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Abstract

Ti,C is a 2D nanomaterial with an ultrathin layered structure. This material has remarkable properties due to the —0O, —F, and —OH
functional groups in surface termination, which makes it hydrophilic and suitable for membrane applications. Herein, we reported
the chloride salt-intercalated Ti,C membrane for methylene blue (MB) removal. The modification was done by a simple mixing
method between chloride salt and Ti,C. First, Ti,C was synthesized from its parent phase of Ti,AlC using in-situ HF etchant. Then, Ti,C
was modified using chloride salt (NaCl, KCI, MgCl,, and CaCl), and mixed cellulose ester (MCE) was used as a membrane support to
produce a MXene-based membrane (MXM). The results show that chloride salt ions enhance the interlayer spacing of Ti,C due to the
ability of salt cation to be inserted and replace the Li* as intercalant. This result is also evidenced by the difference in d-spacing in
XRD analysis. In methylene blue removal, the flux of the membrane was excellent, around 2000-3000 L m~2 h™%, with a dye removal
value above 97%. The high dye removal is correlated with the electrostatic interaction between the negative surface of Ti,C and the
positive charge of MB. Then, the remarkable performance was reached by MXM-KCI with flux and rejection of 3303.31 L m2hland
99.01%, respectively. The excellent flux of MXM-KCl correlated with the Gibbs free energy hydration of K* is lower than the other salt
cations (Na*, Mg2*, and CaZ*). In addition, all membranes exhibit great fouling resistance, with an FRR value of about 90%.
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Introduction

Methylene blue (MB) is a synthetic dye commonly used in industry for various applications, such as coloring paper, wool
dyeing, hair coloring agents, and redox reaction indicators (Din et al., 2021; Kumar et al., 2024). Besides that, the typical
redox features of MB can be used in biomedical as a biological stain (Kumar et al., 2024). MB dissolved in water will
absorb and reflect the sunlight, which impedes the sunlight from reaching the aquatic environment (Haider et al., 2022).
Nevertheless, the excessive use of MB is unfavorable for the environment and living things. MB can induce several
diseases in humans, such as jaundice, vomiting, dizziness, and methemoglobinemia (Kishor et al., 2021; Kumar et al.,
2024; Oladoye et al., 2022). MB does not degrade naturally, and the structure is relatively stable (Kumar et al., 2024;
Oladoye et al., 2022). Thus, finding a more appropriate strategy for MB degradation is urgently required. There are
several ways to remove dyes in the aquatic environment, such as physical adsorption, biological degradation, oxidation,
reduction, and bio-adsorbent (Kumar et al., 2024; Manzoor et al., 2024; Naseem et al., 2023, 2024). However, these
methods have several limitations, such as contaminants from secondary metal ions, sludge disposal issues, and
unreasonable expense (Gautam et al., 2020; Jabbar et al., 2023; Priyadharsini et al., 2023). Membrane technology has
gained substantial attention due to numerous benefits, including no change in chemical phase, ease of control, cost-
effectiveness, and low energy consumption (Kadja et al., 2023; Sagita et al., 2024; Umam et al., 2023; Zhao et al., 2021).
There are two types of membranes based on material source, i.e., inorganic and organic materials (Zafar et al., 2024).
In its application, the researcher produces a hybrid membrane that is a mixture of inorganic and organic materials to
enhance its performance(Zheng et al., 2024).

Two-dimensional materials have commonly been explored in membranes, such as hexagonal boron nitride, metal-
organic frameworks (MOFs), graphitic carbon nitride, and metal, carbide, or carbonitride (MXene) (Al-Hamadani et al.,
2020; Karahan et al., 2020). MXene is a new 2D ultrathin nanomaterial with the general formula Mn+1XnTx, where M and
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X are early transition metals and carbide and/or nitride, respectively. At the same time, Ty is called terminal functional
groups, e.g., —OH, —F, and O (Berdiyorov & Mahmoud, 2017; Gogotsi & Anasori, 2019; Halim et al., 2019; L. Li et al.,
2017; Naguib et al., 2011). The hydrophilic surface of MXene and its layered structure are favorable features for
membrane applications. Moreover, MXene has an outstanding structure, large surface area, and charge-selective
sieving (Berdiyorov & Mahmoud, 2017; Ibrahim et al., 2022). Several researchers studied different MXene applications
in membranes, such as TisCz, V2C, and V4Cz(Lan et al., 2022; Zhang et al., 2019). For instance, Wei et al. (Wei et al., 2019)
prepared a graphene oxide-TisC2 composite membrane for MB removal. Adding TisCz could increase the interlayer
spacing of the membrane more than pure graphene oxide, elevating the membrane’s performance (rejection of 98.56%
and flux of 16.69 L m~2 h71). In another previous work, salt-modified TisC>-based membranes were prepared to boost
membrane performance in terms of both selectivity and permeability. Modifying TisC2-based membrane with KCl has
an exceptional flux and rejection of 141 L m~2 h~* and ~100%, respectively (Sagita et al., 2022).

