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A B S T R A C T

The effect of ultrasound (US) on persulfate (PS) activation was investigated to determine whether acoustic 
cavitation can effectively induce PS activation for bisphenol A (BPA) degradation at 20, 28, and 300 kHz under 
various temperature conditions. The optimal liquid volume in the vessel was geometrically determined to be 400, 
900, and 420 mL at 20, 28, and 300 kHz, respectively, using KI dosimetry and sonochemiluminescence image 
analysis. The pseudo-1st-order reaction kinetic constants in the only PS, only US, and US/PS processes at 20, 28, 
and 300 kHz were obtained under 5–10 ℃, 15–20 ℃, 25–30 ℃, 45–50 ℃, 55–60 ℃, and no temperature control 
conditions. No notable BPA degradation occurred at 5–10 ℃, 15–20 ℃, and 25–30 ℃ in the only PS processes for 
all frequencies. The highest sonochemical BPA degradation was obtained at 300 kHz, and much lower BPA 
degradation was observed at 45–50 ℃ and 55–60 ℃ for all frequencies in the only US processes. No notable 
enhancement of BPA degradation was observed at 5–10 ℃, 15–20 ℃, and 25–30 ℃ in the US/PS processes 
compared to the only US processes for all frequencies. At 20 kHz and temperatures between 55 and 60 ℃, the 
highest BPA degradation was obtained, with a synergistic effect of 171 %. However, the enhancement might be 
due to the instant or local temperature increase, and not due to acoustic cavitation. No notable PS activation by 
US irradiation was observed in the US/PS processes in this study. The profiles of the generated sulfate ion 
concentrations in the US/PS processes confirmed this. Some previous studies found high synergistic effects, 
whereas others have found low or no synergistic effects in US/PS processes.

1. Introduction

Acoustic cavitation, that uses highly concentrated energy in micron- 
sized bubbles, has been investigated over the past few decades [1–3]. 
Various sonochemical and sonophysical effects have been qualitatively 
and quantitatively analyzed in chemical and environmental engineering 
processes for advanced oxidation/reduction processes (AORPs) for the 
removal of recalcitrant emerging pollutants, hydrogen production pro
cesses using organic compounds, ultrasonic soil washing processes for 
the remediation of contaminated soils, and catalysts synthesis in ho
mogeneous and heterogeneous systems [4–12]. Previous studies have 
focused on the optimization of frequency and input power under various 
solution conditions including temperature, pH, dissolved gases, inor
ganic ions, and additives in small-scale sonoreactors [1,2,13]. Recently, 

researchers have investigated the geometric effects of cavitational ac
tivity for the optimal design of large-scale sonoreactors [14–21].

For the last two decades, sulfate radical-based water and wastewater 
treatment processes have been extensively studied using various acti
vation methods as well as peroxymonosulfate (PMS) and perox
ydisulfate, also known as persulfate (PS) [22–28]. Sulfate radicals are 
more effective than hydroxyl radicals in terms of their oxidizing power, 
lifetime, pH range, and oxidation capacity in advanced oxidation pro
cesses (AOPs) [29,30]. In addition, PS has higher capacity to generate 
sulfate radicals, lower O-O bond dissociation energy, and higher water 
solubility than PMS [24,26,28]. Among the various PS activation 
methods, ultraviolet (UV) activation has been reported to be one of the 
most effective and eco-friendly methods [31,32].

Acoustic cavitation can lead to PS activation by the heat generated 
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during cavitation bubbles’ collapse and by the cavitation-generated 
radicals [23,33–35]. Most researchers have focused on optimizing the 
combination of ultrasound (US) and PS (US/PS) (Scheme 1) [33,36–45]. 
However, some researchers have reported no synergistic effects in the 
US/PS processes [46–48]. In addition, ultrasonic PS activation might be 
difficult to distinguish from thermal PS activation because the attenu
ation of US in a liquid medium leads to the conversion of mechanical 
energy into heat energy [49–51]. It might not be possible to completely 
control the temperature in a liquid medium and inhibit thermal PS 
activation. Thus, it requires systematic research to further understand 
ultrasonic PS activation and to quantitatively analyze synergistic effects 
in US/PS processes.

