nonlinear oscillation under the com-
bined and simultaneous resonances of the input frequencies [37].
Accordingly, an index could be defined to quantify the synergistic effect
(Equation 1) [38]:

SI = EDFUS (1)
Efl + Efz
where SI is the synergistic index, E is any measurable effect such as ROS
yield or pollutant degradation rate, and f; and f» are either of the input
frequencies of the DFUS. Studies have investigated various conditions
and parameters, reporting different SI [30,39-45] ranging from above 1
[42,46] to above 3 [40], and in some cases contradicting results [47,48].
Several studies have shown that including one low-frequency ultrasound
(<100) in multi-frequency irradiation is beneficial in terms of sono-
chemistry because of the low cavitation threshold at low frequencies
[40,41,44-46,49-51]. Also, Lee and Oh [41] have shown that the syn-
ergistic effect from dual frequency systems could be maximized if the
transducers were located in opposing configurations when a high-
frequency ultrasound is involved in DFUS with low to moderate powers.
To the best of the authors’ knowledge, a majority of the studies have
covered only a limited range of operating conditions and parameters
such as frequency, and consequently, the relationship between the
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synergistic effect and sonication parameters is still unclear and requires
further research. Most of the studies on multi-frequency sonication have
covered fundamentals such as oxidant yield [45], sonoluminescence
(SL) [46] or sonochemiluminescence (SCL) [44], and bubble size and
dynamics [37]. There are limited reports on DFUS for the degradation of
pollutants that focuses on the combination of frequencies that extends to
frequencies below 100 kHz [48,52,53], which are known for mechanical
rather than sonochemical effects [54]. Also, to the best of the authors’
knowledge, there are currently no systematic studies that have investi-
gated the correlation between the fundamental characteristics of dual-
frequency sonication and the degradation of pollutants, especially
pharmaceuticals.

In this study, the application of ultrasound for the degradation of
paracetamol (PCM) was investigated. PCM is an over-the-counter (OTC)
medicine with unregulated consumption, which has widely been found
as an EC in water/wastewater [55]. In order to characterize and
compare single- dual-frequency sono-reactors and assess their capabil-
ities and any possible synergistic effect in the degradation of pharma-
ceutical emerging contaminants, a wide range of ultrasound frequencies
were utilised as SFUS systems, also in conjunction with a 20 kHz ul-
trasound horn as DFUS systems, and the possible synergy in the gener-
ation of the ROS as well as degradation of PCM was studied. In addition,
further experiments were conducted to quantify the sono- and
sonochemi-luminescence intensity for the SFUS and DFUS ultrasonic
systems to achieve deeper insight into their differences and the mech-
anisms involved in the degradation of paracetamol.

2. Materials and methods
2.1. Chemicals

Potassium iodide (KI, purity > 99.5 %) was obtained from Fisher
Chemicals. Ammonium molybdate tetrahydrate ((NH4)¢Mo7024,
purity > 99 %), Sodium Hydroxide (NaOH, purity > 98 %), and Luminol
(5-Amino-2,3-dihydro-1,4-phthalazinedione, purity > 97 %) were ob-
tained from Sigma-Aldrich. Paracetamol (PCM, 4-Acetaminophenol,
purity > 98 %) was purchased from ACROS Organics and used as
received. All solutions were prepared using Milli-Q water (18.2 MQ).
Methanol, acetonitrile, water, and formic acid Optima™ grade
(purity > 99.9 %) from Fisher Chemicals, were used as the mobile phase
for liquid chromatography/mass spectrometry (LCMS).

2.2. Experimental setup

The reactor used was a jacketed glass cylinder with an internal
diameter of 6.7 cm and a plate transducer mounted at the bottom
(Fig. 1). For SFUS irradiation, only the plate transducer of a given fre-
quency (22, 98, 200, 300, 400, 500, 780, 850, 1000, and 2000 kHz,
supplied by Honda Electronics transducers) was used, each comprising a
5 cm in diameter piezo-electric ceramic, connected to a 10 cm in
diameter vibration plate. For DFUS, a 20 kHz ultrasonic horn (Fish-
erbrand™ Q700 Sonicator) was inserted into the reaction chamber from
the top, in the opposite configuration with respect to the plate trans-
ducer. For each plate transducers from 200 to 2000 kHz, a constant
amplifier load power of 20 W was applied, and due to the losses, the
calorimetric power of 16.74 W was delivered to the solution (41.85 W/
L). However, for 22 and 98 kHz transducers, the measured calorimetric
power was 11.14 W (27.85 W/L), which was the result of the difference
in the electrical structure, compared to the rest of the transducers. For
DFUS, the ultrasonic horn was used with 30 % of its maximum ampli-
tude which alone resulted in the calorimetric power of 33.42 W
(83.55 W/L). i.e., under DFUS conditions, the solution was subjected to a
total colorimetric power of 50.16 W (125.4 W/L) at each frequency from
200 to 2000 kHz, and 44.56 W (111.4 W/L) for 22 and 98 kHz. For all
experiments, a chiller was used to set the initial temperature of the so-
lution to 16 °C prior to sonication, and maintain it during the sonication
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Fig. 1. The schematic view of the experimental setup: 1) Power amplifier, 2) Ultrasonic horn, 3) Thermometer, 4) Sonication reactor, 5) Ultrasonic plate transducer,

