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H I G H L I G H T S

• This study explored the removal of selected pharmaceuticals by Ti3C2TX MXene.
• The highest removal was observed for a cationic pharmaceutical.
• The removal was significantly enhanced by sonicated MXene.
• MXene had relatively high selectivity compared to powdered activated carbon.
• The reusability of sonicated MXene is better than that of pristine MXene.
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A B S T R A C T

This paper is aimed at evaluating the feasibility of selected pharmaceutical compounds’ adsorption on Ti3C2TX
MXene (termed ‘MXene’ in this study) as the first attempt. For adsorption mechanism analysis, amitriptyline
(AMT), verapamil, carbamazepine, 17 α-ethinyl estradiol, ibuprofen, and diclofenac were the selected phar-
maceutical compounds and experiments were conducted in three different pH conditions (3.5, 7, and 10.5). Due
to electrostatic attraction between negatively charged MXene and positively charged AMT, the adsorption ca-
pacity for AMT showed the highest value (58.7 mg/g) at pH 7. In addition, for enhanced adsorption perfor-
mance, MXene sonicated at different frequencies (0, 28, and 580 kHz) was applied for AMT adsorption. The
maximum adsorption capacity was observed in the following order: 28 kHz (214 mg/g) > 580 kHz (172 mg/
g) > 0 kHz (138 mg/g). This is because cavitation bubbles by sonication can make well-dispersed MXene and
more forming oxygenated functional groups on MXene. In particular, by generating larger cavitation bubbles,
the highest performance was shown at lower frequencies. Furthermore, because there are a lot of ions in real
aquatic environments, the effect of various ions on adsorption performance on pharmaceutical compounds was
evaluated using sonicated MXene. Although background inorganics negatively affect adsorption performance,
natural organic matter as background organics increased the adsorption performance. However, cetylpyridinium
chloride (CPC), a major cationic surfactant of the pharmaceutical industry, had a negative effect on adsorption
performance by exhibiting a competition effect between CPC and pharmaceutical compounds. Finally, a com-
parison between sonicated MXene and commercial powdered activated carbon and recyclability performances
indicated that sonicated MXene could be an alternative adsorbent for pharmaceutical compounds removal due to
its high adsorption capacity, selectivity, and reusability.
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1. Introduction

Contaminants of emerging concern (CECs), including pharmaceu-
tical compounds, personal care products, and endocrine-disrupting
compounds, have been found at trace levels in most aquatic environ-
ments [1]. Due to a variety of anthropogenic impacts such as over-
population, rapid urbanization, and climate change, these contaminants
have been hugely consumed and overused by humans and industry.
Particularly, pharmaceutical compounds, which are widely used in the
prevention and treatment of human and animal diseases, are increasing
in demand in line with improvements in standards of living [2]. The
pharmaceutical compounds present in water can cause adverse effects
on plants, animals, and human health due to their persistence, toxicity,
and mobility [3,4]. The United States Environmental Protection Agency
recently reported 109 types of pharmaceutical compounds detected in
surface water around Denver, Colorado in 2018 [5]. In addition, the
United States Geological Survey reported that 103 types of pharma-
ceutical compounds were found in groundwater used for drinking in the
United States in 2019 [6]. Moreover, several other studies indicated
that conventional water and wastewater treatment plants cannot
properly remove the pharmaceutical compounds, leading to the release
of various pharmaceutical compounds, including effluents into various
water resources [7–9]. In other words, pharmaceutical compounds
found in water present a number of contemporary water issues.

