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Abstract: In the present study, an adsorbent material for removal of organic contaminants in
wastewater is synthetized by a green and facile mechanochemical method. It is composed of Ti3 C2 Tx
MXene layers (obtained by mechanochemical etching of MAX phase with concentrated HF) pillared
with terephthalate by rapid direct reaction. Such material shows high specific surface area (135.7 m2
g−1 ) and excellent adsorption capability of methylene blue (209 mg g−1 ) because of the larger interlayer
space among MXene sheets and free carboxylate groups of terephthalate. The spent adsorbent is
reutilized (with addition of sole aluminum) to synthetize the MAX phase by mechanochemical
procedure, where the terephthalate and the pollutant are carbonized into the carbide. In this way,
new MXene-based adsorbent can be re-synthetized for further use.
Keywords: MXene; mechanochemical synthesis; high energy ball milling; adsorption

1. Introduction
Contaminant removal from wastewater is fundamental to prevent the spread of toxic compounds
in the environment, which poses a serious threat to human health. Adsorption is recognized to be
one of the most effective technologies that can be implemented to treat industrial wastewater [1]. It is
cheap, effective, easy to operate, and produces high-quality effluent, thus it is widely utilized [2].
Additionally, it is a versatile technology, thanks to the large number of adsorbing materials that
have been developed to capture organic and inorganic pollutants [3]. Therefore, the type and nature
of adsorbing materials influence efficiency of adsorption process. However, regeneration of spent
adsorbents requires expensive and environmentally unfriendly methodologies such as direct disposal
in landfill, incineration, or washing with solvents, etc., which often cause secondary pollution [4,5].
Mechanochemical (MC) methods have been extensively applied to produce a number of adsorbing
materials [6–10]. These methods are generally based on the insertion of great amounts of mechanical
energy into materials to achieve unique properties and modifications [11–14]. High energy ball milling
is largely employed to provide such energy to solids through countless hits of milling balls occurring
into high speed moving jars [15]. Since solvents are not required (at most, only small amounts), MC
synthesis is considered a green way to prepare materials [16,17]. More interestingly, some adsorbents
that were used to capture organic pollutants can be also regenerated by simple high energy ball
milling [7]. Indeed, organic pollutants undergo mineralization to graphitic and amorphous carbon
during high energy milling [18,19]. This fact suggests that carbon-based materials, like carbides, might
be easily regenerated by MC methods.
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2. Results
2.1. Mechanochemical Etching
High energy ball milling was utilized to prepare Ti3 C2 Tx MXene from Ti3 AlC2 MAX phase (which
was synthetized from TiO2 , Al, and graphite by ball milling according to the procedure of Zhu et al. [22])
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was synthetized from TiO2, Al, and graphite by ball milling according to the procedure of Zhu et al.
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Figure 3. SEM photographs of (a) Ti3 C2 Tx MXene after 4 h MC etching, (b) terephthalate-pillared
Figure 3.
photographs of
(a) Ti3(d)
C2Toxalate-pillared
x MXene after 4 h MC etching, (b) terephthalate‐pillared
MXene,
(c)SEM
imidazole-pillared
MXene,
MXene.
MXene, (c) imidazole‐pillared MXene, (d) oxalate‐pillared MXene.
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It can be hypothesized
that terephthalate
atoms
reaction
is similar
to of
that
in the generation
of metal-organic
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Conceivably, this reaction is similar to that occurring in the generation of metal‐organic frameworks,
where electron doublets in carboxylate coordinate metal ions form stable crystalline structures [33].