6) Impedance matching unit, and 7) Power Amplifier.

within 5 °C above the initial temperature.

2.3. Experimental and analytical methods

2.3.1. Degradation of paracetamol

For each SFUS and DFUS experiment, 400 mL of 5 mg/L paracetamol
solution was sonicated for 60 min. the PCM degradation was monitored
using a UV-Visible spectrophotometer (UV-vis.)(Evolution 201 by
Thermo Scientific) at 243 nm [56]. 2 mL samples were analysed every
10 min and returned to the solution to maintain the power density
exerted on the solution. To confirm the spectrophotometric results as
well as to account for the probable interference of degradation in-
termediates generated during sonication, the samples were also ana-
lysed using a liquid chromatography-mass spectrometry (LCMS) system.

2.3.2. LCMS method development

An LCMS comprising Waters Acquity™ Ultra-Performance Liquid
Chromatograph (UPLC) equipped with a Kinetex® PS-C18 100 A column
(100 mm x 2.1 mm, 2.6 um), followed by a Waters Zspray™ single
quadrupole mass spectrometer SQD2 (MS) was employed in positive
electrospray ionisation (ESI + ) mode. The chromatographic separation
of paracetamol from the degradation intermediates was conducted with
a gradient method (Table 1) for 10 uL samples, while the column tem-
perature was maintained at 40 °C. Accordingly, a mixture of 0.1 % (v/v)
formic acid in ultrapure water (A) and acetonitrile (B), with a flow rate
of 250 uL/min was utilised as the mobile phase for the chromatography.

Following the chromatographic separation, PCM was detected as the
protonated ion ([M + H]™) at m/z = 152 using the MS, run in the
Selected Ion Monitoring (SIM) mode, with a retention time of 2.3 min.
The MS settings applied for the analysis are mentioned in Table 2.

2.3.3. ROS production
To quantify the concentration of the main ROS produced during the
sonication (HOe and H03), two sets of dosimetry experiments were

Table 1

The details of the gradient method utilised for the chromatographic sepa-
ration of PCM from degradation intermediates, with a constant flow rate of
250 pL/min. The A and B are 0.1 % (v/v) solutions of formic acid in ultrapure
water, and acetonitrile, respectively.

Time (min) % A % B
0.00 95.0 5.0
0.50 95.0 5.0
3.00 50.0 50.0
4.00 50.0 50.0
5.00 1.0 99.0
5.50 1.0 99.0
7.00 95.0 5.0
8.00 95.0 5.0
Table 2

The settings applied to Waters Zspray™ single quadrupole mass spectrometer
SQD2 (MS), run in ESI + and SIM mode, for the detection of PCM.

Parameter Unit Value

Source Voltages

Capillary kv 3.00
Cone \% 20
Source Temperature °C 400
Source Gas - Nitrogen
Source Gas Flow rate 30.0
Desolvation L/h 500
Cone L/h 50
Interface Heater - On

performed. For HOe, 400 mL of 0.1 M KI solution was sonicated under
the same conditions as for degradation experiments, and 2 mL samples
were taken at different times for the analysis. The generation of HOe
follows the zero-order reaction kinetics model, meaning that the rate is
constant and independent of time. Thus, the KI solution was sonicated
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only for 10 min to generate enough data points to calculate the rate
constant accurately. To maintain the power density exerted on the so-
lution, the samples were returned to the reactor after the analysis.

During the sonication, the iodide (I') in the solution reacts with the
generated HOe according to the following mechanism (Reaction 1 to
Reaction 4), yielding I3 [49]:HO- + I" ->OH~ + I-Reaction 1I- +I" —I,
Reaction 221; — I, + 21~ Reaction 3I, +1~—I3~ Reaction 4

The concentration of I3, which is proportional to the concentration of
HOe was determined by measuring the absorption at the wavelength of
350 nm using a UV-vis. and based on the Beer-Lambert Law with a
molar absorptivity (e) of 26,000 L-mol *-cm ™! and path length of 1 cm
[57].