To understand whether acoustic cavitation can effectively induce PS 
activation for BPA degradation at certain temperature conditions, only 
PS, only US, and US/PS processes were systematically investigated for 
20, 28, and 300 kHz under various temperature conditions from 5 ℃ to 
60 ℃. The geometric optimal conditions were determined for 20, 28, 
and 300 kHz. The pseudo-1st-order reaction rate constants and syner
gistic effects for BPA degradation were compared and analyzed. The 
generated sulfate ions in the US/PS were compared and analyzed to 
evaluate the degree of sulfate-radical reactions under different temper
ature conditions.

2. Experimental methods

Junsei Chemical Co. Ltd. (Tokyo, Japan) supplied potassium iodide 
(KI) and sodium sulfate (Na2SO4). Sigma-Aldrich Co. (USA) provided 
BPA (C15H16O2) and luminol (3-aminophthalhydrazide, C8H7N3O2). 
Samchun Pure Chemical Co., Ltd. (Korea) supplied sodium persulfate 
(Na2S2O8) and NaOH. All chemicals were used as received.

Three types of ultrasonic systems (20, 28, and 300 kHz) were used in 
this study, as shown in Fig. 1. All ultrasonic systems consisted of a cir
cular glass vessel with a temperature-control double-layer wall, a 
recirculating chiller with a mixture of water and antifreeze (ethylene 
glycol), and an US generator [20 kHz probe-type sonicator with a 
replaceable tip (d: 13 mm) (VCX–750; Sonics & Materials Inc., USA), 28 
kHz transducer module (Mirae Ultrasonic Tech., Bucheon, Korea), or 
300 kHz transducer module (Mirae Ultrasonic Tech., Bucheon, Korea)]. 
Two double-layer wall vessels were used at 20 kHz and 28/300 kHz. The 
inner diameters of the glass vessels at 20 kHz and 28/300 kHz were 90 
and 105 mm, respectively. The inner height of both vessels was 130 mm. 
A circular glass vessel without a double-layer bottom was mainly used 
for the 20 kHz systems in this study. A vessel with a double-layer wall 
and bottom was used to investigate the effect of the double-layer bottom 
on sonochemical oxidation activity, as shown in Fig. 1. The electrical 
input powers, measured using a power meter (HPM-300A, ADPower, 
Korea), were fixed at 80 ± 2.1 W for all frequency conditions. The ul
trasonic power, also known as calorimetric power, was calculated using 

Equation (2): 

Pcal =
dT
dt

CP M (1) 

where Pcal is the ultrasonic or calorimetric energy, dT/dt is the rate of 
increase in liquid temperature, Cp is the specific heat capacity of the 
liquid (4.184 J/(g⋅K) for water), and M is the mass of the liquid. All 
prepared solutions for ultrasound irradiation in this study were air- 
saturated to ensure consistent results [52–56].

Based on the end of the probe tip, the probe was placed at three 
positions: a top position (1 cm below the liquid surface), a middle po
sition (midpoint between the liquid surface and the bottom), and a low 
position (1 cm above the bottom of the vessel). The positions were 
designated as “TOP”, “MID”, and “BOT”, respectively. The wavelength 
for the liquid height in the 28 and 300 kHz systems was obtained using 
the following equation: 

λ =
c
f

(2) 

where λ is the wavelength, c is the speed of sound in water (1,500 m/s), 
and f is the applied frequency. The wavelengths for 28 and 300 kHz were 
calculated as 54 and 5 mm, respectively.

To determine the geometrically optimal probe position and liquid 
volume in the systems, KI dosimetry (KI conc.: 10 g/L) for the quanti
fication of sonochemical oxidation activity and the sonochemilumi
nescence (SCL) method (0.1 g/L luminol and 1 g/L NaOH) for the 
visualization of the sonochemically active zone were used under various 
probe positions and liquid volumes.

