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ABSTRACT

The occurrence of the antibiotics in water and soil are now becoming a severe threat
in many countries. Overuse of antibiotic drugs has promoted antibiotic-resistant bacteria
in both human and animals. In response to the excessive antibiotic contamination in
natural environment, removal of antibiotic residues is needed for accessing clean water
and protecting water-related ecosystem. MXenes are a new family of two-dimensional
transition metal carbides, nitride, and carbonitride which have demonstrated potentials in
many applications due to their unique properties such as metallic conductivity,
hydrophilicity, wide interlayer space, abundant surface functional groups, and ion
intercalability. In this work, MXene (TisC2Tx) material was investigated for removal of
enrofloxacin, an antibiotic drug frequently used in aquaculture, by using adsorption
technique. MXene (TisC2Tx) was synthesized from MAX phase (TisAlC2) with acid/salts
etchant from in-situ HF etching. The preparation of various fluoride salts in hydrochloric
acid (HCI), including lithium fluoride (LiF), sodium fluoride (NaF), potassium fluoride
(KF), Zinc fluoride (ZnF;) were studied. We also investigated the influence of
concentration of acid etchant and etching time to minimize the reaction. The results
suggested that MXene could be produced upon 4 hours by using hydrochloric acid (9
mol/L) and fluoride salt (9 mol/L). The surface morphology analysis by scanning electron
microscopy (SEM) indicated that all samples etched at 4 hours and 24 hours showed

accordion-like structure in multilayer (MLs). The removal of Al element of synthesized
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material confirmed by EDX analysis decreased after etching of 4 hours and 24 hours
compared to that of the MAX phase precursor. The simultaneous cation intercalation
caused the obtained MXene to have larger interlayer space as confirmed by XRD results.

Lithium cation intercalation of TizC, showed vast inter-layer spacing compared to
other fluoride salts etching system potentially due to its large solvation radii. As-prepared
MX-Li-4h was further delaminated/fully exfoliated in DI water, LiCl, and ethanol by
ultrasonication for 20 minutes. Well exfoliated/delaminated MXene was produced in DI
water. From dynamic light scattering, the hydrodynamic particle size of the obtained
TizCo/DI was approximately 380.2+4.7nm with the negative zeta potential —45mV.
Transmission electron microscopy (TEM) results confirmed the successful exfoliation of
the obtained MXene sonicated in DI water (SMX/DI) with a few layers.

Adsorption of enrofloxacin (ENR) antibiotic onto MLs ion-intercalated MXene,
which include MX-Li, MX-Na, MX-K and MX-Zn, the ENR adsorption seems to be
slower than that of the monolayer MXene (sMX/DI) due to the MLs being occupied by
the intercalated cations, which required longer time to adsorb the drug molecules. A
multilayer MX-HF, etched by direct HF also show poorly performance due to smaller
interlayer space which has low chance for ENR adsorbing at the active site inside layer
structure.

ENR sorption onto monolayer MX (sMX/DI) has improved adsorption capacity
compared to that of Li-MX multilayer which some adsorption sites occupied by Li*. A
delamination MX-Li-4h in TBAOH into single layer also revealed that monolayer MX
binding with TBA* would not be likely to exchange with ENR. Thus, monolayer MX
with abundant adsorption site is a better candidate than cation intercalated MLs MX or
smaller interlayer space MLs MX for ENR adsorption performance.

For monolayer MXene (sSMX/DI), the adsorption capacity reached the value of 8.35
mg g in 3 hours, which is higher than those of the MLs MXene MX-Li, MX-Na, MX-
K, MX-Zn which took almost 10 hours to reach equilibrium with the lower adsorption
capacity values of 6.80 mg g, 3.65 mg g, 4.76 mg g, 2.76 mg g™, respectively. The
adsorption isotherms were well fitted by the Langmuir model, which provides the
maximum adsorption capacity of the monolayer MXene of 17.45 mg g The
enrofloxacin adsorption is in the order of monolayer MXene > cation intercalated multi-

layer MXene > multi-layer MXene.
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CHAPTER 1
INTRODUCTION

1.1 Background

In 2004, the concept of the 2D dimensional material was initially developed by
graphene which peels off from the graphite material. Since then, 2D dimensional
material has been dramatically interested in various research topics due to its unique
physical and chemical properties in a wide range of applications A. Liu et al. (2020).A.
Liu et al. (2020). In 2011, an emerging 2D dimensional material was discovered based
on metallic carbide, carbonitrides and nitrite, namely MXene by Draxel University
research team. MXene has developed in various kinds of applications due to multiple
advantages such as high specific area, good electrical conductivity, high mechanical
strength, activated metallic hydroxide sites and hydrophilicity in nature (Rasool et al.,
2019).MXene has developed in various kinds of applications due to multiple
advantages such as high specific area, good electrical conductivity, high mechanical
strength, activated metallic hydroxide sites and hydrophilicity in nature (Rasool et al.,
2019). The general formula of MXene is Mn+1XnTx (n=1 to 3; M=transition metal, e.g.,
Ti, V, Nb, Mo; X= C and/or N; T= surface termination, e.g., —O, —OH, and —F which
form on the surface of the outer M element during synthesis). The concept of 2D
dimensional material MXene was produced from the bulk MAX phase polycrystalline,
hexagonal carbides and nitrides which have the general formula: Mn+1AX;,, where n =
1to 4, and M is an early transition metal, A is an A-group element, and X is either
carbon and/or nitrogen. In order to get the structural layer of MXene, it was prepared
by selective etching of group A element (Al, Si and Ge) from MAX phase precursor
(M. Ghidiu, M. R. Lukatskaya, M.-Q. Zhao, Y. Gogotsi, & M. W. J. N. Barsoum,
2014b).(Ghidiu et al., 2014b). Regarding the MXene properties, the most prominent of
MXene is benefits from their metallic conductivity, while some synthesized material
can be semiconductors or superconductors, depending on the surface termination and
the composition of the material. Due to their attractive structure, MXene has been
explored on high efficiency of adsorption capability of pollutant in the wastewater. Its
high specific surface area exhibits excellent adsorption of both cationic and anionic dye
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molecule (Yan et al., 2021). This is because of the chemically surface and mainly cause
by electrostatic interaction (Rozmystowska-Wojciechowska et al., 2019). For example,
natural zeolite was investigated to adsorb of enrofloxacin antibiotic (Otker &
Akmehmet-Balcioglu, 2005). Rahman and Raheem (2022) fabricated zinc oxide
impregnated graphene oxide/inulin (ZGI) for adsorption of enrofloxacin with greatly
removal efficiency >90% and can be used up to 5 cycles. Akpotu et al. (2023)Its high
specific surface area exhibits excellent adsorption of both cationic and anionic dye
molecule (Yan et al., 2021). This is because of the chemically surface and mainly cause
by electrostatic interaction (Rozmystowska-Wojciechowska et al., 2019). For example,
natural zeolite was investigated to adsorb of enrofloxacin antibiotic (Otker &
Akmehmet-Balcioglu, 2005). Rahman and Raheem (2022) fabricated zinc oxide
impregnated graphene oxide/inulin (ZGl) for adsorption of enrofloxacin with greatly
removal efficiency >90% and can be used up to 5 cycles. Akpotu et al. (2023) studied
on adsorption enrofloxacin by composite GO-PEG thin film on the surface of Mont-
NHo., provided variety in chemical constitution and functionalities, facilitated the ability
of uptake enrofloxacin molecule. Sukidpaneenid et al. (2023) also reported the
performance of ENR adsorption in aqueous solution by using adsorbent-photocatalyst
Ti3C,-Ti0.. The efficiency of degradation was mainly due to the MXene layer structure
consists of titanium and carbon elements and inducing of titanium dioxide particle on
the outer surface by using a rapid microwave hydrothermal treatment. It has been shown
to be very efficient sorbent material and also photocatalytic material for eliminating
ENR molecule.

Meanwhile, as growing of MXene material on remediation, research studies on
simulation and prediction of different of fluoride salts etching, producing different size
of cation intercalation are still a promising candidate since it could produce MXene in
distinct chemical constitution, especially interlayer space . Especially, using MXene as

an adsorbent to employ on removal of contamination in water.

1.2 Statement of problem
Antibiotics are the most potential drugs against bacteria which used to treat the
bacterial infection. Furthermore, the improper dosage and unnecessary usage of

antibiotics have polluted to aquatic environment and led to emerge antibiotic resistant
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gens (ARGs), antibiotic-resistant bacteria and the multidrug-resistant pathogenic
(Kumar et al.).(Kumar et al.). Antibiotic resistance has already become a serious global
health problem, with an estimated 10 million deaths per year by 2050 if not successfully
addressed. Approximately 1.2 million fatalities in 2019 were confirmed to be attribute
to antimicrobial resistant (Murray et al., 2022). Multiple antibiotic classes were
discovered in receiving water and effluent at concentrations ranging from ng/L to mg/L.
China has the highest number of antibiotic contaminations in East and Southeast Asia.
Approximately 90 antibiotics from five major classes (SFs, FQs, TCs, MLs, and BLS)
were studied in water samples with concentrations ranging from 0.1 to 1000 ng/L, with
the median being 100ng/L. The predominance of antibiotic concentrations in China are
found based on economic (e.g., population growth and antibiotic emission),
geochemical, geographical, and hydrological factors (Chen, Jing, Teng, & Wang,
2018). Antibiotic contamination was identified in large quantities in sewage and
wastewater treatment plants. Several antibiotic compounds, including R-lactams,
quinolones, tetracyclines, macrolides, sulfonamides, and others, can fix up to distinct
subgroups. They are complex compounds that may have many functions inside the
same molecule (Kimmerer, 2009). Besides from practical manner, antibiotic residues
have caused significant harm to ecosystems due to their limited biodegradability over
time. Antibiotic residue has been identified in surface water, groundwater, and drinking
water during the last decade, according to some data. (Oulton, Kohn, & Cwiertny,
2010). Conventional water treatment techniques, including biological treatment,
filtration, coagulation, flocculation and sedimentation, have been identified as
ineffective antibiotic removal (Watkinson, Murby, & Costanzo, 2007). Advanced
oxidation technologies that produce hydroxyl radical to decompose contaminants such
as UV photolysis, photocatalysis, adsorption, photo-Fenton reaction, ionizing radiation
were found to be successfully for antibiotics removal. However, the main challenge for
all these methods was related to the application cost, catalyst management, residual
toxicity, and various byproducts (Ikehata, Jodeiri Naghashkar, & Gamal EI-Din, 2006).
Therefore, removal of harmful residual in water is very challenging for protect the
environment. Multiple antibiotic classes were discovered in receiving water and
effluent at concentrations ranging from ng/L to mg/L. China has the highest number of

antibiotic contaminations in East and Southeast Asia. Approximately 90 antibiotics
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from five major classes (SFs, FQs, TCs, MLs, and BLs) were studied in water samples
with concentrations ranging from 0.1 to 1000 ng/L, with the median being 100ng/L.
The predominance of antibiotic concentrations in China are found based on economic
(e.g., population growth and antibiotic emission), geochemical, geographical, and
hydrological factors (Chen et al., 2018). Antibiotic contamination was identified in
large quantities in sewage and wastewater treatment plants. Several antibiotic
compounds, including R-lactams, quinolones, tetracyclines, macrolides, sulfonamides,
and others, can fix up to distinct subgroups. They are complex compounds that may
have many functions inside the same molecule (Kimmerer, 2009). Besides from
practical manner, antibiotic residues have caused significant harm to ecosystems due to
their limited biodegradability over time. Antibiotic residue has been identified in
surface water, groundwater, and drinking water during the last decade, according to
some data. (Oulton et al., 2010). Conventional water treatment techniques, including
biological treatment, filtration, coagulation, flocculation and sedimentation, have been
identified as ineffective antibiotic removal (Watkinson et al., 2007). Advanced
oxidation technologies that produce hydroxyl radical to decompose contaminants such
as UV photolysis, photocatalysis, adsorption, photo-Fenton reaction, ionizing radiation
were found to be successfully for antibiotics removal. However, the main challenge for
all these methods was related to the application cost, catalyst management, residual
toxicity, and various byproducts (Ikehata et al., 2006). Therefore, removal of harmful

residual in water is very challenging for protect the environment.

