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Abstract

The enhancement of the ultrasound system by adding diverse oxidants to remove a model contaminant (acetaminophen, ACE) in
water was investigated. Different parameters were evaluated to study their effect on both the degradation kinetics and the synergy
of the combination. The variables studied were the ultrasonic frequency (575, 858, and 1135 kHz), type of oxidant (hydrogen
peroxide, sodium peroxydisulfate (or persulfate, PDS), and potassium peroxymonosulfate (PMS)), ACE concentration (4, 8, and
40 uM), and oxidant concentration (0.01, 0.1, 1, and 5 mM). Particular interest was placed on synergistic effects, implying that one
process (or both) is activated by the other to lead to greater efficiency. Interestingly, the parameters that led to the higher synergistic
effects did not always lead to the most favorable degradation kinetics. An increase in ACE removal of 20% was obtained using the
highest frequency studied (1135 kHz), PMS 0.1 mM, and the highest concentration of ACE (40 uM). The intensification of degra-
dation was mainly due to the ability of ultrasound to activate oxidants and produce extra hydroxyl radicals (HO®) or sulfate radicals
(S0,*"). Under these conditions, treatment of ACE spiked into seawater, hospital wastewater, and urine was performed. The hospital
wastewater matrix inhibited ACE degradation slightly, while the urine components inhibited the pollutant degradation completely.
The inhibition was mainly attributed to the competing organic matter in the effluents for the sono-generated radical species. On the
contrary, the removal of ACE in seawater was significantly intensified due to “salting out” effects and the production of the strong
oxidant HOCI from the reaction of chloride ions with PMS.
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Introduction

Contaminants of emerging concern (CECs) include pharma-
ceuticals (PhPs), cosmetics, synthetic and natural hormones,
endocrine disruptors, disinfection by-products, biocides, etc.
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have focused their studies on advanced oxidation processes
(AOPs) to effectively degrade CECs in water matrices (Bar-
tolomeu et al. 2018; Miklos et al. 2018; Rizzo et al. 2019).

Ultrasound technique (US), especially high-frequency
US, is an AOP widely studied for CECs removal (Rayaroth
et al. 2016; Serna-Galvis et al. 2019b, a; Meng et al. 2019;
Estrada-Florez et al. 2020). The US process is based on
the acoustic cavitation phenomenon, i.e., the ultrasound
waves induce the formation and growth of bubbles or
cavities from dissolved gas. These cavities reach a critical
size, and then they collapse, generating strong conditions
(~ 5000 K, ~ 1000 atm), which promote the dissociation of
dissolved oxygen and water molecules producing hydroxyl
radicals (HO®). In recent years, several strategies have been
reported to intensify the degradation of pollutants by US.
The combination of US with light (sono-photolysis or photo-
sonolysis) (Patidar and Srivastava 2021), iron or iron/oxi-
dants (sono-Fenton process), or iron and light (sono-photo-
Fenton process) (Barzegar et al. 2018; Prada-Vasquez et al.
2021; Cui et al. 2021a; Patil and Raut-Jadhav 2022), its com-
bination with photocatalysis (sono-photo-catalysis) (Stucchi
et al. 2019), or even sono-Fenton mediated by TiO,-P25
photocatalysis (Xu et al. 2020b; Qi et al. 2020) are among
the most outstanding alternatives. Also, the combination of
US with carbonaceous materials has been explored (Diao
et al. 2020; Grilla et al. 2020).

Recently, the addition of oxidants such as hydrogen per-
oxide, potassium peroxymonosulfate (PMS), or sodium/
potassium persulfate (PDS) to the US process has gained
the attention of the scientific community (Lim et al. 2014;
Xu et al. 2020a; Gujar et al. 2021; Lee et al. 2021; Moradnia
et al. 2022). The addition of H,0,, PMS, or PDS to ultra-
sound (US/Oxidant system) can enhance the capacity of
US to generate SO,* and extra HO® from the cleavages of
these oxidants. Indeed, some works have shown that the US/
Oxidant systems are environmentally friendly and highly
effective for the treatment of organic pollutants (Raut-Jadhav
et al. 2016; Lee et al. 2021). In the combination of such
processes, a synergistic effect is generally expected, which
implies that one of the processes is positively affected by
the other, or that each process is activated by the other one
to improve the degradation efficiency of the target pollutant.
However, studies usually focus on kinetics or synergy inde-
pendently and few investigations have contrasted the kinetic
and synergistic aspects of the US/Oxidant combination. The
ideal scenario in the combinations is that both kinetic and
synergy values are high and lead to efficient processes (Lim
et al. 2014; Xu et al. 2020a; Cui et al. 2021b; Ioannidi et al.
2022; Patil and Raut-Jadhav 2022). The question that arises
is: are the highly synergistic systems the most kinetically
favored? This has not been answered yet, and our study pre-
tends to address it.
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In this work, we started evaluating fundamental aspects
of the high-frequency ultrasound in combination with
H,0,, PMS, and PDS, with a focus on both synergistic and
degradation kinetics, using acetaminophen (ACE), also
called paracetamol, as the model contaminant (see Text S1
and Table S1 in Supplementary material). The following
parameters were tested: (i) ultrasonic frequency, (ii) type
of oxidant, (iii) pollutant concentration, and (iv) oxidant
concentration. Furthermore, parameters that led to the best
synergistic effects were selected for a subsequent evaluation
in the degradation of ACE spiked into various world-real
matrices: urine, hospital wastewater (HWW), and seawa-
ter (SW). Urine was selected because it constitutes one of
the main routes of excretion of pharmaceutical compounds.
In the same way, HWW is also one of the main receiving
sources of these wastes. Moreover, HWW in some coastal
areas is discharged directly into the sea. Thus, SW was also
selected as a probe matrix.

Materials and methods
Reagents

Acetaminophen (ACE) was provided by Laproff (Medellin,
Colombia). Sodium peroxydisulfate (PDS, Na,S,03) was
purchased from Fisher Scientific (England, UK), and Oxone
(KHSO5-0.5KHS0O,-0.5K,S0,), which is the source of potas-
sium peroxymonosulfate (PMS, KHSOs), was supplied by
Sigma Aldrich (St Louis, USA). Hydrogen peroxide (H,0,)
30% (w/v), ammonium heptamolybdate (AHM), sodium
bicarbonate (NaHCO;), and solvents for HPLC (analytical
grade acetonitrile (MeCN) and methanol (MeOH)) were
purchased from Merck (Darmstadt, Germany). Potassium
iodide (KI) was supplied by Panreac (Barcelona, Spain).
Formic acid (HCOOH) was acquired from Carlo-Erba (Val-
de-Reuil, France). All chemicals were used as received with-
out further purification. Distilled water (DW) was used for
initial pharmaceutical solutions preparation. Milli-Q water
was employed for HPLC analyses. All mobile phases were
filtered through 0.45 pum nylon or using mixed cellulose-
ester filters (Advantec).

For the experiments in actual matrices, a sample of
seawater (SW) collected from the pacific sea (Tumaco,
Colombia) in July 2021 was used. A hospital wastewater
sample (HWW) was taken in April 2019 from the effluent
of a health center from Tumaco (Colombia) during a typical
day of hospital operation. Furthermore, a real fresh urine
sample collected in December 2021 from a healthy and no
medicated person was used. The complete characterization
of the HWW can be found in the literature (Serna-Galvis
et al. 2019c, 2022). All samples were kept refrigerated at
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4 °C until use and filtered (0.45 pm nylon Advantec filters)
before experiments.

Methods

A Meinhardt ultrasound reactor with a cooling jacket and
a maximum capacity of 500 mL was utilized for the son-
ochemical experiments. The reactor was connected to a
Huber-Minichiller thermostatic bath, which was adjusted to
keep a temperature of 20 +3 °C inside the reactor. The ultra-
sonic device was adjusted to the desired frequency through
different transducers. The actual ultrasonic power densities
at the different frequencies were measured by the calorimet-
ric method (Text S2, Fig. S1, and Table S2) (Kimura et al.
1996). A scheme of the reactor is shown in Fig. S2.

