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A B S T R A C T   

Single and multilayered Ti3C2TX MXene (referred to as SLM and MLM in this study, respectively) was applied as 
catalysts in the ultrasonic (US) process to treat selected pharmaceutical compounds including diclofenac and 
verapamil (VRP). Due to solid surface, elemental composition, and functional groups of Ti3C2TX MXene, the free 
OH• production was increased by 48.8% for the US treatment with SLM and 59.8% for the US treatment with 
MLM compared with the US-only treatment. Additionally, adsorption affected the performance during the US 
treatment in the presence of the catalyst. Thus, the US treatment in the presence of Ti3C2TX MXene had an 
enhanced performance not only because of increased oxidation but also because of adsorption, particularly 
between positively charged VRP and negatively charged Ti3C2TX MXene. Moreover, although the degradation of 
the performance was higher for SLM (85.1%) than for MLM (81.8%), by improving the dispersion and reducing 
the size via sonication, the US treatment in the presence of MLM showed the highest synergy effect. In other 
words, the US treatment in the presence of MLM showed higher performance than the simple sum of oxidation 
and adsorption. These findings confirm that the US treatment in the presence of MLM may be a promising 
technology to treat various pharmaceuticals as a more degradable, strongly reusable, and less toxic process.   

1. Introduction 

Over the past decades, the development of technology has resulted in 
significant improvements across multiple industries. The pharmaceu-
tical industry has experienced advances in particular because health is 
one of the most important domains of society (Hester et al., 2020). 
Consequently, not only can people have adequate access to medicines 
but associated chemicals can also be easily discharged into the envi-
ronment. Accordingly, analytical technologies have advanced, 
increasing our detection capabilities, and researchers are widely dis-
cussing the tracing of pharmaceuticals present in wastewater, ground-
water, surface water, and drinking water (Bexfield et al., 2019; Luo 
et al., 2014). For example, the centers for disease control and prevention 
have reported sharply increasing antibiotic use at acute care hospitals of 
1115 in 2018; 1496 in 2019; 1934 in 2020, and 2140 in 2021 (CDC, 

2021). Additionally, studies have reported that these chemicals raise 
concerns regarding their potential risk to people, even at levels of 
nanograms to micrograms. Nevertheless, conventional water and 
wastewater processes were not designed to optimize the removal effi-
ciencies of pharmaceuticals because pharmaceuticals have different 
physicochemical properties than normal contaminants and are detected 
at low levels (Bai et al., 2018; Kim et al., 2018). Westerhoff et al. re-
ported that coagulants or softening removed < 25% of pharmaceuticals 
and chlorine removed < 10% of pharmaceuticals in a simulated water 
treatment plant (Westerhoff et al., 2005). Additionally, according to a 
recent United States Geological Survey report in 2019, 844 public 
drinking water sources contained at least one pharmaceutical compound 
(Bexfield et al., 2019). These data demonstrate that trace pharmaceu-
ticals are a contemporary water issue. 

Among the numerous promising technologies available, ultrasonic 
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(US) techniques are popular for treating organic contaminants because 
of their extremely short reaction time, efficient degradation of organic 
compounds having various physicochemical properties, and easy oper-
ation (Nie et al., 2021). Organic contaminants, including pharmaceuti-
cals, are degraded by powerful oxidants (OH•: E◦ = 2.80 V; HO2•: E◦ =

1.70 V; and O•: E◦ = 2.42 V) through the pyrolysis of water molecules 
during US treatment (Colmenares et al., 2014). The dissociation of the 
water molecules results from the three steps of acoustics cavitation: 
bubble formation, bubble growth (unstable size), and the implosive 
collapse of cavitation bubbles (Segura et al., 2012). During this process, 
the temperature and pressure inside the cavitation bubbles reach 
~5000 K and ~1000 atm, respectively, for an instant, resulting in 
thermally dissociated water molecules. Furthermore, depending on the 
physicochemical properties of the target organic contaminants, these 
contaminants react in the three different bubble zones: the gaseous re-
gion, the gas–liquid transition region, and the bulk liquid phase. 
Commonly, because of the high temperatures involved, hydrophobic 
and volatile contaminants are degraded in the gaseous region via py-
rolysis (Park et al., 2011). Moderate hydrophobic and nonmoderate 
volatile contaminants and hydrophilic and nonvolatile contaminants are 
degraded in the gas–liquid transition region and the bulk liquid phase, 
respectively, by reactive oxidation species (Im et al., 2013). 

