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Abstract

Two dimensional accordion-like Ti;C,Tx MXene, where T, represents surface termination groups such as —OH, —O—, and —F, is
synthesized by selective etching of aluminum layers from Ti3AlC,. This manuscript reports on the adsorption of organic
molecules from head-space and aqueous environments containing Ti;C,Ty, a representative of the MXene family. Tiz;C, Ty
coated by gluing method on a stainless steel wire was successfully utilized as a highly sensitive and stable head-space solid-
phase microextraction (SPME) fiber. A SPME method with the MXene as the adsorbent combined with gas chromatography with
MS detector was used to determine the polycyclic aromatic hydrocarbons (PAHs) in water samples. Low detection limits in the
range of 0.2-5 ng L', wide linearity and good reproducibility (RSD =4.6 to 7.4% for n = 6) under the optimized extraction
conditions was achieved. Finally, the MXene coated fiber was successfully used for the determination of PAHs in real water
samples. The relative recoveries for six PAHs are from 91.3—105.0%, which proved the applicability of the method. Also,
melamine was selected as a polar analyte and it has been shown that Ti;C,Ty MXene has good capability in extraction of
melamine (the extraction recovery for melamine = 80.1%) from aqueous media by dispersive micro solid-phase extraction.

Keywords MXene - MAX phase - Solid phase microextraction - Adsorbent - Dispersive micro solid phase extraction - Melamine -
Gas chromatography

Introduction derived nanoporous materials [4], covalent organic frame-

work (COF) [5, 6], polymers [7—10], carbon-related materials

Solid-phase microextraction (SPME) is a sample pretreatment
technology, which simplifies the sample preparation proce-
dures and integrates both sampling and convenient introduc-
tion of extracted components to analytical instruments [1].
The most important point for SPME is the adsorbent, which
plays roles of extraction and enrichment [2]. Therefore, the
development of adsorbents is of great importance to achieve
high extraction, efficiency, and selectivity. A lot of novel ma-
terials, e.g., metal organic frameworks (MOFs) [3], MOFs-
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[11-13], carbon nitride [14] and other materials have been
developed as SPME coating materials for pursuing high ad-
sorption performance [2]. Two dimensional (2D) materials
have garnered great attention owing to their unique physical
and chemical properties, which differ from their correspond-
ing bulk counterparts since graphene was first produced by
mechanical exfoliation into single-layers in 2004 [15].
MXenes, a group of two-dimensional (2D) materials com-
posed of transition metal carbides and carbon nitrides with a
general formula of M,, , X, Tx, whereas M stands for transi-
tion metals atoms (such as Sc, Cr, V, Ti, Zr, Hf, Nb, Ta, Mo,
etc.), X stands for carbon and/or nitrogen and T represents
various metal surface termination functional groups including
-0, -OH, and -F with n=1, 2, or 3. MXenes have been fabri-
cated via selective etching of the “A” layer by hydrofluoric
acid (HF) or HF-containing or HF-forming etchants from lay-
ered ternary carbides and nitrides namely MAX phases with a
formula M, , 1AX,, (n=1, 2, or 3), where A represents the Al
or Si element. For example, Ti;C, T, powder is synthesized by
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selective extraction of aluminum layers from Ti;AIC, [16].
The etching process is mandatory owing to strong chemical
bonds among A and M components in MAX phases since
mechanical exfoliation is not suitable in this case. Since the
discovery of Ti3C,Tx in 2011 by Gogotsi research group [17],
around 20 various MXenes have been produced, and the struc-
tures and features of dozens more have been theoretically
estimated, making it one of the fastest growing 2D material
families [16]. Benefiting from their high electrical conductiv-
ity and 2D structure, Ti3C,Tx has been regarded as an energy
storage material for anodes of Li-ion batteries (LIBs), lithium-
sulfur batteries, and electrochemical-capacitors [18]. The
unique morphology, dispersibility, and stability also make
TizC, T, attractive as adsorbents for heavy metal ions or dyes
and as supports for catalysts [19]. Due to the abundant active
sites on their surface, MXenes can adsorb metal ions through
electrostatic and chemical interactions [19]. This suggests that
MXenes can potentially be used as adsorbents, similar to other
layered materials such as a study reported an outstanding sorp-
tion capacity of a modified MXene for lead ions [20]. In gen-
eral, a hydrophilic surface is beneficial for the adsorption of
polar or ionic species [21]. Also temperature treatments aid in
removing functional groups from the MXene. The dehydrox-
ylation of terminated OH groups and the detachment of
grafting functional groups bonded to the MXene surface,
which also revealed that the chemically grafted groups are
stable up to at least 200 °C temperature [22-24].