Degradation experiments were carried out individually:
(a) direct oxidation with selected oxidants (PMS, H,0,, or
PDS) under mild stirring, and (b) sonolysis at the selected
frequencies. Subsequently, the degradation on the combined
system was evaluated: (c) US/Oxidant process at the dif-
ferent frequencies and selected oxidant concentrations. The
synergy index (S) for the US/Oxidant system was determined
using Eq. 1 (Torres-Palma et al. 2010).

kUS/Oxidanz )
kus + Koxidant

where k0400 COITESponds to the pseudo-first-order rate
constant (k) of the combined process, while kg and &g, zuns
represent the k values for the individual processes: sonolysis,
and direct oxidation, respectively. A value of S equal to 1
implies that the combination has an additive effect; if S is
lower than 1, the combination has an antagonistic effect.
Meanwhile, S greater than 1 denotes a synergistic effect. The
kinetic constants were calculated according to Eq. 2, using
a pseudo-first-order kinetic model.

C —_
ln<C—0> = —kt )

Before the degradation experiments in SW, HWW, and
RU, an initial characterization of the real matrices was car-
ried out by measuring pH, total organic carbon (TOC), and
conductivity. The pH was measured using a Mettler Toledo
Seven Compact™ pH Meter. The TOC was measured by
catalytic combustion in a Shimadzu TOC-L analyzer. The
conductivity was determined using a SI Analytics Conduc-
tivity Meter Lab 945.

In all experiments, the initial solution pH was not adjusted
or buffered, and it was determined by the matrix composition
(i.e., the pharmaceutical, the oxidant, and other matrix com-
ponents, in the case of actual waters evaluation). This con-
sidering that at the experimental conditions: (i) HO® radicals
sonogeneration is not pH-dependent (Villaroel et al. 2014),

(i1) The neutral ACE structure (pKa~9.4) is not affected by
the pH variations (2.63-7.41, according to Table S3). Ali-
quots (1200 pL) were taken at different intervals (0, 10, 20,
40, and 60 min). The samples were used to determine the
evolution of oxidants (H,0,, H,0,+PDS, or H,0, +PMS)
and the removal of ACE. H,0, and H,0,+PMS evolution
was determined by the iodometric method using KI and
AHM (Serna-Galvis et al. 2015; Liang and He 2018); while
H,0,+PDS evolution was monitored by the iodometric
method using KI and NaHCO; (Liang et al. 2008), with a
Mettler Toledo UVS5 Spectrophotometer in all of the cases
(see details of the iodometric methods in Text S3).

The removal of ACE was followed using a chromato-
graphic system HPLC-Waters, which consisted of a 1525
binary HPLC pump and a 2487 dual A absorbance detec-
tor, and the software Breeze for data collection. Separation
was performed using a LiChrospher® 100 RP-18 (5 um)
column. For the measurement, the samples were introduced
through a Rheodyne injector valve with a 20 pL loop and
were analyzed using as mobile phase a mixture of MeCN:
Milli-Q water 25:75 (% v/v), a flow in an isocratic mode of
0.7 mL min~!, and a detection wavelength of 243 nm, during
a runtime of 7 min (Retention time: 4.7 min).

Results and discussion
Effect of the ultrasonic frequency

The effect of frequency on ACE removal by the US/Oxidant
system was initially tested. For this, PMS was selected as the
model oxidant. To guarantee the accurate study of the fre-
quency effect, the experiments were carried out at close val-
ues of actual acoustic power densities (Text S2). Therefore,
for the tested frequencies the actual power densities were
84.14,87.07, and 85.81 W L™! (for 575, 858, and 1135 kHz,
respectively). Figure 1 presents the kinetic constant (k) in
the ACE treatment by US/PMS at the different ultrasonic
frequencies, and the corresponding control experiments of
sonolysis and direct oxidation by PMS (1 mM). Figure la
also presents the synergy values (S) for the combined pro-
cess (detailed graphs of C/C, vs. time are shown in Fig. S3).

Figure 1a shows that the degradation of ACE is kineti-
cally more favored at 575 kHz in both cases: in the ultra-
sound process acting alone and in the combined system
(US/PMS). As the frequency increases the size of the
cavitation bubbles decreases and the collapse time is
shorter, which reduces the extent of radical formation
(Lim et al. 2011). In fact, there is a range of frequencies
in which bubble size and cavitational events are more
prone to the formation of HO®. That range has been
reported to be between 200-600 kHz (Kang et al. 1999;
Torres et al. 2008; Torres-Palma and Serna-Galvis 2018),
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Fig. 1 Effect of the ultrasonic frequency. Treatment of ACE by US, direct
oxidation with PMS, and the US/PMS system after 1 h of treatment at dif-
ferent frequencies: (a) Graph of k vs. frequency with the calculated S values,
(b) H,O, accumulation during sonication in the absence of ACE, (c) oxidants
(H,0,+PMS) accumulation in the treatment of ACE. Conditions: [ACE]:
40 uM, [PMS]: 1 mM, V: 360 mL, matrix: distilled water, pH; ;;,: 5.86 (ACE),
3.18 (ACE + PMS), frequencies of 575, 858, and 1135 kHz, with power densi-
ties of 84.14, 87.07, and 85.81 W L', respectively
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and consequently, the contaminants are degraded faster at
such frequencies. The results of degradation are consist-
ent with the sonolytic experiments carried out in distilled
water without the contaminant at different frequencies
(Fig. 1b). The production of H,0, gives an indirect meas-
urement of HO® formation since it is generated by the
combination of hydroxyl radicals (Wang and Zhou 2016;
Ferkous et al. 2017).

Figure 1a also depicts the degradation of ACE by PMS
alone. By direct oxidation, ~ 12% of the pollutant is degraded
after 1 h of treatment. This was related to the redox potential
of PMS (E°: 1.82 V) that leads to the oxidation of organic
compounds directly (Lee et al. 2021). On the other hand,
the results in Fig. 1a show that although the kinetics were
favored at 575 kHz followed by 858 kHz, the combination of
US with the oxidant lead, in both cases, to an additive effect
(S~1). On the contrary, a synergistic effect was observed at
the highest studied frequency (i.e., 1135 kHz). These results
are in agreement with some reports where the synergistic
effects for the US/Oxidant system occur at high frequencies
(> 1000 kHz) (Lee et al. 2021). According to our result,
kinetics is determined by the intrinsic capability of a sys-
tem to degrade the target compound (as occurred at 575 and
858 kHz), whereas the synergy depends on the improvement
of an inefficient process by the combination with another one
(as observed at 1135 kHz).

The higher synergy at 1135 kHz could be due to a
decrease in the efficiency in the US alone at this frequency,
and also, to the fact that an increase in the frequency pro-
motes an increase in the population of bubbles resulting in
a greater number of cavitation events (Torres-Palma and
Serna-Galvis 2018). Although these events are not so effi-
cient to generate HO® from water, they could increase the
kinetic and mechanical energy in the solution, being able to
activate PMS. Thus, the breakdown of PMS produces extra
radicals that improve ACE degradation in the system in a
synergistic way. This is consistent with oxidant monitoring
in ACE degradation (Fig. 1c) where the PMS consumption
is higher at 1135 kHz. Therefore, the addition of oxidants
could be advantageous at such high frequency since various
activation modes take place simultaneously: attack of radi-
cals coming from water sonication, direct pollutant oxidation
with PMS, and activation of the oxidant by ultrasonic action.

We should remark that the best synergistic combination
does not always imply the highest removal effectiveness.
Combined systems can be synergistic at one frequency
(e.g., 1135 kHz), but this does not mean they are the most
efficient kinetically compared with the same combination
at other frequencies (e.g., 575 kHz, Fig. 1a). Furthermore,
our results showed that adding oxidants at intermediate fre-
quencies (e.g., 575 kHz), where the sonochemical system
alone works well, does not result in a significant improve-
ment. Indeed, the increase in degradation efficiency is due to
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additive effects between the US alone and the direct action
of PMS. Thereby, the combination of the US with PMS is
more convenient if the individual systems have low degrada-
tion efficiencies, and they can be significantly improved by
their combination; but when US or PMS alone works well,
it is very difficult to obtain synergistic effects from such
combination.