doublets in carboxylate coordinate metal ions form stable crystalline structures [33]. Hence, it can be
Hence, it can be inferred that the prepared material has a pillared structure with large interlayer space
inferred that the prepared material has a pillared structure with large interlayer space (approximatively
(approximatively equal to terephthalate length). This is corroborated by the high XRD peak at 2θ ≈
equal to terephthalate length). This is corroborated by the high XRD peak at 2θ ≈ 8◦ (Figure 4a),
8° (Figure 4a), which highlights a large interlayer space between Ti3C2Tx planes. Peaks at 2θ < 10° are
which highlights a large interlayer space between Ti3 C2 Tx planes. Peaks at 2θ < 10◦ are not clearly
not clearly visible in diffractograms of I‐MX and O‐MX, thus implying that the multilayered structure
visible in diffractograms of I-MX and O-MX, thus implying that the multilayered structure might be
might be intercalated by the ligands at most, but certainly they are not stably bound to the MXene
intercalated by the ligands at most, but certainly they are not stably bound to the MXene sheets as
sheets as pillars. Intercalation explains the sensibly higher specific surface areas of both materials
pillars. Intercalation explains the sensibly higher specific surface areas of both materials respect to
respect to MXene, but much lower than that of T‐MX.
MXene, but much lower than that of T-MX.

Figure 4. Diffractograms of (a) MXene-based adsorbents materials with different ligands, and (b) of
Figureprepared
4. Diffractograms
of (a)spent
MXene‐based
adsorbents
with different
ligands,
and (b) of
MXene
with graphite,
T-MX (after
methylenematerials
blue adsorption)
and different
precursors.
MXene prepared with graphite, spent T‐MX (after methylene blue adsorption) and different
Analytical
precursors. results clearly suggest that T-MX might have good adsorption properties, so it was

tested with methylene blue. The adsorption of such dye onto T-MX within the first 2 h of process is
fast, while
in the results
late phase
it becomes
themight
adsorption
equilibrium
is reached
(5 h) (Figure
5).
Analytical
clearly
suggestslow
thatuntil
T‐MX
have good
adsorption
properties,
so it was
The
initial
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adsorption
is ascribable
to the of
presence
of onto
high T‐MX
amount
of unoccupied
tested
with
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blue.
The adsorption
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the first 2 and
h of available
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adsorption
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surface is increasingly
fast, while sites.
in theHowever,
late phasewith
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slow until
the adsorption
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reached (5 h)covered
(Figure
by
therefore,
accessibility
andpresence
availability
of functional
decrease,
5).dye
Themolecules
initial fastand,
adsorption
is ascribable
to the
of high
amount ofgroups
unoccupied
andresulting
available
in
a reduced sites.
dye removal
rate with
[34]. the adsorption process ongoing, T‐MX surface is increasingly
adsorption
However,
covered by dye molecules and, therefore, accessibility and availability of functional groups decrease,
resulting in a reduced dye removal rate [34].
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Figure 5. Adsorption kinetic of methylene blue onto T-MX (expressed as the adsorption capacity qt vs
Figure time
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Table
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g
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Adsorption Capacity (mg g )

2
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2

2
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209.5 1. Kinetic parameters of kinetic model for adsorption of methylene blue on T‐MX.
242.89
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an experiment was carried out. The MAX phase was prepared with diverse carbon precursors (i.e.,
hexane and glucose) instead of graphite to demonstrate that diverse carbonaceous compounds can be
viably incorporated in the carbide structure of the MAX phase. Once again, it was verified by XRD
that MXene can be prepared from the so-synthetized MAX phases as well (Figure 4b). Such a result
indicates that the carbon precursor is relatively unimportant for MC synthesis of MAX phase. Hence,
theoretically any kind of organic pollutant can be carbonized and incorporated, allowing recycle of the
spent adsorbent.
3. Discussion
In this work, a facile method for the synthesis of an adsorbent with high adsorption capacity is
proposed. The material is constituted by Ti3 C2 Tx MXene pillared with terephthalate. MXene were
prepared by rapid MC etching with a small volume of concentrated HF. In this sense, this methodology
is greener than usual ones. MC exfoliation in organic solvent has been previously reported [27].