As far as we are aware no studies on solid-phase
microextraction by MXenes have been published. We report
on the first attempts to use an as-produced multilayered
MXene as a potential adsorbent for HS-SPME and dispersive
micro solid-phase extraction. For this purpose, we chose to
investigate the interaction of Ti;C, Ty — to date, the most stud-
ied MXene. Ti;C, -coated fiber prepared by gluing method on
the surface of stainless steel wire and it showed high extrac-
tion efficiency and proper sensitivity for determination of
polycyclic aromatic hydrocarbons (PAHs) by HS-SPME.
Dispersive MXene was used in dispersive micro solid-phase
extraction method to extract and enrich analytes from liquid
samples. In dispersive micro solid-phase extraction, only
small amounts of sorbent were added to liquid extracts [25].
Hence, to show Ti;C,Ty has the ability to extract polar
analytes, melamine was selected as a polar model analyte in
dispersive micro solid-phase extraction mode in an aqueous
solution and showed high extraction efficiency.

Experimental section
Chemicals and reagents

All of the chemicals were analytical grade and used without
any further purification. Potassium dihydrogen phosphate,
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dimethyl phthalate (DMP), diethyl phthalate (DEP), polycy-
clic aromatic hydrocarbons (PAHs) including naphthalene
(Nap), acenaphthylene (AcPy), fluorene (Flu), anthracene
(Ant), fluoranthene (FIt) and pyrene (Pyr) were obtained from
Sigma-Aldrich (Milwaukee, WI, USA, www.sigmaaldrich.
com). Additionally, all of the organic solvents like methanol
and acetone were of HPLC grade and purchased from Duksan
(Ansan, South Korea, www.duksan.kr). The stock standard
solution (100 mg L") of each PAH analyte was provided in
methanol. Standard solutions were obtained by dilution of the
stock solution in methanol to desired concentration. Stock and
working standards were stored at 4 °C in the refrigerator. The
melamine stock solution was prepared by dissolving 50 mg of
the material in 50 mL of methanol-water (1:1 v/v), respective-
ly, and stored in the dark place at 4 °C. Working solutions
were attained by direct dilution of the stock solution with
methanol/water mixture (1:1 v/v) as solvent immediately be-
fore use.

The diameter of stainless steel wire used as the supporting
substrate for preparation of SPME fiber was 250 um. Clear
silicone glue was purchased from the Gorilla Glue Company
(www.gorillatough.com).

Instrumentation

Analysis of the model compounds was performed with an
Agilent 7890A GC system (Agilent Technologies, Palo Alto,
CA, USA, https://www.agilent.com) with an FID detector and
7890B GC followed by a 5977B MS equipped with a split/
splitless injector. The injector was used in the splitless mode at
280 °C. The column used for the separation with GC-FID was
a Varian wall coated fused silica capillary column (30 m *0.
32 mm i.d. film thickness of 0.25 pm). The FID temperature
was fixed at 300 °C. Ultrapure helium and nitrogen (>99.
999%) were utilized as the carrier and makeup gas at
2 mL min~" and 25 mL min", respectively. GC-MS separa-
tions were performed using an HP-5MS capillary column with
a length of (30 m x 0.25 mm) with a film thickness of 0.
25 um. The mass spectrometer was run in the electron impact
ionization mode with ionizing energy of 70 eV. The interface
and ion source temperatures were both set at 300 °C.
Separation of PAHs by GC-FID and GC-MS was achieved
using temperature programs as follows: the oven temperature
was initially held at 60 °C for 1 min and programmed at
7 °C min~' to 180 °C; at 10 °C min™' to 280 °C; held for
5 min. For dispersive micro solid-phase extraction, separation
and determination of the analyte were accomplished using an
Agilent 1260 HPLC system, equipped with a quaternary
pump, a degasser, a 20 uL. sample loop and a UV-Vis detector
(Waldbornn, Germany). The ODS-3 column (250 mm X 4.
6 mm, with a 5-um particle size) from Hector (Daejeon,
Korea, https://www.hichrom.com) was used for
determination of melamine. The mobile phase was MeOH—
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50 mM KH,PO, at pH 3.0 (30:70, v/v) and pumped through
the column at a flow rate of 1 mL min '. The detection wave-
length was set at 214 nm.