The H,0, generated during sonication does not react instantly with
the iodide in the KI solution, and therefore could not be accounted for in
the KI dosimetry method [57-59]. Hence, the second set of dosimetry
experiments was conducted using 0.5 mM ammonium molybdate in the
0.1 M KI solution, to account for hydrogen peroxide as well. The
ammonium molybdate within the KI solution acts as a catalyst for Re-
action 5 [57]:H,05 +2I" —-20H~ +I, Reaction 5

The produced I via Reaction 4 then undergoes Reaction 5. Conse-
quently, using this method the concentration of total ROS (both the HOe
and Hy05) could be measured simultaneously. By subtracting the HOe
yield measured using pure KI solution, the yield of HyO, could be
calculated.

To evaluate the accuracy of the HyO5 yield calculated using this
method, the concentration of the HyO, was measured for sonicated
Milli-Q water based on method described by Alegria et al. [58] as well,
under DFUS at 200, 500, and 850 kHz (Fig-S. 4 of the supplementary
data).

2.3.4. Sono- / sonochemi-luminescence intensity

To achieve a better insight into SFUS and DFUS acoustic fields, the
spatial distribution and intensities of the SL and SCL generated during
the sonication were recorded for each frequency, using an ANDOR iXon3
EMCCD camera and the software. For this purpose, 400 mL of Milli-Q
water was photographed under sonication with the same condition as
for the degradation experiments. For all SL images, the camera was
operated at —70 °C, and the exposure time of 20 s as well as the Electron
Multiplying (EM) Gain level of 100 were applied. The photography was
conducted in a light-proof box to eliminate the noise of the ambient
light. However, to omit the probable noise of any light diffusing into the
photography box, background photographs were recorded before and
after the sonication. Then the average light intensity recorded in the two
background photographs was subtracted from the overall intensity of
the main photograph.

To further assess the effect of the DFUS on the acoustic field, SCL
measurement was conducted under SFUS and DFUS at three represen-
tative frequencies of 200, 500, and 850 kHz from the low-, intermediate-
and high-frequency zones. For this purpose, 400 mL of 0.1 M NaOH
solution containing 1 mM luminol was sonicated under the same con-
dition as that of PCM degradation. The SCL photographs were taken via
the same procedure mentioned above for the SL measurement, but due
to the considerably higher brightness generated by the luminol, the
exposure time of 4 sec and the EM Gain level of 4 were applied to the
camera settings.

The light intensity recorded by the camera was also analysed pixel by
pixel, by calculating the normal distribution function (NDF) for the
count of occurrence of the SL intensities recorded by each camera pixel.
For this analysis, pixels with intensities less than 400 a.u. were consid-
ered noise and were removed.

3. Results
3.1. Degradation of paracetamol

For PCM degradation, both pseudo-1st- and 2nd-order reaction
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kinetics models were applied (Fig-S. 2 and Table-S. 1 of the supple-
mentary data) and a comparison of the statistical parameters of both
models. The order of the kinetic model implies the degree of sensitivity
of the reaction to the concentration of the reactants and the higher the
order, the higher the sensitivity. Accordingly, the better conformity of
the 2nd-order kinetic model suggests the high sensitivity of the sono-
degradation of PCM to its bulk concentration. Sonodegradation is a
heterogeneous reaction in which the reaction site is at the surface or
inside of cavitation bubbles [60]. Hence, the transport of the pollutant
molecules from the solution bulk towards the cavitation bubbles plays a
vital role in the reaction rate, and the mass transfer resistance with
respect to the pollutant characteristics such as the degree of hydrophi-
licity, might play a dominant role and be rate controlling.

The corresponding pseudo-2nd-order rate constants under SFUS and
DFUS are presented in Fig. 2 versus the plate transducer frequencies. A
comparison of the rates shows that the rate constant obtained for DFUS
is higher than that for SFUS. For both SFUS and DFUS, the rate constant
increases linearly with increasing frequency from 200 kHz to 850 kHz,
especially for DFUS, before the drastic decrease at 1 MHz.

To make sure that the enhancement observed under DFUS is due to
the 20 kHz ultrasound rather than the ultrasonic horn acting as a
reflector, the SFUS at 500 kHz was repeated having the horn off within
the solution. A comparison of the results (Fig. 2) shows that the effect of
the horn as a reflector is negligible.

The degradation synergistic index (SI) calculated based on Equation
1 is shown in Fig. 3. For all degrading frequencies, the SI is above one,
meaning that introducing the 20 kHz horn to the acoustic field of the
plate transducers leads to a synergistic effect for the degradation reac-
tion, though no clear trend could be found in the graph.