It has been reported that the threshold for thermal activation of PS is 
around 40 ℃ [34]. So, six different temperature conditions (5–10 ℃, 
15–20 ℃, 25–30 ℃, 45–50 ℃, 55–60 ℃, and no temperature control 
(NTC)) were applied in the only PS, only US, and US/PS processes in this 
study. The temperature in the liquid phase was measured every 15 min, 
and no considerable change in the controlled temperature range was 
observed. Under various temperature conditions, the BPA degradation 
tests [BPA conc.: 1.0 mg/L (0.004 mM)] were conducted in the only PS, 
only US, and US/PS processes at the determined optimal geometric 
conditions (Optimal liquid volumes of 400, 900, and 420 mL were 
determined for 20, 28, and 300 kHz, respectively, and this will be dis
cussed in Chapter 3.1). The initial Na2S2O8 concentrations were 45 and 
90 mg/L (0.19 and 0.38 mM, respectively). The degradation of BPA was 
analyzed using the pseudo 1st-order reaction kinetics.

The concentration of I3- ions, sonochemically generated in the KI 
solution, was measured using a UV–vis spectrophotometer (Libra S60; 
Biochrom Ltd., UK). BPA concentration was measured using a HPLC 
system (1260 Infinity II LC; Agilent, USA). The concentration of sulfate 
ions, evidence for PS activation, was quantified using ion 

Scheme 1. Ultrasonic PS activation mechanisms (Acoustic cavitation and US attenuation).
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chromatography (IC) system (ICS-2100; Dionex, USA). SCL images were 
obtained using a digital camera (DSC-RX100M7; Sony Corp., Japan) in a 
completely dark room (ISO-6400, F 2.8). The exposure time was 10–30 
sec.

3. Results and discussion

3.1. Geometric optimization

To investigate the US/PS processes under optimal geometric condi
tions with the highest sonochemical activity at 20, 28, and 300 kHz, 
various geometric conditions including the probe positions and liquid 
volumes were tested using KI dosimetry, as shown in Fig. 2. It has been 
reported that slight changes in geometric conditions, including probe 
positions and liquid heights/volumes, can result in considerably 
different sonochemical activities under similar input power conditions. 
Geometric optimal conditions can lead to significant enhancement of 
sonochemical activity [14,15,17,18,57]. For 20 kHz probe-type soni
cators, the sonochemical activity increased noticeably as the probe 
approached the bottom of the vessel because the strong reflections of the 
ultrasound at the vessel bottom induced the formation of large and 
bright active zone [14,17,58]. For bath-type sonoreactors equipped with 
a transducer module at the bottom, high sonochemical activity could be 
obtained when the liquid height/volume was high enough to form a 
stable standing wave field [16,18,59]. Note that different shapes and 
sizes of sonoreactors might lead to different optimal geometric 
conditions.

In this study, the sonochemical oxidation activities were compared 
using the mass of I3- ions representing the total number of effective 
sonochemical oxidation reactions in KI solution, rather than using the 
concentration of sonochemically generated I3- ions because comparing 
the concentrations under volume-changing conditions was not appro
priate [14,17,18,20,59]. As shown in Fig. 2(a), the highest sonochemical 
oxidation activity was obtained at a volume of 400 mL with the probe 
position of “BOT” for the 20 kHz probe systems with the double-layer 
wall. The enhancement of the sonochemical activity was attributed to 
the expansion of the sonochemical active zone, induced by the strong 
reflection of US at the bottom and at the liquid surface as shown in the 
SCL images in Fig. 3(a) [17]. The luminol molecules react with sono
chemically generated oxidizing radicals such as OH radicals and emit 
blue/white light. The degree of radical oxidation reactions in sono
chemical processes can be qualitatively considered using the area and 
intensity of light in the SCL images [54]. Son et al. reported that the 
enhancement of sonochemical activity could be achieved by optimizing 
the probe position, input power, and liquid height/volume in 20 kHz 
probe-type sonoreactors [17]. As shown in Fig. 2(a), relatively low and 
similar activities were obtained for all volume and probe position con
ditions using the vessel with a double-layer wall and bottom. The sub
stantial decrease in the activity might be due to a weak US reflection at 
the bottom, induced by US transmission/absorption in the bottom part 

consisting of two glass layers and liquid. Son et al. reported that sono
chemical activity decreased significantly as the bottom plate’s thickness 
beneath the vessel increased. It might be attributed to the difference in 
the degree of the ultrasound reflection at the boundary between the 
liquid and the solid bottom layer [17]. The SCL images obtained using 

Fig. 1. Schematics of the 20 and 28/300 kHz ultrasonic systems and the temperature control recirculation system. A circular glass vessel without a double-layer 
bottom was mainly used for the 20 kHz systems. The image in the dotted line represents the vessel with a double-layer wall and bottom for comparison experiments.