Characterization

The morphology of Ti;C,Tx was observed with field emission
scanning electron microscopy (FE-SEM) MIRA3TESCAN-
XMU (Czech Republic). Transmission electron microscope
(TEM) was observed on a JEOL Ltd. JEM-2100 spectrometer.
X-ray powder diffraction (XRD) patterns of MXene and
MAX were recorded on a Rigaku diffractometer using Cu
Ka (A =0.154 nm). Thermogravimetric (TG) analysis was car-
ried out using a thermogravimetric analyzer (Perkin Elmer
model TG/DTA 6300, USA) from room temperature to
600 °C at a heating rate of 5 °C min ' in an argon atmosphere.

Synthesis of Ti;C,T, MXene

The synthesis of the Ti;AIC, MAX phase has been described
in previous studies [26, 27]. The detail of synthesis describe in
the Electronic Supporting Material (ESM).

Fabrication of MXene fiber

Before producing the SPME coatings, first the stainless steel
wires were cut into 3 cm pieces, and then ultrasonically treated
successively in water, methanol, and acetone for 30 min. The
treated wires were dried and after that, around 0.5 g silicone
glue was dispersed in 1.0 mL toluene under ultrasound waves.
Then, the pre-treated steel wire was immersed into the glue
and removed instantaneously. A piece of filter paper has been
used for removal of excess glue and formation of an extremely
thin film of silicone glue on the surface of the steel wire. The
glue containing wire then was rotated into the powder of the
synthesized MXene to obtain the single-layer coating.
Furthermore, the single-layer fiber was dried at 150 °C for
30 min in a vacuum oven to evaporate the solvent. The men-
tioned procedures were repeated twice. Before usage, the fab-
ricated fiber coated with MXene was mounted into a home-
made SPME device and then was aged in the GC injector
under helium 99.999% at 280 °C with gradual rising temper-
ature and kept at 300 °C for 2 h to avoid any contamination or
carryover.

SPME procedure

For analysis, all extraction tests were done in a 10 mL working
solution, which was introduced to a 20 mL amber vial capped
with PTFE-coated septa. Magnetic stirring was utilized to stir
the solution at 224 Relative Centrifugal Force (rcf or G-force)
during extraction. The extraction temperature was controlled
by a thermostatic water bath. In extraction procedure, the

MXene coated SPME fiber was exposed to the headspace
above the sample for a certain time. When extraction has been
completed, the fiber was taken out from the vial and instantly
introduced into GC injection port for thermal desorption.
Before each use, the fiber was conditioned at 280 °C for
10 min.

Dispersive micro solid-phase extraction procedure

A 10 mL of sample aqueous solution including 100 ppb of
melamine was prepared. 10 mg of MXene was added into the
sample solution and magnetically stirred for 30 min. At this
stage, the analyte was adsorbed on the dispersed sorbent.
Subsequently, the MXene particles were separated from the
solution through centrifugation at 5600 rcf for 5 min. The
supernatant was easily discarded, 500 pL of eluting solution
methanol-ammonia (95:5 v/v) was added to the residue and
the mixture was vortexed for 2 min to desorb the retained
melamine. After that, the mixture was centrifuged at 5600
rcf for 2 min and the volume of supernatant decreased to
50 pL under a nitrogen stream. 20 pL of this solution was
introduced to HPLC-UV for the quantification [28].

Results and discussion
Choice of materials

Development of new coating material is of great importance to
achieve high extraction efficiency, and selectivity. Two di-
mensional (2D) materials have garnered great attention owing
to their unique physical and chemical properties. MXenes are
a group of two-dimensional materials with the unique mor-
phology, dispersibility, abundant active sites on their surface
and stability. These features suggests that Ti3C,T can poten-
tially be used as adsorbents for SPME. The main aim of the
work is investigation of Ti3C, MXene as a coating material for
solid-phase microextraction.