With these advantages of US treatment, supporting materials, such as 
sonocatalysts, have been applied to accelerate the degradation rate in 
recent years. Sonocatalysts in the US process act as additional nuclei, 
resulting in the enhanced pyrolysis of water molecules and free radical 
production. Additionally, sonocatalysts play the role of an adsorbent, 
resulting in increased removal efficiency. Diverse materials have been 
used to improve the US treatment performance, as described in Table S1. 
Particularly, because of their unique properties, two-dimensional (2D) 
materials have been applied in the oxidation treatment area (Wang 
et al., 2019, 2021; Xie et al., 2021). Ti3C2TX MXene is a very new 2D 
material family that has been investigated at the beginning step to the 
sonodegradation area. Because of its strong hydrophilicity, tunable 
structure, and high metallic conductivity, Ti3C2TX MXene has a huge 
potential as both a sonocatalyst and an adsorbent in US technology 
(Jeon et al., 2021). However, so far, research concerning Ti3C2TX MXene 
as a catalyst still lacks diversity in terms of both material and perfor-
mance studies. 

Therefore, synthesized single and multilayered Ti3C2TX MXene 
(referred to as SLM and MLM, respectively, in this study) was evaluated 
as both catalysts and adsorbents to treat pharmaceuticals during US 
treatment. A globally available pain and inflammation reliever, diclo-
fenac (DCF), and a common high blood pressure and angina controller, 
verapamil (VRP) were selected as the target pharmaceuticals. The H2O2 
production rate and degradation kinetics of the selected compounds 
were studied during US reactions at two different US frequencies (28 and 
570 kHz) in the absence and presence of Ti3C2TX MXene. Additionally, 
the performance was compared for a US-only treatment, US treatments 
in the presence of Ti3C2TX MXene, and US treatments in the presence of 
Ti3C2TX MXene adsorption on the basis of the synergetic index. 
Furthermore, the performance was investigated under various water 
quality conditions such as different solution pH values, temperatures, 
and US power densities and the existence of natural organic matter 
(NOM) and OH• promoters and scavengers. For a practical view of this 
system, a reusability test of the Ti3C2TX MXene catalyst was carried out 
by examining the removal performance and an X-ray diffraction (XRD) 
characterization. Additionally, the performance based on the dissolved 
organic carbon (DOC) was evaluated to confirm the mineralization ef-
fect. Lastly, a possible mechanism for US treatment with and without the 
Ti3C2TX MXene catalyst is proposed. 

2. Experimental 

2.1. Chemicals and analyses of the target pharmaceuticals and H2O2 
production 

To prepare Ti3C2TX MXene, Ti3AlC2 powders were purchased from 
Carbon-Ukraine (Warminster, PA, USA). Lithium fluoride (LF, 
>99.99%) and hydrofluoric acid (HF, 48%) were obtained from Sigma- 
Aldrich (St. Louis, MO, USA). 

As the target pharmaceuticals, DCF and VRP were purchased from 
Sigma-Aldrich; Table S2 summarizes the physicochemical properties of 
these pharmaceuticals. To evaluate the performance under various 
water qualities, the pH was adjusted with 0.1 M HCl and NaOH solu-
tions. Additionally, humic acid (HA) as an NOM, carbon tetrachloride 
(CCl4) as an OH• promotor, and methanol (MeOH) as an OH• scavenger 
were obtained from Sigma-Aldrich. The pharmaceutical samples were 
analyzed using high-performance liquid chromatography (HPLC) (1200 
series, Agilent Technologies, Santa Clara, CA, USA) with a fluorescence 
detector. The target pharmaceuticals were placed in a 2 mL amber vial 
for the HPLC analysis. All samples were filtered using a 0.22 µm syringe 
filter. A 5 µm column (Atlantis T3; Waters, Milford, MA, USA) was used 
at a flow rate of 1.2 mL/min with a 100 µL injection volume. The mobile 
phase was a 60:40 (v/v) mixture of acetonitrile and phosphoric acid (5 
mM). 

To measure the evolved amount of H2O2 production, the KI dosim-
etry method was applied using ammonium molybdate tetrahydrate 
(≥99.98%), potassium iodide (99%), and potassium hydrogen phthalate 
(≥99.95%). The chemicals were purchased from Sigma-Aldrich and an 
ultraviolet–visible spectrophotometer (DR6000, Hach, Loveland, CO, 
USA) at a wavelength of 350 nm was used for the H2O2 determination. 

2.2. Fabrication and physicochemical characterization of Ti3C2TX MXene 

Ti3C2TX MXene was fabricated as in our previous studies (Kim et al., 
2021a). During this fabrication process, 1.56 g of LiF was dissolved in 
20 mL of an HCl (9 M) solution to prepare the etching solution. Then, 1 g 
of Ti3AlC2 MAX powder was gradually added to the solution under 
magnetic stirring at 45 ◦C for 28 h. The resulting dispersion was washed 
with deionized (DI) water and centrifuged several times until the desired 
pH was between 5 and 6. The unreacted Ti3AlC2 powder was separated 
from the dispersion in this step. Finally, the dispersion was centrifuged 
again to separate it into SLM and MLM. The SLM and MLM were dried to 
obtain powders; Fig. 1a describes the fabrication process of these 
materials. 

