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ABSTRACT

Dye contamination poses a significant threat to water sources and ecosystems, necessitating the development of
efficient treatment methods. Basic Red 46 (BR 46), a highly toxic and persistent azo dye, presents specific challenges
in removal from water resources. This study investigates the adsorption efficiency of TisC,Tx (Titanium Carbide)
MXene, synthesized via direct HF (Hydrofluoric acid) etching, for BR 46 removal. The physicochemical properties
of Ti;C,Tx were characterized using Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), and
scanning electron microscopy (SEM). Additionally, the effects of pH, MXene amount, and initial BR 46
concentration on BR 46 adsorption were also investigated. The results show a maximum BR 46 removal efficiency
of 99.98% at pH 2, 4 g/L TisC2Tx dose, 50 mg/L BR 46 concentration, and 90 min contact time. This research
underscores the potential of TisC,Tx MXene as a potent adsorbent for BR 46 dye removal, offering insights for future
water treatment applications.
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OZET

Boya kirliligi, su kaynaklar1 ve ekosistemler i¢in 6nemli bir tehdit olusturmakta ve etkili aritma yontemlerinin
gelistirilmesini gerektirmektedir. Oldukg¢a toksik ve kalici bir azo boyasi olan Basic Red 46 (BR 46), su
kaynaklarindan uzaklastirilmasinda belirli zorluklar ortaya ¢ikarmaktadir. Bu c¢aligmada, BR 46 giderimi i¢in
dogrudan HF (Hidroflorik asit) asindirma yoluyla sentezlenen TisC,Tx (Titanyum Karbiir) MXene'nin adsorpsiyon
verimliligi aragtirtlmustir. TisCoTy'in fizikokimyasal 6zellikleri, Fourier doniigiimli kizilotesi (FTIR) spektroskopisi,
X-1s1m1 difraktometresi (XRD) ve taramali elektron mikroskobu (SEM) kullanilarak karakterize edilmistir. Ayrica
pH, MXene miktari ve baglangi¢ BR 46 konsantrasyonunun BR 46 adsorpsiyonu tizerindeki etkileri de arastirilmigtir.
Sonuglar, pH 2'de, 4 g/ TisC,Tx dozunda, 50 mg/L. BR 46 konsantrasyonunda ve 90 dakika temas siiresinde
%99,98'lik maksimum BR 46 giderim verimliligini gésterir. Bu aragtirma, TisC>Tx MXene'nin BR 46 boya giderimi
icin giiclii bir adsorban olarak potansiyelinin altin1 ¢izerek gelecekteki su aritma uygulamalart i¢in Ongoriiler
sunmaktadir.
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INTRODUCTION

Dye contamination in water sources is a significant issue with detrimental effects on ecosystems. Dyes, particularly
azo dyes, are widely used in industries such as textiles and contribute to water pollution (Hashemi & Kaykhaii, 2022).
The discharge of effluents from dye processing industries contains a variety of pollutants, including color compounds,
suspended solids, acids, chlorine dyes, chromium, and phenolic substances (Devasia, Anand, & Nair, 2022). These
dyes are persistent and non-biodegradable, leading to long-term hazards in the environment (Maheshwari, Agrawal,
& Gupta, 2021). The presence of dyes in water bodies reduces aesthetic value, affects photosynthesis, and disrupts
the food chain and web. Dyes can accumulate and biomagnify, causing toxicological impacts on aquatic flora, fauna,
and human health. Azo dyes, in particular, are highly toxic and can generate harmful byproducts (Lekhak, 2023).
The textile industry alone contributes a significant portion of industrial water pollution. Various physical, chemical,
and biological methods are employed for dye removal from wastewater, including advanced oxidation, filtration, and
microbial degradation (Ghosh & Sarkar, 2022). Nanotechnology, specifically the use of nanoparticles, shows promise
in the effective elimination of dye contaminants (Kamsonlian & Agarwal, 2023). Overall, dye contamination poses
a serious threat to water sources and ecosystems, necessitating the development and implementation of efficient
treatment methods (Hashemi & Kaykhaii, 2022).