PCM degradation under both SFUS and DFUS at 500 kHz was ana-
lysed using LCMS, and the degradation rate obtained accordingly was
compared to that of the UV-vis. (Table 3). The comparison shows that
for both SFUS and DFUS, the LCMS recorded an order of magnitude
higher degradation rates. LCMS could specifically quantify PCM mole-
cules whereas the UV-vis. measures the absorbance at the wavelength of
243 nm, which includes the absorbance by the intermediate molecules
as well. Accordingly, it could be concluded that the data of the UV-vis. is
beneficial in terms of simultaneous monitoring of PCM elimination as
well as all the degradation intermediate sharing absorbance at 243 nm.
Table 3 also shows that the difference between the rate constants under
SFUS and DFUS is larger for the UV-vis. results. This confirms the higher
degradation of intermediates under DFUS in comparison to SFUS.
However, in terms of PCM molecules, LCMS measurements revealed no
significant differences between SFUS and DFUS. It is worth mentioning
that the pseudo-2nd-order reaction kinetics model showed better con-
formity with the LCMS results as well.

3.2. ROS dosimetry

Fig. 4 shows the yield of HOe and Hy0; for SFUS and DFUS at each
frequency. The yield of HOe measured by KI dosimetry is shown in Fig. 4
(A), whereas Fig. 4 (B) shows the results of KI dosimetry with ammo-
nium molybdate, which measures the concentration of both HOe and
H0; simultaneously. By subtracting the two, the yield of HyO2 was
achieved which is shown in Fig. 4 (C). The yield of HyO4 for both SFUS
and DFUS, especially for the range of 200 kHz to 1 MHz in which
degradation of PCM was observed, shows that a significant portion of
HOe produced during sonication combined to form hydrogen peroxide.
For 98 kHz, 200 kHz, 1 MHz and 2 MHz, applying DFUS enhanced the
yield of HOe and total ROS. Also, Fig. 4 (B) reveals that for 300 and 400
applying DFUS did not make a considerable change to the yield of total
ROS, whilst it slightly changed the HOe yield (Fig. 4 A), suggesting that
DFUS could affect the HOe recombination and vary the yield of HyO». It
could also be seen that DFUS at 500 and 850 kHz reduced the yield of
HOe as well as total ROS, suggesting a cancellation effect for the fre-
quencies which is in agreement with previous studies [36]. The
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Table 3

The comparison of the pseudo 2nd order reaction rate constants calculated based
on the results of UV-vis. and LCMS for SFUS and DFUS at 500 kHz. The details of
the rate constant calculation for the LCMS results are presented in sections 2 and
3 of the supplementary data.

Degradation Rate Constant, k (mg™'.L.min"")

UV-vis. LCMS
SFUS 4.44 x 10* £5.17 x 10 2.12 x 102 £ 5.52 x 10°
DFUS 6.30 x 10 £ 7.34 x 10™ 2.43 x 102 £ 5.00 x 10

synergistic index for dosimetry results (either HOe, HyO5, or total ROS)
versus frequency showed no specific trend (Fig- S. 2 in the supplemen-
tary data).

To validate the method used to obtain the yield of HyO5 shown in
Fig. 4 (C), the method described by Alegria et al. [58], which is widely
used as an ex-situ measurement method, was used to evaluate the HyOy
yield. A comparison of the results (Table-S. 3 of the supplementary data)
showed that the results of both methods are acceptably close, showing
the same trend.

3.3. Sono- and Sonochemi-luminescence intensity measurement

To quantify the cavitation collapse intensities as well as the sono-
chemical activity, the overall SL and SCL intensities were measured for
SFUS and DFUS at each studied frequency (Fig. 5). Except for 200 and
400 kHz of the range of degrading frequencies, SFUS recorded a higher
overall SL intensity than DFUS. Also, applying DFUS for degrading fre-
quencies of 500 kHz and higher resulted in a drastic decrease in the
overall SL intensity (by at least 80 %).

For SCL, applying DFUS did not make a considerable change at
200 kHz but at 500 and 850 kHz, it caused a drastic decrease in the SCL,
the same as for the SL at these frequencies.

To evaluate the effect of the ultrasonic horn acting as a wave
reflector, the SL and SCL intensity measurement experiments were
repeated having the horn off within the reaction chamber. Similar re-
sults to those of SFUS were recorded in terms of overall SL and SCL in-
tensities and spatial distribution (Fig-S. 6 and Fig-S. 7). Accordingly, it
could be concluded that the effect of the ultrasonic horn is due to the
introduction of the 20 kHz ultrasound to the acoustic field rather than
the horn acting as a reflector.