XRD (D/max-2500, Rigaku, Tokyo, Japan) was used to confirm the 
crystal structure of the prepared materials, and the crystallinity of the 
XRD patterns was used to evaluate their reusability. Additionally, dy-
namic light scattering (Zetasizer Nano ZS, Malvern Instruments, West-
borough, MA, USA) was applied to obtain the size distribution of the 
synthesized Ti3C2TX MXene flakes. The chemical composition and bonds 
of the prepared Ti3C2TX MXene were evaluated via X-ray photoelectron 
spectroscopy (XPS; Quantera SXM, ULVAC-PHI, Japan) and Four-
ier–transform infrared spectroscopy (FT-IR, Frontier, PerkinElmer, 
USA). Finally, transmission electron microscopy (TEM; Titan G2, FEI, 
Hillsboro, OR, USA) and atomic force microscopy (AFM; XE-200, Park 
Systems, Suwon, KOR) were used to visualize the size and morphologies 
and to confirm the structure of the prepared materials, respectively. 

2.3. US experiment 

For the US treatment experiment, a rectangular parallel piped 
stainless-steel reactor (having a length (L) of 15 cm, a depth (D) of 
10 cm, and a height (H) of 20 cm) with a frequency generator (Ultech, 
Daegu, Korea) with transducers at the bottom and a water jacket was 
used. The desired temperature was controlled by the water jacket using a 
circulator (Fisher Scientific Inc., Pittsburgh, PA, USA). To optimize the 
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US frequency and the effect of the catalyst, experiments were conducted 
under different US frequencies (28 and 570 kHz) and catalyst concen-
trations (0, 5, 15, and 45 mg/L) with a fixed US power density (180 W/ 
L) for both DCF and VRP. Additionally, to enable a more precise com-
parison of the catalyst effect, the synergetic index value was calculated 
according to Eq. (1). 

Synergetic index =
k1 (US combined with Catalyst)

k1 (US only) + k1 (Catalyst only)
(1) 

Here, the k1 value is the degradation rate constant of the pseudo-first- 
order kinetic model. To test various water quality effects, the perfor-
mance under various water qualities was tested with different pH values 
(3.5, 7, and 10.5), temperatures (283, 293, 303, and 313 K), HA con-
centrations (2.5, 5, and 10 mg/L), power densities (90, 135, 180, and 
225 W/L), oxidation promotors (1, 5, and 25 mM), and oxidation 
scavengers (1, 5, and 25 mM). 

3. Results and discussion 

3.1. Characterization and H2O2 formation effects of SLM and MLM 

Before testing the effect of Ti3C2TX MXene as a sonocatalyst, the 
crystalline phase, flake size distribution, elemental compositions, and 
existing functional groups of the synthesized Ti3C2TX MXene were 
evaluated, as shown in Fig. 1. The XRD patterns, with peaks near 9◦ and 
60◦, agree with previous reports (Lukatskaya et al., 2013; Mashtalir 
et al., 2013). Additionally, a relatively lower intensity for MLM than for 
SLM was observed in the diffraction profile. This is attributed to un-
treated MAX (i.e., the amorphous phase) included in the precipitated 
MLM, resulting in deconstructive scattering (Muñoz-Senmache et al., 
2020). The size of SLM ranges from 58.8 to 342 nm, with an average size 
of 142 nm. Conversely, MLM ranged from 631 to 10,000 nm, with an 

average size of 4800 nm. The data indicate that as a promising method 
of controlling the size of Ti3C2TX MXene, centrifugation distinguishes 
different densities of Ti3C2TX MXene (Maleski et al., 2018). Further-
more, the analyzed XPS and FT-IR data were in agreement with previous 
studies (Liu et al., 2019; Meng et al., 2018). Particularly, the F and O 
elements and the –COOH and –OH functional groups on the termination 
of the prepared materials were demonstrated via XPS and FT-IR, 
respectively, indicating the possibility of an improved oxidation pro-
cess as a catalyst. Lastly, the TEM images and AFM thicknesses (Fig. S1) 
confirmed and identified the larger size of MLM compared with SLM. 
Altogether, these observations indicate that both SLM and MLM are well 
made and have great potential as sonocatalysts. 

Fig. 2 shows the H2O2 production in the absence or presence of 
Ti3C2TX MXene as a sonocatalyst during US treatments at 28 and 
570 kHz. US treatment results in the decomposition of water into OH•

and H• at the initial stage, as described in Eq. (2). After the initial stage, 
H• and dissolved O2 are reacted, resulting in the generation of HO2• (Eq. 
(3)). Furthermore, by recombining two HO2• (Eq. (4)) and two OH• (Eq. 
(5)), H2O2 is formed in the aqueous phase. 
H2O (sonolysis)→ H• +OH• k1 = unknwon (2)  

H• + O2→ HO•
2 k2 = 2.1 × 1010 M−1 S−1 (3)  

HO•
2 +HO•

2→H2O2 + O2 k3 = 8.3 × 105 M−1 S−1 (4)  