Effect of the type of oxidant

The results in “Effect of the ultrasonic frequency” section
indicated that the research on the synergy promoted by the
addition of oxidants should be focused on the US system
which is not very efficient for the degradation of pollut-
ants. Therefore, the frequency of 1135 kHz was selected to
evaluate the effect of the type of oxidant in the combined
system, and the combinations of high-frequency ultrasound
with H,O,, PMS, or PDS were compared. ACE (40 uM) was
treated by the US/Oxidant systems, and the direct individual
action of these three oxidants (at 1 mM) was also measured.
Results for the k values in the target pollutant treatment are
shown in Fig. 2 (detailed graphs of C/C, vs. time and the
oxidant accumulation (H,0, +PMS or H,0, + PDS) can be
found in Fig. S4).

Figure 2 shows that the results for both parameters: deg-
radation kinetics and the synergy for the combined system
followed the order US/PMS > US/PDS > US/H,0,, with k
values of 1.8x 1072, 1.5% 1072, and 1.2% 102 min™!, respec-
tively. These values were higher compared to the direct
action of oxidants (1.8 X 1073,2.7%1073, and 1.4x 107> min™!
using PMS, PDS, and H,0,, respectively) or the k value
obtained by the US alone (9.2 x 107> min™"). Consequently,
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Fig. 2 Effect of the type of oxidant. k values in the treatment of ACE
by US, direct oxidation, and the US/Oxidant system at 1135 kHz,
including the calculated S values. Conditions: [ACE]: 40 uM, [PMS,
PDS, and added H,0,]: 1 mM, V: 360 mL, matrix: DW, pH; . 5.86
(ACE), 3.18 (ACE+PMS), 5.72 (ACE+PDS), 5.77 (ACE +H,0,),
frequency: 1135 kHz, power density: 85.81 W L™!

the systems were synergistic by combining US with PMS
and PDS and approximately additive using H,O,.

Several physicochemical properties of the oxidants (PMS,
PDS, and H,0,) have been used to explain the different effi-
ciencies obtained in advanced oxidation processes for the
removal of pollutants in the presence of such substances
(Guerra-Rodriguez et al. 2018; Lee et al. 2020, 2021; Xia
et al. 2020; Zhu et al. 2021). Thus, the oxidation potentials

Table 1 Molecular structures and some physicochemical properties of the oxidants and their corresponding radical species

Entries Property PMS PDS H,0,
i E° (V vs. NHE) 1.82° 2.012 1.78°
AP P o. O~ Na ;
S 2O\ LOL A -
i Structure Na" -0 otOH Na" -0 o7 o’/S‘\o HOTOH
' - b
Asymmetric® Symmetric® Symmetric
ii O-0 bond length (A) 1.45° 1.50° 1.44°
v 0-O bond dissociation 140-213° 140° 213¢
energy (kJ mol™)
E° of radicals (V vs. 2.5-3.1 (SO,)?® —ae 1.89-2.72
v NHE) 1.89-2.72 (HO")?* 2.5-3.1(S047) (HO")?®
. . 30-40 (SO,")>* —\be “\be
Vi t1» of radicals (us) 0.02 (HO")°* 30-40 (SO,7) 0.02 (HO")
i, Solubility in water at £ . f 9
vii 25°C (g L) >250 730 (sodium persulfate) 1000

References: ? (Lee et al. 2021), ° (Wang et al. 2021), ¢ (Bach and Schlegel 2020), d (Pang et al. 2011), ¢ (Bahrami et al. 2018), ' (Guerra-Rod-

riguez et al. 2018) & PubChem (pubchem.ncbi.nlm.nih.gov)
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(E°, Table 1, entry i), the structural features (Table 1, entry
ii), the lengths and dissociation energies of the O—O bonds
(Table 1, entries iii and iv, respectively), as well as proper-
ties of their corresponding radical species (oxidation poten-
tials (E°) and half-life times (t,,,); Table 1, entries v and
vi, respectively) have been considered. However, properties
such as the E° of the starting oxidants, and the lengths and
dissociation energies of the O—O bonds are very similar for
the three oxidants and cannot explain the found results (US/
PMS > US/PDS > US/H,0,).

On the other hand, cavitation events lead to HO® forma-
tion intrinsically (Egs. 3—-7) (Minero et al. 2005; Eren 2012;
Serna-Galvis et al. 2016), and the cleavage of the added
oxidants can form extra radical species necessary to improve
the degradation efficiency of the US/oxidant combination.
For instance, HO*® and SO,*~ can be produced from PMS
(Eq. 8), whereas only SO,*~ radicals can be produced from
PDS (Eq. 9), and only HO® radicals can be generated from
H,0, (Eq. 10) (Lee et al. 2021; Wang et al. 2021). Also, the
sonogenerated radicals can promote the activation of the oxi-
dants (Egs. 11-18) (Lim et al. 2014; Wang and Zhou 2016;
Lee et al. 2021; Kiejza et al. 2021).

H,0 +))) - H" + HO’ (©)
0, +)) - 20° )
H,0 + 0" - 2HO' Q)
H,0 + H' - HO" + H, (©6)
0, + H' - 0" + HO' )
HSO;™ +))) —» SO,"~ + HO' ®)
S,05” +)) = 250, ©)
H,0, +))) - 2HO' (10)
H,0, + HO," - H,0 + HO" + 0O, (11)
HSO;™ + H' - SO, + H,0 (12)
HSO;™ + HO," - SO, + H,0 + O, (13)
HSO;~ + HO® - SOs™ + H,0 (14)
S,04*” + H' - SO, + HSO,~ (15)
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S,0,*” + HO," - 280, + O, + H* (16)
S,04°” + HO® — SO, + HSO,” + 1/20, 17)
SO, + H,0/OH™ — HSO,” /SO,*” + HO' (18)

Sulfate radicals, which can be sonochemically generated
in the presence of PMS or PDS (Eq. 8-9), have a redox
potential similar to hydroxyl radicals but a longer half-life
time (t;,) (Table 1, entries v and vi), which allows sulfate
radicals to have more chance to interact with the organic pol-
lutants and degrade them. This explains the better efficiency
obtained by the US/PMS and US/PDS processes compared
to the US/H,0, system, but it does not allow to explain why
the US/PMS system is more efficient than the US/PDS sys-
tem, mainly because, in both systems, many other reactions
take place generating extra HO® and SO,*" radicals, together
with other reactive species (Eqs. 3—18).

Interestingly, it can be seen (Table 1, entry ii) that PMS
has an asymmetric structure, while PDS and H,0, have a
symmetric peroxide bond. SO;™ is an electro-withdrawing
group. Therefore, in PMS, the O-O bond electron density
leans toward the SO;, leaving the O on the H side with
a positive charge density (Zhu et al. 2021). Therefore, the
cleavage of the O—O bond in PMS can occur more easily
than in symmetric structures such as PDS or H,0, (Wang
et al. 2021), which explains the best results observed for the
US/PMS system.

Finally, the better performance found in the US/PMS sys-
tem compared to the US/PDS and the US/H,0, systems may
be also related to the hydrophobicity/hydrophilicity of the
oxidants, which is a determinant property for oxidant activa-
tion. In fact, hydrophobicity is associated with the proximity
of the oxidants to the interface between the cavity and the
solution bulk where their activation towards radical forma-
tion occurs (Seymour and Gupta 1997; Nanzai et al. 2008;
Wei et al. 2016). The solubility was selected as an indica-
tor of the degree of hydrophilicity (Table 1, entry vii). As
seen, solubility increases in the order PMS < PDS < H,0,.
Then, PMS is more hydrophobic and it will migrate more
easily toward the bubble interface, where it can be activated
to the corresponding radicals. Thereby, these differences in
chemical structures and hydrophilicity explain the results in
kinetics and synergies observed in Fig. 2.