Public awareness and education can play a crucial role in mitigating dye contamination in water sources. By
increasing public awareness about the harmful effects of dye pollution and the importance of clean water, individuals
can be motivated to take action to prevent and reduce contamination. Educating the public about the sources and
consequences of dye pollution can help them make informed choices and adopt sustainable practices in industries
that use dyes, such as the textile sector (Mustafa, Jamil, Zhang, & Girmay, 2022).

Regulatory frameworks are in place to monitor and control dye pollution in water. Environmental legislation
commonly obligates textile factories to treat dye effluents before discharge into water bodies (Allirani, 2022).
Stringent regulations are enforced to minimize the introduction of harmful substances into water bodies and reduce
total solids in wastewater. The presence of dyes in water streams has unexceptional effects on living organisms,
leading to the need for the eradication of dye molecules from wastewater before discharge. Synthetic organic dyes
are considered micropollutants of aquatic ecosystems, and their occurrence in water bodies should be monitored due
to their toxicological properties (Tkaczyk, Mitrowska, & Posyniak, 2020).

The removal of BR 46 dye from water is crucial for environmental health and human well-being due to its toxic and
colored nature. Contamination of groundwater with colored and toxic wastewater, such as BR 46, can cause
environmental problems and negatively impact human health (Abdollahi Ghahi et al., 2022). The worldwide
production of colored products and intermediates has led to an increase in liquid effluents containing toxic dyes
entering the aquatic environment, making it important to dispose of them (Wisniewska, Chibowski, Wawrzkiewicz,
Onyszko, & Bogatyrov, 2022).

BR 46 removal presents specific challenges compared to other dye contaminants (Abdollahi Ghahi et al., 2022). It is
a colored and toxic wastewater pollutant that is difficult to remove from water resources. The removal of chemical
dyes requires advanced oxidation processes (AOPSs) or adsorption techniques (Sharma & Qanungo, 2022). A non-
thermal plasma reactor using high-voltage corona discharge has shown 85% degradation efficiency for BR 46 within
30 minutes of treatment time (Abdollahi Ghahi et al., 2022). Another study has explored the use of a carbon and
silica-based composite for the removal of BR 46, showing temperature-dependent adsorption capacity (Wisniewska
et al., 2022). The challenges in removing BR 46 include its high toxicity, the presence of azo bonds and associated
harmful components, and the difficulty in treating wastewater contaminated with this dye (Saad, Ralha, Abukhadra,
Al Zoubi, & Ko, 2023).

Advanced technologies such as nanotechnology and membrane filtration can play a significant role in enhancing the
removal efficiency of dyes, a harmful pollutants. Nanofiltration membranes, particularly those incorporating
nanocomposite materials like graphene oxide (GO) nanosheets, have shown promising results in terms of higher
separation performance and antifouling tendencies. These membranes have increased permeation flux, rejection of
Congo Red (CR), and flux recovery ratio, making them effective in removing pollutants from wastewater (Adnan
Maykhan, Alsalhy, & Bakhtiari, 2023). Additionally, the use of carbon nanomaterials in membrane filtration has also
been explored. Carbon nanomaterial-based membranes, such as fullerenes, graphenes, and carbon nanotubes (CNTSs),
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have high surface areas and can efficiently adsorb pollutants, including dyes, from wastewater (Banjare, Behera, &
Banjare, 2023).

Innovative technologies and strategies can be employed to address and prevent such as BR 46 dye contamination in
water bodies. One approach is the use of phytoremediation, which involves the use of aquatic plants to filter and
immobilize contaminants in water bodies (Agarwal & Rani, 2022). Another strategy is the formation of biofilms,
which are aggregates of microbes that can absorb, immobilize, and degrade organic matter in water bodies (Verma,
Karande, & Mathur, 2022). AOPs, such as heterogeneous photocatalysis, can also be employed to degrade and
mineralize organic compounds in water systems. These processes can be enhanced by the use of carbon-based
materials as cocatalysts or support materials for photocatalysts (Sadat et al., 2023).