1.3 Objectives

In this work, we aim to investigate the factors that influence MXene (TisC2Tx)
synthesis and further to exfoliate the multilayer MXene (TizC2Tx) into monolayer
MXene (TisC2Tx). The primary synthesis of MXene was conducted in the top-down
method using wet chemical etching (LiF-HCI) and further studied the influencing
factors of acidic concentration, different fluoride salts, and etching time. Thereafter, the
removal of pharmaceutical contaminant of an enrofloxacin by simple adsorption
technique was carried out by using neat multilayer MXene (TisC2Tx) and monolayer
MXene (TizC2Tx).
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Part 1,
e To synthesized MXene (TizC2Tx) following the in-situ HF etching by various
fluoride salts etching; 4 hours etching, and 24 hours etching were carried out
e Influence of acid etchant was studied
e Influence of fluoride salt etchant was studied
e Characterizations of the obtained material (SEM-EDX and XRD)
e Conversion of multilayer-MXene into monolayer-MXene using probe
ultrasonication.
Part 2;
e To study the adsorption performance of synthesized material under dark
condition
e To study the adsorption capacity between multilayer MXene (TisC2Ty)
synthesized from various cation intercalation, and the monolayer MXene
(Ti3C2Tx) obtained from fully exfoliation
e To study the mechanism of the adsorption performance by adsorption kinetic

model and adsorption isotherm model.

1.4 Scope of study

e MXene was synthesized by using MAX phase as precursor and using
hydrochloric acid (HCI) and fluoride salts (LiF, KF, ZnF, and NaF) as etchant
agents.

e The influence of different concentrations of HCI etchant (1M, 4M, and 9M)
were studied.

e The effect of etching time at 4 hours and 24 hours were employed.

e Fully exfoliation of MXene (MX-Li-4h) was sonicated in three dispersions (DI
water, ethanol, and lithium chloride).

e Commercial enrofloxacin antibiotic were used as an artificial contaminant in

aqueous solution experimentally.

Ref. code: 25656322040137VIW



CHAPTER 2
REVIEW OF LITERATURE

The main purpose of this chapter is to examine the relevant literature on MXene
discovery, synthesis method, and the factor influence on the etching process.
Furthermore, the discussion in this chapter will go into further detail on the problem of
residual antibiotic pollutants in water and suitable absorbents for drug removal. There
are number of approaches to remove large molecules of pharmaceutical contaminants
in scientific studies, and MXene has been found as one of the sophisticated materials
that pose a fasten adsorption of drug due to its unique properties, large surface area, ion

intercalation, strong electrical conductivity, and environmentally friendly.

2.1 MAX Phase (TisAIC2)

MAX phases are polycrystalline nanolaminates layered of ternary carbide or
nitride in metallic and ceramic material. The name of MAX phase chemically
emphasizes the composition with the formular Mx+1AX: , where M stand for transition
metal carbide nitride or carbonitride, A is an A group element (mostly group IlIA or
IVA), and X is C and/or N (A. Zhou, 2012). MAX phase can be classified in a variety
of crystalline structure groups, M2AX with n=1, M3AX> with n=2, M4sAX3 with n=3
based on the number of atoms M, A and X elements in each of molecule. These group
also known as 211, 312, 413 materials. MAX phases are polycrystalline nanolaminates
layered of ternary carbide or nitride in metallic and ceramic material. The name of
MAX phase chemically emphasizes the composition with the formular Mn+1AXn |
where M stand for transition metal carbide nitride or carbonitride, A is an A group
element (mostly group I11A or IVA), and X is C and/or N (A. Zhou, 2012). MAX phase
can be classified in a variety of crystalline structure groups, M2AX with n=1, M3AX>
with n=2, M4AXz with n=3 based on the number of atoms M, A and X elements in each
of molecule. These group also known as 211, 312, 413 materials. Figure 2.1 shows each
of chemical composition of MAX phase and synthesized material (Michel W. Barsoum
& El-Raghy, 2001). The first synthesized MAX phase was M>AX in the 1960s. There
were more than 40 of M2AX phases that have been successfully synthesized. After that,
two differences M3AX: (TisSiC, and TizGeC,) were synthesized in 1967, and the same
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structure of TisAlC2 was also synthesized in the 1990s (A. Zhou, 2012). Thereafter,
several of MsAX3 phases were added to the list in 2000s, including TisAIN3, TasAICs,
NbsAIC; and V4AICs shows each of chemical composition of MAX phase and
synthesized material (Michel W. Barsoum & EI-Raghy, 2001). The first synthesized
MAX phase was M2AX in the 1960s. There were more than 40 of M>AX phases that
have been successfully synthesized. After that, two differences M3AX; (TizSiC; and
TisGeC,) were synthesized in 1967, and the same structure of TisAlC, was also
synthesized in the 1990s (A. Zhou, 2012). Thereafter, several of MsAX3 phases were
added to the list in 2000s, including TisAIN3, TasAICs, NbsAICs and V4AIC3 (M. W.
Barsoum, El-Raghy, & Procopio, 2000; Hu et al., 2007; Hu et al., 2008; Lin, Zhuo,
Zhou, Li, & Wang, 2006). The chemical bonding in the MAX phases demonstrate as
electronic properties which are useful in technology involving high energy efficiency,
thermal tolerant, rigidity at high temperature (Magnuson & Mattesini, 2017).. The
chemical bonding in the MAX phases demonstrate as electronic properties which are
useful in technology involving high energy efficiency, thermal tolerant, rigidity at high

temperature (Magnuson & Mattesini, 2017).

0.0.0. _,
. gm0
=

Figure 2.1 Illustration of chemical elements of MAX phase (TizAlIC?)
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2.2 MXene (TisC2Tx)

The concept of the 2D dimensional material was initially developed by graphene
which peels off from the graphite material in 2004. Since then, 2D dimensional material
has gained tremendous interested in various research topics due to their special
properties in chemical, mechanical and physical properties (A. Liu et al., 2020). In
2011, an emerging 2D dimensional material MXene was discovered by Drexel
University research team. MXene family consists of transition metal carbide,
carbonitrides and nitrite. Since then, 2D dimensional material has gained tremendous
interested in various research topics due to their special properties in chemical,
mechanical and physical properties (A. Liu et al., 2020). In 2011, an emerging 2D
dimensional material MXene was discovered by Drexel University research team.
MXene family consists of transition metal carbide, carbonitrides and nitrite. MXene
has grown in popularity in a variety of applications because of its several benefits,
including high specific area, strong electrical conductivity, high mechanical strength,
activated metallic hydroxide sites, and ecologically benign features (Rasool et al.,
2019).(Rasool et al., 2019). The general formula of MXene is Mn+1XnTx (N=1-3;
M=transition metal, e.g., Ti, V, Nb, Mo; X= C and/or N; T= surface termination, e.g.,
—0, —OH, and —F which form on the surface of the outer M element during synthesis).
MXene material was derived from the MAX phase polycrystalline, hexagonal carbides
and nitrides which have the general formula: Mn+1AXn, where n = 1 to 4, and M is an
early transition metal, A is an A-group element, and X is either carbon and/or nitrogen.
In order to get the structural layer of MXene, it was synthesized by selective etching of
group A element (Al, Si and Ge) from MAX phase precursor (Ghidiu et al., 2014b).In
order to get the structural layer of MXene, it was synthesized by selective etching of
group A element (Al, Si and Ge) from MAX phase precursor (Ghidiu et al., 2014b).
Generally, MXene can be described in various kinds of structural materials which
depends on the initial precursor of MAX phase. Three examples of MAX phase
structures M2AX, M3AX3 and MaXz are shown in Figure 2.2 (a) and the exfoliate
MXene illustrate in Figure 2.2 (b). Additionally, the MXene family comes with three
different kinds of atomic structure, ranging from M2X, MsXz, and MasXs, yielding
tunability and opportunity to apply on many applications. Moreover, the surface of

MXene which covers with single or mixed termination depending on the synthesis
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process and the MXene composition. Many studies showed that physical properties
such as bandgap, metallically, magnetic and electronic mobility are associated with
surface termination. MXene came out with unique properties and characteristics which
renders them in many applications. The most prominent of MXene is benefits from their
metallic conductivity, while some synthesized material can be semiconductors or
superconductors, based on the surface termination and the composition of the material.
The surface termination of the MXene sheets is defined after etching from MAX phase.
Error! Reference source not found. has indicated over ten years of the progress and the d
evelopment of the MXene from the beginning year of 2011 until 2021. In the past
decade, the first discovery of MXene has been reported by etching the A element from

the parent precursor TizAIC; into a new material called TisC2 MXene.

(a)
R Rita s
ol

Figure 2.2 (a) Crystalline structures of MAX phase (b) crystal structure of the single-

sheet Ti3CzTyx, consisting of T as the termination group of —O, —F and/or —OH.
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Figure 2.3 SEM image of multilayer MXene and in-plane TEM image of MXene
flake (Mashtalir et al., 2013). SEM image of multilayer MXene and in-plane TEM
image of MXene flake (Mashtalir et al., 2013).

2.3 MXene synthesis overview

General synthesis approaches for 2D material were almost achieved mechanically
by ball milling, shearing, ion intercalation, or surfactant-assisted solutions. However,
all are required to exfoliate from bulk layer material with in-plane solid chemical
bonding and weak out-of-plane bonding. Failure to synthesize MXene by mechanical
exfoliation was reported since it could not break the metallic M-A bonding in-plane.
Therefore, most of the MXene synthesis procedures were top-down or etching by
chemical wetting to produced multilayer of MXene. Presently, there are several
methods for synthesized MXene material. However, each synthesis procedure depends
on the target application in which there are some modifications of the final product of
MXene (Alhabeb et al., 2017). The most common method of synthesis MXene was HF
etchants which is (50 wt%) concentrated solution dispersed into MAX phase. In this
typical synthesis, M-A metallic bonding showed to weaken, and M-X remained
strength, leading Al element almost etching out from the Mn+1AX, (Naguib et al.,
2011b). However, each synthesis procedure depends on the target application in which
there are some modifications of the final product of MXene (Alhabeb et al., 2017). The

most common method of synthesis MXene was HF etchants which is (50 wt%)
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concentrated solution dispersed into MAX phase. In this typical synthesis, M-A
metallic bonding showed to weaken, and M-X remained strength, leading Al element
almost etching out from the Mn+1AX, (Naguib et al., 2011b).