Effect of initial concentration of ACE

To study the effect of the initial concentration of the pol-
lutant, degradation experiments were performed using the
best US(1135 kHz)/PMS(1.0 mM) combination and three
different concentrations of ACE (4, 8, and 40 uM). Con-
trol experiments of sonolysis and direct oxidation were also
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Fig. 3 Effect of initial ACE concentration. Treatment of ACE by US,
direct oxidation, and the US/PMS system at 1135 kHz: (a, b) Con-
centration of ACE vs. time with the calculated S values. Conditions:
[ACE]: 4, 8, and 40 puM, [PMS]: 1 mM, V: 360 mL, matrix: DW,
PHinitiar 5-77-5.86 (ACE 4-40 uM), 3.18 (ACE 4-40 uM+PMS),
frequency: 1135 kHz, power density: 85.81 W L™!

performed. Results are shown in Fig. 3 (detailed graphs of
C/C,, vs. degradation time and the oxidant accumulation
(H,O, +PMS) are shown in Fig. S5).

It can be seen that after 1 h of treatment, the US system
eliminated 3.06, 5.92, and 16.67 uM from initial ACE con-
centrations of 4, 8, and 40 uM, respectively. Direct oxidation
by PMS removed 0.36, 1.10, and 4.68 uM of the initial con-
centrations of 4, 8, and 40 uM of ACE, respectively (Fig. 3a
and b). Meanwhile, for the combined US/PMS system, it was
possible to remove 3.58, 7.15, and 25.76 uM from the initial
concentrations of 4, 8, and 40 uM of ACE, respectively. This
means that the sonochemical process, the direct oxidation,
and the US/PMS system are more effective at the highest
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| us Il PVvs [JUs/PMS
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S =1.61

0.020 $=1.07

k (min™)

0.015_- s=125 S=150

0.010 1

0.005

0.000 -
0 0.01 0.1 1 5

[PMS] (mM)

Fig.4 Effect of oxidant concentration. k values in the treatment
of ACE by US, direct oxidation, and the US/PMS system after 1 h
of treatment at 1135 kHz with the calculated S values. Conditions:
[ACE]: 40 uM, [PMS]: 0.01, 0.1, 1, and 5 mM, V: 360 mL, matrix:
DW, pHi,ap: 5.86 (ACE), 525 (ACE+PMS 0.01 mM), 4.16
(ACE+PMS 0.1 mM) 3.18 (ACE+PMS 1 mM), 2.69 (ACE+PMS
5 mM), frequency: 1135 kHz, power density: 85.81 W L

concentration of ACE studied since they can degrade a
greater amount of moles of the target contaminant. Addition-
ally, although the processes with the different concentrations
of ACE were synergistic, the highest synergistic effect of the
US/PMS combination occurs at the highest concentration
of ACE. This may be because a higher concentration of the
contaminant increases the number of dispersed molecules in
the solution; therefore, the probability that these molecules
approach the cavitation bubbles and the sites with the high-
est concentration of radicals (HO® and SO,*") is greater,
thus favoring degradation. However, it has been reported that
concentrations of the contaminant above a threshold value
can saturate the interfacial region of cavities, decreasing the
degradation (Panda et al. 2020).

Effect of oxidant concentration

To determine the effect of the oxidant concentration on the
synergistic effects of the US(1135 kHz)/PMS combina-
tion, the kinetics in the ACE removal (40 uM) using several
PMS concentrations (0.01, 0.1, 1, and 5 mM) was evaluated.
Direct oxidation was also evaluated at the selected PMS con-
centrations. Results are shown in Fig. 4 (detailed graphs
of C/C, vs. degradation time and the oxidant accumulation
(H,O, + PMS) are shown in Fig. S6).

Figure 4 shows that as the PMS concentration increased,
the degradation kinetics augmented in the direct oxidation
(PMS) and the US/PMS systems. However, the synergis-
tic effect was observed at PMS concentrations of 0.01, 0.1,
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and 1 mM, being 1, and 0.1 mM PMS the best synergistic
options (§=1.61 and 1.50, respectively). When PMS con-
centration is very low (0.01 mM), the synergistic effect of
the US/PMS combination decreases because PMS at low
concentration tends to disperse within the solution, making
it more difficult for PMS molecules to approach the cavity-
solution bulk interface, which is critical to favor the forma-
tion of radicals. On the contrary, when the concentration of
PMS is increased to 5 mM, the effect of the combination
decreases and becomes additive. This is because PMS at
high concentrations, although highly efficient in the direct
oxidation of ACE, can favor undesired reactions. In fact,
at very high PMS concentrations, this oxidant and the spe-
cies generated from this can also act as a scavenger of the
generated radicals (Egs. 19-24, (Wang and Zhou 2016; Xu
et al. 2020a; Wang et al. 2021)) or can lead to recombination
reactions (Egs. 25-27, (Wang and Zhou 2016; Ferkous et al.
2017; Cui et al. 2021b)), which decreases both the efficiency
and the synergy of the ACE degradation.

H,0, + HO® — H,0 + HO, (19)
HSO;~ + HO® — SOs~ + H,0 (20)
HSO;™ + SO, — HSO,™ + SO;™~ @1
2505 = S,04°” + O, (22)
$,04°" + HO® = HO™ + S,04" (23)
$,04" + SO, — SO,*™ + $,04™ (24)
2HO" - H,0, k=5.5x10° M~!s~! (25)
HO® + SO, = HSOs™ k=1.0x 10" M~1s7! (26)
2580, = S,04* k=3.1x10°M's! 27)

The above results indicated that the addition of PMS to the
US system requires a suitable amount of the oxidant, which
enhances the degradation and synergy. At high PMS concentra-
tions (e.g., 5 mM), its consumption was elevated but scavenger
effects, as mentioned previously, seem to dominate.

Evaluation of the US/PMS system in real aqueous
matrices

The treatment of ACE in three relevant matrices (SW,

HWW, and urine, see Table 2) was considered. Based
on the previous results, a PMS concentration of 0.1 mM

@ Springer

Table 2 Characteristics of the real matrices*

Real matrices pH TOC (mg L™}y  Conduc-
tivity (uS
cm™)

Distilled water (DW) 597 024 1.5

Seawater (SW) 777 2.84 48900

Hospital wastewater ( HWW)  7.63  6.46 438

Urine 6.92 2777 9460

*More information on the HWW of the city of Tumaco-Colombia
and a more detailed description of the matrix composition can be
consulted in references (Serna-Galvis et al. 2019¢, 2022)

was chosen for the experiments. This considering that
although 1 mM PMS led to the highest synergy, 10 times
less PMS led to a very similar synergy value. The target
pollutant was spiked into these aqueous media to evalu-
ate the degradation. The results for the ACE treatments
in the complex matrices, using the US/PMS system, are
shown in Fig. 5.

As seen in Fig. 5a, compared to the treatment of ACE
in distilled water (DW), the HWW slightly inhibited the
degradation of the pollutants. In contrast, the urine com-
ponents inhibited the degradation completely. Remarkably,
the removal of the pharmaceutical in seawater was signifi-
cantly intensified. The few effects in HWW are explained
considering that it has a low amount of organic matter of
6.46 mg L™! (Table 2), which competes moderately with
ACE (3.84 mg L™ in TOC) for the degrading species. This
is also evidenced in the monitoring of oxidants (Fig. 5b),
wherein in the HWW, there is moderate consumption of
the oxidants. On the contrary, the urine has a very high
organic load (Table 2), so the degradation of ACE was
inhibited entirely because the added and sono-generated
oxidants are easily consumed (in only 10 min) in the oxi-
dation of the non-recalcitrant organic matter present. Inter-
estingly, the degradation of ACE in SW was significantly
intensified; this is due not only to the fact that the organic
load in seawater is very low (TOC: 2.84 mg L™!) but also
to the fact that there is a high content of inorganic spe-
cies such as chloride ions that could promote the so-called
"salting-out" effect, pushing the target pollutant close
to the cavitation bubble, favoring its sono-degradation
(Serna-Galvis et al. 2015). Furthermore, it is reported that
at a very high concentration of chloride ions (as present in
the SW matrix), PMS can react with this anion, producing
HOCI (Eq. 28) (Lou et al. 2013; Zhou et al. 2018; Liu et al.
2020), which can also attack ACE (Flores-Terreros et al.
2022), thus enhancing the pollutant degradation.