Fig. 6 shows the qualitative comparison of SL and SCL intensity and
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spatial distribution for SFUS and DFUS at three distinguished fre-
quencies (the results for the rest of the studied frequencies are presented
in Fig-S. 8 of the supplementary data). Applying DFUS considerably
changes the spatial distribution of SL within the acoustic field while
having no significant effect on the SCL spatial distribution, showing that
two distinct groups of cavitation bubbles contribute to SL and SCL [61].
DFUS generally pushes the SL-active region away from the solution
surface and down towards the plate transducer. Specifically, for some of
the frequencies such as 500 kHz and higher, DFUS enhances the SL
spatial distribution by dispersing the cavitation bubbles throughout the
reactor, though it reduces the overall SL intensity (Fig. 5). Along with
the agitation by the ultrasound, the better dispersion of the cavitation
bubbles throughout the reaction chamber could potentially further
reduce the mass transfer resistance against the transport of the pollutant
molecules towards the cavitation bubbles and enhance the degradation
rate. Also, a comparison between the SL and SCL images reveals that the
zone in which the majority of the SL bubbles lies is different from that for
the SCL bubbles. Knowing that the SL is attributed to symmetric bubble
collapses [62,63] while SCL is emitted more from asymmetric collapses
[61,64], together with the effect of DFUS on the spatial distribution of SL
and SCL bubbles, it could be concluded that DFUS more affects the
formation and spatial distribution of stable cavitation bubbles collapsing
symmetrically, rather than transient bubbles undergoing asymmetric
collapse.

The synergistic index (SI) for the overall SL intensities at each fre-
quency is presented in Fig. 7. For all frequencies but 200 and 400 kHz,
DFUS results in a synergistic index < 1, which is due to the decrease in
the overall SL intensity at the frequencies under DFUS (Fig. 5).

4. Discussion

There is a consensus that under SFUS there exists an optimum fre-
quency at which a maximum degradation rate, ROS yield, SL and SCL
intensities are observed [65-68]. This is attributed to the balance be-
tween the increasing population of cavitation bubbles and decreasing
bubble size and consequently the collapse intensity, as the sonication
frequency increases [24]. However, the maximum degradation rate
observed for PCM at 850 kHz under both SFUS and DFUS does not agree
with the maximum yield of either of the ROSs, as well as the overall SL
and SCL intensities. Moreover, PCM degradation under DFUS was
significantly higher compared to SFUS resulting in a synergistic effect,
whilst such an enhancement under DFUS was not observed for the ROS
yields or the SL and SCL intensities. The enhancement observed in the
degradation of PCM under DFUS could thus be attributed to the increase
in mass transport of PCM molecules towards the cavitation bubble due to
the introduction of the 20 kHz horn. This juxtaposition of mechanical
and chemical (mechanochemistry) [69] effect may have led to the
observed synergy.
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To better understand the mechanisms involved in the sonode-
gradation of pharmaceuticals and the enhancement observed under
DFUS, the correlations between HOe, H505, and SL/SCL are examined
before assessing their impact on the degradation of PCM.

4.1. Correlation between HOe, H50,, and SL intensity

The correlation between HOe and H30, yield was examined by
plotting the yield of HyO, versus HOe yield (Fig. 8). Since the yield of
H0> is 2nd order with respect to the concentration of HOe (d[H202]1/
dt = k [HOe][HOe]), a strong parabolic correlation (the green dotted
dashed line) could be found below the threshold of 1 pM/min for the
yield of HOe. Beyond this threshold (the red dashed line), the yield of
H20, decreases despite the increases in the yield of HOe, suggesting
consumption of HyO,.

At a high HOe yield (above the threshold of 1 pM/min), the HOe and
the corresponding He could start to attack the H,O via Reaction 6 and
Reaction 7 [27]. Accordingly, the HOe is consumed and produced
simultaneously while the HyO5 is permanently consumed to produce
HOge. It should be noted that HO5e (E°: 0.8-1.5 V) has lower oxidative
potentials compared to HOe (E°: 1.8-2.7 V) or HyO5 (E°: 0.5-1.8 V), and
hydroperoxyl radical would not significantly contribute to the degra-
dation of organic pollutants [70-73].

H,0, +HO-—H,0 + HO,- Reaction 6

H,O0,+H- -H,0+ HO- Reaction 7

ROS yield is often considered to be proportional to SL intensity [74].
In contrast, the results in Fig. 4 and Fig. 5 do not appear to show such a
correlation, which is also in agreement with another study [75]. DFUS
appears to have a much more drastic impact on the SL emission than the
ROS yield. For most frequencies, DFUS decreased the overall SL intensity
whilst making no significant change in the yield of ROS. Fig. 9 shows the
yield of total ROS versus the overall SL intensity. While no clear corre-
lation could be found for SFUS, there is a strong linear correlation for
DFUS for the overall SL intensities lower than 1 x 107 a.u.. Above this
threshold there appears to be a plateau where further increase in the SL
does not increase the yield of ROS.