OH• +OH•→H2O2 k4 = 5.5 × 109 M−1 S−1 (5) 
The amount of produced reactive oxidant species (OH•) plays an 

important role in oxidation processes such as US treatments because the 
degradation efficiency depends on the OH• production (Im et al., 2014). 
In this process, the produced OH• concentration is primarily dependent 
on the produced H2O2 concentration because the k4 value is much 
higher than the k3 value based on Eqs. (4) and (5). Thus, the H2O2 

Fig. 1. (a) Schematic diagram of the synthesis of SLM and MLM. Comparison between SLM and MLM based on (b) XRD patterns, (c) size distribution, (d) XPS, and (e) 
FT-IR. 
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concentration represents the production of OH• (Kormann et al., 1988). 
The H2O2 production continuously increased with increasing reaction 
time from 0 to 60 min and increasing catalyst dose from 0 to 45 mg/L. 
During the H2O2 variation, the initial pH was decreased to less than 1 pH 
unit. The performance at 570 kHz was significantly higher than that at 
28 kHz with or without a catalyst. This is because the intensity and 
formation of cavitation bubbles promoted even higher production at 
570 kHz than at 28 kHz, ejecting a larger fraction of OH• production 
into the bulk solution (Dionisio et al., 2019). Additionally, smaller 
amounts of cavitation bubbles with a relatively larger size and a short 
lifetime occurs at lower US frequencies, whereas larger amounts of 
cavitation bubbles with a smaller size and long lifetime are generated at 
higher US frequencies (Al-Hamadani et al., 2017; Balachandran et al., 
2016). Smaller cavitation bubbles can result in higher H2O2 production 
by increasing the chances of recombination and formation between H•

and OH•. Furthermore, although there was not a significant difference in 
the production for the US treatment without a catalyst (16.1 μM at 
28 kHz and 143 μM at 570 kHz), the US treatment with 5 mg/L of the 
catalysts (17.5 μM for SLM and 18.3 μM for MLM at 28 kHz; 174 μM for 
SLM and 178 μM for MLM at 570 kHz), and the US treatment with 
15 mg/L of the catalysts (19.9 μM for SLM and 21.8 μM for MLM at 
28 kHz; 209 μM for SLM and 224 μM for MLM at 570 kHz), the pro-
duction was considerably enhanced for the US treatment with 45 mg/L 
of the catalysts (27.3 μM for SLM and 31.1 μM for MLM at 28 kHz; 
269 μM for SLM and 294 μM for MLM at 570 kHz). These results imply 
that the presence of Ti3C2TX MXene improves the formation rate of OH•

production. Additionally, the number of cavitation bubbles increased as 
a result of the existing rough solid surface, leading to an improved 
dissociation of the water molecules and free OH• production in the US 
treatment (Jeon et al., 2021). Furthermore, the catalyst acted as addi-
tional nuclei, and it was easier to perform water molecule pyrolysis, 
resulting in increased OH• production (Al-Hamadani et al., 2018). 

Finally, the H2O2 production with Ti3C2TX MXene catalysts in the US 
treatment was compared to other US treatment studies with various 
catalysts, as shown in Table S1. These data show that by exhibiting a 
high H2O2 production performance, Ti3C2TX MXene as a sonocatalyst 
was verified as having a strong potential for organic contaminant 
degradation. The sonocatalyst dose of 45 mg/L was selected for further 
investigations to obtain optimum performance. 

3.2. Sonodegradation of pharmaceuticals by SLM and MLM 

The removal rate of DCF and VRP was evaluated in the absence or 
presence of the sonocatalysts with frequencies of 28 and 570 kHz, as 
illustrated in Fig. 3. The performance was clearly better at 570 kHz than 
at 28 kHz under all conditions. As previously mentioned, this is attrib-
uted to the higher production of free OH• at 570 kHz than at 28 kHz. 
Additionally, the free OH• production at this higher frequency reacts 
relatively easily with contaminants in the bulk liquid phase rather than 
recombining and forming two OH radicals (Al-Hamadani et al., 2018; 
Hassani et al., 2017). Furthermore, both contaminants were removed 
more in the presence of Ti3C2TX MXene. The F and O elements, as well as 
–COOH, and –OH functional groups, on the surface of Ti3C2TX MXene 
promote free OH• production, resulting in accelerated degradation (Im 
et al., 2020). To quantify the required H2O2 concentration, the following 
stoichiometric calculations were applied: 
C14H11Cl2NO2 (DCF)+ 33H2O2 → 14CO2 + 37H2O+HNO3 + 2HCl

(6)  

C27H38N2O4 (VRP)+ 74H2O2 → 27CO2 + 92H2O+ 2HNO3 (7) 
According to Eqs. (6) and (7), 165 and 370 μM H2O2 are required to 

completely degrade 5 μM of DCF and 5 μM of VRP, respectively. At 
28 kHz, because the produced H2O2 was much less than the required 