This study investigated the synthesis and the application of Ti>C for MB removal by using mixed cellulose ester (MCE) as
a supporting membrane. In-situ HF etchant was used to transform the Ti2AIC phase to Ti2C by removing the Al layer.
Several characterizations were applied to reveal the Ti2C product, such as X-ray diffraction (XRD), Raman, and scanning
Electron microscopy (SEM) equipped with energy-dispersive X-ray spectroscopy (EDX). Then, the Ti2C-based membrane
was formed by depositing Ti.C into a supported membrane. Furthermore, the membranes were modified using chloride
salt (NaCl, KCl, MgClz, and CaClz). The Ti2C-based membrane possessed the typical layered structure, with the interlayer
spacing changing along with the modification. Then, a series of membrane performance tests was conducted using facile
vacuum filtration. As a result, the Ti2C-based membrane with and without modification showed outstanding properties,
leading to excellent separation performance.

Materials and Methods

Materials

The chemical used in this study is Ti2AIC (MAX, China), lithium fluoride (LiF 99.99%, Merck, USA), hydrochloric acid (HCI
37%, Merck, Germany), ethanol (C2HsOH, Supelco, Germany), aqua DM, dimethyl sulfoxide (Supelco, Japan), methylene
blue (Mw 319.85 g mol™, Merck, Germany), potassium chloride (KCl Mw 75.55 g mol~, Merck, Germany), sodium
chloride (NaCl Mw 58.44 g mol™, Merck, Germany), and MgCl,.6H,0 (Mw 203.31 g mol™?, Sigma Aldrich, Canada),
CaCl2.2H,0 (Mw 147.01 g mol™). Mixed cellulose ester (MCE) was purchased from Green Mall with a mean pore
diameter and diameter of 0.22 um and 4.7 cm, respectively.

Synthesis of MXene

Ti>C was produced by etching the Al layer from its parent compound of Ti>AlIC using in-situ HF. First, 1.10 g of LiF was
dissolved into 30 mL of HCI 6 M with stirring for 10 min. Then, 1 g of Ti2AIC was gradually added to the mixture and
reacted at 40°C for 36 h. The produced mixture was centrifuged for 5 min at 3500 rpm. After that, the solid was collected
and washed with deaeration ethanol and water four times at 3500 rpm until it reached pH 5. The solid was accumulated
and dried at room temperature. Finally, the powder was dissolved into Aqua DM and sonicated for 1.50 h. The resulting
dispersion is Ti2C.

Membrane Preparation and Modification

Mixed-cellulose ester (MCE) was used as a solid support membrane. First, Ti.C was deposited on MCE using vacuum-
assisted filtration, with a total loading concentration of 1 mg cm™2, 2 mg cm™2, and 3 mg cm™2. This result is labeled MXM.
Furthermore, MXM was modified with chloride salt by adding the mixed solution of 20 mL of MXene and 1 M chloride
saltin a ratio of 1:1. Then, the mixture was genuinely poured and deposited on MCE. The resulting membrane is marked
as MXM-S, with S stands for chloride salt (CaClz, MgCl,, KCI, and NaCl), and MXM is a pure MXene-based membrane.

Membrane Characterization

Several characterizations were used in this study. First, X-ray diffraction (XRD) analysis over a 20 range of 5°-90°, the step
size was 0.02° (Cu-Ka radiation, A = 1.54 A), was recorded using Bruker D8 Advance. Then, scanning electron microscopy
(SEM) images of samples were taken with FESEM Thermo Scientific Quattro S equipped with energy-dispersive X-ray
spectroscopy (EDX). A Horiba LabRAM HR Evolution spectrometer was used to analyze the Ti2C and Ti2AIC Raman
shifted. The analysis was conducted using a 532 nm laser at a power output of 10 mW. Then, the FTIR spectra were
obtained using a Bruker Alpha FTIR (Wavenumber from 4000 cm-1 to 500 cm-1). Furthermore, the hydrophilicity of
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membranes was obtained using water contact angle analysis, which was measured by dropping water on the membrane
surface.