Although it is reported that the reaction of HO® and
SO,°*~ with chloride ions generates other species such as
Cl,°*", which can degrade organic pollutants (Eqs. 29-32),
the quenching of HO® and SO,*~ by chloride ions usually
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Fig.5 Degradation of ACE by the US/PMS system in different
matrixes: (a) C/C, vs. degradation time, (b) Oxidant (H,O,+PMS)
accumulation. Conditions: [ACE]: 40 uM, [PMS]: 0.1 mM, V:
360 mL, matrixes: DW (black curves), SW (red curves), HWW (blue
curves), and urine (green curves), pHj .. 4.16 (ACE+PMS in
DW), 7.53 (ACE+PMS in SW), 7.58 (ACE+PMS in HWW), 6.84
(ACE+PMS in urine), frequency: 1135 kHz, power density: 85.81 W L

leads to decreased degradation efficiency (Li et al. 2013;
Lu et al. 2019). These effects of the matrix are also sup-
ported by the high oxidant consumption in SW, as seen
in Fig. 5b.

CI”~ + HSO5™ — HOCI + SO,*~ (28)
CI~ + HO" - HOCI"~ (29)
HOCI"™ + CI” - Cl,”” + HO™ (30)

CI” + SO, = CI' + SO,*~ @31

ClI' + CI" - Cl," (32)

It has been also informed that the presence of inorganic
species also decreases the solubility of the gas in solution
and reduces the amount of large degassed bubbles, which
would otherwise attenuate the acoustic wave. Due to this,
the sonochemical yield decreases with increasing NaCl con-
centration, but the sonoluminescence (SL) intensity, which is
produced by the collapse of the bubbles, increases (Pflieger
et al. 2019). The SL phenomenon can also lead to a photo-
chemical and thermal activation of the PMS, so this physical
effect caused by the presence of NaCl would be added to the
increase in the degradation of ACE in SW.

It is important to mention that, for the experiments in
the different matrices, the measurement of the final TOC
resulted in similar values to the initial TOC shown in Table 2
(data not shown), with which it is concluded that the US/
PMS combination similar to the independent US, it is not
efficient for mineralization (conversion of pollutants and
degradation by-products to CO, and water).

Conclusions

This study showed that the combination of ultrasound with
oxidants has contrasting effects on synergy and kinetics.
The synergistic effects of the combination occur at frequen-
cies where the US does not work very well (e.g., 1135 kHz).
However, the degradation kinetics were more significant at
intermediate frequencies (i.e., 575 kHz). The oxidant that best
favored both kinetics and synergy was PMS, which has struc-
tural and physicochemical properties that favor its activation
by the US into HO® and SO,*". Thereby, the US/PMS system
was more effective at the highest concentration of ACE stud-
ied, and a moderate PMS concentration was most appropri-
ate to favor the synergy. Additionally, the system was highly
effective to degrade the model contaminant in seawater or
hospital wastewater but inefficient in water matrices with a
high organic load, such as real urine. We can highlight that
this study contributed to the understanding of strategies to
intensify the US technique by activating oxidants, revealing
that a synergistic system does not always imply that it is the
most kinetically favorable for the degradation of pollutants.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-023-29189-y.

Author contributions All authors contributed to the study concep-

tion and design. Conceptualization, Investigation, Methodology,
Formal analysis, Writing-original draft preparation: Sandra E.

@ Springer


https://doi.org/10.1007/s11356-023-29189-y

Environmental Science and Pollution Research

Estrada-Florez; Conceptualization, Formal analysis, Writing-review
& editing: Efraim A. Serna-Galvis; Conceptualization, Writing-
review & editing, Resources, Funding acquisition: Judy Lee; Concep-
tualization, Writing-review & editing, Resources, Funding acquisition:
Ricardo A. Torres-Palma. All the authors have read and approved the
final manuscript.

Funding Open Access funding provided by Colombia Consortium.
This work was supported by the Royal Society (UK) through the project
“Sound” methods of remediating emerging contaminants in hospital
wastewaters, which is part of a cooperation agreement between the
University of Surrey (UK) and the Universidad de Antioquia (CO)
(Grant ref: ICA\R1\191053, RA4056); and by MINCIENCIAS and
Universidad de Antioquia (CO) through the project 111585269594, and
the “PROGRAMA DE SOSTENIBILIDAD”, respectively.

Data availability Data and materials will be available upon request to
the authors.

Declarations

Ethical approval Not applicable.
Consent to participate Not applicable.
Consent to publish Not applicable.

Competing interests The authors declare no relevant financial or non-
financial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Bach RD, Schlegel HB (2020) Bond Dissociation Energy of Perox-
ides Revisited. J Phys Chem A 124:4742-4751. https://doi.org/
10.1021/acs.jpca.0c02859

Bahrami H, Eslami A, Nabizadeh R et al (2018) Degradation of trichlo-
roethylene by sonophotolytic-activated persulfate processes:
Optimization using response surface methodology. J Clean Prod
198:1210-1218. https://doi.org/10.1016/].jclepro.2018.07.100

Barbosa MO, Moreira NFF, Ribeiro AR et al (2016) Occurrence and
removal of organic micropollutants: An overview of the watch list
of EU Decision 2015/495. Water Res 94:257-279. https://doi.org/
10.1016/j.watres.2016.02.047

Bartolomeu M, Neves MGPMS, Faustino MAF, Almeida A (2018)
Wastewater chemical contaminants: remediation by advanced oxi-
dation processes. Photochem Photobiol Sci 17:1573—-1598. https://
doi.org/10.1039/C8PP00249E

Barzegar G, Jorfi S, Zarezade V et al (2018) 4-Chlorophenol degrada-
tion using ultrasound/peroxymonosulfate/nanoscale zero valent
iron: Reusability, identification of degradation intermediates and

@ Springer

potential application for real wastewater. Chemosphere 201:370—
379. https://doi.org/10.1016/j.chemosphere.2018.02.143

Bilal M, Adeel M, Rasheed T et al (2019) Emerging contaminants
of high concern and their enzyme-assisted biodegradation — A
review. Environ Int 124:336-353. https://doi.org/10.1016/j.envint.
2019.01.011

Cui H, Tian Y, Zhang J et al (2021a) Enhanced oxidation of sul-
fadiazine by two-stage ultrasound assisted zero-valent iron cata-
lyzed persulfate process: Factors and pathways. Chem Eng J
417:128152. https://doi.org/10.1016/j.cej.2020.128152

Cui Y, Yan X, Han G et al (2021b) Generation mechanisms of active
free radicals during ciprofloxacin degradation in the ultrasonic/
K2S208 system. Water Sci Technol 83:2051-2062. https://doi.
org/10.2166/wst.2021.134

Dey S, Bano F, Malik A (2019) Pharmaceuticals and personal care
product (PPCP) contamination—a global discharge inventory. In:
Prasad M, Vithanage M, Kapley A (eds) Pharmaceuticals and
personal care products: waste management and treatment Tech-
nology. Elsevier, pp 1-26. https://doi.org/10.1016/B978-0-12-
816189-0.00001-9

Diao Z-H, Dong F-X, Yan L et al (2020) Synergistic oxidation of
Bisphenol A in a heterogeneous ultrasound-enhanced sludge
biochar catalyst/persulfate process: Reactivity and mechanism.
J Hazard Mater 384:121385. https://doi.org/10.1016/j.jhazmat.
2019.121385

Eren Z (2012) Ultrasound as a basic and auxiliary process for dye
remediation: A review. J Environ Manag 104:127-141. https://
doi.org/10.1016/j.jenvman.2012.03.028

Estrada-Flérez SE, Serna-Galvis EA, Torres-Palma RA (2020) Pho-
tocatalytic vs. sonochemical removal of antibiotics in water:
Structure-degradability relationship, mineralization, antimicro-
bial activity, and matrix effects. J Environ Chem Eng 8:104359.
https://doi.org/10.1016/j.jece.2020.104359

Ferkous H, Merouani S, Hamdaoui O, Pétrier C (2017) Persulfate-
enhanced sonochemical degradation of naphthol blue black in
water: Evidence of sulfate radical formation. Ultrason Sonochem
34:580-587. https://doi.org/10.1016/j.ultsonch.2016.06.027