Characterization of synthesized MXene

The synthesis procedure of MXene 2D material and fabrica-
tion of MXene fiber is schematically depicted in Fig. 1a. The
following simplified reactions occur when TizAlC, is im-
mersed in HF [17]:

Ti;AlC, + 3HF = AlF; + 3/2H, + Ti3C; (1)
TizC, + 2H,0 = Ti3C,(OH), + H, (2)
Ti3C, + 2HF = Ti3C, F, + H, (3)

When reaction 1 took place, Al atoms were removed from
the layers. Following this reaction, metallic bindings that

@ Springer



151 Page 4of8

Microchim Acta (2020) 187: 151

gluing ‘

=

MAX phase MXene SPME fiber
b

;:, Ml Y T TisCy

=t b

E

E

o Ti3AlCAz L
0 020 30 4 50 60
2 O (degree)
e

TiKe

ng;
>
r—?
-
« E]
3

ke

5 o

RMRC FESEM

Fig. 1 a Schematic illustration of the preparation and fabrication of MXene fiber (b)XRD patterns of TizAlC, and TizC, (¢, d) FE-SEM image of Ti;C,
MXene with layered structure, (d) enlarged view of (c), (e) EDS spectra of TizC, MXene, (f, g) TEM images of Ti;C, 2D nanosheets

holding the MAX phase integrated were disrupted which re-
sulted in exfoliation of TizC, layers. X-ray diffraction (XRD)
patterns of the materials are shown in Fig. 1b. After TizAlC,
was etched by HF, (002) peak at 9.54° related to the MAX
phase shift towards lower angles (9.02), etching away of Al
layers and forming Ti;C, Ty phase was successfully confirmed
[17, 26, 27]. As shown in Fig. lc, FE-SEM image of the
Ti3C,Tx powders after HF treatment exhibited accordion-
like distinctly separated layered structure. This can be attrib-
uted to the fact that Al atom layers in the original Ti3AlC,
phase were selectively etched away. The FE-SEM image at
higher magnification of Ti;C,Ty (Fig. 1d) confirms that Al

100 +

0 200 400 600
Temperature (°C)
Fig. 2 TG curves of (a) Ti;C, Ty in argon atmosphere
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atom layers can be selectively etched away, only leaving the
periodic 2D interlayer space and indicates the clear layered
structure. The TizC, layers are almost parallel to each other,
which indicates that the etching direction of Ti3AlC, prefers
along a certain orientation. The unique 2D layered structures
can benefit molecule transport due to the shortened diffusion
path and thus improve adsorption performance. X-ray energy
dispersive spectroscopy (EDS) of the particles (Fig. 1e) shows
that main elements (Ti, C) and surface terminations (O, F)
with little Al verified the elimination of Al and indicating that

4500000

4000000

3500000

3000000

2500000

Peak area

2000000

1500000

1000000

500000

0
DMP DEP Nap AcY Flu Ant Flt Pyr

Fig. 3 Comparison of extraction efficiencies for PAHs, DMP and DEP
for Ti;C, coated fiber



Microchim Acta (2020) 187: 151

Page 50f8 151

Table 1 Analytical parameters of

MXene coated fiber for GC-MS Compound LOD LR R? Single fiber (n=6, RSD Fiber-to-fiber (n =3, RSD
determination of PAHs mgL™ (gL %) %)

Naphthalene 1.0 2-1500 09990 74 9.8

Acenaphthylene 0.2 2-1500 0.9998 4.6 6.2

Fluorene 0.2 2-1500 09994 5.1 6.7

Anthracene 0.5 5-2000 0.9997 55 7.6

Fluoranthene 5.0 50-3000 0.9995 6.7 9.7

Pyrene 5-0 50-3000 09993 5.8 9.4

the surface functionalized MXene is evenly present on the
framework. To further observe the morphology of Ti;C, by
TEM images, as displayed in Fig. 1f, g exhibit the two-
dimensional nanosheets of Ti;C,Tx.