Among various other methods proposed to be used to remove
pharmaceutical compounds to facilitate safer water resources, adsorp-
tion has been considered a promising technology due to its ease of
operation, flexibility, safe generation of byproducts, and low energy
demand [10,11]. In addition, adsorbent can be readily removed either
by sedimentation or sand filtration in conventional drinking water
treatment. Powdered activated carbon (PAC) as an adsorbent has been
used in most adsorption systems to effectively treat a wide range of
CECs [12]. Nevertheless, a number of studies indicate that there are
limitations to PAC adsorption such as relatively poor polar compounds
adsorption, slow kinetics, and easy complexation with natural organic
matter (NOM) [13–15]. For these reasons, competitive adsorbents have
been developed and applied to achieve the removal of CECs, such as
pharmaceuticals compounds, from water.

Two-dimensional (2D) materials are members of the ra-
pidly–expanding material family and have been applied for water
purification purposes as well as material science due to their unique
physicochemical properties [16,17]. Among them, Ti3C2TX MXenes,
which is a very recently discovered family of multilayered 2D transition
metal carbides, have been in the spotlight in the adsorption area
[17,18]. Due to its superior oxidation resistance, a fine structure, hy-
drophilicity, and the excellent stability of MXene, numerous researchers
have tried to remove contaminants using this material as an adsorbent.
Although these studies successfully demonstrated its removal perfor-
mance, MXene has been used to remove mostly inorganic contaminants
and only limited organic contaminants, including urea and dyes
[17,19–21]. Therefore, there are still demands for studies into various
organic contaminants’ adsorption, such as pharmaceutical compounds.
Furthermore, as it is still an early stage of MXene application, there is a
lack of attempts to enhance the MXene adsorption process. For ex-
ample, it has been reported that well-dispersed and smaller particle size
adsorbate by sonication can show better adsorption capacity by keeping
their specific characteristics and higher surface area in even changed
water conditions [22,23].

The main purpose of this study is to assess the ability of MXene as
adsorbent in the adsorption of pharmaceutical compounds in drinking
water treatment. For removal performance and mechanism analysis,
adsorption experiments were conducted for selected pharmaceutical
compounds by Ti3C2TX MXene (as pristine MXene, termed ‘P-MXene’ in
this study) at three different pH conditions. In addition, sonicated
MXene at 28 and 580 kHz (termed ‘S28-MXene’ and ‘S580-MXene', re-
spectively) was applied to enhance adsorption performance. Sonication

which can produce the mechanical waves by using ultrasonic probes/
horns or ultrasonic bath, has been commonly used to inhibit aggrega-
tion of adsorbent [24]. Sonication effects were identified by adsorption
kinetics, isotherm, and characteristics change of sonicated MXene.
Furthermore, adsorption performance was confirmed to evaluate effect
of various background inorganics and organics. Additionally, by com-
paring adsorption performance between sonicated MXene and com-
mercial PAC, we support the superiority of sonicated MXene as an ad-
sorbent for the removal of pharmaceutical compounds. Finally, the
regeneration possibility of P-MXene and sonicated MXene was in-
vestigated for the practical aspects of MXene’s adsorption application.

2. Materials and methods

2.1. Chemicals

To receive a universal result, commercially available Ti3C2TX
MXene was obtained from the Advanced Materials Development Expert
Store (Hangzhou, Zhejiang, China). It was washed with de-ionized (DI)
water (~18.2 MΩ·cm) until pH reached approximately 6 and applied as
P-MXene. Pharmaceutical compounds amitriptyline (AMT), verapamil
(VRP), carbamazepine (CBM), 17 α-ethinyl estradiol (EE2), ibuprofen
(IBP), and diclofenac (DCF) were selected and purchased from Sigma-
Aldrich (St. Louis, MO, USA). Different physicochemical characteristics
of these compounds were described in Table S1. Background in-
organics, including NaCl, NaHCO3, NaNO3, Na2SO4, and CaCl2, and
background organics, including HA, TA, and CPC were obtained from
Sigma-Aldrich (St. Louis, MO, USA) for their effects on various water
qualities. Lastly, for adsorption capacity comparison, commercial PAC
was purchased from Evoqua Water Technologies, Randolph, MA, USA.