However, the synthesis route of MXene in a high concentration of hydrogen
fluoride may cause a noticeable toxic during the synthesis time. Therefore, it is better
for the research community to understand and ensure that the synthesis of MXene
family should be safe and strictly performance. There are specific mechanisms that
cause for most toxicity. Basically, hydrofluoric acid is one of the preferable etchants
for MXene synthesis since it required few hours to synthesized. However, if the
synthesis with pure hydrofluoric acid etching (HF Etching), a high concentration of
hydronium ions could lead to standard acid burns. It also releases fluoride ions which
are highly lipophilic, and it will penetrate deeply into human tissue if there is less
precaution. In addition, it rapidly causes liquefactive necrosis in the contacted area
(Christopher E Shuck et al., 2021). Hence, developing of in situ HF etching was
recommended for synthesized in lab-scale and provided good etching of Al element
similarly HF etching method.In addition, it rapidly causes liquefactive necrosis in the
contacted area (Christopher E Shuck et al., 2021). Hence, developing of in situ HF
etching was recommended for synthesized in lab-scale and provided good etching of
Al element similarly HF etching method.

Another etching utilized fluoride-containing etchants with hydrochloric acid to
produce HF forming called in-situ HF etching or acid salt etchants. in-situ HF was
dependent on the concentration of fluoride salt or acidic and temperature which can
successfully etching from 12 hours to days. The condition of individual etching depends
on the purpose of the application. On the other hand, the synthesis step between the HF
etching and in-situ HF etching are similar. In the synthesis procedure, fluoride salt such
as (LiF, NaF, KF and NH4F, etc.) were used for etching Al element (Al or Si) from
MAX phase in the presence of hydrochloric acid (HCI). Thereafter the MXene sample
will wash by deionized water or ethanol in several times. Cleaning step should be
carried by centrifugation approximately 3500rpm to 5000 rpm until the supernatant pH
value become neutral. The obtained MXene powder should dry in vacuum oven at 60
°C. Finally, MXene should store in desiccator to avoid moisture content since MXene

easily to oxidize. Some studies have confirmed that TisC,Tx easily to oxidized which
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turned the surface of MXene cover with the TiO,. The final product after etching is in
the form of multilayer MXene that combine by hydrogen or Van de Waals bonding,

following by surface termination such as -F, -O, -Cl, -OH etc.
@ )] TGS

Shaking and

centrifugation
L

Figure 2.4 Schematic illustrate of monolayer MXene flake obtained from hand
shaking and soft delamination (Shekhirev, Busa, et al., 2022) schematic illustrate of
monolayer MXene flake obtained from hand shaking and soft delamination
(Shekhirev, Busa, et al., 2022)

2.3.1 Different F-salt etching

As report in the literature studies Z. Li et al. (2015); Mashtalir et al. (2013),
MXene can further exfoliated by intercalation or delamination in the organic reagent
including (DMSO, TBAOH, NHs.H20 or urea). The purpose of intercalated with
organic solvent is to increase the d-spacing of the MXene layer stacks. Therefore, each
of MXene layer sheet could possibly separate by hand shaking or using power
sonication. For the intercalation of organic solvent above is applied for MXene that
synthesis via hydrofluoric acid. However, d-spacing in the lattice structure which give
the interplanar distance is enlarged based on proportional to the size of the intercalate
ions molecule if the etching method perform via fluoride salt etching with hydrochloric
acid (Verger, Natu, Ghidiu, & Barsoum, 2019).However, d-spacing in the lattice

structure which give the interplanar distance is enlarged based on proportional to the
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size of the intercalate ions molecule if the etching method perform via fluoride salt
etching with hydrochloric acid (Verger et al., 2019).

As mentioned above, cations play a significant role to intercalate MXene
structure. Ghidiu et al. 2014 report that fluoride salt etchant undergoes simultaneous
ion intercalation, but HF etching did not. The main reason why HF-etched MXene are
not ion exchangeable due to proportional of F termination are hydrophobic result in
strong bond connection between MXene sheet (Natu et al., 2022). However, F-salt
etched MXene after defluorination, a possible cation (Na* or Li*) are easily ions
exchangeable with smaller hydronium ions, making an osmosis swelling. For example,
F. Liu et al. (2017)The main reason why HF-etched MXene are not ion exchangeable
due to proportional of F termination are hydrophobic result in strong bond connection
between MXene sheet (Natu et al., 2022). However, F-salt etched MXene after
defluorination, a possible cation (Na* or Li") are easily ions exchangeable with smaller
hydronium ions, making an osmosis swelling. For example, F. Liu et al. (2017) studied
the effect of the nature of cation during etching TisAIC; in various F-salt (LiF, NaF, KF
and NH4F) etchant mixture and varying different time and temperature etching. The
results obtained from synthesis provide suitable synthesis condition for LiF at 50°C 24
h, at 40°C 48 h for NaF, 40°C 48 h for KF and 24 h at 30 °C for NH4F. However,
remaining of LiF and NasAlFs appeared after successfully etching of Al element for
LiF and NaF etchant sample. They also report that the fraction of LiF remaining because
of large proportional of LiF salt much higher which some of Li* act as ions exchange
with H3O™ after etching and some could not wash out because of low solubility in water.
However, there was almost no detected residue K and Na on MXene which synthesized
via NaF and KF. Another studied also mentioned about other salt etched beside LiF
etchant, Benchakar et al. (2020) has demonstrated that FeF3z/HCI etchant significantly
altered the surface termination, oxidation sensitivity and delamination ability. In their
work, FeF3/HCI etching results in TisCoTx@TiO2xF2x composite in one-pot synthesis
in harsher etching condition. They also mentioned that the removal rate of Al element
was much higher than LiF/HCI. Thus, by varying the temperature, concentration,
temperature, and duration of synthesis, the fraction of TiO2 can be controlled.
Moreover, the ¢ parameter value was calculated of 29.8 A which are higher than
LiF/HCI etching solution.
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2.3.2 Molten salt etching

Molten salt assisted electrochemical etching system was introduce by Shen et al.
(2021).Molten salt assisted electrochemical etching system was introduce by Shen et
al. (2021). Because of the surface termination of 2D MXene material have significantly
impacts to the application, modification of surface of 2D MXene were studied.
Basically, the beginning of MXene etching system was introduce of -F surface
termination due to acid etching. In this kind of synthesis material, molten salt assisted
electrochemical etching (MS-E-etching) method was synthesized with fluorine-free

TisCoTx without metallics.
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Figure 2.5 Synthesis of MXene from MAX phase by MS-E-etching

Table 2.1 Summary of MXene synthesis condition and its properties of each condition

Synthesis etchant | Temperatur | Properties Application Ref
Method conditio e & Time
n
HF direct 50 wt.% RT, 24 Multilayer, | Energy storage (Anasori,
etching Require Chemotherapeut | |ukatskay
intercalate ic agent a, &
0;’5’:&0 Gogotsi,
solvent to 2017)
delaminate
d,
Surface
modificatio
n friendly
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In-situ HF Vary Vary depend | Multilayer Water (F. Liu et
Fluoride salt | dependin | on fluoride Cation purification al., 2017)
and HCI gon salt intercalatio | Supercapacitor
(NaF, KF, LiF | fluoride n and Sensors
NHA4F etc) salt delaminatio Antibacterial
n
Less
harmful
In-situ HF HCI6M | 50 hat60°C | Multilayer | Photocatalysis (Wang et
FeFs/HCI 29 TiOzat high | Supercapacitor | al., 2017)
FeF33H; temperature Sensors
)
Hydrothermal | 37 wt % 16 hat High Adsorption of | (C. Peng et
etching HCI 180°C efficiency dye molecule al., 2018)
NaBF4 (Author etching
suggest 16 h MXene
for the MXene
optimum flake
time for
avoid
impurity of
AlF;)
Electrochemic HCI Require long | Surface Obtain (Shahzad
al etching time for termination | electrochemistry etal.,
synthesis consist of properties 2017)
crl- material
-OH -0
Flouride-
free
2.3.3 Delamination of MXene
Single layer of MXene material has attatched tremorous interrest in

environmental and electrochemical research field. Since multilayer particle of MXene
has been widely investigated, the delamination process has received much attention in
the liturature. The first stage of delamination of MXene was chemical intercalation in
organic solvent (DMSO) follow by sonication (Mashtalir et al., 2013), which the large
molecule of organic solvent intercalated and weakening the Van de Waals force of
multilayer, causing delaminated into single flake. Thereafter, TizC,Tx has also
delaminated in another large organic molecule, e.g., (TBA®) and (TMA™ ). The first
stage of delamination of MXene was chemical intercalation in organic solvent (DMSO)
follow by sonication (Mashtalir et al., 2013), which the large molecule of organic
solvent intercalated and weakening the Van de Waals force of multilayer, causing

delaminated into single flake. Thereafter, TisC2Tx has also delaminated in another large
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organic molecule, e.g., (TBA*) and (TMA" ). It empasized that it was possible to
exchange the large molecule of TMA™ and TBA™ with the existing cation Li* which
TisC,Ty fabricated by in-situ HF procedure (VahidMohammadi, Mojtabavi, Caffrey,
Wanunu, & Beidaghi, 2019).(VahidMohammadi et al., 2019). Large molecule of
intercalation has produced the MXene material become larger interspace which
demonstrate as easily to delaminate. However, delaminated MXene results in high
number of defect MXene flake which is unstable and readily oxidize. Some of several
studied has mentioned that, the prefered method for delamination of MXene is
simultanously chemical intercalation of Li* which act as an intercalant and etching
agent. Recently work has published in another method for delamination of MXene
(TisC2Tx and V2CTy) by 3 roll shearing after MXene synthesis via in-situ HF etching.
It also reported that the interspace from smaller intercalant Li* is applicable for shearing
and produce large flake of monolayer MXene with a good electrochemical and
conductivity (Inman et al., 2022b). It also reported that the interspace from smaller
intercalant Li* is applicable for shearing and produce large flake of monolayer MXene

with a good electrochemical and conductivity (Inman et al., 2022b).