Figure 2 shows the thermogravimetric analysis (TGA)
curve of Ti;C,Ty at Ar atmosphere. The temperature was
raised from room temperature to 600 °C. The weight loss until
200 °C can be attributed to the removal of superficial and
interstitial water and/or HF residue from the MXene surfaces
[29]. Weight losses above 200 °C may originate from the
dehydroxylation of terminated OH groups and the detachment
of grafting functional groups bonded to the MXene surface. It
also revealed that the chemically grafted groups are stable up
to at least this temperature [22—24]. At temperatures >300 °C,
no significant weight change was observed in the thermo-
gram, which demonstrated that most volatile species were
eliminated at temperatures below this threshold and TizC,
MXene is stable even up to 600 °C. The excellent thermal

stability implies that Ti;C, MXene will be suitable for high-
temperature applications such as SPME where fibers are ex-
posed to high temperatures in a GC inlet for analyte
desorption.

Extraction ability of MXene

To study the extraction ability of the MXene nanosheet,
analytical measurements were conducted in a GC-MS for
SPME fiber. SPME fiber was prepared by gluing method.
Gluing method is a universal method and simpler than
other coating procedure, but it has a limitation. The self-
made coating cannot be directly inserted into sample with
complex matrix due to the exposed powdery material
which is more prone to be scraped from the support [2].
MXene coated fiber was used to extract non-polar PAHs
and more polar analytes rather than PAHs like DMP and
DEP. The extraction efficiency of MXene towards PAHs

Table 2 Comparison of different

coatings for the SPME of PAHs Coating LOD LR Extraction ~ Method Ref
extraction (the unit of LODs and (g L™ mgL™ time (min)
LR in some Refs converted to ng
L™ Graphene 1.52-2.72 5-500 40 HS-SPME-GC/MS  [31]
polymeric composite incorporating ~ 0.11-2.1 20-5000 70 DI-SPME-GC/MS [32]
metal organic framework(MOF)
ordered mesoporous polymer 0.3-39 10-1000 35 HS-SPME-GC/MS [33]
Ordered mesoporous carbon 0.2-2 2-2000 40 HS-SPME-GC/MS [14]
nitride
TiO2@C 0.4-7.1 10-2000 60 HS-SPME-GC/MS  [34]
silver nanoparticles 20-50 80-5000 60 DI-SPME-HPLC/F [35]
200-5000 !
Porous carbon derived from 5-20 100-12,000 20 HS-SPME-GC/MS  [36]
aluminum-based MOF
etched stainless-steel fiber coated 0.29-0.94  0.2-2000 32 HS-SPME-GC/MS [6]
with a covalent organic frame-
work
large pore ordered mesoporous 1.6-10 10-50,000 40 HS-SPME-GC/MS [37]
carbon
zeolite imidazolate framework-8 0.3-27 10-20,000 35 DI-SPME-GC/MS [38]
(ZIF-8)
Ti;C, MXene 0.2-5 2-1500 40 HS-SPME-GC/MS  This
50-3000
work

? Fluorometric detection
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Table 3 Analytical results for determination of PAHs in water samples
Compound Caspian Sea water Tap water

Origin Concentrations Spiked Concentrations Relative Origin Concentrations Spiked Concentrations Relative

(ng LY (ng LY Recoveries% (ng LY (ng LY Recoveries%
Naphthalene 53 10.0 913 Nd 5.0 98.2
Acenaphthylene Nd 5.0 96.7 Nd 5.0 109.4
Fluorene Nd 5.0 98.2 Nd 5.0 101
Anthracene 18.4 20.0 105 Nd 10.0 100.8
Fluoranthene Nd 100.0 91.7 Nd 100.0 96.2
Pyrene 160.0 200.0 93.4 Nd 100.0 91.7

Nd stands for not detected

is higher than that for DEP and DMP (Fig. 3). It should be
noted that based on the discussion on TGA analysis in
Fig. 2 and literature report, above 200 °C the dehydrox-
ylation of terminated OH groups and the detachment of
grafting functional groups bonded to the MXene surface
was happened [22-24]. Also, in SPME, fibers were ex-
posed to high temperatures in a GC inlet for analyte de-
sorption, therefore MXene lost the functional group and it
became more suitable for adsorption of PAHs in HS-
SPME mode. Additionally, due to MXenes surfaces ter-
mination with —OH, —O—, and —F, in aqueous solution,
MXene had good hydrophilicity and solution process abil-
ity [21, 30]. A hydrophilic surface was beneficial for the
adsorption of polar or ionic species [21]. Hence, to show
the ability of MXene for extraction of a polar analyte,
extraction of melamine as a polar analyte was tested.
Analytical measurements were conducted in an HPLC-
UV for dispersive micro solid-phase extraction method.
The extraction recovery for melamine by dispersive micro
solid-phase extraction was obtained 80.1% (the details
were described in Supplementary Information). Due to
open interlayer structure melamine molecules easily en-
tered the interlamellar space forming hydrogen bonds