2.2. Characterization

The shapes and structures of the P-MXene were confirmed by
scanning electron microscopy (SEM; S-4200, Japan), transmission
electron microscopy (TEM; Titan G2, USA), and X-ray diffractometry
(XRD; D/max-2500, Japan). In addition, for hydrodynamic diameters
(Dh) of sonicated MXene, dynamic lighting scatters (DLS; ALV/CG3,
Germany) were used with a high-QE APD detector. Furthermore,
Fourier-transform infrared spectroscopy (FTIR; Frontier, USA) for che-
mical bonds, X-ray photoelectron spectroscopy (XPS, Quantera SXM,
Japan) for chemical compositions, a zeta-potential analyzer (Zetapals,
USA) to measure surface charge, and TEM for morphology were ana-
lyzed to measure changes in the properties of sonicated MXene.

2.3. Adsorption procedure

All the adsorption experiments were conducted using a 40 mL
amber vial in duplicate at room temperature. In addition, all samples
were filtered with a 0.22 μm syringe filter before analysis. The results
were measured using high-performance liquid chromatography (HPLC;
1200 series, USA) with ultraviolet (UV) or fluorescence detector. The
HPLC analysis parameters followed reported literature for AMT and
VRP [25] with some modification and our previous study for CBM, EE2,
IBP, and DCF [26].

To observe the adsorption mechanism, 40 mg/L P-MXene was added
into 10 μM of selected pharmaceutical compounds, each at three dif-
ferent pH conditions for 3 days. The pH value of the suspension was
controlled with 0.1–1 M HCl and 0.1–1 M NaOH. To improve adsorp-
tion performance, the MXene was used after sonication at 28 and
580 kHz for 30 min. Adsorption kinetics were carried out for 0–720 min
contact time with 40 mg/L adsorbents and 10 μM pharmaceuticals. For
adsorption isotherm, 40 mg/L adsorbents were used with 5, 10, 20, 35,
55, and 80 μM pharmaceuticals as initial concentration for 2 h. The
effect of various water qualities on adsorption capacity was investigated
in the presence of background inorganics and background organics.
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Desorption procedure of the adsorbed pharmaceutical compounds from
adsorbents followed reported studies [27] with some modification by
adding 0.1 M HCl for 2 h, 0.1 M NaOH for 2 h, DI water rinsing, and
oven drying in sequences. Finally, adsorption performance, including
adsorption capacity, removal rate, kinetics including pseudo-first-order
(PFO) and pseudo-second-order (PSO) models, and isotherm including
Langmuir, Freundlich, and Redlich-Peterson (R-P) models were em-
ployed to analyze results and described in the supporting information in
detail.

3. Results and discussion

3.1. Adsorption performance and mechanism

Before evaluating adsorption performance, the morphology and
crystalline phase of the P-MXene were identified, as shown in Fig. S1.
The TEM/SEM images and XRD patterns indicate well-made MXene as
multilayered 2D material, consistent with previous studies [21,28].

The zeta potential value of P-MXene from pH 3 to 11, which can
represent the surface charge density of materials, is shown in Fig. S2.
The surface of P-MXene becomes more negatively charged with in-
creasing pH because the terminals of P-MXene (TX) consists of –OH, –O,
and/or –F [29]. The selected pharmaceuticals, which consist of single
or multiple charged groups, have different species depending on each
pKa value. Among them, the AMT and VRP (pKa: 9.76 and 9.68, re-
spectively) have the strongest basic pKa with the amine group acting as
an electron donor leading to protonation below their pKa [10]. On the
other hand, the CBM, EE2, IBP, and DCF (pKa: 15.96, 10.33, 4.85, and
4.00, respectively), which have the strongest acidic pKa, can lose their
proton below their pKa [11]. Adsorption is a mixed process influenced
by properties of adsorbent and adsorbate [10]. Therefore, these indicate
that solution pH is an important factor for adsorption performance
because both P-MXene and pharmaceutical species can be changed,
depending on the pH conditions.