The SL emitted from a cavitation bubble depends on the bubble
collapse temperature [24]. According to Equation (2), the bubble
collapse temperature (T¢ore) is a function of the maximum (Rpay) and
minimum (Rp,i) bubble radius in an oscillation cycle, the bulk solution
temperature (T,) and the specific heat ratio of the dissolved gases (y)
[24].

lel»\/ 3(r7 l)
Teore =T ( R,,,;) (2

Therefore, for a constant solution temperature and dissolved gas
concentration, Tcere and subsequently the emitted SL is proportional to
the size of the collapsing bubble. i.e., for a constant solution condition,
the intensity of the SL emitted by each bubble represents the bubble size
and could be statistically analysed instead.

Accordingly, the individual bubble SL intensities, recorded by each
camera pixel, were statistically analysed using the normal distribution
function (NDF). Due to the proportionality described above, it is ex-
pected that the NDF for the individual SL intensities shows a similar
trend and behaviour to that of the corresponding bubble sizes. In other
words, a change in the extremum and the curve width of the NDF of the
individual SL intensities would correspond to a similar change in that of
the bubble sizes. It should be noted that the extremum and curve width
of the NDF represent the arithmetic mean and the standard deviation of
the analysed values respectively, which denote the average value and
the degree of uniformity of the studied data, in this case, the individual
SL intensities and the corresponding bubble sizes.

Active cavitation bubbles form at antinodes of the ultrasound
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quencies. The same brightness/contrast settings are applied to the images to For better visibility the images are inverted, and the black spots represent the SL/SCL.

The picture of the empty reactor is presented as a guide/scale.

frequencies and therefore, the population of the bubbles depends on the
number of antinodes. For frequencies at which significant ROS was
measured (200 kHz-1 MHz), introducing the 20 kHz ultrasound does not
affect the number of the antinodes significantly as the number of the
antinodes of these frequencies is multiple times that of a 20 kHz ultra-
sound i.e., the lowest degrading frequency (200 kHz) has 10 times more
antinodes than 20 kHz and for higher frequencies, this ratio is even
higher (~43 times for 850 kHz). Therefore, it could be assumed that
DFUS does not change the populations of cavitation bubbles signifi-
cantly, compared to SFUS. In addition, the similarity in the ROS yield
under SFUS and DFUS as well (Fig. 4) further supports the assumption
that the active bubble population remains the same under both SFUS

and DFUS. This allows for the comparison of SFUS with DFUS in terms of
NDF of the individual SL intensities.

Fig. 10 compares the NDF curves for three representative frequencies
of 400 kHz, 850 kHz, and 300 kHz under SFUS and DFUS, respectively
from the plateau, the linear section and the intersection of the two zones
in Fig. 9 (the curves for the rest of the frequencies are presented in Fig-S.
9 and Fig-S. 10 of the supplementary data).

Accordingly, Fig. 9 and Fig. 10 (A) show that for 400 kHz, DFUS not
only increases the overall SL intensity but also increases the average
bubble radius as the extremum of the DFUS NDF curve is pushed to the
right, compared to SFUS. Also, DFUS makes the curve wider, suggesting
a wider range of diameters for the corresponding cavitation bubbles. The
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same effect was observed by DFUS for 200 kHz (Fig-S. 9 of the supple-
mentary data), at which the overall SL intensity was increased under
DFUS (Fig. 9). This suggests that DFUS at the frequencies promotes the
growth of the bubbles, resulting in larger and more diverse bubble
diameters.

According to Brotchie et al. [76], there is a range of bubble sizes in
which bubbles emit SL but are too large to generate ROS. Accordingly,
the majority of the large bubbles formed at 200 and 400 kHz under DFUS
do not considerably contribute to the generation of ROS, despite
increasing the overall SL intensity. Hence, the plateau forms in Fig. 9, as
the increase in the overall SL intensity does not lead to a change in the
yield of total ROS.