Etching Extoiaton

Figure 2.6 Etching process of 2D MXene flake nanosheet (a) the MAX phase

precursor, (b) multilayer MXene and (c) TEM micrograph of overlapping MXene

single layer.
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Figure 2.7 Possible assembly of delamination MXene in salts solution

2.4 Application of MXene

MXene has potential criteria which emerged many applications, enabling of
chemical transformation for achieving future sustainable energy. In 2016, MXene
firstly explored chemistry catalytic via electrochemical hydrogen evolution reaction
(HER) (Gao, O’Mullane, & Du, 2017). The promising of the large surface area, many
number of active sites provides a crucial criterion for expanding in the future studies.
The first starting point of MXene was applied in supercapacitor application which
known as energy storage device with achieved the capacitance 440 F cm= (130 F g})
and up to 900 F cm™ (245 F g) in acidic electrolytes (M. Ghidiu, M. R. Lukatskaya,
M.-Q. Zhao, Y. Gogotsi, & M. W. Barsoum, 2014a; Lukatskaya et al., 2013). MXene
was also use in environmental and water treatment applications. The primary MXene
water treatment membrane was prepared by vacuum-assisted filtration (VAF). The
unique properties of MXene are their sheet assembly into layer stacks with a well-define
interlayer spacing, which act as water selective channel. Various charge cations (Mg*,
Ca*, and AI*") are smaller than the inter layer spacing of MXene layers which are
beneficial to migrate cationic in the water (Ren et al., 2015). MXene can also use as
photocatalytic application due to their altering surface chemistries. The multi-layer of
Ti3C2Tx which stand for photocatalyst reveal a degradation efficiency of methylene blue
up to 81% under UV within 5 hours. However, it was not degrade in the dark condition

even prolong for 20 hours (Mashtalir et al., 2014a). In addition, they also suggested that
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multi-layer of MXene provide capable adsorbent toward cationic molecule of
methylene blue due to an increasing of inter-spacing which was observed during
adsorption. Moreover, TisC2Tx nanosheet also report as a good adsorbent for removal
of some heavy metal (Pb, Cu, Cr etc). Shahzad et al. (2017), mentioned that
delamination of Ti3C,Tx flake enhance a good adsorption of cupper due to the nanosheet
flake exhibit large surface area, hydrophilicity, and their unique surface functional
group. In addition, the adsorption capacity of cupper was 78.45mg/g for 1 minute,
corresponding to 80% of total of metal content. Recently, new approach of MXene has
laden with bacteriophage to come across with antibacterial candidate for controlling
bacteria contamination in water. Mansoorianfar, Shahin, Hojjati—Najafabadi, and Pei
(2022), highlighted that negatively charge molecule of lipopolysaccharide of shigella
outer membrane quickly attach with MXene, reducing bacteria 99% of artificial
contamination sample. Noticeably, there was no regrowth of other bacteria which
revealed as an outstanding antibacterial efficiency.MXene has potential criteria which
emerged many applications, enabling of chemical transformation for achieving future
sustainable energy. In 2016, MXene firstly explored chemistry catalytic via
electrochemical hydrogen evolution reaction (HER) (Gao et al., 2017). The promising
of the large surface area, many number of active sites provides a crucial criterion for
expanding in the future studies. The first starting point of MXene was applied in
supercapacitor application which known as energy storage device with achieved the
capacitance 440 F cm= (130 F g) and up to 900 F cm™ (245 F g1 in acidic electrolytes
(Ghidiu et al., 2014a; Lukatskaya et al., 2013). MXene was also use in environmental
and water treatment applications. The primary MXene water treatment membrane was
prepared by vacuum-assisted filtration (VAF). The unique properties of MXene are
their sheet assembly into layer stacks with a well-define interlayer spacing, which act
as water selective channel. Various charge cations (Mg*, Ca*, and AI**) are smaller than
the inter layer spacing of MXene layers which are beneficial to migrate cationic in the
water (Ren et al., 2015). MXene can also use as photocatalytic application due to their
altering surface chemistries. The multi-layer of TizC>Tx which stand for photocatalyst
reveal a degradation efficiency of methylene blue up to 81% under UV within 5 hours.
However, it was not degrade in the dark condition even prolong for 20 hours (Mashtalir

et al., 2014a). In addition, they also suggested that multi-layer of MXene provide
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capable adsorbent toward cationic molecule of methylene blue due to an increasing of
inter-spacing which was observed during adsorption. Moreover, TizC2Tx nanosheet also
report as a good adsorbent for removal of some heavy metal (Pb, Cu, Cr etc). Shahzad
et al. (2017), mentioned that delamination of TisC,Tx flake enhance a good adsorption
of cupper due to the nanosheet flake exhibit large surface area, hydrophilicity, and their
unique surface functional group. In addition, the adsorption capacity of cupper was
78.45mg/g for 1 minute, corresponding to 80% of total of metal content. Recently, new
approach of MXene has laden with bacteriophage to come across with antibacterial
candidate for controlling bacteria contamination in water. Mansoorianfar et al. (2022),
highlighted that negatively charge molecule of lipopolysaccharide of shigella outer
membrane quickly attach with MXene, reducing bacteria 99% of artificial
contamination sample. Noticeably, there was no regrowth of other bacteria which
revealed as an outstanding antibacterial efficiency.
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Figure 2.8 The general application of MXene since the staring year of discovery
(Anasori & Gogotsi, 2011)
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2.5 Antibiotic overview

Antibiotic is a combination of two classical Greek words, anti (“against™) and
bios (“life”). Thus, antibiotics are the principal substance “against life”. They are
organic molecules derived from the low molecular weight, which is selectivity against
bacteria life (Christopher & Timothy, 2016). It was well-known that antibiotic is a powerful
drug which was used to treat disease caused by bacteria. The various activity of
antibiotics can be the relevance of bacteriostatic, which slow down the growth of
bacteria or inhibit the bacteria growth, and bactericidal means exclusively kill bacteria
(Rhee & Gardiner, 2004).(Rhee & Gardiner, 2004). Antibiotics are a kind of medicine
that fight against certain infections and can save lives when used in properly way. In
the human body, before bacteria can cause symptoms, the immune system can generally
try to fight with them. Sometimes, however, many harmful bacteria have occurred, and
the immune system cannot handle them. Therefore, antibiotics are helpful in this
situation to carry out their ability to struggle against bacteria infectious. Antibiotics are
classified based on their chemical structure or mechanism of action. There are various
chemical classes that may be broken down into subgroups, including R-lactams,
quinolones, tetracyclines, macrolides, sulfonamides, and others. They are complex
compounds that may have many functions inside the same molecule (Kiimmerer, 2009).
Enrofloxacin is a member of the fluoroquinolone family, which is a subfamily of the
quinolone family. It was widely used in animals at the beginning of the 1980s. ENR
has a broad antimicrobial spectrum that is effective against most gram-negative and
gram-positive bacteria but not anaerobic bacteria. (Trouchon & Lefebvre, 2016). ENR
is classified as zwitterionic molecule with pKaz = (5.88-6.06) and a pKaz2 = (7.70-7.74).
Due to protonation and deprotonation of ENR molecule, at lower pKal ENR molecule
become positively charge due to the carboxyl acid group. At higher that pKa2, basic
tertiary amine become negatively charge drug. So enrofloxacin doesn’t bear charge
between this two pH. They are complex compounds that may have many functions
inside the same molecule (Kimmerer, 2009). Enrofloxacin is a member of the
fluoroquinolone family, which is a subfamily of the quinolone family. It was widely
used in animals at the beginning of the 1980s. ENR has a broad antimicrobial spectrum
that is effective against most gram-negative and gram-positive bacteria but not

anaerobic bacteria. (Trouchon & Lefebvre, 2016). ENR is classified as zwitterionic
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molecule with pKal = (5.88-6.06) and a pKa2 = (7.70-7.74). Due to protonation and
deprotonation of ENR molecule, at lower pKal ENR molecule become positively
charge due to the carboxyl acid group. At higher that pKa2, basic tertiary amine become

negatively charge drug. So enrofloxacin doesn’t bear charge between this two pH.

HO |

CH;

Figure 2.9 Enrofloxacin chemical structure

2.5.1 Excessive use of antibiotics

Antibiotics are the foremost commonly endorsed medications within the world
consumption. The utilize of these drugs has taken off over later decades in numerous
nations, especially in low-middle income countries (LMICs). Worldwide antibiotics
utilization expanded by 65% between 2000 and 2015, and the rate of antibiotic
utilization expanded by 39%, 32 from 11.3 to 15.7 characterized everyday
measurements (DDDs) per 1,000 individuals. However, the serious problem of
antibiotic pollutant refers to antimicrobial resistant which microbial species can adapt
to high level of antibiotics. Antimicrobial resistant (AMR) is a serious server to public
health issue. WHO announced that monitoring of antibiotic consumption is needed for
many low-income and middle-income country. Antibiotic resistance has as of now
gotten to be an inescapable worldwide wellbeing risk, possibly coming about in an

assessed 10 million fatality a year by 2050 in case not being successfully migrated.
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Figure 2.10 Global antibiotic consumption by country: 2000-2015. (A) Change in the
national antibiotic consumption rate between 2000 and 2015 in DDDs per 1,000
inhabitants per day, (B) Antibiotic consumption rate by country for 2015 in DDDs per
1,000 inhabitants per day (Klein et al., 2018). Global antibiotic consumption by
country: 2000-2015. (A) Change in the national antibiotic consumption rate between
2000 and 2015 in DDDs per 1,000 inhabitants per day, (B) Antibiotic consumption
rate by country for 2015 in DDDs per 1,000 inhabitants per day (Klein et al., 2018).

Since the discovery of penicillin in 1929, global antibiotic usage has risen,
and numerous types of synthetic antibiotics have also been utilized in people, animals,
and industries (Kimmerer, 2009; Q.-Q. Zhang, Ying, Pan, Liu, & Zhao, 2015). As a
result, antibiotic contamination was found in the environment by discharging from
household, hospital, wastewater treatment plants, and aquaculture livestock farms.
(Kimmerer, 2009).(Kummerer, 2009). Within the aquaculture industry, antibiotics is
currently utilizing as a drug to prevent bacterial infections. Only small portion of the
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antibiotic has chemically absorbed, and most of them discharge into environment as the
antibiotic residues. In livestock farming, antibiotic is imperative for promoting growth
of livestock and preventing of the infection disease. Therefore, most of antibiotic
contaminant resulting from the animal feces or urine (Briones, Sarmah, & Padhye,
2016). As the results, residual antibiotics occur in the river or lake through livestock
farming, aquaculture, wastewater, hospital, and many other factors caused emerging
Therefore, most of antibiotic contaminant resulting from the animal feces or urine
(Briones et al., 2016). As the results, residual antibiotics occur in the river or lake
through livestock farming, aquaculture, wastewater, hospital, and many other factors

caused emerging.

Antibiotic was not employed on human but also use in animal especially for
promoting growth of the aquaculture. According to European Surveillance of
Veterinary Antimicrobial Consumption (ESVAC), which reported every year since
2011, Italy was the highest antibiotic consumption among European countries in
agriculture. Antibiotics are being employed in a variety of industries, including home
waste, hospitals, urban sewage, raising livestock, and aquaculture (He et al., 2016).
Besides from practical manner, antibiotic residues have also caused severe damage to
ecosystems, as they have low biodegradability over time. Over the past decade, some
evidence has been observed that antibiotic residue has been found in surface water,
groundwater and drinking water (Oulton et al., 2010). Conventional water treatment
techniques, including biological treatment, filtration, coagulation, flocculation and
sedimentation, have been identified as ineffective antibiotic removal (Watkinson et al.,
2007). Advanced oxidation technologies that produce hydroxyl radical to decompose
contaminants such as UV photolysis, photocatalysis, photo-fenton reaction, ionizing
radiation were found to be successfully for removal of antibiotic. However, the main
challenge for all these methods was related to the application cost, catalyst
management, residual toxicity, and various byproducts (Ikehata et al., 2006).Antibiotic
was not employed on human but also use in animal especially for promoting growth of
the aquaculture. According to European Surveillance of Veterinary Antimicrobial
Consumption (ESVAC), which reported every year since 2011, Italy was the highest

antibiotic consumption among European countries in agriculture. Antibiotics are being
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employed in a variety of industries, including home waste, hospitals, urban sewage,
raising livestock, and aquaculture (He et al., 2016). Besides from practical manner,
antibiotic residues have also caused severe damage to ecosystems, as they have low
biodegradability over time. Over the past decade, some evidence has been observed that
antibiotic residue has been found in surface water, groundwater and drinking water
(Oulton et al., 2010). Conventional water treatment techniques, including biological
treatment, filtration, coagulation, flocculation and sedimentation, have been identified
as ineffective antibiotic removal (Watkinson et al., 2007). Advanced oxidation
technologies that produce hydroxyl radical to decompose contaminants such as UV
photolysis, photocatalysis, photo-fenton reaction, ionizing radiation were found to be
successfully for removal of antibiotic. However, the main challenge for all these
methods was related to the application cost, catalyst management, residual toxicity, and
various byproducts (Ikehata et al., 2006).