Fig. 2. Production of H2O2 on (a) US only treatment, (b) US in the presence of 5 mg/L catalyst, (c) US in the presence of 10 mg/L catalyst, and (d) US in the presence 
of 45 mg/L catalyst. Operating conditions: pH = 7; US power intensity = 180 W/L. 
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H2O2, DCF and VRP showed relatively low removal rates of 20.8% and 
23.5% for no catalyst, 29.6% and 54.3% for SLM, and 28.9% and 49.9% 
for MLM, respectively. At 570 kHz, although the produced H2O2 was 
higher than the required H2O2, DCF was not fully removed at rates of 
64.3% for no catalyst, 85.1% for SLM, and 81.8% for MLM. Conversely, 
for VRP, there was a relatively small gap between the produced and 
required H2O2, resulting in the complete removal of VRP at 570 kHz. 
These results are explained by the fact that the measured H2O2 con-
centration did not precisely indicate the amount of free OH radicals 
during the US treatment. In other words, the H2O2 production un-
derestimates the OH• production based on Eqs. (8) and (9). 
H2O2 +OH•→H2O+ HO•

2 k5 = 2.7 × 107 M−1 S−1 (8)  

H2O2 +H•→H2O+ OH• k6 = 9.0 × 107 M−1 S−1 (9) 
These equations show that H2O2 reacts with OH• and H• as a free 

radical scavenger, resulting in a negative effect on the H2O2 concen-
tration (Dong et al., 2018). Additionally, volatile and/or hydrophobic 
organic contaminants are degraded in not only the gas–liquid transition 
region and the bulk liquid phase but also inside the cavitation bubble via 
direct pyrolysis during the US treatment (Isariebel et al., 2009; Suslick, 
1990). Although both VRP and DCF have nonvolatile properties (vapor 
pressure = 4.2 × 10−9 and 6.14 × 10−8 mm Hg and Henry’s law con-
stant = 8.8 × 10−25 and 4.73 × 10−12 atm m3/mol, respectively), VRP 
(log Kow = 5.04 and water solubility = 13.8 mg/mL) is relatively more 
hydrophobic than DCF (log Kow = 4.00 and water solubility =
15.1 mg/mL). That is, there might have been an enhanced chance of the 
degradation of VRP. Furthermore, Ti3C2TX MXene acts as a sonocatalyst 
as well as an adsorbent during US treatment. At pH 7, because DCF 
(strongest acidic pKa = 4.23) was deprived of protons and VRP (stron-
gest basic pKa = 9.68) was protonated with amine groups, their species 

were negatively charged and positively charged, respectively (Kim et al., 
2021b). Ti3C2TX MXene has a strong negative surface because of its 
termination consisting of –OH, –H, and/or –F, as shown in Fig. 1. Thus, 
via electrostatic attraction, positively charged VRP molecules are more 
adsorbed on Ti3C2TX MXene than negatively charged DCF, resulting in a 
higher removal rate of VRP. 

3.3. Evaluation of the synergetic index for US treatments with a catalyst 

In the previous sections, we observed that Ti3C2TX MXene demon-
strates a strongly improved sonodegradation of the target pharmaceu-
ticals as a sonocatalyst. However, the adsorption effect was still unclear 
during the US treatment. Accordingly, US-only, US with Ti3C2TX MXene, 
and Ti3C2TX MXene adsorption-only tests were conducted and compared 
using the pseudo-first-order rate constant (k1), as shown in Table 1. 
Expectedly, the k1 values of the US treatment at 570 kHz for VRP were 
higher than those of the US treatment at 28 kHz for DCF, respectively. 
Moreover, adding Ti3C2TX MXene enhanced the degradation perfor-
mance compared with the US-only treatment. Conversely, although the 

Fig. 3. Degradation of DCF at (a) 28 kHz and (b) 570 kHz, and VRP (c) 28 kHz and (d) 570 kHz in the absence or presence of catalyst as a function of reaction time. 
Operating conditions: initival [DCF] and [VRP] = 5 μM, catalyst = 45 mg/L; pH = 7; US power intensity = 180 W/L. 

Table 1 
Pseudo-first-order rate constant (k1) and synergistic index value.    

DCF VRP 
Values Processes 28 kHz 570 kHz 28 kHz 570 kHz 
k1 (x min−1) US only  0.040  0.072  0.040  0.072 

US + SLM  0.071  0.080  0.071  0.101 
US + MLM  0.069  0.089  0.077  0.128 
SLM adsorption 0.029 0.033 
MLM adsorption 0.025 0.031 

Synergsitic index US + SLM  0.962  0.789  0.969  0.961 
US + MLM  0.984  0.915  1.09  1.24  
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k1 values of VRP were still higher than those of DCF for both adsorbents 
for the Ti3C2TX MXene adsorption-only treatment, lower k1 values of the 
adsorption were obtained than for the US treatments in the absence or 
presence of the materials. These results indicated that the US treatment 
impacted the removal of the target compounds more than adsorption in 
the US treatment with the Ti3C2TX MXene process. Furthermore, Ti3C2TX 
MXene improves the degradation performance as a catalyst during US 
treatment, resulting in a better performance of the US treatment in the 
presence of Ti3C2TX MXene. 