Fig. 2. Sonochemical oxidation activities under different liquid volume con
ditions at 20, 28, and 300 kHz. The inset in Fig. 2(a) represents the sono
chemical oxidation activities at 20 kHz obtained using a vessel with a double- 
layer wall and bottom.
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Fig. 3. SCL images under different liquid volumes and probe positions at 20 kHz and under different liquid height/volume conditions at 28 and 300 kHz.
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the vessel with the double-layer wall and bottom at 20 kHz are shown in 
Fig. 1S. The observed SCL intensities were relatively low.

As shown in Fig. 2(b), the optimal liquid volumes of 900 mL (2λ: 108 
mm) and 420 mL (10λ: 50 mm) were determined for the 28 and 300 kHz 
systems, respectively. Although larger liquid volumes could be deter
mined as the optimal condition for the 28 kHz system, a volume of 900 
mL was used in this study considering the liquid volumes determined for 
20 kHz in this study and the liquid volumes used in previous US/PS 
studies (200–500 mL) [44,47,48,60]. In previous researches, the highest 
sonochemical activities were obtained at 4–5λ for 35 and 36 kHz 
[59,61,62]. In addition, the optimal liquid height in bath-type sonor
eactors was reported to be in the range of 5λ–15λ for 291 and 448 kHz 
[18,63]. The optimal liquid volumes were not found at small volumes, 
with relatively high-power densities (the input power divided by the 
liquid volume), but rather at larger volume ranges, where the power 
densities decreased considerably. This might be attributed to the stable 
distribution of US energy and the stable formation of the standing wave 
field adjacent to the liquid surface.

In addition, US, especially at low frequencies (20–40 kHz), from the 
bottom of small-liquid-height/volume sonoreactors can induce ripples 
at the liquid surface. This leads to a substantial decrease in the stability 
of the liquid surface and a stable standing wave field cannot form 
[16,54,59]. As the liquid height/volume increases to optimal conditions, 
stable reflection of US can occur at the liquid surface and a strong 
standing wave field can be formed with high sonochemical activity. In 
the SCL images in Fig. 3(b), clear and strong standing wave fields are 
observed at the determined optimal volume conditions. High-frequency 
US is relatively weak compared to low-frequency US and induces fewer 
ripples at the liquid surface [15,18,59]. This leads to the formation of 
stable standing wave field for all liquid height/volume conditions as 
shown in Fig. 3(c).

3.2. PS, US, and US/PS processes

Ultrasonic PS activation can be induced by acoustic cavitation (heat 
energy from cavitation bubbles’ collapse and cavitation-generated rad
icals) and by US attenuation in bulk liquid phase (the conversion of 
mechanical energy into heat energy) [23,33–35,49–51]. To understand 
the PS activation mechanism in US/PS processes at certain temperature 
conditions, only PS, only US, and US/PS processes were investigated 
under the following temperature conditions: 5–10 ℃, 15–20 ℃, 25–30 
℃, 45–50 ℃, 55–60 ℃, and NTC at the optimal geometric conditions 
with the highest cavitational activity (400 mL for 20 kHz, 900 mL for 28 
kHz, and 420 mL for 300 kHz). Under a fixed input electrical power (80 
± 2.1 W), the calorimetric powers at 20, 28, and 300 kHz were 33.6 ±
4.3, 33.3 ± 6.2, and 37.6 ± 1.4 W, respectively. The degradation of BPA 
was quantified and the pseudo-1st-order reaction constants were 
compared, as shown in Fig. 4 [41,47,60]. The reaction constants, their 
coefficients of determination (R2 values), and synergistic effects (only 
for the cases of PS 90 mg/L) are summarized in Table S1. For the con
ditions of NTC, the initial temperature was 18 ± 1.5 ℃ and the final 
temperatures after 120 min of US irradiation were 66, 40, and 47 ℃ for 
20, 28, and 300 kHz, respectively.