Fig. 1 shows the adsorption performance on selected pharmaceu-
ticals by P-MXene on pH 3.5, 7, and 10.5. The relative concentration
(C/C0) values in AMT and VRP were shown to be considerably lower
than in CBM, EE2, IBP, and DCF in all pH conditions. The AMT and VRP
indicated the best performance at pH 7 (C/C0: 0.58 and 0.62, respec-
tively) than pH 3.5 (C/C0: 0.67 and 0.75, respectively) and pH 10.5 (C/
C0: 0.73 and 0.73, respectively). This could be due to the fact that at pH
3.5, although positively charged AMT and VRP was dominant, rela-
tively lower negatively charged P-MXene was observed. In addition, at
pH 10.5, a lower zeta potential value of P-MXene was shown, but most
AMT and VRP existed in neutralized form. On the contrary, due to the
dominance of positively charged AMT and VRP, and relatively higher
negative charged P-MXene, AMT and VRP were more adsorbed on P-
MXene at pH 7 due to electrostatic attraction. Furthermore, P-MXene
exhibited better adsorption performance for AMT than VRP in all of the
experiment’s pH conditions. Numerous studies reported that the inter-
calation process on 2D materials like P-MXene is mostly affected by the
size of target compounds [21,30,31]. This is presumably because VRP
can rarely be relatively intercalated between layers of P-MXene due to
its higher molecular volume than AMT (283 Å3 for AMT and 459 Å3 for
VRP).

Meanwhile, the influence of pH conditions can be negligible on
CBM, which is non-ionizable under all experiment pH conditions.
However, EE2 was observed to slightly increase C/C0 value from 0.88 at
pH 3.5 and 7 to 0.90 at pH 10.5. In addition, IBP and DCF were shown
to increase C/C0 values from 0.88 and 0.89 at pH 3 to 0.92 and 0.93 at
pH 7 and pH 10.5, respectively. These confirm that at a pH value above
their pKa, the adsorption affinity decreases due to electrostatic repul-
sion between ionized pharmaceutical compounds and negatively
charged P-MXene. Moreover, hydrophobic partitioning has been re-
ported as one of the most effective mechanisms in organic compound
adsorption [31]. However, because P-MXene possesses higher

hydrophilicity without aromatic rings, hydrophobic partitioning cannot
be considered in this study. In addition, although hydrogen bonding
between pharmaceutical compounds and the termination of P-MXene
may have somewhat affected its adsorption performance [32], results
showed the adsorbing of small amounts of neural or negatively charged
pharmaceutical compounds. Therefore, in this study, the selected
pharmaceutical adsorption performance that can primarily be ex-
plained by electrostatic interaction positively correlates with their
charges by showing the highest removal for AMT at pH 7. In addition,
plausible adsorption mechanisms of selected pharmaceutical com-
pounds are shown in Fig. S3.

3.2. Influence of sonication frequency on adsorption performance

Based on its adsorption performance on different pharmaceutical
compounds, P-MXene shows a potential to treat water with pharma-
ceutical compounds with higher performance observed for AMT at pH
7. To enhance adsorption performance, sonicated MXene at 28 and
580 kHz was applied for AMT at pH 7. Fig. 2 exhibits the adsorption
kinetics and isotherm by P-MXene (0 kHz), S28-MXene, and S580-
MXene, and each parameter is summarized in Tables S2 and S3. A
higher adsorption performance was observed in sonicated MXene for
both adsorption capacity and removal rate. This is because sonication
makes well-dispersed MXene by producing cavitation bubbles, which
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Fig. 1. Adsorption performance of selected pharmaceuticals on Ti3C2TX MXene
with pKa value; bars represent standard deviation of adsorption performance;
circles represent pKa values of each pharmaceutical compound; positive
charged compound (+), neutral compound (O), and negative charged com-
pound (−) at each conducted pH condition.
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Fig. 2. Sonicated Ti3C2TXMXene adsorption performance for kinetics; (a) qe vs. time and (b) removal rate vs. time; (c) qe vs. ce and with different models (d) removal
rate vs. initial pharmaceuticals concentration. Error bars are smaller than the symbols in most cases.