Pyr

Ant
AcPy Flu Flt

N

8 12 16 20 24 28
Retention time (min)
Fig. 4 Chromatograms of PAHs from sea water

Response
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with the hydrophilic surface functional groups such as —
OH and —O— on MXenes. This result shows that MXene
is suitable for the adsorption of polar analyte in solution
phase. Hence, their charged nature of the MXene layers,
hydrophilic nature and abundant highly active surface
sites, MXenes have been demonstrated to adsorb a variety
of environmental pollutants, including heavy metal ions,
organic dyes and radionuclidesand thus can be used for
the removal of pollutants and even sensing [19].

Method validation

MXene-coated fiber followed by gas chromatography-
mass spectrometry (GC-MS) was used for extraction and
analysis of the analytes. Generally, there are several pa-
rameters that can affect the SPME efficiency of the fiber.
For obtaining high extraction efficiency, the effect of var-
ious parameters such as the extraction temperature, de-
sorption temperature, extraction time, and salt concentra-
tion were optimized. The optimization results are shown
in Fig. S1. Under the optimized extraction conditions, the
linearity, correlation coefficient, relative standard devia-
tions (RSD), and limits of detection (LOD) of the pro-
posed method were studied. As shown in Table 1, wide
linearity is obtained. The correlation coefficients are with-
in the range of 0.9990 and 0.9998. The LODs are between
0.2-5 ng L'. Furthermore, the RSDs of the single
MXene fiber for all PAH analytes are found to be within
the range of 4.6% to 7.4%, while the fiber-to-fiber repro-
ducibility are between 6.2% to 9.8%. On the whole, the
suggested SPME route shows broad linear ranges, low
LODs along with good reproducibility for determination
and quantification of PAHs. In comparison to literature
survey this method is comparable to the other reported
methods for the analysis of PAHs in terms of sensitivities
(Table 2). The current method is close to or better than the
other methods in respects of the LODs.
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Analysis of real sample

To evaluate the capability of the method for determination of
polycyclic aromatic hydrocarbons in real samples, PAHs were
quantified in two water resources including tap water and sea
water samples.

As exhibited in Table 3, three PAHs containing naph-
thalene, anthracene, and pyrene were found in the seawa-
ter sample with the concentrations of 5.3, 18.4, and
160 ng L', respectively. The relative recoveries were
found to be within the range of 91.3 to 105.0% (the
details were described in Supplementary Information).
Figure 4 portrays the typically extracted chromatogram
of PAHs of seawater sample detected by the developed
method. PAHs were not found in the tap water sample,
and the spiking recoveries were between 91.7-109.4%. In
addition, the fiber can be reused for more than 70 times
without observable decrease in the extraction
performance.

Conclusions

In conclusion, an accordion-like Ti;C,T, nanosheets ma-
terial to date, the most studied MXene, has been prepared
by HF treatment from Ti;AlC, powders etching Al layers.
Clearly, after the aluminum layer removal from Ti;AlC,,
an opened interspace was formed and the layered structure
can be obviously observed. Ti;C, MXene was used for
the adsorption of organic molecules from head-space and
aqueous environments containing. The head space SPME-
GC-MS method exhibited low detection limits, wide lin-
ear ranges along with good recoveries in extraction and
quantification of PAHs in real water resources. Also, mel-
amine was selected as a polar analyte and it was shown
that TisC,T, MXene has good capability in extraction of
melamine from aqueous media by dispersive micro solid-
phase extraction. MXene may be useable for direct and
in-tube SPME. Also Ti;C, has good biocompatibility [21,
39, 40], MXenes can be used for in-vivo SPME analysis.
We believe that other MXene family materials and their
composites with other adsorbents can be fabricated and
further developed for the application in microextraction
in the future.
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