In only US processes, the sonochemical degradation of BPA occurs 
mainly using cavitationally generated oxidizing radicals such as OH 
radicals adjacent to the cavitation bubbles. This is because of BPA’s low 
volatility [41]. This process can be considerably affected by the applied 
frequency and liquid temperature [1]. It has been reported that the use 
of US in the high frequency range (300–500 kHz) is more effective in 
generating oxidizing radicals than the use of US in the low frequency 
range (20–40 kHz) in small lab-scale sonochemical reactors [15]. Even 
though higher frequency US induces less intense cavitation events with 
smaller bubbles, it can generate more active cavitation bubbles and 
radicals at more rapid rates, resulting in higher pollutant removal effi
ciencies (RE) [1,49,64]. In this study, the highest degradation of BPA 
was observed at 300 kHz, and the lowest removal was observed at 28 

kHz (the reaction rates at 28 kHz were approximately 9–15 % of those at 
300 kHz at temperatures below 30 ℃). The 20 kHz US, the lowest fre
quency in this study, induced relatively high BPA removal because the 
20 kHz probe-type sonicator could result in high cavitational activity 
and violent mixing in small volume conditions [17,57]. As mentioned 
above, the optimal liquid volume for each frequency was determined 
based on the mass of sonochemical reaction products (I3− in this study), 
and the reaction kinetic constants were obtained based on the concen
tration of sonochemical reaction products. Therefore, a comparison of 
the reaction constants at the applied frequencies may not be appropriate 
for different liquid volumes [15].

Fig. 4. Pseudo-1st-order reaction rate constants for BPA degradation in the US, 
US/PS, and PS processes under various temperature conditions at 20, 28, and 
300 kHz. The final temperatures for NTC were 66 ℃, 40 ℃, and 47 ℃ at 20, 28, 
and 300 kHz, respectively.
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For all frequencies of 20, 28, and 300 kHz, the reaction kinetic 
constants in the US processes remained relatively constant and then 
decreased considerably at 45–50 ℃ and 55–60 ℃ as the liquid tem
perature increased (The highest reaction constants were obtained at 
25–30 ℃ for all frequencies.). For the NTC cases, the reaction constants 
were similar to or lower than those at 15–20 ℃ and 25–30 ℃ depending 
on the final liquid temperature. When US is irradiated, the temperature 
increase in the bulk liquid phase can reduce the number of dissolved gas 
molecules, acting as cavitation nuclei. The increase in temperature el
evates vapor inside the cavitation bubbles, resulting in less intensive 
cavitational activity by inducing the cushioning effect [1,65–68]. 
Therefore, increasing the liquid temperature above a certain value 
(30–40 ℃ in this study) was not desirable for the sonochemical degra
dation of BPA.

In the only PS processes, designated as “Heat + PS 90 mg/L” con
ditions in Fig. 4, no significant BPA degradation was obtained at low and 
moderate temperature conditions (5–10 ℃, 15–20 ℃, and 25–30 ℃). 
However, BPA degradation by thermal activation of PS was observed at 
45–50 ℃, and the third highest reaction constant (as high as the second 
highest constant) of all cases was observed at 55–60 ℃. In several recent 
review papers regarding the thermal activation of PS, it has been 
generally reported that only PS at room temperature (or ambient tem
perature) cannot generate reactive oxidizing species, and meaningful 
pollutant degradation by thermal activation of PS cannot be achieved at 
temperatures below 40 ℃ because high energy is required to break the 
O-O bond in PS [34,69,70]. In contrast, PMS can be activated and 
degrade aqueous pollutants at room temperature [69]. It has been sug
gested that temperature optimization is required for thermal activation 
of PS because of the ineffective consumption of generated sulfated 
radicals at considerably high temperature conditions and concerns of 
considerable energy consumption [34,70,71].