Fig. 3. (a) Hydrodynamic diameters by DLS and (b) FTIR spectrum variation of sonicated Ti3C2TX MXene.
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generates shock waves and shear forces by collapsing in the bulk so-
lution [33,34]. In addition, by forming oxygenated functional groups
like –OH and –COOH on the surface of sonicated MXene, it can posi-
tively affect adsorption performance. In particular, S28-MXene having
the highest negatively surface by these functional group (estimated
based on zeta potential value: see Fig. S2) showed the best perfor-
mance. This result rises because the lower sonication frequency can
produce relatively larger cavitation bubbles, which generates larger
shock waves and shear forces [22,23]. Fig. 3a, which shows the hy-
drodynamic diameter of pristine and sonicated MXene, supports the
finding that S28-MXene was more effective, by showing less aggrega-
tion. In addition, FTIR peaks (Fig. 3b) indicated that while similar Ti-O
(655 cm−1) functionality was shown with three different frequency
conditions, more –OH (3480 cm−1) and –COOH (1630 cm−1) func-
tional groups were shown in S28-MXene. This may increase the hy-
drogen bonding between MXene and AMT, resulting in improved re-
moval. The TEM images, and XPS patterns, and zeta potential value of
sonicated MXene further support this result, as shown in Fig. S2. The
TEM images for highly-dispersed MXene and XPS patterns for higher
oxygen contents, were observed in the following order: S28-MXene >
S580-MXene > P-MXene. In particular, zeta potential value, which
enables us to evaluate the MXene surface charge density, provides that
by having the lowest value on S28-MXene, S28-MXene had the highest
negative surface charge, resulting in higher electrostatic attraction with
AMT. Furthermore, these results were consistent with reported studies
that used single-walled carbon nanotubes [22] and graphene oxide [23]
with sonication. Therefore, due to less aggregation and a higher amount
of oxygenated functional groups on sonicated MXene, sonication can
maximize the adsorption capacity of MXene.

In adsorption kinetics, the time taken to reach equilibrium status
was observed to be approximately 120 min. In addition, the experi-
mental adsorption capacities (qe, mg/g) were 64.0 for P-MXene, 90.1
for S28-MXene, and 81.6 for S580-MXene, which are similar to the cal-
culated adsorption capacities by PSO (64.5, 90.9, and 83.3, respec-
tively). Furthermore, the higher correlation coefficients (R2) of PSO
against that of PFO were presented for all three frequencies, which may
indicate that the AMT adsorption mechanism of MXene is driven by
chemisorption [35]. This result is consistent with the previously re-
ported studies [31,33]. The adsorption isotherm was carried out to
evaluate the AMT adsorption capacities by three kinds of MXene with
initial concentration ranges of 1.39–22.2 mg/L. In addition, 120 min
(pseudo-equilibrium time based on kinetic study) was applied. The
maximum adsorption capacities (qm, mg/g) of P-MXene, S28-MXene,
and S580-MXene were found to be 138, 214, and 172, respectively. The
lowest correlation coefficients (R2) value is shown on the Langmuir
model, while the R-P model shows the highest R2 value. In the R-P
model, when β value is close to 1, the model resembles the Langmuir
model, while, when 1/KRP value tends to 0, it resembles the Freundlich
model. Due to the versatility of the R-P model, it can be used for either
homogeneous or heterogeneous adsorption [36]. β values calculated in
this study were 0.810, 0.763, and 0.780 for P-MXene, S28-MXene, and
S580-MXene, respectively, presenting weak fit the Langmuir model.
However, by having 123, 487, and 267 of KRP value, respectively, these
adsorption isotherm results are more matching with the Freundlich
model than with the Langmuir model. In addition, this indicates mul-
tilayer adsorption over heterogeneous MXene and these results are
consistent with previous studies [31,32]. Lastly, these results were
compared to other adsorption studies based on adsorption capacity, as
shown in Table 1. The S28-MXene exhibits excellent AMT adsorption
capacity, even better than carbon-based adsorbent, which is most
commonly used.