China is one of the most nations which devoured higher sum of antibiotic due to
most high populated in the world. The total usage of antibiotic in China was 162,000
tons in 2013 (Q.-Q. Zhang et al., 2015). In addition, yearly consumption of human
antibiotic in Vietnam, Brunei, Philippine, Japan, Mongolia, and South Korea were
estimated to be 1086, 1.13, 260.5, 524.9, 133.2, 546.4 in 2015 as report by WHO.
Figure 2.6. shows the human antibiotic consumption rate illustrate as DDD per 1000
inhabitants per day in 2015 (WHO, 2018). In China, more than 90 types of antibiotics
belong to five class of antibiotic (SF, FQ, TCs, MLs, and Bls) were investigated in
water, ranging from 0.1 to 1000ng/L (S. Li et al., 2018). As mentioned by Chen et al.,
(2018), the leftover of antibiotic in China due to poor treatment efficiency of sewage,
surface runoff, and direct discharge from livestock industries (Chen et al., 2018).China
is one of the most nations which devoured higher sum of antibiotic due to most high
populated in the world. The total usage of antibiotic in China was 162,000 tons in 2013
(Q.-Q. Zhang et al., 2015). In addition, yearly consumption of human antibiotic in
Vietnam, Brunei, Philippine, Japan, Mongolia, and South Korea were estimated to be
1086, 1.13, 260.5, 524.9, 133.2, 546.4 in 2015 as report by WHO. Figure 2.6. shows
the human antibiotic consumption rate illustrate as DDD per 1000 inhabitants per day
in 2015 (WHO, 2018). In China, more than 90 types of antibiotics belong to five class
of antibiotic (SF, FQ, TCs, MLs, and Bls) were investigated in water, ranging from 0.1
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to 1000ng/L (S. Li et al., 2018). As mentioned by Chen et al., (2018), the leftover of
antibiotic in China due to poor treatment efficiency of sewage, surface runoff, and direct
discharge from livestock industries (Chen et al., 2018).

In Thailand, Oxytetracycline and Enrofloxacin were detected higher
concentration approximately 3050 and 1590ng/L in water at Tha Chin River which
determined as the influence from antibiotic usage from tilapia cage farming (Rico et al.,
2014). In addition, six canals at Bangkok city, Thailand, were found high amount of
Ciprofloxacin and Sulfathiazole ranging from 9-194ng/L and 29-107ng/L, respectively
(Tewari, Jindal, Kho, Eo, & Choi, 2013). It also reported that, Ciprofloxacin
concentration found in the domestic wastewater treatment plants mainly in return
sludge, and aeration unit. Sulfamethoxazole predominantly is more difficult to degrade,
and mostly shows high concentrations in effluent (Sinthuchai et al., 2021). Chan., et al
has investigated the antibiotics in pig feed and drinking water which excreted with
manure and wastewater. Tetracycline, macrolides, aminoglycosides, quinolones,
sulfonamides, pleurmutilin and florfenicol classes have found as the main ingredients
in feed and drinking water. It was also formed and settle as a sludge up to 79.5ug/L
and 24.2mg/kg in pond during wastewater treatment (Chan, Chiemchaisri,
Chiemchaisri, Boonsoongnern, & Tulayakul, 2022). Jansomboon et al., has reported
that antibiotic residual also found in the Pangasius catfish product which imported to
Thailand. As mentioned, antibiotic play a crucial role in promoting the livestock
farming especially in fish farming. As the results, antibiotic pollutant has not found
only in the water but also in the fish species by fish incomplete digestion. Jansomboon
et al., has found that Enrofloxacin detected in Pangasius catfish in a range of 6.4 —
11.3 ug/kg which were higher than the recommendation of the US food and drug
administration (US-FDA) level (Jansomboon, Boontanon, Boontanon, Liamleam, &
Polprasert). In particular, the occurrence of the antibiotics possibly correlated with the
population density for human antibiotic and relatively high amount for veterinary drug
in agriculture or livestock area. There are still lack of information about the occurrence,
distribution, and fate of antibiotic in surface water from several countries including
South Korea, Cambodia, Laos, Myanmar and Timor-Lests (Anh et al., 2021).In
Thailand, Oxytetracycline and Enrofloxacin were detected higher concentration
approximately 3050 and 1590ng/L in water at Tha Chin River which determined as the
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influence from antibiotic usage from tilapia cage farming (Rico et al., 2014). In
addition, six canals at Bangkok city, Thailand, were found high amount of
Ciprofloxacin and Sulfathiazole ranging from 9-194ng/L and 29-107ng/L, respectively
(Tewari et al., 2013). It also reported that, Ciprofloxacin concentration found in the
domestic wastewater treatment plants mainly in return sludge, and aeration unit.
Sulfamethoxazole predominantly is more difficult to degrade, and mostly shows high
concentrations in effluent (Sinthuchai et al., 2021). Chan., et al has investigated the
antibiotics in pig feed and drinking water which excreted with manure and wastewater.
Tetracycline, macrolides, aminoglycosides, quinolones, sulfonamides, pleurmutilin and
florfenicol classes have found as the main ingredients in feed and drinking water. It
was also formed and settle as a sludge up to 79.5ug/L and 24.2mg/kg in pond during
wastewater treatment (Chan et al., 2022). Jansomboon et al., has reported that antibiotic
residual also found in the Pangasius catfish product which imported to Thailand. As
mentioned, antibiotic play a crucial role in promoting the livestock farming especially
in fish farming. As the results, antibiotic pollutant has not found only in the water but
also in the fish species by fish incomplete digestion. Jansomboon et al., has found that
Enrofloxacin detected in Pangasius catfish in a range of 6.4 — 11.3 ug/kg which were
higher than the recommendation of the US food and drug administration (US-FDA)
level (Jansomboon et al.). In particular, the occurrence of the antibiotics possibly
correlated with the population density for human antibiotic and relatively high amount
for veterinary drug in agriculture or livestock area. There are still lack of information
about the occurrence, distribution, and fate of antibiotic in surface water from several
countries including South Korea, Cambodia, Laos, Myanmar and Timor-Lests (Anh et
al., 2021).

2.6 Adsorption of pollutant by using MXene material

Antibiotic effluents are notorious for being difficult to eliminate. Some evidence
has been published in the last decade that antibiotic residue has been found in surface
water, groundwater, and drinking water (Oulton et al., 2010). For eliminating
antibiotics, several water treatment procedures such as biological treatment, filtration,
coagulation, flocculation, sedimentation, adsorption, and solvent extraction have been
investigated (Watkinson et al., 2007). Adsorption is seen to be the most promising of

Ref. code: 25656322040137VIW



27

these since it is simple, cost-effective, and economical. There are several studies which
used MXene to work on adsorption of antibiotic drug and other pollutant.Antibiotic
effluents are notorious for being difficult to eliminate. Some evidence has been
published in the last decade that antibiotic residue has been found in surface water,
groundwater, and drinking water (Oulton et al., 2010). For eliminating antibiotics,
several water treatment procedures such as biological treatment, filtration, coagulation,
flocculation, sedimentation, adsorption, and solvent extraction have been investigated
(Watkinson et al., 2007). Adsorption is seen to be the most promising of these since it
is simple, cost-effective, and economical. There are several studies which used MXene
to work on adsorption of antibiotic drug and other pollutant.

Another group of study was also conducted on the adsorption of selected
pharmaceutical compounds (amitriptyline, verapamil, carbamazepine, ibuprofen,
diclofenac). The study was chosen commercially TizC,Tx for receiving universal
results. The high potential of the adsorption capacity was due to the electrostatic
interaction between the negatively charge of the MXene and the positively charge of
the contamination of drug. To increase the adsorption efficiency, sonication of MXene
at different frequency for increasing the high surface area and active site was also
observed. The maximum of the adsorption was 241 mg g for sonicated TisC2Tx
MXene with the AMT adsorbate (Ghani et al., 2021).The maximum of the adsorption
was 241 mg g* for sonicated TisC2Tx MXene with the AMT adsorbate (Ghani et al.,
2021).

Sukidpaneenid et al. (2023) has proved that MXene-TiO2 has had multi-role of
adsorbent and photocatalyst for removal of antibiotic drug contamination from water.
MXene was synthesized via LiF/HCI etching and further a rapid microwave
hydrothermally composite in aqueous solution HCI to form MXene-TiO.. In case of
composite material, NaCl was included in the composite material since it was found
that it could adsorb antibiotic well, where lithium content was removed by heat in
microwave reactor with HCI and initiating form Na* and TiO2 among the structure of
MXene. The result found that the sodium intercalate in the MXene structure has a
potential uptake the drug molecule through cation exchange. Furthermore, Na* could

interfere the fastest growth of TiO, forming.

Ref. code: 25656322040137VIW



28

HCI-LiF Microwave
etching Hydrothermal
, inHCI

o ¥ Photocatalysis
@ VTV o - v

w 2
< .y WAL ENR
AL . \
oLy
&

\’_’,- ¢ e
W = or MX-Ti0Q, composites
N— e HCI&NaCl . oabe
N .
v v%‘:‘#‘:“: .
Ti_\AICZ TiJCZ or MX A A K > $, - Photocatalysis

i oo SRR
MX.TIO composes with NaC
Figure 2.11 Multi-function of MXene adsorbent composite with TiO> enhance the
removal of ENR antibiotic (Sukidpaneenid et al., 2023). multi-function of MXene
adsorbent composite with TiO2 enhance the removal of ENR antibiotic

(Sukidpaneenid et al., 2023).