Membrane Filtration Test

The resulting MXM and MXM-S were used for methylene blue (MB) filtration, which was performed using a facile
vacuum filtration. The MB feed concentration was 100 mg L™%. The initial and final concentration of MB was measured
using a UV-vis spectrophotometer at A = 663 nm. The following equation (Egs. (1) & (2))was used to calculate the
rejection (R) and dye flux (J):

C
R=(1-2) &
J=5 2)

Co (mg L) is the permeate concentration, while Cr (mg L) is the feed concentration of MB solution. Next, A is an
effective membrane area (m?), V is a permeate volume (L), and t is filtration times (h). The total volume of the feed
solution is 10 mL for all membrane tests. Furthermore, antifouling of the membrane was obtained by calculating the
flux recovery ratio (FRR) as follows in Eq. (3):

FRR = j—R x 100% (3)

w

Jr and Jw are flux after dye filtration and flux of pure water.

Results

Ti2C has been successfully synthesized from the MAX phase of Ti2AIC via etching Al layer using in situ HF. Figure 1(a)
shows the XRD diffractogram of Ti>C and Ti,AlC. Meanwhile, the XRD of Ti>C with salt modification was depicted in Figure
1(b). Moreover, the Raman analysis (Figure 1c) shows the characteristic peak related to the Ti.C and Ti2AIC. FTIR spectra
of all samples are shown in Figure 1(d). MXM and MXM-S have a broad peak at 3272 cm~" which is correlated with O-H
stretching, while this peak disappears in Ti>AIC (H. Ahmad et al., 2023). In addition, the other peaks at 1632 cm™ (O-H
bending) and 564 cm™ (Ti-O bending) can be observed in MXM and MXM-S, which indicates the terminal functional
group of Ti2C (H. Ahmad et al., 2023; Y. Li et al., 2017). The morphological images of membranes were taken using
scanning electron microscopy (SEM) (Figure 2(a), (b)). This characterization plays an essential role in this study to
determine the accomplishment of the synthesis. Moreover, the MXM-S have been analyzed using SEM coupling with
EDX, as shown in Figure 3 (a) and (b).

The Ti2C has terminal functional groups, i.e., -0, —OH, and —F, which cause its hydrophilic nature. This feature is
beneficial for membrane applications. Thus, water contact angle (WCA) analysis is indispensable to determine the
membrane hydrophilicity. Figure 4(a) depicts the WCA of all membranes. The filtration test of MXM and MXM-S samples
was applied in methylene blue removal. The loading amount of Ti.C has been varied. As shown in Figure S5, the
difference in Ti2C loading amount will generate different membrane performance. Figure 4(b) shows the flux and dye
removal of all membranes. In this study, there are two types of chloride, i.e., chloride salt with a cation charge of +1
(NaCl and KCl) and +2 (MgCl, and CaCl,). Pristine MXM has a flux of 2680.19 L m~2 h™%, while the chloride MXM-S has a
more excellent flux value (MXM-NaCl= 2809.76 L m™2 h™!, MXM-KCI = 3303.31 L m~2 h™%, MXM-MgCl> = 2829.13 L m~2
h=1, MXM-CaCl> = 3000.16 L m~2 h7%). Fouling is also critical to the membrane application because it can affect the
membrane's performance. The flux recovery ratio (FRR) is a parameter that indicates membrane fouling. The FRR of
membranes is shown in Figure 4(c), which is the antifouling of all membranes relatively high.
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Figure 1  (a) XRD pattern of Ti,AIC and Ti,C, (b) XRD pattern of chloride salt-modified Ti,C, (c) Raman spectra of Ti,AlC and
Ti>C, and (d) FTIR spectra of all membranes and Ti,AIC.

(a)

(b)

Figure 2

SEM images of (a) Ti>AIC and (b) Ti,C.
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Figure3  (a) SEM images and (b) EDX spectra of MXM-S sample.
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Figure4 (a) Water contact angle trend, (b) flux and rejection, (c) FRR of MXM and MXM-S samples, and (d) filtration
performance of this study and others.