Flores-Terreros RR, Serna-Galvis EA, Navarro-Laboulais J et al (2022)
An alternative approach to the kinetic modeling of pharmaceuti-
cals degradation in high saline water by electrogenerated active
chlorine species. J Environ Manag 315:115119. https://doi.org/
10.1016/j.jenvman.2022.115119

Geissen V, Mol H, Klumpp E et al (2015) Emerging pollutants in the
environment: A challenge for water resource management. Int
Soil Water Conserv Res 3:57-65. https://doi.org/10.1016/j.iswcr.
2015.03.002

Gracia-Lor E, Sancho JV, Serrano R, Hernandez F (2012) Occurrence
and removal of pharmaceuticals in wastewater treatment plants
at the Spanish Mediterranean area of Valencia. Chemosphere
87:453-462. https://doi.org/10.1016/j.chemosphere.2011.12.025

Grilla E, Vakros J, Konstantinou I et al (2020) Activation of persul-
fate by biochar from spent malt rootlets for the degradation of
trimethoprim in the presence of inorganic ions. J Chem Technol
Biotechnol 95:2348-2358. https://doi.org/10.1002/jctb.6513

Guerra-Rodriguez S, Rodriguez E, Singh D, Rodriguez-Chueca J
(2018) Assessment of Sulfate Radical-Based Advanced Oxida-
tion Processes for Water and Wastewater Treatment: A Review.
Water 10:1828. https://doi.org/10.3390/w10121828

Gujar SK, Gogate PR, Kanthale P et al (2021) Combined oxidation pro-
cesses based on ultrasound, hydrodynamic cavitation and chemi-
cal oxidants for treatment of real industrial wastewater from cel-
lulosic fiber manufacturing sector. Sep Purif Technol 257:117888.
https://doi.org/10.1016/j.seppur.2020.117888

Toannidi A, Arvaniti OS, Nika M-C et al (2022) Removal of drug
losartan in environmental aquatic matrices by heat-activated per-
sulfate: Kinetics, transformation products and synergistic effects.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/acs.jpca.0c02859
https://doi.org/10.1021/acs.jpca.0c02859
https://doi.org/10.1016/j.jclepro.2018.07.100
https://doi.org/10.1016/j.watres.2016.02.047
https://doi.org/10.1016/j.watres.2016.02.047
https://doi.org/10.1039/C8PP00249E
https://doi.org/10.1039/C8PP00249E
https://doi.org/10.1016/j.chemosphere.2018.02.143
https://doi.org/10.1016/j.envint.2019.01.011
https://doi.org/10.1016/j.envint.2019.01.011
https://doi.org/10.1016/j.cej.2020.128152
https://doi.org/10.2166/wst.2021.134
https://doi.org/10.2166/wst.2021.134
https://doi.org/10.1016/B978-0-12-816189-0.00001-9
https://doi.org/10.1016/B978-0-12-816189-0.00001-9
https://doi.org/10.1016/j.jhazmat.2019.121385
https://doi.org/10.1016/j.jhazmat.2019.121385
https://doi.org/10.1016/j.jenvman.2012.03.028
https://doi.org/10.1016/j.jenvman.2012.03.028
https://doi.org/10.1016/j.jece.2020.104359
https://doi.org/10.1016/j.ultsonch.2016.06.027
https://doi.org/10.1016/j.jenvman.2022.115119
https://doi.org/10.1016/j.jenvman.2022.115119
https://doi.org/10.1016/j.iswcr.2015.03.002
https://doi.org/10.1016/j.iswcr.2015.03.002
https://doi.org/10.1016/j.chemosphere.2011.12.025
https://doi.org/10.1002/jctb.6513
https://doi.org/10.3390/w10121828
https://doi.org/10.1016/j.seppur.2020.117888

Environmental Science and Pollution Research

Chemosphere 287:131952. https://doi.org/10.1016/j.chemosphere.
2021.131952

Jelic A, Gros M, Ginebreda A et al (2011) Occurrence, partition and
removal of pharmaceuticals in sewage water and sludge during
wastewater treatment. Water Res 45:1165-1176. https://doi.org/
10.1016/j.watres.2010.11.010

Kang J-W, Hung H-M, Lin A, Hoffmann MR (1999) Sonolytic Destruc-
tion of Methyl tert-Butyl Ether by Ultrasonic Irradiation: The Role
of O3, H202, Frequency, and Power Density. Environ Sci Technol
33:3199-3205. https://doi.org/10.1021/es9810383

Kiejza D, Kotowska U, Poliriska W, Karpiriska J (2021) Peracids - New
oxidants in advanced oxidation processes: The use of peracetic acid,
peroxymonosulfate, and persulfate salts in the removal of organic
micropollutants of emerging concern — A review. Sci Total Environ
790:148195. https://doi.org/10.1016/j.scitotenv.2021.148195

Kimura T, Sakamoto T, Leveque J-M et al (1996) Standardization of
ultrasonic power for sonochemical reaction. Ultrason Sonochem
3:5157-S161. https://doi.org/10.1016/S1350-4177(96)00021-1

Kurwadkar S (2019) Occurrence and distribution of organic and inor-
ganic pollutants in groundwater. Water Environ Res 91:1001-
1008. https://doi.org/10.1002/wer.1166

Lee J, von Gunten U, Kim J-H (2020) Persulfate-Based Advanced
Oxidation: Critical Assessment of Opportunities and Road-
blocks. Environ Sci Technol 54:3064-3081. https://doi.org/10.
1021/acs.est.9b07082

Lee Y, Lee S, Cui M et al (2021) Activation of peroxodisulfate and
peroxymonosulfate by ultrasound with different frequencies:
Impact on ibuprofen removal efficient, cost estimation and
energy analysis. Chem Eng J 413:127487. https://doi.org/10.
1016/j.cej.2020.127487

Li B, Li L, Lin K et al (2013) Removal of 1,1,1-trichloroethane
from aqueous solution by a sono-activated persulfate process.
Ultrason Sonochem 20:855-863. https://doi.org/10.1016/j.ultso
nch.2012.11.014

Liang C, He B (2018) A titration method for determining individual
oxidant concentration in the dual sodium persulfate and hydro-
gen peroxide oxidation system. Chemosphere 198:297-302.
https://doi.org/10.1016/j.chemosphere.2018.01.115

Liang C, Huang C-F, Mohanty N, Kurakalva RM (2008) A rapid
spectrophotometric determination of persulfate anion in ISCO.
Chemosphere 73:1540-1543. https://doi.org/10.1016/j.chemo
sphere.2008.08.043

Lim M, Son Y, Khim J (2011) Frequency effects on the sonochemi-
cal degradation of chlorinated compounds. Ultrason Sonochem
18:460-465. https://doi.org/10.1016/j.ultsonch.2010.07.021

Lim M, Son Y, Khim J (2014) The effects of hydrogen peroxide
on the sonochemical degradation of phenol and bisphenol A.
Ultrason Sonochem 21:1976-1981. https://doi.org/10.1016/j.
ultsonch.2014.03.021

Liu T, Zhang D, Yin K et al (2020) Degradation of thiacloprid via
unactivated peroxymonosulfate: The overlooked singlet oxygen
oxidation. Chem Eng J 388:124264. https://doi.org/10.1016/j.
cej.2020.124264

Lou XY, Guo YG, Xiao DX et al (2013) Rapid dye degradation with
reactive oxidants generated by chloride-induced peroxymono-
sulfate activation. Environ Sci Pollut Res 20:6317-6323. https://
doi.org/10.1007/s11356-013-1678-x

Lu Y, Xu W, Nie H et al (2019) Mechanism and Kinetic Analysis of
Degradation of Atrazine by US/PMS. Int J Environ Res Public
Health 16:1781. https://doi.org/10.3390/ijerph16101781

Manaia CM, Macedo G, Fatta-Kassinos D, Nunes OC (2016) Anti-
biotic resistance in urban aquatic environments: can it be con-
trolled? Appl Microbiol Biotechnol 100:1543—-1557. https://doi.
org/10.1007/500253-015-7202-0