Recently study has revealed on the enhancement of adsorption of Tetracycline by
using ALK-MXene, mainly discussed on surface complexation. The synthesis MXene
material was followed in the literature report (Q. Peng et al., 2014).(Q. Peng et al.,
2014). Alkalization reaction was further synthesized after first step HF etching for
intercalated Na* by using NaOH. In this study, MXene-rich hydroxyl surface
intercalated with Na* was used to remove the antibiotic contaminant Tetracycline from
wastewater. The study has indicated that it has slightly affect by the changing
temperature of adsorption. However, it mainly effected by pH changing due to the
protonation and deprotonation of the tetracycline molecule in various pH range. In
addition, in the system of only TC adsorption, hydroxyl group on the surface of the
ALK-MXene plays majority interaction with tetracycline during adsorption process as
it can be seen by the XPS results of -OH peak at 531.23 eV move to lower direction of
530.95 eV. Author also revealed that before and after adsorption of tetracycline,
material didn’t change the structure which confirmed by XRD and XPS results (Dao,
Hao, Bi, Sun, & Huang, 2022a).Author also revealed that before and after adsorption
of tetracycline, material didn’t change the structure which confirmed by XRD and XPS
results (Dao et al., 2022a).
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Figure 2.12 Surface complexation of ALK-MXene for adsorption of tetracycline
antibiotic (Dao, Hao, Bi, Sun, & Huang, 2022b)

A. Liu et al. (2020) has developed a laminated membrane for separate of
pharmaceutical which polluted to water environment. The assembly of the titanium
carbide shows good performance than most polymeric nanofiltration membranes. The
separation mechanism is mainly size-selective, pH. This outstanding separation
performance is enabled by the highly regular 2D structure, which introduces a new
concept for designing sub nanochannels/nanochannels. This Ti3C2Tx membrane
broadens the use of lamellar membranes in drug purification, sewage treatment, and

medical wastewater treatment.
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Figure 2.13 Antibiotics separation with MXene membranes based
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2.7 Adsorption mechanism

To eradicate contaminants in water, a considerable number of studies have been
conducted on the adsorption behavior of nanomaterials, which have superior chemical
and physical properties such as wide surface area, small size, and high stability when
compared to typical bulk materials. Specifically, it is low cost compared to other
technologies such as filtration, biological treatment, coagulation, flocculation,
sedimentation solvent extraction (Watkinson et al., 2007).Specifically, it is low cost
compared to other technologies such as filtration, biological treatment, coagulation,
flocculation, sedimentation solvent extraction (Watkinson et al., 2007). Adsorption is
known as mass transfer, which involves the accumulation of substances that interact at
two phases, such as liquid-liquid, liquid—solid, gas—solid, and gas-liquid. It is
considered as a complex phenomenon that is primarily determined by the surface
chemistry or nature of the sorbent, sorbate, and the system circumstances in between
the two phases. Thereafter, it finally adhered at the adsorbent surface. The adsorbate is
the substance being adsorbed, and the adsorbing material is known as the adsorbent.
The effect of adsorption can vary depending on the initial loading of adsorbent, pH
value, time interaction, temperature and the nature of the adsorbent and adsorbate. The
amount of adsorption of molecule at equilibrium phase can be determined using the

given formular:

_ (G -C)xV
t m 2.1)

Where:

gt : adsorption amount at time t (mg/q)

V : volume of solution (L)

m : mass of adsorbents (g)

Co : initial concentration of contaminant (mg/L)
C: : concentration of contaminant at time t (mg/L)
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Figure 2.14 The illustration of the adsorption on the surface of the adsorbent.

Most of the industrial adsorbents fall into three different types
1. Oxygen-containing material: Basically, hydrophilicity and polar compound
2. Carbon based material: Basically, non-polar
3. Polymer based material: Typically, polar and non-polar depending on the

functional group in the polymer matrix

Table 2.2 Comparison between physical adsorption and chemical adsorption

Chemical adsorption

Physical adsorption

Covalent bond formed between
the surface and the adsorbed
material

Slow

High temperature is needed
Activated energy is required
Monolayer are formed

Irreversible

Electrostatic and Van de Waal
force are involved

Fast

Occurs at low temperature and
decrease with increase
temperature

Activated energy is not required
Multilayers are form

Reversible

2.7.1 Adsorption Kinetic

The aim of the adsorption kinetic implementation is to comprehend the
mechanism of adsorption of the capacities of molecules to be adsorbed. In the
adsorption system, adsorption models such as the pseudo-first order model, the pseudo-
second order model, and the intraparticle diffusion model are widely use in the
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adsorption system. Because of the kinetic model could support the understanding of the
adsorption mechanism.
1) Pseudo-first order kinetics model (PFO)

PFO denoted the kinetic process of the liquid-solid phase adsorption in which
reaction rate is limited by the individual mechanism and all binding or adsorption sites
are time dependent. The pseudo-first order model was developed by Lagergren. The
main assumption of kinetic model is the following:

e Absorption occurs only at the specific binding site, which localized on the
surface adsorbent.

e Adsorption energy does not depend on the formation of a layer on adsorbent
surface.

e No interaction occurs between the adsorbed molecules on the surface of the
adsorbent.

2) Pseudo-second order model (PSO)

Two assumptions underlying the pseudo-second order model. The first
assumption is that two reactions will occur simultaneously during the adsorption
process, and the second assumption is that one of the reactions will occur at a faster rate
and will reach equilibrium quickly, while the other reaction will occur at a slower rate

and will continue until the adsorption process is complete.

2.7.2 Adsorption isotherm

Adsorption isotherms explain the distribution of adsorbed molecules from the
liquid phase to the surface of the solid phase at equilibrium. Adsorption isotherms are
the equilibrium relationships that characterize the interaction of adsorbate ions with the
adsorbent's surface. Adsorption isotherms are graphs or curves created at a constant pH
and temperature that are used to study the process of adsorption (Foo & Hameed,
2010).Adsorption isotherms are graphs or curves created at a constant pH and
temperature that are used to study the process of adsorption (Foo & Hameed, 2010).
Adsorption equilibrium happens when an adsorbate in any phase comes into sufficient
contact with the adsorbent. The Langmuir, Freundlich, and Elovich isotherms are all
commonly employed in adsorption processes. Adsorption processes can occur in either

a homogeneous or heterogeneous layer, according to the Langmuir and Freundlich
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theory of adsorption. It is determined by the number of active sites on the adsorbents'
surface (Foo & Hameed, 2010).1t is determined by the number of active sites on the
adsorbents' surface (Foo & Hameed, 2010).
1. Langmuir adsorption isotherm

The Langmuir isotherm assumes that the adsorbent's surface has a fixed number
of adsorption sites of identical size and shape. It also implies that each unoccupied site
may hold one molecule and that a consistent quantity of heat is generated during the
process. For these reasons, the Langmuir isotherm is also known as the homogeneous
adsorption isotherm. This isotherm best depicts the chemisorption type of adsorption.
The adsorbed and free molecules are in dynamic equilibrium with one another. This
indicates that the adsorption and desorption processes are in balance throughout the
mechanism. The most fundamental assumption of this isotherm model is that adsorption
results in a single layer of adsorbed molecules and that there is no adsorbate
transmigration in the surface plane. The intermolecular attractive force between
molecules reduces as the distance between them increasing, according to the Langmuir
isotherm concept. The following nonlinear equation is used to calculate the Langmuir

adsorption parameters.

— Qmax Kce

Q.= 1+ KQ,

(2.2)

Where:

Qmax : Langmuir constant indicating measures of monolayer adsorption capacity
(mg/g)

K : Langmuir constant indicating adsorption rate (L/mg)

Ce : equilibrium concentration (mg/L)

Qe : the amount of uptake per gram of the adsorbent at equilibrium (mg/g)

2. Freundlich adsorption isotherm
In contrast to the Langmuir isotherm model, which is limited to monolayer

adsorption, the Freundlich isotherm model is applicable to multilayer adsorption and
explains non-ideal and reversible adsorption. According to Foo and Hameed (2010),

the adsorption mechanism produces a heterogeneous adsorbate layer rather than a
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homogenous monolayer. According to Foo and Hameed (2010), the adsorption
mechanism produces a heterogeneous adsorbate layer rather than a homogenous
monolayer. "The stronger binding sites are occupied first, and adsorption energy drops
exponentially until the adsorption process completes,” according to Freundlich
isotherm theory. The following non-linear equation is used to calculate the parameters

of the Freundlich adsorption isotherms.

Qe = }<L(Ce)l/n (23)

Where:
Qe : amount of adsorbed per gram of the adsorbent at equilibrium (mg/g)
KL and n : Freundlich constants that indicate the adsorption capacity and intensity

Ce : equilibrium concentration (mg/L)
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CHAPTER 3
MATERIALS AND METHODS

1. MXene (Ti3C2) Synthesis
Preliminary MXene synthesis, in-situ-HF etching: 6M of HCI + 9M of LiF

as etchant and MAX phase (TizAIC,) as a precursor

Influence of acid concentration etching (1Imolar, 4molar, 9molar), followed
by NaF/HCI etchant solution

Influence of various fluoride salts etching (NaF, LiF, KF, ZnF,) with HCI,
followed by molar ratio of 9M:9M

Influence of etching time (4 hours and 24 hours)

\ 4 \ 4
2. Characterization 3. Adsorption experiment
Scanning electron e Adsorption of enrofloxacin
microscopy and Dispersive antibiotic by using adsorbent
X-ray spectroscopy MXene (TisCz) etched via
SEM/EDS various fluoride salts and
X-ray Diffraction XRD different time etching
TEM analysis
DLS particle size analysis l
Zetasizer, zeta potential -
] 4. Fully exfoliate MXene
analysis e MX-Li-4h was used for full

exfoliation into monolayer
flake MXene

e Adsorption performance of
obtained single flake

material
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3.1 Materials

MAX phase (TizAIC,) was purchased from Luoyang Tongrun Info Technology
Co., Ltd, China. Hydrochloric acid (HCI), lithium fluoride (LiF), and sodium chloride
(NaCl) were purchased from Carlo Erba, Acros organics, and Loba Chemie,
respectively. Sodium Fluoride (NaF), Potassium Fluoride (KF), Zinc Fluoride (ZnFy),
Sodium Hydroxide (NaOH), were purchased from Carlo Erba, KEMAUS, Alfa Aesar,
Thermo Fisher Scientific, Carlo Erba, respectively. Enrofloxacin (C19H22FN303) was
purchased from General drugs house Co., Ltd, Thailand.

3.2 MXene (TisC2Tx) Synthesis
3.2.1 Preliminary MXene (TisC2Tx) synthesis

In the preliminary synthesis, in-situ HF etching was used to avoid using highly
hazardous compounds in the synthesis, and the synthesis technique was slightly
modified from the previous report (Ghidiu et al., 2014a).(Ghidiu et al., 2014a). Lithium
fluoride (LiF) and hydrochloric acid (HCI) were utilized as the etchant solution in this
synthesis. 10mL of HCI (6M) was added with 2.33g of LiF (9M). The mixture was
stirred for 20 minutes to dissolve the salts sufficiently. 1g of MAX phase (TisAlIC) was
gently added to the mixture to prevent the exothermic reaction. The mixture was stirred

at 50°C for 24 hours. After that, the suspension was washed with DI water until pH > 5

by centrifugation (5000 rpm for 10 minutes for each cycle). The supernatant was
discarded, and the bottom like-clay sediment was collected and dried for 12 hours in a
vacuum oven at 60°C. In order to make comparison with the previous work by
(Sukidpaneenid et al., 2023), MXene was also synthesized as described in that work,
i.e. at lower fluoride salt concentration (2.5M of LiF). In brief, 6mol/L of HCI and
2.5mol/L of LiF were prepared. Temperature was maintained at 50°C and reaction time
was kept for 24 hours. In order to make comparison with the previous work by of
(Sukidpaneenid et al., 2023), MXene material was also synthesized as described in that
work, i.e. atin lower fluoride salt concentration etching (2.5M of LiF). In brief, 6mol/L
of HCI and 2.5mol/L of LiF were prepared. Temperature was maintained at 50°C and

reaction time was kept for 24 hours.
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3.2.2 Influence of HCI acid etching of MXene (TizC2Tx) synthesis

In this typical synthesis, MXene (TisC2Tx) was synthesized by in-situ
hydrochloric acid (HCI) and sodium fluoride salt (NaF). Various concentrations of HCI
were used (1M, 4M and 9M) with the fixed concentration of the NaF (9M). 10mL of
each HCI was used with the target concentration of fluoride salt (NaF) 9mol/L. The
mixture was stirred for 20 minutes to sufficiently dissolve the salt. 1g of MAX phase
(TisAlIC2) was slowly added in the mixture to avoid the exothermic reaction. The
suspension was was stirred at 50 °C for 24 h. During etching, each of the synthesis batch
was also sampling at 4 hours for the study on the effect of the etching time.