Discussion

Ti2AIC has major features at 20 12.97° and 39.57°, correlating with the (002) plane and Al peaks, respectively (Melchior
et al., 2018). In Ti2C, the peak of Al disappeared, indicating that the removal of the Al atom was successful. Meanwhile,
the (002) peak still exists and shifts into two minor peaks, 26 6.25° and 7.11°. This shift demonstrates an increase in the
d-spacing of Ti2C. Furthermore, the use of chloride salts in Ti2C has replaced Li* as an intercalant. In addition, the d-
spacing of Ti.C with salt modification increases. This can be observed from the shift of the (002) plane to 6.46°, 6.42°,
5.91°, and 5.65° for MXM-NaCl, MXM-KCI, MXM-MgCl2, and MXM-CaCl,, respectively.

Raman analysis demonstrates the main features of Ti>AIC at w1, w2, and ws, with Raman shifts at 149 cm™2, 267 cm™,
and 360 cm™, respectively (Melchior et al., 2018). These peaks are assigned to Ti and Al's shear and longitudinal
vibration. The absence of these peaks in the Ti2C spectrum indicates the successful removal of the Al layer in the Ti>AIC
phase. In addition, new peaks are apparent at 1350 cm~t and 1580 cm™ in the Raman spectra of Ti>C assighed to the D-
band and G-band, respectively (Melchior et al., 2018; Sagita et al., 2022). The D-band is associated with perturbed sp?,
while the G-band is ascribed to stretching the C-C bond in sp?, both in chains and rings. The D-band and G-band imply
the existence of amorphous carbon in Ti2C. FTIR analysis shows that the addition of chloride salt does not change the
terminal functional group of TizC.

Morphological analysis shows that Ti2AIC has a denser and more compact structure compared to Ti2C. The Ti2AIC bulk
(3D structure) was successfully transformed into Ti2C layered structure (2D structure) using HF treatment. In addition,
Ti>C has a space between the layers of Ti2C due to the removal of the Al atom from TiAIC. SEM EDX analysis
demonstrates that All MXM-S have a typical morphology like Ti2C. On the other hand, all MXM-S have different EDX
spectra depending on the type of salt used to modify them. However, each MXM and MXM-S sample has F, O, C, and Ti
atoms, which are the primary atoms in Ti2C. The O and F atoms appear due to their roles as terminal functional groups
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of Ti2C. The peak of Al also disappears, indicating that the etching process was successful. Figures S1-S4 depict the EDX
mapping of the MXM-S samples in which the atoms of samples are evenly distributed in the membrane. As a result, the
EDX analysis also demonstrated that the cation of salt replaced the Li* as intercalant.

Water contact angle analysis shows that adding chloride salts increases hydrophilicity, denoted by a successive decrease
in the water contact angle. The chloride salt ion can be present in the surface layer of Ti>C, which can interact with water
via ion-dipole interaction. Hence, the interaction between MXM-S and water is higher than pure MXM and water.
Further analysis on the effect of Ti.C loading was observed. Results shows that the greater the amount of Ti>C used, the
thicker the Ti2C layer on the membrane will be, resulting in a lower flux. This is because the path passed by the feed will
be longer. The membrane flux will decrease due to the high loading amount of Ti>C. Conversely, the high loading amount
of Ti>C is beneficial because it generates high rejection values. The high loading amount of Ti>C will provide many active
surfaces of Ti2C, which can enhance membrane rejection. As a result, 3 mg cm~2 of Ti2C exhibits the best performance.
Therefore, this loading amount is used in the MXM and MXM-S. As mentioned before, the modification with chloride
salt could change the d-spacing and interlayer spacing of the membrane. As a result, MXM and MXM-S have a flux over
2000 m~2 h7}, indicating the membrane's superior permeability.