Ti3C2TX MXene, as a sonocatalyst including SLM and MLM, was used 
to enhance the performance of the US treatment in this study. Thus, to 
compare the effects of the two catalysts, the synergetic index was 
calculated for the two target compounds and the two frequencies during 
the US treatment. If the index value is bigger than 1, this indicates that 
the US treatment combined with the Ti3C2TX MXene process is superior 
to the sum of the US-only treatment and the Ti3C2TX MXene adsorption- 
only treatment, i.e., the synergistic effect. The k1 values of SLM were 
higher than those of MLM for all systems, whereas the synergetic index 

values of the US treatment with MLM (0.984 at 28 kHz and 0.915 at 
570 kHz for DCF; 1.09 at 28 kHz and 1.24 at 570 kHz for VRP) were 
higher than those with SLM (0.962 at 28 kHz and 0.789 at 570 kHz for 
DCF; 0.969 at 28 kHz and 0.961 at 570 kHz for VRP). Particularly, the 
synergetic index of the US treatment in the presence of MLM for VRP had 
values higher than 1. These results reflect the fact that the dispersion 
effect by sonication for MLM was stronger than that for SLM, which help 
prevent MLM agglomeration (Al-Hamadani et al., 2015). In other words, 
the sonication effect for SLM, such as the decreasing particle size and 
increasing dispersion, is less than that for MLM because SLM already had 
smaller and better-dispersed properties than MLM. Additionally, the 
dispersion of MLM by the US treatment leads to increasing not only the 
specific surface area for adsorption sites but also the negatively charged 
surface area, resulting in higher adsorption with positively charged VRP. 
Kim et al. reported that sonicated MLM showed an enhanced adsorption 
performance because of its increased hydrodynamic diameter and its 
more negatively charged surface (Kim et al., 2021b). Conversely, the 
synergy indices, except for the US treatment with MLM for VRP, were 

Fig. 4. Effect of (a) pH, (b) temperature, (c) power intensity, (d) NOM, (e) oxidation promoter (CCl4), and (f) oxidation scavenger (MeOH) on US performance in the 
presence of MLM performance. Operating conditions: initial [VRP] = 5 μM; MLM = 45 mg/L; reaction time = 60 min. 
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less than 1. This indicates that the US treatment affects the retrieval of 
the adsorbed target compounds during this process (Tao et al., 2020). 
For these reasons, although SLM showed a higher adsorption perfor-
mance than MLM, the lowest synergetic index of the US treatment with 
SLM for DCF at 507 kHz was indicated when detaching the adsorbed 
compounds at the higher frequency. Thus, the US treatment in the 
presence of the MLM process resulted in greater indices than the sum of 
both the US and adsorption technologies, acting as a catalyst and an 
adsorbent. 

3.4. Effect of various water quality on pharmaceutical degradation and 
H2O2 formation 

3.4.1. Effect of water quality on pharmaceutical degradation and H2O2 
formation 

Because there are various water conditions in the real environment, 
the effects of the solution pH, temperature, and US power density and 
the existence of NOM and OH• promoters and scavengers were investi-
gated for VRP using the US treatment in the presence of MLM. As shown 
in Fig. 4a, the H2O2 production was continuously increased from pH 
3.5–10, whereas the removal performance was varied depending on the 
pH conditions (93.9% for pH 3.5, 100% for pH 7%, and 80.0% for pH 
10.5). Because the uncombined OH• production is the highest at lower 
pH, the produced OH• react more easily with VRP than recombine with 
OH• to H2O2. Additionally, because the OH• production increased at pH 
3.5 because of the decomposition of H2O2, this free radical enhanced the 
VRP oxidation (Harichandran et al., 2016). Conversely, the highest 
H2O2 concentration was observed at pH 10.5 because of the more rapid 
recombination of OH• than reactions with VRP (Im et al., 2014). 
Furthermore, as mentioned above, the hydrophobicities and molecular 
form of VRP change depending on the pH according to Eq. (10). 
C27H37N2O

+
4 + H+

< basic pKa (9.68) < C27H38N2O4 (10) 
This indicates that because of the electrostatic interaction between 

the high negative surface charge of MLM and the positive VRP, a higher 
VRP removal was measured for solutions with pH < pKa. Interestingly, 
the VRP removal at pH 7 was higher than that at pH 3.5. Because the 
dominant mechanism is not adsorption but the degradation of the target 
compounds by the US treatment with MLM, although VRP had similar 
species at pH 3.5 and 7, a higher amount of produced H2O2 resulted in 
the higher removal of VRP at pH 7. 