Thereafter, MXene suspension was soaked in DI water and additional stirring for
3 hours to intercalate water molecules into the MXene sheet. In addition, in the form of
acidic condition, hydronium HzO" ion will undergo further ion exchange with the Na*
cation. As a result, we could get simultaneously Na™ intercalation during etching as well
as Na* which benefit from defluorination of the NaF by-product. After incubation, the
suspension was washed with DI water (5000 rpm for 10 minutes for each cycle).
Washing step was performed until the pH reach approximately (pH 5-6). The pH
monitoring in each washing cycle illustrate in APPENDIX A (Figure 1). After that, the
sediment-like clay was separate and vacuum-dried for 12 hours. In this investigation

synthesis, etching time and acid concentration etching were examined.

3.2.3 Influence of other fluoride salts (LiF, NaF, KF2, ZnF2) etching of MXene
(TisC2Ty)

In this synthesis part, the study on the effect on different fluoride salt was
investigated by taking suitable acid etching conditions from the previous section
(3.2.2), namely 9M HCI, 9M salts, 4h etching, 3h water incubation and wash until pH
>5. The effect of fluoride was chosen LiF, NaF, KF, ZnF», as an etchant with
hydrochloric acid (9mol/L). The synthesis step was followed from section 3.2.2 which
consisted of chemical wet etching, water incubation, washing, and drying. In brief, 1g
of MAX phase was immersed in 10 mL of hydrochloric acid (9mol/L) with the target
concentration of fluoride salt 9mol/L. After that, the suspension was incubated in pure

water for 3 hours before further washing until pH reaches 5-6 (centrifugation at
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5000rpm for 10 minutes each cycle). Finally, MXene sediment was then dry in oven

for overnight and ground with mortar to obtain fine particles.

3.2.4 Further exfoliation of MXene

For the fully exfoliation of MXene, Li-Ti3C: etched at 4 hours was chosen to be
further delaminated into a few layers or a monolayer MXene since the solvated Li*
intercalated MXene possessed larger interlayer distance than other cations. In detail, 50
mg of multilayer-Li-TisC> 4h was soaked in three different dispersions such as DI
water, ethanol, and lithium chloride (9mol/L), separately. Each suspension was
sonicated for 20 min (1min on and 30 sec off) using probe ultrasonication. After
sonication, the well disperse suspension was centrifugated at 6,000 rpm to separate the
sediment and the supernatant. The supernatant of each suspension was checked the
absorbance spectra by UV-Vis spectrophotometer and the sediment part were also
collected and drying in vacuum oven 60°C . Thereafter, powder sample was collected
and kept for further experiment.

Another exfoliation technique also prepares by using Tetrabutylammonium
hydroxide (TBAOH) which is a large organics molecule, frequently used in the
intercalation of MXene (Ti3Cz), and further handshaking for delamination into few-
layer or single layer. In brief, 200mg of MLs MXene (Li-TizCz 4h) was soak in 40%
v/v of TBAOH 50mL, for overnight. The obtained solution was then centrifuged to
separate the unreacted intercalant. Then, it was washed with DI water for 3-5 cycles.
The sediment like-clay was then dry in vacuum oven 60°C and kept for further

experiment.

3.3 Characterization

Scanning electron microscopy (SEM) was used to characterize the surface
morphology of the MAX phase and produced MXene. Elemental composition of the
materials was identified by the energy dispersive X-ray spectrometry (EDX). The
condition of the SEM consists of 5kV of voltage, 10 unit of spot intensity. The condition
of EDS was performed at 15kV of voltage and 20 units of spot intensity. The element
qualitative of C, Al, Ti, F, O, Zn, Na and K were analyzed. Transmission Electron
Microscopy (TEM, JEOL JEM-2100 plus, Japan) was used to characterize the
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monolayer of the MXene using accelerated voltage of 200 kV. In brief, 40mg of MXene
sample was placed in DI water (40mL) and probe sonication for 20 minutes in pulse
mode (1 min on, 30 sec off), using 60% amplitude before the TEM analysis. The sample
solution was then dropped onto copper grid and left for drying at room temperature for
24h. In case of multilayer MXene (Ti3C2Tx), 40 mg of MXene powder was placed in
DI water (40mL) and overnight before TEM analysis. XRD patterns were collected by
(Bruker AXS Model D8 Advance, Germany), using Cu Ka (1.5406 A) and operated at
40 kV and 40 mA. The range of 20 was scanned from 5° to 70° with increment 0.02
degree/ and 0.2 second/step. To obtain the interplane distance, d-spacing of was
calculated by Bragg’s equation.

In case of multilayer MXene (TisC2Tx), 40 mg of MXene powder was placed in
DI water (40mL) and stirring overnight before TEM analysis. XRD patterns were
collected by power diffraction (Bruker AXS Model D8 Advance, Germany), using Cu
Ka (1.5406 A) and operated at 40 kV and 40 mA. The range of 20 was scanned from
5° to 70° with increment 0.02 degree/stem and 0.2 second/step. To obtain the interplane

distance, d-spacing of materials was calculated by Bragg’s equation.

nA=2dsiné (3.1)

Where A is the wavelength of the incident X-ray (1.5418A ), 6 is peak position, n

is order of diffraction and d is d-spacing A.

Surface charge chemistry and the hydrodynamic particle size and size’s
distribution were measured using Zetasizer Nano ZSs, Melvern. The concentration of
NaCl (0.01M) is used as the supporting suspension electrolyte media to neutralization
of the charge of MXene material. 30mg of MXene was dispersed in 30 mL of 0.01M
NaCl. In order to avoid the aggregation of MXene particles, 1 minute of probe
sonication with, using 60% amplitude was applied before analysis. A refractive index,
R1=2.15, and the absorption 0.900 was used in this measurement with the fast response
of sample equilibrium at 10 sec. For In case of the variation of zeta potential as a
function of pH, 0.1M of hydrochloric acid (HCI) and 0.1M of sodium hydroxide

(NaOH) were used to adjust the pH change in the range of 2—-10. The suspension was
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then analyzed for the zeta potential using Zetasizer Nano ZSs. The zeta potential of
TisC2Tx nanoflake were measured at a concentration 1 mg mL™. The experiment was
performed in monomodal mode for the fast measurement and to avoid possible

aggregation of the MXene nanoflake aggregation.

3.4 Adsorption capability and adsorption kinetic

All experiments were conducted in the dark to prevent the of enrofloxacin or any
of the material photocatalytic activity. 150 mg of MXene was dispersed into 150 mL of
fresh enrofloxacin at an initial concentration 10 mg/L. Multi-layer MXene including
(MX-Li, MX-Na, MX-K, MX-Zn) which were etched 4h and 24h were utilized. The
suspension was stirred in a dark condition for 10 hours. The sample was withdrawn at
specific time intervals between (10mins to 600mins). The withdrawal suspension was
then filtered through 0.22um of nyron syringe before analyzing the absorbance by UV-
Vis spectrophotometer at 272nm (PerkinElmer, Lambda 650).

In case of few-layer or monolayer MX, the MXene sample obtained from further
exfoliation in follow sonication and intercalation were used. sMX/DI, sMX/Et,
SMX/LIiCl and MX/TBAOH were used in the ENR adsorption follow the above
experiment step. In brief, adsorbent was weight 100 mg and disperse in 100mL of fresh
enrofloxacin. The suspension was incubation in the dark and sample was collected at
specific time (10min-350min) for checking absorbance via UV-Vis spectrophotometer.
After ENR adsorption experiment, the suspension after filtering was kept for further
analysis of Li cation leaching upon adsorption experiment.

For ENR adsorption by using multilayer and monolayer MXene under dark
conditions, adsorption Kkinetics is fitted to the pseudo-first order and the pseudo-second
order model to obtain the rate parameters (Eq.2 and EQ.3) whereas the adsorption
capacity of MXene is calculated by (Eg.3).

In addition, another set of experiment for the adsorption capacity at different pH
was also conducted with the set initial concentration of ENR 10mg/L. Monolayer
MXene (sMX/DI) was selected only to use in this experiment. ENR solution was
adjusted the pH value ranging from pH 2 until pH 10. The MXene loading MXene

adsorbate was 1g/L and the suspension was shaken in the dark condition for 24 hours
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to reach the equilibrium adsorption. Zetapotential of monolayer MXene (SMX/DI) was

also measured in the same range pH of the adsorption experiment.

0 =g, (1—e™) (3.2)
Qek2t
= ten2n 3.3
T ek )
Where ge (mg/g) and gt (mg/g) are the amount of antibiotic adsorbed on the

materials at equilibrium and at time, respectively, ki (min™) and k. (g/mg.min) at the

pseudo-first order and pseudo-second order rate constants, t (min) is time.

_ (G -C,)xV
m

de (3.4)

Where g is the adsorption capacity (mg/g), Co is the initial concentration, Ce is
the concentration at equilibrium (mg/L), m is mass of adsorbent (g), V is the volume of

solution containing solute (L).

3.4.1 L. cation leaching upon sMX adsorption

In case of Li cation leaching, the solution which obtained from sMX adsorption
experiment was further analysis by using inductively couple plasma (ICP) spectroscopy
(Optima 8000 ICP-OES, PerkinElmer, USA). In brief, ENR solution after sMX
adsorption, was diluted with DI water into low concentration. The dilution factor was
recorded and the obtained concentration from ICP-OES was substituted into actual
concentration.

The lithium content before and after adsorption in the sample were also analyzed.
For analyzing Li cation content in solid sample. MX solid sample were sonicated in DI

water using probe sonication for 10 minutes before ICP measurement.

_ (C, xDFxV)

Ligng 1g) = - (3.5)
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where C is the concentration of lithium obtained from ICP measurement (ppm),

DF is dilution factor, V is volume (L), and m is sample weight in (g)

3.5 Adsorption isotherm

Adsorption isotherm was conduct by using known concentration of ENR solution.
A stock concentration was prepared and dilute to desired concentration as mentioned
in the Table 3.1 The mass loading of adsorbate utilized in the ENR solution were
maintained at 1 mg mL™. The adsorption capacity time was set to 24 hours to get
equilibrium adsorption performance. An initial ENR solution was carried out at pH 5
and the incubation was performed at ambient temperature. Langmuir isotherm and
Freundlich isotherm was conducted to examine the maximum adsorption capacity. The

equation of the isotherm describe as below:

Langmuir Isotherm Equation

KC
= (fiTQ (3.6)

Freundlich Isotherm Equation

Qe = Kd (Ce)lln (37)

where Ce and Qe describe the concentration and adsorption capacity at
equilibrium time, respectively, Qmax IS the maximum adsorption capacity. Kg is the
distribution of coefficient from Freundlich isotherm, and K is Langmuir constant

representing of energy of adsorption.
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Initial Concentration
Mass adsorbate (mg) Volume (mL) pH
[Co]enr

10 ppm 20.00 20 mL 5.06
20 ppm 19.60 20 mL 5.09
30 ppm 19.90 20 mL 5.04
40 ppm 20.0 20 mL 5.08
50 ppm 20.30 20 mL 5.06
60 ppm 20.80 20 mL 5.04
80 ppm 19.90 20 mL 5.01
100 ppm 20.90 20 mL 5.07
150 ppm 20.20 20 mL 5.01
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Preliminary results of MXene synthesis
4.1.1 Sample characterization of TisC2Tx (MX)

The exfoliation of the Al element from MAX phase is an important part of the
successfully synthesized MXene material. Instead of using direct hazardous HF
etching, fluoride salt/acid etching which was commonly known as in-situ HF etching
was introduced by (Naguib et al., 2012). However, the removal of aluminum from
MAX phase differs in temperature, time, concentration of fluoride salt and acid. In
addition, in-situ HF etching was one of the methods which reported simultaneously
cation intercalation TisC,Tx. Instead of using direct hazardous HF etching, fluoride
salt/acid etching which was commonly known as in-situ HF etching was introduced by
(Naguib et al., 2012). However, the removal of aluminum from MAX phase differs in
temperature, time, concentration of fluoride salt and acid. In addition, in-situ HF
etching was one of the methods which reported simultaneously cation intercalation
TizC,Tx. However, it depends on the concentration of etching agent (Alhabeb et al.,
2017).(Alhabeb et al., 2017).