MXene is a unique and promising material for water purification compared to traditional adsorbents due to its
exceptional physicochemical characteristics. These include highly active sites, 2D layered morphology, photo-
catalytic properties, thermal/electrical conductivity, large inter-layer spacing, superior sorption/reduction capacity,
high negative zeta-potential, and the existence of surface functional groups (—-OH and —O) (Bilal, Khan, & Ihsanullah,
2023). The presence of these functional groups allows for electrostatic attraction and surface complexation
mechanisms, enabling the removal of heavy metals from water (Y. Zhang et al., 2023). MXenes also exhibit excellent
sorption selectivity, making them effective for removing hazardous contaminants. Furthermore, MXenes can be
easily functionalized and tuned to optimize their interlayer spacing, further enhancing their adsorption capabilities
(Janjhi et al., 2023). MXenes also offer tunable interlayer spacing and tailorable surface chemistry, making them
suitable for a variety of applications in environmental purification (Rana et al., 2023). Additionally, MXene-based
adsorbents exhibit ultrahigh adsorption capacity and high stability, making them effective for removing pollutants
from wastewater (Qing et al., 2023). MXene-based membranes, adsorbents, and photo-catalysts have been developed
for removing antibiotics and heavy metals from water, and they show promise compared to other 2D membranes
(Janjhi et al., 2023). Overall, MXene's unique physicochemical properties and its potential for various applications
make it a promising material for water purification (Bilal et al., 2023).

The tunability of MXene's surface chemistry allows for the customization of its adsorption capabilities for specific
water contaminants. MXenes are two-dimensional materials with unique properties such as high surface area, good
thermal stability, and large specific surface area (Gopalram, Kapoor, Kumar, Sunil, & Rangasamy, 2023; Ma et al.,
2023; Solangi et al., 2023). The surface reactivity of MXenes depends on the exposed atoms or terminated groups,
such as oxygen, fluorine, and chlorine. Different terminations result in different adsorption capacities and oxidation
rates for specific contaminants. For example, O-terminated MXene exhibits a significantly higher adsorption capacity
and oxidation rate for perfluorooctanoic acid (PFOA) compared to MXenes with F and CI terminations (Ma et al.,
2023). MXenes have demonstrated the capability to adsorb various heavy contaminants, particularly metals such as
chromium, copper, lead, and mercury. The adsorption capacity and selectivity of MXene-based adsorbents can be
influenced by factors such as water quality, adsorbent quantity, pH, adsorption time, and temperature (Solangi et al.,
2023).

MXene plays a significant role in addressing emerging contaminants, including dyes in water sources (Bilal et al.,
2023). MXenes have demonstrated the capability to adsorb various heavy contaminants, particularly metals and dyes,
from water sources (Pouramini et al., 2023). They have been used as effective adsorbents for the enhanced uptake of
different kinds of dyes from aqueous environments (Bilal et al., 2023). MXene-based composite materials have been
developed as efficient adsorbents for the removal of pollutants from water, including organic dyes (Pouramini et al.,
2023).

TisC,Tx MXene has been studied for its adsorption efficiency in removing dyes from water. The TisC,Tx MXene
nanofiltration (NF) membrane demonstrated a high rejection rate of 95.44% for CR, a type of azo dye (Li et al.,
2023). Additionally, TisC,Tx MXene showed excellent heavy metal adsorption capacity, including Pb(I1) and Cu(ll)
ions. The delaminated titanium carbide (DL-TisC,Tx) MXene exhibited a higher maximum adsorption capacity for
Pb(11) (77.0 mg/g) compared to multilayer (ML-TisC,Tx) MXene (56.68 mg/g). However, the maximum adsorption
capacity for Cu(ll) was higher in ML-Ti3C,Tx (55.46 mg/g) compared to DL-TisC,Ty (23.08 mg/g) (Y. Zhang et al.,
2023).

In terms of sustainability, MXene-based materials offer a promising solution for wastewater treatment, as they can
be synthesized from abundant and low-cost precursors. However, the scaling-up process of MXene production is
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currently costly, and the applications are still limited. Future research should focus on developing more
environmentally friendly synthesis methods and reducing the cost of production to ensure the widespread use of
MXene-based materials for water treatment (Tawalbeh et al., 2023).