However, it is known that the etching process can influence the functional group composition on
MXene surface [23]. The majority of the MXene and MXene-based materials investigated to date are
realized by HF etching, and it can be inferred that the required properties are partly due to the presence
of F atoms on their surfaces. Therefore, the MC etching method proposed in the present study can
be considered for potential scale-up of the approach commonly used in the laboratory. Nonetheless,
it should be noted that possible contamination may derive from iron and alloying elements of high
energy mill tools (i.e., balls and jar). Leaching of such elements in the reaction solution is very plausible,
owing to the strong acidic conditions. They likely remain in solution as fluorides, but it cannot be
excluded that the very reactive Ti atoms on MXene sheet surfaces might bind them. This aspect needs
further investigation in future works.
The T-MX adsorbent showed very good performance, thanks to the increased interlayer distance.
Other authors have already tried to enhance adsorption capability of MXene towards methylene blue
by intercalating hydroxides (i.e., LiOH or NaOH) [29], actually obtaining improved uptake capacity
(189 mg g−1 ) [32]. It can be inferred that the better performance of T-MX is mainly due to the larger
interlayer space achieved by pillaring, which facilitates diffusion of the dye. Nevertheless, it cannot be
excluded that free terephthalate carboxyl groups might also contribute to adsorption capability.
Results of MAX phase MC synthesis form spent T-MX adsorbent or other carbon precursors
clearly demonstrate the regenerability of such material, independently from the adsorbed organic
pollutant. In fact, the pollutant and the tested carbon precursors are significantly carbonized, allowing
the reformation of the carbide. The sole material input in this process is Al powder, while the other
elements (Ti and C) are substantially reutilized. Theoretically, Al can be recovered by electrochemical
reduction from the etching solution (where it is in the form of fluoride salts). But, this would require
adequate experimentation.
In conclusion, MC methods were used to prepare and regenerate a MXene-based adsorbent with
enhanced adsorption capacity. Such a material can be potentially utilized to treat various pollutants in
wastewater, and can be regenerated easily by green MC synthesis process.
4. Materials and Methods
4.1. Materials
Titanium dioxide, aluminum powder, graphite, and glucose (Yong Da Chemicals Ltd., Jinan,
China) were used for the MC synthesis of MAX phases, together with hexane (J.T. Baker Inc.,
Phillipsburg, NJ, USA). Hydrofluoric acid 40% aqueous solution (Beijing Chemical Works Ltd., Beijing,
China) was employed to execute MC etching experiments. Potassium terephthalate, imidazole, and
potassium oxalate (Merck KGaA, Darmstadt, Germany) were utilized for preparation of adsorbent
materials. Adsorption test was carried out employing methylene blue (Shanghai Macklin Biochemicals
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Ltd., Shanghai, China) as pollutant. Deionized water was prepared by a Milli-Q system (Millipore,
Milwaukee, WI, USA).
4.2. Mechanochemical Synthesis of Ti3 AlC2 MAX Phase
Ti3 AlC2 MAX phase was synthetized according to a modified version of the method described by
Zhu et al. [22]. Titanium oxide, aluminum powder, and graphite were used to prepare Ti3 AlC2 by the
reaction:
3 TiO2 + 5 Al + 2 C → Ti3 AlC2 + 2Al2 O3
Amounts of 3.01 g TiO2 , 1.69 g Al, and 0.30 g graphite (corresponding to TiO2 :Al:C molar ratio of
3:5:2, and a total mass of 5 g) were put into a 75 cm3 mill jar with 25 stainless steel balls (Ø10 mm,
total ball mass of 100 g). The powder mixture was milled utilizing a planetary ball mill (Pulverisette 4,
Fritsch GmbH, Germany) at 300 rpm for 10 h.
A similar procedure was adopted for regeneration of the spent adsorbent (3.31 g), which was
mixed with Al powder (1.69 g) and milled under the same conditions mentioned above. With regard to
the MC synthesis of MAX phase with different carbon precursors, hexane and glucose were mixed with
adequate amounts of TiO2 and Al, keeping the same molar ratio and reagent total mass. Specifically,
0.55 mL (0.36 g) hexane was mixed with 2.97 g TiO2 and 1.67 g Al; 0.69 g glucose was added to 2.76 g
TiO2 and 1.55 g Al. Milling parameters of the MC synthesis were the same described above.