3.3. Effect of various background inorganics and organics

Because contaminants exist with various ions in the surface water
environment, the effect of various ions on adsorption performance was

evaluated for AMT at pH 7 by S28-MXene. Fig. 4a shows the adsorption
capacity variation with various inorganic ions. NaCl, NaHCO3, NaNO3,
Na2SO4, and CaCl2 as background inorganics were selected due to their
availability in real aquatic systems [37]. The adsorption capacity with
all five electrolytes was lower than without electrolytes. This result can
be explained by the interaction between the adsorbent and adsorbate,
which was screened with ionic strength increase (screening effect) [33].
In other words, the electrical double layer was compressed by higher
ionic strength, leading to a weakened electrostatic interaction between
S28-MXene and AMT. Among five inorganics, monovalent ions (NaCl,
NaHCO3, and NaNO3) showed the smallest effect on the adsorption
capacity (81.7, 82.1, and 81.3 mg/g, respectively) compared to the
absence of background ions. This is due to the fact that although there
was a competition between Na+ and AMT+ to be adsorbed on the S28-
MXene, Na+ as a monovalent ion can be relatively less effective than
divalent cation [38]. In addition, Na2SO4 as a divalent anionic ion had a
slightly more negative influence on the adsorption capacity (80.8 mg/g)
than monovalent ions. When Na2SO4 ions were present in the solution,
SO4

2- was shown to complex with some parts of AMT+ to form
SO4AMT

- in terms of electrostatic status, resulting in less electrostatic
affinity to S28-MXene [39,40]. The adsorption capacity with CaCl2 was
the lowest among those salts (1, 2, 3, 4, and 6 meq/L for 77.1, 73.6,
70.7, 68.8, and 67.0 mg/g, respectively). This is due to a relatively
strong competition between Ca2+ as a divalent cation and AMT+ for
adsorption sites on S28-MXene [38]. In addition, another plausible
reason could be due to a salting-out effect, in which the hydrophobic
interaction between organic compounds can induce a higher ionic
strength in the solution [41]. Due to the salting-out effect, reduced
solubility of AMT can cause a larger molecular size and/or precipitation
of some AMT, resulting in hardly any adsorption. Furthermore, this
effect can be empirically calculated by Setschenow constants [42,43],
which is described in Section 4 in detail. The solubility of AMT with
CaCl2 decreased from 6,547 to 6,483 mg/L, with increasing CaCl2
concentration from 1 to 6 meq/L, respectively, as shown in Fig. S4a.
This calculated solubility supports the theory that increased CaCl2
concentration in the solution can negatively impact on adsorption ca-
pacity. Additionally, it was observed that adsorption capacity decreased
following an exponential decay, with increased CaCl2 concentration.
This observation can be explained by the Debye length decreasing as
the ion concentration increases. The Debye length, which represents the
range of electrical double layer thickness, directly relates to electro-
static interaction between adsorbent and adsorbate [42,44]. Fig. S4b
shows that the calculated Debye length exponentially decreased as the
concentration of CaCl2 was further increased. Consequently, while in-
organics in solutions can influence adsorption capacity, an increase in
ion concentration can lead to less effective adsorption performance.

To assess the effect of background organics in adsorption processes,
the adsorption capacity with HA, TA, and CPC is shown in Fig. 4b. The
humic acid (HA) and tannic acid (TA), which are ubiquitous organic
compounds as NOM [23], and CPC, which are major cationic surfactant
constituents of the pharmaceutical industry and easily discharged into

Table 1
Comparison of the adsorption performance with the various adsorbent for AMT.