The effect of the temperature conditions in the solution was evalu-
ated, as indicated in Fig. 4b. The H2O2 production showed a gradual 
increase with increasing temperature. By mitigating the threshold limit 
of the generated cavitation, which results in a reduced surface tension 
and liquid viscosity, the amount of cavitation bubbles is increased with 
increasing solution temperature, resulting in higher H2O2 production at 
higher temperatures (Im et al., 2014, 2015). Nonetheless, 96.6% 
removal of VRP was observed at 283 K and this increased to approxi-
mately 100% above 293 K. The relationship between the rate of reaction 
and the temperature is expressed by the Arrhenius equation, Eq. (11), 
and is described in Fig. S2. 

− lnk = − lnA+
Ea

RT
(11) 

In this study, the measured apparent activation energy (Ea) was 
1.196 kJ mol−1 (R2 = 0.955). This low Ea value implies a fast transition 
from the reaction to the products (Mao and Campbell, 2019) and is likely 
controlled by diffusion (Im et al., 2014). This mechanism indicates that 
an increased temperature results in the easier migration of the target 
compounds from the bulk solution to the inside of bubbles, where high 
OH• concentrations and temperatures exist, leading to more degradation 
(Nie et al., 2021). However, above the optimum temperature condition, 
the energy of the cavitation bubble diminishes, causing a decreased 
reaction of the target contaminants during the collapse of the cavitation 
bubbles (Ghodbane and Hamdaoui, 2009). Accordingly, a steady 

removal performance of VRP above 293 K was obtained because of these 
positive and negative mechanisms. 

Fig. 4c shows the variation of the performance and H2O2 production 
with different US powers. An increase in the VRP removal and the H2O2 
production was observed with increasing US power intensity (90.8% for 
90 W/L, 96.9% for 135 W/L, 100% for 180 W/L, and 100% for 225 W/ 
L). A higher power causes a larger amount of cavitation bubbles, 
increased temperature and pressure, and an increased chance of collapse 
between compounds and free radicals (Golash and Gogate, 2012; Karim 
and Shriwastav, 2020). These phenomena presumably led to the 
increased removal of VRP. Additionally, because NOM exists in nearly 
all aquatic environments, the effect of NOM was evaluated and HA, 
dominant fractions of NOM were selected as NOM, as illustrated in 
Fig. 4d. The result showed that with increasing HA concentration in the 
solution, both the removal performance and the H2O2 production line-
arly decreased: 100% for 0 mg/L, 94.3% for 2.5 mg/L, 86.6% for 
5 mg/L, and 74.9% for 10 mg/L. HA, which includes carboxylic and 
phenolic acids, reacts with free radicals during US treatment, causing 
these contaminants to degrade (Zhang et al., 2011). This result is 
consistent with observations of the interruption of oxidation by NOM 
(Laughrey et al., 2001; Rayaroth et al., 2015). 

Lastly, the effect of CCl4 as an oxidation promoter and MeOH as an 
oxidation scavenger on the VRP removal rate and H2O2 production were 
examined to investigate the effectiveness of free OH radicals during US 
treatment. As shown in Fig. 4e, although VRP removal efficiencies were 
maintained at approximately 100% for all CCl4 concentrations, the 
amount of produced H2O2 was enhanced as the CCl4 concentration 
increased. This is explained by the fact that CCl4 decomposed under US 
treatment. According to the proposed CCl4 degradation by US treatment, 
based on Eqs. (S1)– (S7), as an H• scavenger, CCl4 helps decrease H• in 
the solution. This strongly inhibits H• and OH• recombination, resulting 
in promoted free OH radicals in the solution. In other words, most of the 
produced free radicals are applied to the degradation of the target 
compounds. Additionally, Fig. 4f indicates a decreased VRP removal rate 
and H2O2 production with increasing MeOH concentrations ranging 
from 0 to 25 mM, i.e., 100%, 96.5%, 89.8%, and 78.2%, respectively. 
Because 3 mM of H2O2 is required to complete the degradation of 1 mM 
of MeOH based on Eq. (S8), there is competition between MeOH and 
VRP to be degraded (Yang et al., 2020). Additionally, the results 
demonstrate that OH radicals play an important role in US treatments. 

3.5. Reusability of the sonocatalyst 

The reusability of MLM during US treatments must be evaluated from 
a practical perspective. Thus, a VRP removal test was conducted over 
four cycles of US treatment with recycled MLM using 1 M HCl, 1 M 
NaOH, and DI based on a previous study (Kim et al., 2021b). Addi-
tionally, after each cycle, the crystallinity of MLM was estimated to 
confirm the quantitative features of the recycled MLM crystallinity using 
XRD patterns and Origin software following Eq. (S9). As shown in  
Fig. 5a, although the degradation of VRP during the US treatment in the 
presence of MLM gradually decreased with an increased number of re-
uses of the MLM, the performance still showed a competitive result of 
80.9%. Additionally, the data indicate that after the cleaning process, 
adsorbed VRP was well removed by the MLM with high stability of MLM. 
This is demonstrated by the small difference in the crystallinity of MLM 
after each cycle: the crystallinity was 100% for cycle 1, 95.1% for cycle 
2, 93.8% for cycle 3%, and 90.9% for cycle 4, as shown in Fig. 5b. 
However, because the dominant mechanism is enhanced oxidation by a 
catalyst, MLM as an adsorbent did not have a strong effect on the results. 
Additionally, cavitation bubbles formed by the sonication caused US 
irradiation, resulting in a higher VRP desorption because of its whirlpool 
action (Zhou et al., 2015) and the increased solution temperature 
(Cornelissen et al., 1997). This means an increased chance of VRP 
oxidation during the process. These properties are be useful for the 
application of US treatments in the presence of MLM to remove organic 
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contaminants. 