Meng L, Gan L, Gong H et al (2019) Efficient degradation of bis-
phenol A using High-Frequency Ultrasound: Analysis of

influencing factors and mechanistic investigation. J Clean Prod
232:1195-1203. https://doi.org/10.1016/j.jclepro.2019.06.055

Miklos DB, Remy C, Jekel M et al (2018) Evaluation of advanced
oxidation processes for water and wastewater treatment — A
critical review. Water Res 139:118-131. https://doi.org/10.
1016/j.watres.2018.03.042

Minero C, Lucchiari M, Vione D, Maurino V (2005) Fe(III)-
Enhanced Sonochemical Degradation Of Methylene Blue In
Aqueous Solution. Environ Sci Technol 39:8936-8942. https://
doi.org/10.1021/es050314s

Moradnia M, Noorisepehr M, Salari M, Darvishmotevalli M
(2022) Optimization of 2-Chlorophenol Removal Using
Ultrasound/Persulfate: Prediction by RSM Method, Biodeg-
radability Improvement of Petrochemical Refinery Wastewa-
ter. Arab J Sci Eng 47:6931-6939. https://doi.org/10.1007/
$13369-021-06084-7

Nanzai B, Okitsu K, Takenaka N et al (2008) Sonochemical degra-
dation of various monocyclic aromatic compounds: Relation
between hydrophobicities of organic compounds and the decom-
position rates. Ultrason Sonochem 15:478-483. https://doi.org/
10.1016/j.ultsonch.2007.06.010

Ohoro, Adeniji, Okoh, Okoh (2019) Distribution and Chemical Analy-
sis of Pharmaceuticals and Personal Care Products (PPCPs) in
the Environmental Systems: A Review. Int J Environ Res Public
Health 16:3026. https://doi.org/10.3390/ijerph16173026

Panda D, Sethu V, Manickam S (2020) Removal of hexabromocyclo-
dodecane using ultrasound-based advanced oxidation process:
Kinetics, pathways and influencing factors. Environ Technol Innov
17:100605. https://doi.org/10.1016/j.eti.2020.100605

Pang YL, Abdullah AZ, Bhatia S (2011) Review on sonochemical
methods in the presence of catalysts and chemical additives for
treatment of organic pollutants in wastewater. Desalination 277:1—
14. https://doi.org/10.1016/j.desal.2011.04.049

Patel M, Kumar R, Kishor K et al (2019) Pharmaceuticals of Emerging
Concern in Aquatic Systems: Chemistry, Occurrence, Effects, and
Removal Methods. Chem Rev 119:3510-3673. https://doi.org/10.
1021/acs.chemrev.8b00299

Patidar R, Srivastava VC (2021) Evaluation of the sono-assisted pho-
tolysis method for the mineralization of toxic pollutants. Sep
Purif Technol 258:117903. https://doi.org/10.1016/j.seppur.2020.
117903

Patil PB, Raut-Jadhav S (2022) Intensification of degradation of
acetamiprid by the combination of ultrasonic cavitation with
other advanced oxidation processes (AOPs). J Indian Chem Soc
99:100353. https://doi.org/10.1016/j.jics.2022.100353

Pflieger R, Nikitenko SI, Ashokkumar M (2019) Effect of NaCl salt
on sonochemistry and sonoluminescence in aqueous solutions.
Ultrason Sonochem 59:104753. https://doi.org/10.1016/j.ultso
nch.2019.104753

Prada-Vasquez MA, Estrada-Flérez SE, Serna-Galvis EA, Torres-
Palma RA (2021) Developments in the intensification of photo-
Fenton and ozonation-based processes for the removal of con-
taminants of emerging concern in Ibero-American countries. Sci
Total Environ 765:142699. https://doi.org/10.1016/j.scitotenv.
2020.142699

Qi L, Lu W, Tian G et al (2020) Enhancement of Sono-Fenton by
P25-Mediated Visible Light Photocatalysis: Analysis of Syner-
gistic Effect and Influence of Emerging Contaminant Properties.
Catalysts 10:1297. https://doi.org/10.3390/catal 10111297

Raut-Jadhav S, Pinjari DV, Saini DR et al (2016) Intensification of
degradation of methomyl (carbamate group pesticide) by using
the combination of ultrasonic cavitation and process intensify-
ing additives. Ultrason Sonochem 31:135-142. https://doi.org/10.
1016/j.ultsonch.2015.12.015

Rayaroth MP, Aravind UK, Aravindakumar CT (2016) Degradation
of pharmaceuticals by ultrasound-based advanced oxidation

@ Springer


https://doi.org/10.1016/j.chemosphere.2021.131952
https://doi.org/10.1016/j.chemosphere.2021.131952
https://doi.org/10.1016/j.watres.2010.11.010
https://doi.org/10.1016/j.watres.2010.11.010
https://doi.org/10.1021/es9810383
https://doi.org/10.1016/j.scitotenv.2021.148195
https://doi.org/10.1016/S1350-4177(96)00021-1
https://doi.org/10.1002/wer.1166
https://doi.org/10.1021/acs.est.9b07082
https://doi.org/10.1021/acs.est.9b07082
https://doi.org/10.1016/j.cej.2020.127487
https://doi.org/10.1016/j.cej.2020.127487
https://doi.org/10.1016/j.ultsonch.2012.11.014
https://doi.org/10.1016/j.ultsonch.2012.11.014
https://doi.org/10.1016/j.chemosphere.2018.01.115
https://doi.org/10.1016/j.chemosphere.2008.08.043
https://doi.org/10.1016/j.chemosphere.2008.08.043
https://doi.org/10.1016/j.ultsonch.2010.07.021
https://doi.org/10.1016/j.ultsonch.2014.03.021
https://doi.org/10.1016/j.ultsonch.2014.03.021
https://doi.org/10.1016/j.cej.2020.124264
https://doi.org/10.1016/j.cej.2020.124264
https://doi.org/10.1007/s11356-013-1678-x
https://doi.org/10.1007/s11356-013-1678-x
https://doi.org/10.3390/ijerph16101781
https://doi.org/10.1007/s00253-015-7202-0
https://doi.org/10.1007/s00253-015-7202-0
https://doi.org/10.1016/j.jclepro.2019.06.055
https://doi.org/10.1016/j.watres.2018.03.042
https://doi.org/10.1016/j.watres.2018.03.042
https://doi.org/10.1021/es050314s
https://doi.org/10.1021/es050314s
https://doi.org/10.1007/s13369-021-06084-7
https://doi.org/10.1007/s13369-021-06084-7
https://doi.org/10.1016/j.ultsonch.2007.06.010
https://doi.org/10.1016/j.ultsonch.2007.06.010
https://doi.org/10.3390/ijerph16173026
https://doi.org/10.1016/j.eti.2020.100605
https://doi.org/10.1016/j.desal.2011.04.049
https://doi.org/10.1021/acs.chemrev.8b00299
https://doi.org/10.1021/acs.chemrev.8b00299
https://doi.org/10.1016/j.seppur.2020.117903
https://doi.org/10.1016/j.seppur.2020.117903
https://doi.org/10.1016/j.jics.2022.100353
https://doi.org/10.1016/j.ultsonch.2019.104753
https://doi.org/10.1016/j.ultsonch.2019.104753
https://doi.org/10.1016/j.scitotenv.2020.142699
https://doi.org/10.1016/j.scitotenv.2020.142699
https://doi.org/10.3390/catal10111297
https://doi.org/10.1016/j.ultsonch.2015.12.015
https://doi.org/10.1016/j.ultsonch.2015.12.015

Environmental Science and Pollution Research

process. Environ Chem Lett 14:259-290. https://doi.org/10.1007/
s10311-016-0568-0

Rizzo L, Malato S, Antakyali D et al (2019) Consolidated vs new
advanced treatment methods for the removal of contaminants
of emerging concern from urban wastewater. Sci Total Environ
655:986-1008. https://doi.org/10.1016/j.scitotenv.2018.11.265