In terms of flux evaluation, the chloride salt generally boosts the membrane flux. For chloride salt, with a cation charge
of +1, the trend of flux is MXM-KCI > MXM-NaCl > MXM, while the flux trend of the membrane with a cation charge of
+2 is MXM-CaClz > MXM-MgCl.. Moreover, the increasing flux of MXM-S is influenced by the cation and anion inserted
between the Ti2C layers. The chloride salt cations can interact with water molecules, which is the solvent of the feed
solution. Each ion has a different Gibbs free energy hydration as follows: AGhyd Lit = —566.59 kJ mol™, AGhya Na* =
—365.01 kJ mol™, AGhya K" =—-295.21 kJ mol™, AGhys Mg?* = —1831.22 k) mol™, AGhyd Ca*" = —1493.00 kJ mol™, and AGhyq
Cl~=-310.54 k) mol™?) (Adapa & Malani, 2018; J. Li & Wang, 2017; Schmid et al., 2000). The MXM-KCI has a higher flux,
which means faster water transport than the others because it has a lower Gibbs free energy hydration (Sagita et al.,
2022). Thus, the interaction between KCl and water as a solvent feed solution is relatively weak. Furthermore, all
membrane samples have an excellent dye removal of about >97%. The chloride salt modification does not influence the
dye removal performance. Dye removal of MXM, MXM-NaCl, MXM-KCI, MXM-MgCl2, and MXM-CaClz are 98.39%,
98.28%, 99.01%, 97.25%, and 97.54%, respectively. The higher rejection of all membranes is due to the electrostatic
interaction between Ti2C surface and MB, in which the surface of Ti2C has a relatively negative charge, and MB is fairly
positive. This is proven by the zeta potential analysis, as seen in Figure S6 at Supporting Information. These opposite
charges of MB and Tiz2C lead to attractive electrostatic interaction.

Evaluation on the FRR of the membranes shows that antifouling of all membranes all relatively high. The ion of chloride
salt can be retained in the membrane channel, affecting the membrane fouling. In addition, the fouling is also influenced
by the membrane hydrophilicity, which can enhance the fouling resistance of the membrane (Umam et al., 2023). The
hydrophilicity of the membrane surface accelerates the formation of a water layer on the membrane surface. This water
layer is beneficial due to its ability to prevent clogging in membrane pores so that the permeability of the membrane
will increase with the lower fouling of the membrane(A. L. Ahmad et al., 2019; Kadja et al., 2023). Overall, the FRR of all
membranes is about >80%. Moreover, the decrease in rejection of the membrane was tested at 2-cycle filtration, as
shown in Table S1. It can be seen that at two cycles, the rejection of the membrane decreases between 42.63-28.31%
relative to the rejection at the first cycle. The result can be correlated with the capacity of the surface of the membrane
to trap the dye removal decrease after 1% cycle of filtration. In addition, XRD analysis was done after the filtration
process, as seen in Figure S7. This result shows that the peak of all membranes does not change significantly, which
indicates the structure doesn’t change after the filtration process. The MXM and MXM-S performed remarkably well
due to the higher flux than the other previous work. The MXene and other nanomaterials have been used in membrane
applications. Figure 4(d) shows the membrane filtration of prior studies, and the data was tabulated in Table S2. For
instance, MCM 0.6 has been used for MB filtration with the rejection of 100%, while the flux is only about 44.97 L m~2
h=1 (Zhang et al., 2019). Thus, the result of this study has an outstanding performance.

Conclusion

The investigation of the MXene-based membrane was conducted in this work, including Ti>C synthesis from Ti>AlIC
phase, fabricated MXene-based membrane, modification Ti.C with chloride salt (NaCl, KCI, MgCl,, and CaCl),
characterization, and membrane filtration test for methylene blue removal. Ti>C has been successfully synthesized using
in-situ HF as indicated by the absence of Al peak in XRD pattern and (002) plane shifted into a lower 26. Other analyses
such as Raman, FTIR, and SEM also prove the transformation of Ti2AIC to TizC. Chloride salt modification of Ti2C increases
the interlayer spacing by replacing Li+ as an intercalant with cationic salt (Na+, K+, Mg2+, and Ca2+). In addition, the
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water contact angle of the membrane decreases with the addition of chloride salt, indicating that the membrane
exhibits high hydrophilicity. As a result, all membranes have a high dye removal with a rejection of about >97%.
Moreover, chloride salt could enhance the permeability of membranes than pure MXene-based membranes due to the
greater interlayer spacing than Ti2C without chloride salt modification. MXM-KCl showed excellent performance
compared to other membranes with outstanding flux and rejection of 3303.31 L m-2 h-1 and 99.01%, respectively.
Besides that, the MXM-KCl has antifouling properties with an FRR of 94.47%, and the others have an FRR of about ~90%.
Overall, the modification of the chloride salt of Ti.C will elevate the membrane's performance and inhibit the trade-off
effect of the membrane. This study revealed the potential of chloride salt-modified Ti>C in membrane application. In
terms of scalability, the used HF in situ in Ti2C synthesis is a major challenge because it produces a small amount of HF
in the final process. Therefore, it is highly recommended to use safe methods, such as molten salt etching,
electrochemical etching, or alkali etching. In addition, computational studies and modelling using machine learning are
highly recommended to be implemented to estimate the membrane performance.
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