For 850 kHz and other frequencies of the linear section of the DFUS
curve in Fig. 9 (where total ROS yield increases with overall SL in-
tensity), an opposite effect was observed by DFUS. DFUS at these fre-
quencies reduced the overall SL intensity (Fig. 9) and shifted the
extremum of the NDF curve to the left (Fig. 10 B) and reduced the width
of the curve as well, suggesting a decrease in the average size and size
diversity of the cavitation bubbles. In conclusion, for these frequencies
DFUS restricts the growth of cavitation bubbles, resulting in smaller and

Ultrasonics Sonochemistry 94 (2023) 106320

more uniform bubbles. It is also supported by the SCL data, as DFUS
decreases the SCL overall intensity at 850 kHz. Considering that the
asymmetric collapse of large bubbles plays a major role in SCL emission
[61,64], the decrease in the SCL intensity by DFUS could be due to the
reduction in the size of the bubbles, which makes the bubbles more
stable [77]. Due to the decrease in size, the majority of the SL emitting
bubbles fall within the size range that also contributes to the production
of ROS, resulting in the observed linear correlation between the overall
SL intensity and the yield of ROS.

It is noteworthy that 500 kHz shows a similar behaviour under DFUS,
despite lying in the plateau of Fig. 9. Unlike the other two frequencies in
the plateau (200 and 400 kHz), DFUS at 500 kHz reduces the overall SL
intensity (Fig. 9) as well as makes the cavitation bubbles smaller and
more uniform. As a result, DFUS makes the data point of 500 kHz closer
to the linear section, like for the frequencies of the linear section of
Fig. 9. The NDF curves for 500 kHz under SFUS and DFUS are presented
in Fig-S. 10 of the supplementary data.

For 300 kHz at the intersection of the linear and the plateau sections
(Fig. 9), DFUS makes no considerable change in the overall SL intensity
(Fig. 9), average bubble size and size distribution (Fig. 10 C).
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It is worth mentioning that the NFD analysis for the SCL data did not
show such a distinct meaningful behaviour (Fig-S. 11 of the supple-
mentary data).

4.2. Correlation between degradation of paracetamol with HOe and SL

When the degradation of PCM is plotted against HOe and SL intensity
with all the data together (Fig-S. 12), a strong correlation was not
observed. However, considering the respective thresholds of HOe and SL
at 1 pM/min (Fig. 8) and 1 x 107 a.u. (Fig. 9), the degradation of PCM
could be investigated under two different zones of “Low ROS / SL”
(below the thresholds) and “High ROS / SL” (above the thresholds),
which gives a clearer view to the data.

4.2.1. Low ROS and SL zone

The PCM degradation is plotted against the yield of HOe and overall
SL intensity are shown in Fig. 11 (A) and (B), respectively. In both fig-
ures, a threshold is observed in HOe yield and SL intensity above which a
significant degradation of paracetamol occurs (approximate HOe yield
of 0.3 pM/min and overall SL intensity of 0.2 x 107 a.u.). However, for
SFUS 98 kHz, despite the overall SL intensity being above the threshold,

Ultrasonics Sonochemistry 94 (2023) 106320

no PCM degradation is recorded. The high SL intensity for this frequency
could be attributed to the severe collapse of large bubbles that according
to Brotchie et al. [76] might not necessarily contribute to the generation
of ROS. Thus, the number of active cavitation bubbles and subsequently,
the yield of ROS generated at this frequency is low, in comparison to
higher frequencies.

The similarity of the trends observed in Fig. 11 (A) and (B) for PCM
degradation (a) could be attributed to the linear relationships of HOe
(), total ROS (y), and overall SL intensity (8) in the low ROS and SL
zones depicted in Fig. 8 and Fig. 9 (axpandfxyandyxs, thereforeacs).
This suggests that in the low ROS and SL zone, the degradation of PCM is
more likely to occur via chemical oxidation by the ROS rather than
pyrolysis inside the bubble, which is in agreement with the low volatility
of PCM (6.29 x 10° mm Hg at 25 °C) [78]. The oxidative mechanism is
confirmed by Isariebel et al., by inhibiting the PCM degradation via
adding n-butanol to the solution, as a HOe scavenger [79]. Also, this
finding is in agreement with other studies reporting chemical oxidation
by HOe as the main degradation mechanism, for more hydrophobic or
even volatile organic compounds such as Levofloxacin and phenol
[80-83].
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4.2.2. High ROS and SL zone

The PCM degradation is plotted versus the HOe yield and the overall
SL intensity in Fig. 12 (A) and (B) respectively. According to Fig. 12 (A),
two distinct trends could be seen for frequencies lower and higher than
500 kHz. For the frequencies < 500 kHz, the PCM degradation rate
constant increases linearly with the yield of HOe and then decreases
above the threshold of 1.14 pM/min for HOe. The linear increase reveals
that the main mechanism for the degradation of PCM involves HOe,
which is in agreement with the literature [79]. The linear decrease could
be explained based on the decreasing trend above a certain threshold of
HOe yield in Fig. 8, where the HyO, scavenges the HOe. The low
availability of the pollutant molecules in the vicinity of cavitation
bubbles results in H,O2 winning the competition for reacting with HOe.
This is in agreement with the results of Im et al. where the addition of
H,0, to PCM solution resulted in a decrease in the degradation rate,
beyond a certain threshold [84].