3.6. Mineralization of pharmaceuticals and a possible mechanism 

To evaluate the degree of mineralization for VRP, the removal per-
formance was calculated for the US-only treatment, the US treatment in 
the presence of MLM, and the MLM adsorption-only treatment, as shown 
in Fig. 6. The removal and removal based on DOC had similar perfor-
mances for adsorption-only treatment, whereas the removal rates based 
on DOC were as low as 9% and 15% for the US-only treatment, 9% and 
11% for the US treatment with 5 mg/L MLM, 5% and 13% for the US 
treatment with 15 mg/L MLM, and 4% and 10% for the US treatment 
with 45 mg/L MLM at 28 and 570 kHz, respectively, than VRP removal 
on US treatment. This is explained by the formation and accumulation of 
mineralized VRP during the US treatment. Particularly, at the higher 
frequency, because of the increased degradation of VRP, a relatively 
larger gap between removal and removal based on DOC appeared. 

Nevertheless, the performance difference decreased with increasing 
MLM dose because MLM can adsorb both VRP and mineralized VRP. 
Even the removal based on DOC was 90.1% for the US treatment in the 
presence of 45 mg/L MLM. These results indicate that although 
adsorption has a relatively small effect on the performance, it clearly 
enhanced the performance by adsorbing organic contaminants as well as 
mineralized contaminants. Furthermore, compared with other oxidation 
technologies, US treatments are safer because of their lack of chemical 
by-products (Balachandran et al., 2016; Serna-Galvis et al., 2015). On 
the basis of these results, a mechanism is proposed for US treatment in 
the presence of a catalyst. As shown in Fig. 7, not only can adsorption be 
enhanced by dispersion and a smaller particle size but oxidation can also 
be improved by MLM because of its termination structure and solid 
surface. 

4. Conclusions 

In this study, two types of Ti3C2TX MXene, SLM, and MLM, were 
applied as catalysts to treat selected pharmaceutical contaminants, i.e., 
DCF and VRP, in US treatments at different frequencies. By boosting the 
H2O2 production, the higher frequency (570 kHz) treatment showed 
better performance than the lower frequency (28 kHz) treatment. 
Additionally, the US treatment in the presence of a catalyst showed 
enhanced oxidation because of the highly generated free OH radicals as 
a result of the rough solid surface, plentiful elements, and functional 
groups of Ti3C2TX MXene. These conditions cause a higher degradation 
of target compounds. Moreover, although the dominant mechanism was 
oxidation, Ti3C2TX MXene acted as an adsorbent. Particularly, nega-
tively charged Ti3C2TX MXene adsorbed more positively charged VRP 
than DCF. The US treatment in the presence of MLM showed a superior 
synergetic effect because of the dispersion and decreased surface area of 

Fig. 5. Evaluation of reusability by (a) VRP degradation over 4 cycles and (b) 
crystallinity variation. Operating conditions: initial [VRP] = 5 μM; MLM 
= 45 mg/L; pH = 7; US power intensity = 180 W/L. 

Fig. 6. (a) Removal rate and (b) removal rate based on DOC during US only, US in the presence of MLM, and adsorption only. Operating conditions: initial [VRP] 
= 5 μM; pH = 7; US power intensity = 180 W/L; reaction time = 60 min. 

Fig. 7. Proposed mechanism of US only, US in the presence of MLM, and 
adsorption process only. 
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MLM resulting from the ultrasound effect. The degradation performance 
for VRP was measured for different solution pH values, temperatures, 
sonication powers, HA, oxidation promotors, and scavengers in US 
treatments in the presence of MLM. On the basis of these experiments, it 
was confirmed that the solution conditions play an important role in US 
treatments. In a reusability test, Ti3C2TX MXene showed a competitive 
performance after four cycles based on the removal rate and crystal-
linity. Additionally, although VRP was mineralized during the US 
treatment, by acting as both a catalyst and an adsorbent, MLM exhibited 
good adsorption abilities for both VRP and mineralized VRP. Conse-
quently, Ti3C2TX MXene may be a suitable sonocatalyst to treat organic 
contaminants via US treatment in terms of enhanced performance, 
strong reusability, and reduced toxicity. 
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