Adsorbent C0 (mg/L) qm (mg/
g)

pH Reference

Palygorskite 1.59 52.7 6–7 [60]
Metal organic frameworks 277 27.7 6.0 [61]
Activated charcoal 0–200 181 6.5 [55]
Fe3O4@SiO2-molecular imprinted

polymer
6.94 12.2 8.0 [62]

Microalgae chlorella vulgari 0.690–27.7 16.6 6.5 [63]
PAC 5–20 231 7.0 [64]
Granular activated carbon 178
Sonicated Ti3C2TX MXene 0–22.2 241 7.0 This study
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natural water [45], were selected as background organics. The results of
adsorption capacity with HA or TA (97.9 and 91.5 mg/g, respectively)
were shown to be slightly higher than without background compounds.
This observation is in accordance with a plethora of research that HA or
TA could interact with organic contaminants, leading to increased ad-
sorption capacity [46–48]. This is possible due to a hydrophobic in-
teraction between AMT and HA or TA, which have aromatic rings and
non-polar aliphatic carbon chains [49]. In addition, the dissociation
protons of carboxylic and phenolic functional groups of HA or TA re-
sults in negative charges, which can generate electrostatic repulsion
between HA or TA and termination of S28-MXene, and can play a role in
inducing AMT-HA or TA binding [46,49]. Furthermore, adsorption
capacity with HA was higher than that with TA due to a relatively
higher hydrophobicity, stronger negative charge, and bigger HA
[50,51]. On the other hand, while adsorption capacity of the lowest
CPC concentration (88.5 mg/g) was similar with that of no ions, the
overall adsorption capacity was gradually decreased by increasing CPC
concentration in the solution (10 and 15 mg/L for 83.5 and 76.1 mg/g,
respectively). This may be explained by the competition between AMT
and cationic CPC monomers on adsorption sites of S28-MXene being the
more dominant mechanism. In addition, this suggests that hydrophobic
interactions between AMT and adsorbed CPC on S28-MXene by ion-
pairing are likely not major mechanisms in this adsorption process
[26,52]. Therefore, these results indicate that electrostatic interaction
should be considered in the application of S28-MXene for pharmaceu-
tical compounds’ adsorption.

3.4. Comparison of performance between sonicated Ti3C2TX MXene and
PAC

Adsorption capacity comparison between sonication-assisted S28-
MXene and commercial PAC was conducted to confirm that S28-MXene
is an effective alternative to PAC at pH 7, as shown in Fig. 5. AMT, EE2,
and IBP were selected due to their differing hydrophobicity and ionic
forms. Hydrophobic and hydrophilic interaction (i.e., hydrogen bonding
and electrostatic interaction) were known as the main adsorption me-
chanism on PAC for organic compounds [53]. The adsorption capacity
for IBP on PAC (60.3 mg/g) was slightly lower than that for AMT

(69.9 mg/g) and EE2 (70.4 mg/g) due not only to less hydrophobicity,
which is represented by octanol–water partitioning coefficient (log
KOW); 4.81 for AMT, 3.90 for EE2, and 3.84 for IBP but also to elec-
trostatic repulsion between IBP and PAC. In addition, adsorption per-
formance for AMT and EE2 was observed to be similar in PAC. Because
log KOW is only estimated for the neutral molecular form, hydro-
phobicity of ionized AMT may be lower than that of neutralized AMT
[54]. Furthermore, it was reported that log KOW of some cationic
pharmaceuticals could not positively correlate with adsorption perfor-
mance on PAC [55]. For hydrophilic interaction, while it exhibits less
hydrogen bonding acceptor and donor on AMT than EE2, it can ad-
ditionally induce electrostatic attraction AMT as amphiphilic com-
pounds and PAC. Therefore, presumably, due to the tradeoff between
these mechanisms, AMT and EE2 had similar adsorption capacities,
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slightly higher than IBP.
AMT can be more adsorbed on S28-MXene by electrostatic attraction