MXene-based materials have been extensively studied for their adsorption efficiency in water treatment applications.
However, there is a lack of systematic studies comparing the adsorption efficiency of MXene with other materials
specifically for BR 46 removal. While several papers discuss the exceptional physicochemical characteristics of
MXenes that make them effective adsorbents for various dyes (Bilal et al., 2023; Li et al., 2023; Qing et al., 2023),
including BR 46 (Yan, Liu, Wen, & Liu, 2022), there is no direct comparison with other materials for this specific
dye. These studies highlight the potential of MXene-based adsorbents for wastewater treatment and the need for
further research to explore their effectiveness in removing BR 46 and other contaminants. The specific aim of this
study is to examine the effects of pH, MXene amount, and initial BR 46 concentration on the adsorption of BR 46
from aqueous solutions with TisC,Tx synthesized by directly etching HF from the MAX phase. The properties of
Ti3C,Tx were examined using FTIR, XRD, and SEM.

MATERIALS AND METHODS
Materials

Titanium Aluminum Carbide (TisAIC,;, MAX Phase Micron Powder, APS: 325 Mesh, Purity: 99+ %) was purchased
from Nanografi. BR 46 dyestuff was obtained from DyStar and used without purification. The structure and properties
of the dyestuff are given in Table 2. HF was obtained from Merck. H,SO, (Sulfuric acid) and NaOH (Sodium
hydroxide) were purchased from Merck. Reagent water was produced from a Millipore Milli- Q Ultrapure Gradient
3V purification system.

Table 1. Properties of the Dyestuff

Chemical Formula CisH21BrNs
Chemical Structure e S
N N N
V
IO
Br \CHq
Molecular Weight (g/mol) 401.31
Wavelength Used 534 nm

Characterization Techniques

X-ray diffraction (PANalytical Empyrean XRD, Fourier transform infrared spectroscopy (Jasco FT/IR, 6700, Jasco
Inc.), Scanning electron microscope (SEM) (Hitachi SU3500) and UV/Vis spectrometer (PerkinElmer UV/Vis
Lambda 365).

Material Synthesis

The TizAIC, powder (1 g) was incorporated into 28 mL of a 30% (v/v) HF solution, following a method adapted
from the literature (Naguib et al., 2023). Subsequently, the mixture was stirred for 24 hours at 40 °C in a shaking
water bath (GFL Shaking Water Bath 1083). The suspension solution underwent multiple washes with deionized
water until achieving a neutral pH. Post washes, centrifugation (3 minutes at 4100 rpm) was conducted to isolate the
MXene powder after each round of washing with distilled water. This sample was dispersed in 200 mL deionized
water and then sonicated (FS-300N Ultrasonic Homogenizer) for 40 min under a nitrogen atmosphere. The solid part
was collected by vacuum filtration (membrane pore: 0.22 um). Finally, the material was dried in a vacuum oven at
60 °C for 24 hours and stored in an environment devoid of light and air.

Material Characterization

XRD patterns were achieved by PANalytical Empyrean XRD at 5 kV voltage and 40 mA current with Cu-Ka
radiation (L =1.5406 A) with a 20 range of 10-90° and used to study the crystal structures of TizAIC, MAX phase
and TisC,Tx MXene phase. FTIR spectra of before and after adsorption MXene material were recorded on Jasco
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FT/IR, 6700. The SEM images were carried out using the SEM (Hitachi SU3500). The absorbance values of the
liquid samples were read using the UV/Vis spectrophotometer (PerkinElmer UV/Vis Lambda 365) device and the
dye concentrations were calculated using the previously prepared calibration curve.