In US/PS processes, it has been reported that the role of US in the 
activation of PS can be divided into two categories: 1) acoustic- 
cavitation-induced activation resulting from the thermal effects of 
cavitation bubble collapse and radical chain reactions [23,33,34] and 2) 
US-heating-induced activation resulting from the conversion of me
chanical energy into heat energy, which is the basic concept for the 
measurement of calorimetric/ultrasonic energy in sonochemistry 
[49–51]. The second role of US is minor when the liquid temperature 
remains constant below 30 ℃ during US irradiation using direct/indi
rect cooling systems. However, it is not easy to completely prevent 
instant or local temperature increase in liquid under continuous US 
irradiation in spite of small liquid volumes.

As shown in Fig. 4, no notable enhancement by the addition of PS 
was observed at 5–10 ℃, 15–20 ℃, and 25–30 ℃ for all frequency 
conditions in the US/PS processes. This resulted in almost similar re
action constants for only US, US/PS (45 mg/L), and US/PS (90 mg/L) 
processes. As shown in the results of the only PS processes at 55–60 ℃, 
the applied PS concentrations in this study were sufficient to achieve 
high BPA removal once PS activation occurred properly. In addition, the 
degree of acoustic cavitation was sufficient to obtain high BPA removal 
in the only US processes. In this study, the pseudo-1st-order reaction rate 
constants for BPA degradation in the only US processes (20, 28, and 300 
kHz) at low and moderate temperature conditions ranged from 0.0034 
to 0.043 min− 1. In previous studies, the average value of pseudo-1st- 
order reaction rate constants for BPA degradation at 20–25 ℃ for 
200–404 kHz was 0.045 ± 0.037 min− 1 [72–77]. Consequently, it was 
found that US irradiation at various frequencies and the resulting 
acoustic cavitation phenomena could not induce observable PS activa
tion for BPA removal at low and moderate temperatures in this study.

It is well known that the generation of sulfate ions in various PS 
processes is a good indicator of whether and to what extent PS activation 
occurs. PS activation can generate highly reactive sulfate radicals, which 
are converted to sulfate ions by losing their oxidizing power. In this 
study, sulfate ion concentration was used as an indicator of the degree of 
PS activation for the degradation of BPA under various temperature 

conditions [22,78]. Note that free radical detection methods need to be 
conducted to further understand mechanisms of thermal and ultrasonic 
PS activation [45]. Fig. 5 shows the sulfate ion concentrations in the US/ 
PS processes (PS: 45 and 90 mg/L) under various temperatures for 20, 
28, and 300 kHz. It should be noted that the reaction time required for 
90 % BPA removal ranged from 21 min to 84 min, 42 min to 196 min, 
and 44 min to 80 min for 20, 28, and 300 kHz, respectively, in the US/PS 
processes (PS 45 and 90 mg/L) at 45–50 ℃ and 55–60 ℃. Therefore, PS 
could be consumed for BPA and byproduct degradation from early or 
late reaction times and the concentrations of the sulfate ions might not 
show significant correlations with the reaction rate constants for BPA 
degradation.

At 20 kHz, notable levels of sulfate ion concentrations were observed 
at 45–50 ℃, 55–60 ℃, and NTC. Higher BPA removals were observed in 
the US/PS processes compared to those in the only US processes (The 
highest concentrations of the sulfate ions were obtained at 55–60 ℃ 
where the highest BPA removal, much higher than those in the only US 
process, were obtained for the PS concentrations of 45 and 90 mg.). No 
notable concentrations of sulfate ions at 5–10 ℃, 15–20 ℃, and 25–30 
℃ indicated that no notable PS activation occurred, and most of the BPA 
removal was induced by sonochemical reactions rather than sulfate 
radical reactions.