than EE2 and IBP, similar to P-MXene, as earlier mentioned. In addi-
tion, the adsorption performance of AMT on S28-MXene was indicated
as higher than PAC’s. This is probably because AMT is more likely to be
adsorbed on the more negatively charged surface of S28-MXene than
PAC. In addition, the limitations of PAC, such as slow kinetics and poor
performance for polar organic compounds can arise this result [13].
However, due to electrostatic interaction, adsorption capacity for EE2
and IBP on S28-MXene was measured lower than on PAC. As a result,
the strong selectivity of MXene is confirmed through these results and is
useful in practical terms for various water treatments.

3.5. Recyclability of Ti3C2TX MXene

From an economic perspective, the recyclability of adsorbents
should be considered in water treatment plants. The adsorption capa-
city for AMT on recycled MXene by rinsing with HCl, NaOH, and DI
water was evaluated, as presented in Fig. 6. The adsorption capacity on
P-MXene gradually decreased with increased cycles from 58.7 mg/g to
40.6 mg/g. However, sonicated MXene remained relatively stable
during 5 cycles. Although exact cost comparison is somewhat difficult
due to sever cost dropping of Ti3C2TX MXene as very new material,
sonicated MXene could be superior based on economic perspective. The
improved performance on the recyclability of MXene by sonication can
be due to weakened binding energy between adsorbed AMT and soni-
cated MXene. The cavitation bubbles caused by ultrasonic irradiation
can generate a whirlpool action [56,57] and increase the solution
temperature [58,59], leading to higher desorption. Furthermore,
powder adsorbents, which are generally applied early in conventional
drinking water treatment, can be subsequently removed by both sedi-
mentation and filtration. Therefore, sonicated MXene could be con-
firmed as not only having superior adsorption capacity and high se-
lectivity but also safety and better disposal or reusability.

4. Conclusions

In this study, multilayered 2D Ti3C2TX MXene was applied to treat
pharmaceutical compounds in adsorption systems. Among selected

pharmaceutical compounds, AMT and VRP showed higher adsorption
performance. In addition, at pH 7, these compounds had relatively
higher positive charges, and pristine MXene (P-MXene) had a relatively
higher negatively-charged surface, resulting in the highest perfor-
mance. These results indicated that electrostatic attraction was ob-
served as the dominant adsorption mechanism through the strong ne-
gatively-charged surface on P-MXene. In addition, to improve
adsorption performance, sonicated MXene at 28 and 580 kHz (S28-
MXene and S580-MXene) was compared with P-MXene for AMT at pH 7.
By showing a smaller well-dispersed, hydrodynamic diameter and
higher oxygenated functional groups on sonicated MXene, the max-
imum adsorption capacity was observed to be highest at 28 kHz com-
pared to that at 580 kHz and no sonication. Because larger cavitation
bubbles were generated at lower frequencies, S28-MXene exhibited
higher performance. The adsorption performance experiments, without
ions and with background ions, were conducted for AMT by S28-MXene.
The adsorption capacity with background inorganics was lower than
that without ions because these ions screened electrostatic interaction
between AMT and MXene. While adsorption capacity with NOM was
higher, the capacity with CPC was lower than one without ions due to
the competition between CPC and AMT. Although there was almost no
adsorption capacity difference caused by PAC, the adsorption capacity
for AMT was higher than that for EE2 and IBP by S28-MXene. This result
supported evidence of the high selectivity of MXene. In addition, the
sonicated MXene indicated insignificant reduced adsorption capacity
with the number of recycles. These results can be useful for long term
MXene study. Therefore, sonicated MXene can be suggested as an al-
ternative and effective adsorbent of pharmaceutical compounds as it
has shown high performance, selectivity, and reusability.
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