Adsorption Experiment

In experimental studies on batch adsorption, the impact of the initial pH of the solution, the quantity of adsorbent,
and the initial concentration of dye on the efficiency of removing BR 46 dyestuff were analyzed. The dye solutions
utilized in the experimental series were created at the desired concentrations through dilution of a stock solution.
Following the adjustment of pH levels in the prepared dye solutions, specific quantities of adsorbent were introduced
to the solutions and placed in an orbital shaker apparatus (Gallenkamp) at a consistent temperature, agitated at 180
rpm. Samples were extracted at set intervals and centrifuged utilizing a centrifuge apparatus (Niive 400 NF) at 4100
rpm for 2 minutes to segregate the solid and liquid components. The absorbance readings of the liquid samples were
measured using a UV/Vis spectrophotometer device, and dye concentrations were determined by referencing a
previously established calibration curve. The initial phase of the adsorption experiments involved the investigation
of the impact of pH on dye removal across various pH levels while maintaining other variables constant. The pH of
the solutions was adjusted to the desired levels using dilute solutions of H,SO4 and NaOH. Subsequently, the
influence of varying amounts of adsorbent was explored to understand its effect. The impact of the initial dye
concentration on removal efficiency was assessed at different concentrations within the range of 25-125 mg/L. The
relative calculation formula of the removal rate-R (%) (Eq.1) is as follows:

R(%) = 100 x == (1)

Where Co (mg/L) and C; (mg/L) are the initial concentration of the solution (mg/L) and the concentration of the
solution at time t.

RESULTS AND DISCUSSION
Characterization

Using an XRD pattern, the structural properties of TizC,Tx MXene and MAX precursor were examined (Figure 1).
TisAlIC,'s strongest peak is located in the 104 plane at 20 = 38.69°. After etching with 30% (v/v) HF after 24 hours
at 40°C, the strongest signals of the MAX precursor at 38.69° vanish, indicating that the Al layers are nearly etched
away (G. Zhang et al., 2020). The characteristic peaks (Figure 1) of TizC,Tx at 20 =28.58° and 60.78° correspond to
(00 6) and (1 1 0) planes of TisC,Tx, respectively (Y. Wang et al., 2019).

— AN N

(Ti,C,T,)(MXene)

Intensity (a.u.)

N

(Ti,AIC,)(MAX)

T T T T T T T T T T T T T T T T T

10 20 30 40 50 60 70 80 90
26 (°)

Figure 1. XRD Patterns of TisAIC,, and TisC,Tx
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Figure 2 (a) and (b) show the SEM images of the synthesized TisC,Tx before and after adsorption, respectively.
Specifically, Figure 2 (a) and (b) display a distinct accordion-like multilayer structure, which is the result of the
etching of the A-layer and the breakdown of the weak M—A bond in the MAX phase (R. Wang et al., 2023). As
shown in Figure 2 (b), it can be seen that BR 46 molecules enter between TisC.Ty interlayers after the adsorption
process. The presence of these interlayer gaps in the MXene structure provided a good opportunity for BR 46
adsorption.

4 B

MUNZUR 5.00kV 4.6mm x10.0k SE v 5.00pm

(@) (b)

Figure 2. SEM Images of (a) TisC,Tx Before Adsorption, and (b) TisC,Tx After Adsorption

Figure 3 illustrates the FTIR spectra of TisC,T before and after BR 46 adsorption. The peaks in the band gap 2365-
2309 cm?, the peaks around 2100 cm, and the peaks at 1010 and 1021 cm™ correspond to strong O=C=0 stretching,
weak C=C stretching, and strong C-F stretching, respectively. After adsorption, a new peak appeared at 678 cm™,
which could be attributed to the strong stretching of C-Br. The appearance of a new peak suggests the formation of
the chemical bond occurred between the material and BR 46 molecules due to the adsorption.

\%
(Ti,C, T, after adsorption) /b\
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Figure 3. The FTIR Spectra of TisC,Tx Before and After BR 46 Adsorption
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Effect of pH

Figure 4 shows the effect of different pH levels (2, 4, 7, 9, 11) on the removal efficiency of BR 46 over time. The
removal efficiency is highest at pH 2 and decreases with increasing pH values. Higher removal efficiency at pH 2
suggests that TisC2Ty has a higher affinity for BR 46 in acidic conditions. This could be due to the protonation of the
adsorbent surface, increasing the positive charge and enhancing the electrostatic attraction between the negatively
charged dye molecules and the positively charged surface sites (Obayomi et al., 2024). Lower removal efficiency at
higher pH levels (7, 9, 11) indicates reduced adsorption. At higher pH, the surface of TizC.Tx might be negatively
charged due to deprotonation, leading to repulsion between the negatively charged dye molecules and the adsorbent
surface (Aguiar et al., 2014). pH 2 was chosen for subsequent experiments because it resulted in the highest
adsorption efficiency for BR 46, as indicated by Figure 4 showing maximum removal at this pH level.
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Figure 4. Effect of the Solution pH on BR 46 Adsorption by TisC,Tx (Initial BR 46 Concentration: 50 mg/L;
MXene Amount: 2 g/L; Temperature: 25 °C)