4.3. Mechanochemical Etching of Ti3 AlC2 MAX Phase for Ti3 C2 Tx MXene Synthesis
MC etching was executed with another planetary ball mill (QM-3SP2, Nanjing University
Instrument Corporation, Nanjing, China), which is less energy intensive than Pulverisette 4 (according
to calculations done previously [37]). In this way, it was possible to mostly preserve the structure
of exfoliated MXene. The Ti3 AlC2 MAX phase (1 g) was placed in a 40 cm3 mill jar with 20 mL HF
40% and 60 g stainless steel balls (Ø5 mm). Then, the mixture was milled at 200 rpm for various time
extents. The milled material was washed with deionized water by several cycles of suspension and
centrifugation, until the water pH was higher than 5. Subsequently, the MXene were dried and stored
under vacuum at room temperature to prevent its excessive oxidation.
4.4. Adsorbent Preparation
MXene powder (~5 g) was re-suspended in 100 mL deionized water and subjected to brief
(~10 min) ultrasonication to accelerate delamination of the material. An amount of 50 mL suspension
(paying attention to avoid withdrawing solids) was mixed with 50 mL 0.5 M aqueous solution of each
ligand (i.e., terephthalate, imidazole, and oxalate). The precipitate was separated by centrifugation,
washed with deionized water, and centrifuged again to remove water. The so-prepared adsorbents
were dried in air at room temperature.
4.5. Adsorption of Methylene Blue onto Terephthalate-MXene
The adsorption capability of terephthalate-Mexene material was studied by assessing adsorption
kinetics of methylene blue. Adsorption experiment was conducted by placing 10 mg T-MX adsorbent
in a 100 mL Erlenmeyer flask with 50 mL of methylene blue solution (100 mg L−1 ). The experiment was
repeated with various flasks that were agitated on an orbital shaker for different contact times varying
from 5 to 360 min at pH 7, 150 rpm at room temperature (~20 ◦ C). Methylene blue concentration was
quantified utilizing a spectrophotometer (DR 5000, Hach Lange, Germany) to measure absorption
at λ = 660 nm; samples were pre-filtered by a nylon syringe filter before analysis. The amount of
adsorbed methylene blue by the T-MX (qt ) at time t was measured using Equation (1). The pseudo-first
order and pseudo-second order kinetic models were used to study the adsorption kinetic [38].
qt = V (C0 − Ct )/m

(1)
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where V is the volume of methylene blue solution (L), C0 is the initial concentration of methylene blue
(mg L−1 ), Ct is the concentration of methylene blue (mg L−1 ) at time of t, and m is the dry weight of
T-MX (g).
4.6. Characterization of the Materials
The synthetized materials were characterized by XRD using a diffractometer (Smartlab, Rigaku,
Japan) from 2θ = 3◦ to 60◦ and a scanning rate of 10◦ min−1 . In addition, SEM photographs were taken
by a LEO-1530 microscope (LEO, Germany) for morphological investigation.
5. Conclusions
The present study was aimed to the preparation of a material with enhanced adsorbing capacity
toward organic pollutants. The adsorbent is composed by MXene sheets pillared by terephthalate
and showed remarkable specific surface area and adsorption capacity (employing methylene blue
as a model pollutant). It was synthetized by a novel MC etching method using a high energy ball
mill to exfoliate a titanium MAX phase with a limited volume of concentrated hydrofluoric acid.
Pillaring procedure was realized by simple mixing of MC etched MXene suspension with pillar solution
(i.e., therephtalate). It was also verified that the spent adsorbent (after adsorption) can reform the
MAX phase by MC synthesis and adding only aluminum powder, thanks to the carbonization of
pillars and pollutants into carbide. Afterwards, it was proved that the MXene produced from the
so-prepared MAX phase was still usable for adsorbent synthesis. Hence, such recyclable material can
be used an indefinite number of times to eliminate organic pollutants from wastewater and ensure
their safe destruction.
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