At 300 kHz, no noticeable sulfate ion concentrations were observed 
at all temperature conditions, except at 55–60 ℃. This indicated that 
BPA degradation at 5–10 ℃, 15–20 ℃, 25–30 ℃, 45–50 ℃, and NTC 
may be induced mainly by sonochemical oxidation reactions. At 55–60 
℃, no notable sonochemical reactions for BPA removal might occur 
considering the reaction rates in the PS and US/PS processes (PS 90 mg/ 
L: kPS = 53.9 × 10-3 min− 1; kUS/PS = 52.7 × 10-3 min− 1). This may be due 
to the low cavitational activity under the high temperature conditions 
discussed above. Although to a lesser degree, similar trends of PS acti
vation were observed at 45–50 ℃, 55–60 ℃, and NTC for 28 kHz, and no 
notable contribution of the sonochemical reactions was observed at 
55–60 ℃ (PS 90 mg/L: kPS = 53.9 × 10-3 min− 1; kUS/PS = 55.5 × 10-3 

min− 1).
In addition, at a frequency of 20 kHz, PS activation at 45–50 ℃ and 

NTC might be induced not by cavitational effects but by uncontrolled 
instant or local temperature increase, considering the results of 28 and 
300 kHz above. The highest reaction rate constant, obtained at 55–60 ℃ 
for 20 kHz and approximately twice as large as the second highest 
constant for all cases, might be due to the formation of instant or local 
hot-temperature zones higher than 55–60 ℃. Relatively moderate syn
ergistic effects of 149 % and 171 % were obtained at 45–50 ℃ and 
55–60 ℃, respectively, at 20 kHz as shown in Table S1. In this study, it 
seemed that the external cooling in the 300 kHz sonoreactor worked 
successfully in preventing the instant or local temperature increase 
considering the low and nearly identical concentrations of sulfate ions at 
5–10 ℃, 15–20 ℃, 25–30 ℃, and 45–50 ℃ as shown in Fig. 5(e) and 5 
(f). However, it should be noted that the instant or local temperature 
increase might vary considerably depending not only on the applied 
frequency but also on the geometric conditions and cooling systems.

In this study, we obtained the following findings: 1) lower BPA 
degradation at 45–50 ℃, 55–60 ℃, and NTC than at 5–10 ℃, 15–20 ℃, 
and 25–30 ℃ in the only US processes; 2) similar BPA degradations in 
the US/PS and the only PS processes at 55–60 ℃ for 28 and 300 kHz; 3) 
much higher BPA degradation in the only PS processes at 55–60 ℃ 
(thermal PS activation) than in the US/PS processes at 5–10 ℃, 15–20 
℃, and 25–30 ℃. These findings indicated that US irradiation at various 
frequencies and the resulting acoustic cavitation phenomena could not 
induce observable PS activation for BPA removal at low, moderate and 
high temperatures (except for the 20 kHz’s cases at 45–50 ℃ and 55–60 
℃). In addition, thermal PS activation seemed more effective than ul
trasonic PS activation. Thus, we thought that the high synergistic effects 
for 20 kHz at high temperature conditions might be caused by uncon
trolled instant or local temperature increase, under the assumption that 
other PS activation mechanisms were not identified in this study.
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4. Conclusion

In this study, US/PS processes were investigated to determine 
whether acoustic cavitation could induce PS activation and BPA 
degradation at 20, 28, and 300 kHz under various temperature condi
tions of 5–60 ℃. Under the optimal geometric conditions including the 
probe position at 20 kHz and the liquid volumes at 20, 28, and 300 kHz, 
the pseudo-1st-order reaction constants for BPA degradation in the only 
PS, only US, and US/PS processes were obtained, and synergistic effects 
were analyzed. It was found that no notable PS activation or synergistic 
effects occurred in the US/PS processes for all frequencies below 30 ℃. 
Although relatively moderate synergistic effects of 149 % and 171 % 
were obtained at 45–50 ℃ and 55–60 ℃, respectively, at 20 kHz, the 
enhancement might be due to the instant or local temperature increase 
induced by the strong 20 kHz US irradiation and incomplete system 
cooling because higher temperature conditions considerably reduce 
cavitational activity. To further understand ultrasonic activation of PS, 
more experimental data should be accumulated using novel methods 
such as EPR under various conditions. In addition, comprehensive 
research on developing various scale-up strategies is required for large- 
scale US/PS applications.
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