Effect of MXene Amount

Figure 5 shows the removal efficiency of BR 46 over time at different MXene concentrations (1 g/L, 2 g/L, 4 g/L, 6
g/L, 8 g/L). The efficiency increases with the amount of MXene up to 4 g/L and remains constant thereafter. The
optimum amount of MXene for maximum adsorption efficiency is 4 g/L. In addition, it is seen that the removal
efficiency increases rapidly in the first 20-30 minutes and then gradually stabilizes. An increase in the amount of
MXene above 4 g/L did not significantly increase the adsorption efficiency. The plateau indicates that all available
adsorption sites are saturated at 4 g/L and that additional MXene does not provide a more effective surface area for
adsorption (Ghorbani, Eisazadeh, & Ghoreyshi, 2012). Subsequent experiments were carried out with an amount of
4 g/L. MXene as it ensured maximum adsorption efficiency without wasting additional material.

Effect of Initial BR 46 Concentration

Figure 6 illustrates the effect of varying initial BR 46 concentrations (25 mg/L, 50 mg/L, 75 mg/L, 100 mg/L, 125
mg/L) on removal efficiency over time. Table 2 summarizes the adsorption efficiencies and equilibrium uptake
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capacities. Conditions were maintained constant during experiments at a pH of 2, an MXene amount of 4 g/L, and a
temperature of 25 °C. Higher initial BR 46 concentrations result in lower removal efficiency due to the limited
availability of adsorption sites (Wong et al., 2020). Higher initial concentrations result in higher adsorption capacities
due to greater availability of dye molecules, which saturate the adsorbent more quickly.

100 1% =
. ®
®
= 80 - ®
X ®
—_ ®
o
3
£ 60 -
o n
3 . = - ® MXene:1g/L
T 4] == ® MXene:2 g/L
& A MXene:4 g/L
© v MXene:6 g/L
g MXene:8 g/L
m 20 -
0+ . T . T ' T ' T '
0 20 40 60 80 100
Time (min)

Figure 5. Effect of the MXene Amount on BR 46 Adsorption by TisC,Tx (Initial BR 46 Concentration: 50 mg/L;
pH: 2; Temperature: 25 °C)

Table 2. The Equilibrium Uptake Capacities and Adsorption Efficiencies Obtained at Different Initial BR 46
Concentrations

Co mg/L ge Mg/g Adsorption (%)
25 6.25 99.96
50 12.48 99.8
75 12.75 68
100 15.93 63.7
125 21.28 68.08

CONCLUSIONS

This study successfully demonstrates the potential of TisC.Tx MXene as an effective adsorbent for the removal of
BR 46 dye from aqueous solutions. The adsorption efficiency was significantly influenced by pH, with acidic
conditions (pH 2). XRD analysis confirmed the successful etching of TizAlC. to TisC.Ty, indicated by the
disappearance of the Al layers. SEM images revealed an accordion-like multilayer structure of TisC:Ty, which
facilitated the intercalation of BR 46 molecules. FTIR spectra showed the formation of new peak post-adsorption,
suggesting chemical interactions between TisC:Tx and BR 46 molecules, enhancing the adsorption process. The
adsorption efficiency increased with the amount of TisC2Tx up to 4 g/L. The higher initial concentrations of BR 46
led to greater adsorption capacities, they also resulted in lower removal efficiencies due to the finite number of
adsorption sites on the MXene surface. These findings underscore the efficacy of TisC.Tx MXene as a high-
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performance adsorbent for BR 46 removal, offering a promising solution for dye contamination in water treatment
applications.
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Figure 6. Effect of Initial BR 46 Concentration on BR 46 Adsorption by TizCoTx (MXene Amount: 4 g/L; pH: 2;
Temperature: 25 °C)
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