Serna-Galvis EA, Silva-Agredo J, Giraldo-Aguirre AL, Torres-Palma
RA (2015) Sonochemical degradation of the pharmaceutical
fluoxetine: Effect of parameters, organic and inorganic additives
and combination with a biological system. Sci Total Environ
524-525:354-360. https://doi.org/10.1016/j.scitotenv.2015.04.053

Serna-Galvis EA, Silva-Agredo J, Giraldo-Aguirre AL et al (2016)
High frequency ultrasound as a selective advanced oxidation pro-
cess to remove penicillinic antibiotics and eliminate its antimicro-
bial activity from water. Ultrason Sonochem 31:276-283. https://
doi.org/10.1016/j.ultsonch.2016.01.007

Serna-Galvis EA, Botero-Coy AM, Martinez-Pachdén D et al (2019a)
Degradation of seventeen contaminants of emerging concern in
municipal wastewater effluents by sonochemical advanced oxida-
tion processes. Water Res 154:349-360. https://doi.org/10.1016/].
watres.2019.01.045

Serna-Galvis EA, Montoya-Rodriguez D, Isaza-Pineda L et al (2019b)
Sonochemical degradation of antibiotics from representative
classes-Considerations on structural effects, initial transformation
products, antimicrobial activity and matrix. Ultrason Sonochem
50:157-165. https://doi.org/10.1016/j.ultsonch.2018.09.012

Serna-Galvis EA, Silva-Agredo J, Botero-Coy AM et al (2019c) Effec-
tive elimination of fifteen relevant pharmaceuticals in hospital
wastewater from Colombia by combination of a biological system
with a sonochemical process. Sci Total Environ 670:623-632.
https://doi.org/10.1016/j.scitotenv.2019.03.153

Serna-Galvis EA, Botero-Coy AM, Rosero-Moreano M et al (2022) An
Initial Approach to the Presence of Pharmaceuticals in Wastewater
from Hospitals in Colombia and Their Environmental Risk. Water
14:950. https://doi.org/10.3390/w14060950

Seymour JD, Gupta RB (1997) Oxidation of Aqueous Pollutants Using
Ultrasound: Salt-Induced Enhancement. Ind Eng Chem Res
36:3453-3457. https://doi.org/10.1021/ie9700690

Stucchi M, Cerrato G, Bianchi CL (2019) Ultrasound to improve both
synthesis and pollutants degradation based on metal nanoparticles
supported on TiO2. Ultrason Sonochem 51:462-468. https://doi.
org/10.1016/j.ultsonch.2018.07.011

Torres RA, Pétrier C, Combet E et al (2008) Ultrasonic cavitation
applied to the treatment of bisphenol A. Effect of sonochemical
parameters and analysis of BPA by-products. Ultrason Sonochem
15:605-611. https://doi.org/10.1016/j.ultsonch.2007.07.003

@ Springer

Torres-Palma RA, Nieto JI, Combet E et al (2010) An innovative ultra-
sound, Fe2+ and TiO2 photoassisted process for bisphenol a min-
eralization. Water Res 44:2245-2252. https://doi.org/10.1016/j.
watres.2009.12.050

Torres-Palma RA, Serna-Galvis EA (2018) Sonolysis. In: Ameta S,
Ameta R (eds) Advanced oxidation processes for waste water
treatment. Elsevier, pp 177-213. https://doi.org/10.1016/B978-
0-12-810499-6.00007-3

Villaroel E, Silva-Agredo J, Petrier C et al (2014) Ultrasonic degrada-
tion of acetaminophen in water: Effect of sonochemical param-
eters and water matrix. Ultrason Sonochem 21:1763-1769. https://
doi.org/10.1016/j.ultsonch.2014.04.002

Wang S, Zhou N (2016) Removal of carbamazepine from aqueous solu-
tion using sono-activated persulfate process. Ultrason Sonochem
29:156-162. https://doi.org/10.1016/j.ultsonch.2015.09.008

Wang W, Chen M, Wang D et al (2021) Different activation methods
in sulfate radical-based oxidation for organic pollutants degrada-
tion: Catalytic mechanism and toxicity assessment of degradation
intermediates. Sci Total Environ 772:145522. https://doi.org/10.
1016/j.scitotenv.2021.145522

Wei Z, Spinney R, Ke R et al (2016) Effect of pH on the sonochemical
degradation of organic pollutants. Environ Chem Lett 14:163—
182. https://doi.org/10.1007/s10311-016-0557-3

Xia X, Zhu F, LiJ et al (2020) A Review Study on Sulfate-Radical-Based
Advanced Oxidation Processes for Domestic/Industrial Wastewater
Treatment: Degradation, Efficiency, and Mechanism. Front Chem
8:592056. https://doi.org/10.3389/fchem.2020.592056

Xu L, Wang X, Sun Y et al (2020a) Mechanistic study on the combi-
nation of ultrasound and peroxymonosulfate for the decompo-
sition of endocrine disrupting compounds. Ultrason Sonochem
60:104749. https://doi.org/10.1016/j.ultsonch.2019.104749

Xu L, Zhang X, Han J et al (2020b) Degradation of emerging contami-
nants by sono-Fenton process with in situ generated H202 and the
improvement by P25-mediated visible light irradiation. J Hazard
Mater 391:122229. https://doi.org/10.1016/j.jhazmat.2020.122229

Zhou Y, Jiang J, Gao Y et al (2018) Oxidation of steroid estrogens
by peroxymonosulfate (PMS) and effect of bromide and chloride
ions: Kinetics, products, and modeling. Water Res 138:56—-66.
https://doi.org/10.1016/j.watres.2018.03.045

ZhuY, Liu Y, Li P et al (2021) A comparative study of peroxydisulfate
and peroxymonosulfate activation by a transition metal-H202
system. Environ Sci Pollut Res 28:47342-47353. https://doi.org/
10.1007/s11356-021-13982-8

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s10311-016-0568-0
https://doi.org/10.1007/s10311-016-0568-0
https://doi.org/10.1016/j.scitotenv.2018.11.265
https://doi.org/10.1016/j.scitotenv.2015.04.053
https://doi.org/10.1016/j.ultsonch.2016.01.007
https://doi.org/10.1016/j.ultsonch.2016.01.007
https://doi.org/10.1016/j.watres.2019.01.045
https://doi.org/10.1016/j.watres.2019.01.045
https://doi.org/10.1016/j.ultsonch.2018.09.012
https://doi.org/10.1016/j.scitotenv.2019.03.153
https://doi.org/10.3390/w14060950
https://doi.org/10.1021/ie970069o
https://doi.org/10.1016/j.ultsonch.2018.07.011
https://doi.org/10.1016/j.ultsonch.2018.07.011
https://doi.org/10.1016/j.ultsonch.2007.07.003
https://doi.org/10.1016/j.watres.2009.12.050
https://doi.org/10.1016/j.watres.2009.12.050
https://doi.org/10.1016/B978-0-12-810499-6.00007-3
https://doi.org/10.1016/B978-0-12-810499-6.00007-3
https://doi.org/10.1016/j.ultsonch.2014.04.002
https://doi.org/10.1016/j.ultsonch.2014.04.002
https://doi.org/10.1016/j.ultsonch.2015.09.008
https://doi.org/10.1016/j.scitotenv.2021.145522
https://doi.org/10.1016/j.scitotenv.2021.145522
https://doi.org/10.1007/s10311-016-0557-3
https://doi.org/10.3389/fchem.2020.592056
https://doi.org/10.1016/j.ultsonch.2019.104749
https://doi.org/10.1016/j.jhazmat.2020.122229
https://doi.org/10.1016/j.watres.2018.03.045
https://doi.org/10.1007/s11356-021-13982-8
https://doi.org/10.1007/s11356-021-13982-8

	Systematic study of the synergistic and kinetics effects on the removal of contaminants of emerging concern from water by ultrasound in the presence of diverse oxidants
	Abstract
	Introduction
	Materials and methods
	Reagents
	Methods

	Results and discussion
	Effect of the ultrasonic frequency
	Effect of the type of oxidant
	Effect of initial concentration of ACE
	Effect of oxidant concentration
	Evaluation of the USPMS system in real aqueous matrices

	Conclusions
	Anchor 14
	References