For frequencies > 500 kHz, a similar linear increase could be
observed, giving similar degradation rates for lower HOe yields. This
observed enhancement could be explained by the enhanced mass
transfer under higher frequencies. It is well understood that sonode-
gradation is a heterogeneous reaction in which the reaction site is the
surface or inside of cavitation bubbles [60]. Hence, it is highly sensitive
to the transport of the pollutant molecules towards the bubbles, and
depending on the mass transfer resistance, the degradation reaction
could be diffusion-controlled. Therefore, enhancing the mass transfer
could result in an increase in the degradation rate. The apparent acti-
vation energy of Arrhenius law for the sonodegradation of PCM is
10.3 kJ/mol, implying that the degradation reaction is indeed diffusion
controlled [84]. As the frequency increases, the number of bubble os-
cillations per unit of time also increases, this would facilitate the mass
transport of the pollutant molecules toward the cavitation bubbles
[85,86]. An increase in frequency also results in a higher population and
smaller size cavitation bubbles, and consequently, more surface area for
the adsorption and degradation of pollutant molecules. In addition,
cavitation bubbles at higher frequencies are more stable [77] and live
longer [87], providing more time for the mass transfer of pollutant
molecules toward the cavitation bubble surface. These factors together
could enhance the mass transfer of the PCM molecules from the solution
bulk toward the cavitation bubbles. It should be noted that the DFUS at
780 kHz, belonging to the low ROS or SL zone, has better conformity to
the trend in Fig. 12 (A) rather than that in Fig. 11 (A).

Despite the clear correlation between PCM degradation and HOe
concentration, no correlation could be found between the overall SL
intensity and the pollutant degradation (Fig. 12 B), implying that due to
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similar reasons, no considerable pyrolysis occurs in this zone as well,
and the main mechanism for the degradation is by ROS action.

4.3. Correlation between degradation of paracetamol and SCL

Fig. 13 shows the PCM degradation rate versus the overall SCL in-
tensities under SFUS and DFUS at 200, 500, and 850 kHz, as represen-
tatives of the low-, intermediate- and high-frequency zones. It could be
seen that the increase in the SCL results in a decrease in the PCM
degradation rate, which is counter intuitive and contradicts the trend
observed with ROS in section 5.2.

As discussed in section 5.2 there exists a low and high zone in which
the data would be better correlated under, but due to the selected fre-
quencies studied under SCL, it is not possible to accurately determine if
there is a similar SCL threshold. What is consistent with the discussion in
5.2.2 is that higher frequency ultrasound, despite a lower SCL intensity,
induced a higher PCM degradation rate. This further substantiates the
need for a comprehensive investigation on a range of different fre-
quencies if the objective is to understand the effect of frequency.

5. Conclusions

For both SFUS and DFUS, the pseudo 2nd order kinetic model
showed better conformity to the degradation data, which implies the
high sensitivity of the heterogeneous sonodegradation reaction to the
PCM bulk concentration, under the studied conditions. Also, the com-
parison of the degradation rate constants with the ROS yields as well as
the overall SL intensities revealed the strong dependency on the yield of
HOe, implying that the reaction site is on or in the vicinity of the surface
of the cavitation bubbles. Despite the minimal effect of DFUS on the
yield of HOe, the results showed that applying DFUS led to a synergistic
effect in the degradation of PCM for all the degrading frequencies (200 —
1000 kHz). Considering the high sensitivity of the sonodegradation re-
action to the PCM bulk concentration, the synergistic effect observed
under DFUS could be attributed to the enhancement in mass transfer by
introducing the 20 kHz ultrasound to the acoustic field. The decrease in
the PCM degradation at high yields of HOe (due to the competition of
Hy0, with PCM), as well as the enhancement observed for
frequencies > 500 kHz despite having a low yield of HOe denote the
dominance of the mass transfer resistance in controlling the reaction
rate. With all these in mind, the improvement observed for degradation
under DFUS, despite having a similar or lower HOe yield than SFUS,
leads to the conclusion that the act of the 20 kHz ultrasound is reducing
the mass transfer resistance for the heterogenous sonodegradation
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reaction, by facilitating the transport of pollutant molecules towards the
cavitation bubbles. The results in this paper also demonstrates the
importance of comprehensive characterisation of cavitation activity via
different methods i.e., dosimetry, SL, and SCL to better elucidate the
mechanism behind an application such as degradation of pollutants
under SFUS and DFUS, and comparing between different frequencies.
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