In this preliminary study, we used this approach to further understand the cation
intercalated by using various fluoride salt etching with MAX phase precursor. The first
preliminary synthesized of MXene was focused on different concentration of salt LiF-
HCI etching. The synthesized was separated into two synthesis routes, lower salt
concentration and higher salt concentration of LiF. The lower salt of LiF (2.5mol/L)
etching was sonicated 1 minutes after completely washing followed previous study of
Sukidpaneenid et al. (2023), while higher salt (9mol/L) etching did not require. For the
acid solution, hydrochloric acid (6mol/L) was utilized.

From Figure 4.1 Illustrate the schematic of in-situ HF etching method for
synthesis of MLs MXene material. In the case of high LiF-HCI etchant condition, it
was expected that the Li* intercalated TisCoTx clay interlayer and possibly delamination

without sonication.
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In-situ HF Cation
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Figure 4.1 Schematic illustration of the in-situ HF etching of the MXene (Ti3C2Tx)

material.

Scanning electron microscope (SEM) images which is shown in Figure 4.2
indicate the surface morphology of MAX phase and MXene synthesis material of
2.5LiF-Ti3Cz and 9LiF-TisCz. The exfoliation of the MXene (TisC2) in multilayer sheet
was achieved. The accordion-like structure MXene multilayer was defined in both
synthesis route. MXene sheet with lower lithium fluoride (2.5 LiF-TisCz), which
followed previous synthesis method (Sukidpaneenid et al., 2023) as shown in Figure
4.2c, showed fewer layers packed due to the ultrasonication process, which attempts to
delaminate the structure of MXene.

However, it could be observed that the obtained MXene were still packed and not

completely separated into individual sheets yet. This could be due to the strong bonding

between the MXene layers.

] i Jnciesovsommxooksgy C T T T T T soopm’ JINCTC5.0kV52mm x10.0kSEL) 5.00um

Figure 4.2 SEM image surface morphology (a) the precursor MAX phase (TizAIC)),
(b) OM-LiF-TisC2Tx (c) 2.5M-LiF-TizC2Tx using 6M HCI: Condition; etched at 24

hours under 50°C.

According to Alhabeb et al. (2017), during etching Li* ions simultaneously
intercalate into the TisC> layers. Thus, Li* ions play an important role to increase the c-

lattice parameter, causing the TizC, MXene structure to delaminate easier. However, as
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shown in Figure 4.2 illustrated above that the MXene particles were still packed in
multi-sheets and still have accordion-like structure. According to Wu, Shang, Deng,
Tao, and Yang (2020) reported that MXene nanosheet particularly were prone to
aggregation and restack due to the Van de Waals force.

High concentration of fluoride salt etching (9MLIiF-TizC2Tx) could not quite
completely delaminate the MXene structure into monolayer MXene even the reactant
LiF concentration was increased, although the Al was removed from the parents
TizAIC, MAX phase as was evident from the EDS measurement. The atomic % of Al
element from each synthesis route has decreased from 12.6% in the original MAX
phase to 2.26 and 2.19 % for sample etched by 2.5M LiF and 9M LiF, respectively.

Table 4.1 Elemental composition analysis by EDS, summary of the sample MAX
phase, MX (9LiF,6HCI), supernatant of MX(9LiF,6HCI) and MX (2.5ML.iF, 6HCI)

Elemental composition (Atomic percent)
Materials Ti Al C 0] F Cl
At% At% At% At% At% At%

MAX phase 48.55 12.55 38.47 - - -
MX
(9LiF, 6HCI) 23.03 3.0 18.06 11.07 43.82 1.02
MX
(2.5LiF,6HCI) 36.82 2.26 23.24 20.72 15.01 1.96
MX supernatant
(9LiF, 6HCI) 25.02 0.66 9.97 17.32 45.60 25.02

The selective removal of Al element can be confirmed by the disappearance of
the Ti3AIC2 peaks in the XRD pattern. The X-ray diffractograms of representative
samples are shown in Figure 4. 3 After etching with LiF/HCI, the characteristic
diffraction peaks of the Ti3AIC2 at 19.15° was disappeared.

Meanwhile, the (002) peak at 9.75° of MX-LiF has become broaden and shifted
to lower angle from 9.75° to 6.48°, indicating the Ti-Al bond was broken and Ti3C2
was formed (Naguib et al., 2011a). Furthermore, d-spacing value indicates the
expanding of inter-space in-between MXene structure, causing by simultaneous cation

intercalation of Li+.
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As a results with this synthesis, the peaks of Ti3AIC2 still exist at 38.33°.

However, the peaks at 38.33° and 45° possibly could be assigned to that of the LiF,

which came from the incomplete washing and that some of LiF remained in the sample.

Besides, sharp peaks at 36.69° and 44.97° were assigned to TiC impurity frequently
found containing in the MAX phase due to its preparation (Aiguo Zhou, Wang, &

Hunag, 2003).
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Figure 4. 3 XRD patterns of MAX phase precursor and MXene synthesis via 6M

HCI, 9M LiF etchant, 24h
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* Ti;C, Multilayer (Sediment) * Ti;C, Fewer-layer (Supernatant)
* 6MHCI + 9M LiF *+ 6MHCI + 9M LiF

Figure 4.4 SEM images of TisC> synthesis via 6M HCI, 9M LiF by centrifugation
separation at lower speed (1500rpm).

It is interesting to characterize MXene in the supernatant, which was not settled
by centrifuge during the washing step. In this part, the 9MLIiF-TizC,Tx was centrifuged
at intermediate speed of 1,500 rpm in the first washing cycle, for collecting the smaller
fraction of particles dispersed in the supernatant.

The SEM image in Figure 4.4 showed fewer layer of MXene (Ti3C2Tx) obtained
in the supernatant. High concentration of fluoride salt at 9M system could lead thin
sheets of MXene (Ti3C2Tx), caused by the simultaneous intercalation of Li+ cation
while Al was etched away by the in-situ generated HF. As a results, a few-layer and
multi-layer MXene was achieved in the supernatant, while multilayer MXene is
fractionated in the centrifuge sediment (Lipatov et al., 2016b). It was suggested that
small intercalant ions were inserted between layers in the multilayer MXene, expanding
the inter-layer space, and aiding the delamination of the packed MXene into a
monolayer, or a few layer MXene.

From this preliminary synthesis we can assume that MX can be more exfoliate
well in high concentration LiF, which causes the layer-structure to be more expanding.
This could be useful for further delamination as some of the fewer layer MXene fraction
can be obtained via fractionation centrifugation at intermediate speed. Acid etching
concentration also a factor that can increase the speed of etching since high amount of

acid/salts etchant combination produce HF to remove Al element out from MAX phase.
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4.2 The study on TisC2Tx (MX) synthesis via various fluoride salts etching

To further understand the influence of the cation caused MXene layer to be open,
various kind of fluoride salts including sodium fluoride (NaF), zinc fluoride (ZnF),
lithium fluoride (LiF), and potassium fluoride (KF) were utilized.

In this part, different concentrations of hydrochloric acid (HCI) were varied for
faster etching of Al element from MAX phase. Sodium fluoride (NaF) was chosen to

study on the effect of the (HCI) etching and the concentration of NaF was set to be 9M.

4.2.1 Effects of HCI concentration and etching time using NaF

To further clarify how the MAX phase was etched as a function of HCI
concentrations and time in combination with NaF (9M). The X-Ray diffraction patterns
of samples etched at different HCI concentrations and times are shown in Figure 4. 5.

In 1M and 4M HCI, the results of XRD shows that the peak of Ti3AIC2 still
remained, while at 9M the peaks of Ti3AIC2 has disappeared. This is clear evidence
that lower concentration of hydrochloric acid could not etch the Al element due to less
amount of H+ and F- generated in the in-situ etching system. When the HCI
concentration was increased to 9M, XRD pattern revealed that the characteristic peak
(004) and (104) of Ti3AIC2 were completely removed after in-situ HF etching at 4
hours and 24 hours for the sample that was etched through 9M HCI and 9M NaF.

For the successfully etched sample, the typical broadening and downshift of (002)
peak to the lower angle indicates the material’s larger interlayer space, which exfoliated
the Al element out and was replaced by intercalant Na+ cation and water molecule
among MXene structure.

According to Bragg equation (2dSin6=nA), from 26 of 7.08° and 7.07°, d-spacing
of the material calculated to be 12.49A and 12.50 A, respectively. This result is similar
to the previous studies which used direct HF etching followed with NaOH to from Na*
intercalation in-between MXene structure (Ghani et al., 2021). In addition, d-spacing
results was also consistent matched to another study of etching from NaF-HCI which
mentioned of using 40°C, producing successfully disappeared of MAX phase (TizAIC,)
(F. Liuetal., 2017).
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Noticeably, the (002) peak of MXene strongly appeared at 4 hours etching and
became weaker after extending etching until 24 hours, emphasizing the amount of
simultaneously cation intercalation, causing the accordion-like structure to be more
opening and expanding.

Based on the results, two conclusions can be drawn for the fabrication of MXene
that concentration of HCI and time were important factors influencing etching of

MXene material. The higher HCI concentrations the faster MXene produced.
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Figure 4. 5 XRD patterns of TisC after etching at various concentrations of HCI for
4h (left panel), and 24h (right panel) in combination with 9M NaF. It can be seen that
in both 4h and 24h at 1M and 4M HCI, MAX phase still remains. However, when
HCI was increased to 9M, the MAX phase was almost completely removed. The

MXene peak at 7.07 deg also appears higher for 4h compared to that of 24h.

4.2.2 Effects of different fluoride salts on exfoliation of MXene
As per mentioned in above section, high concentration of 9M HCI, can transform

MAX phase into layer-structure MXene faster. In this part, various kind of fluoride salts
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is utilized to study on the effect of fluoride salts etching. Specifically, XRD diffraction
peak will examine the phase change of each sample. The position of the (002) peak
which is inversely proportion to the d-spacing was compared. LiF, NaF, KF, and ZnF,
NaF and KF were used at 9M concentration along with 9M of HCI. Reaction of each
synthesis was set at 4 hours and 24 hours.

From the XRD measurement, MXene (TisC2Tx) can be effectively exfoliated
by in-situ HF etching solution at 4 hours for all conditions. The XRD was used to
indicate the interlayer spacing between MX nanosheets which were intercalated by
different cation species along with the co-intercalated water molecule (Lukatskaya
Maria et al., 2013). The peak at 9.5 can be used to indicate the completeness of Al
removal. For successful etching, the peak at 9.5° will be shifted to lower angle. Etching
in LiF, there were still the diffraction peak at 9.5 of the MAX phases in the product.
The d-spacing of each material etched at 4h was calculated to be 13.17 A, 12.49 A,
12.42 A, 12.19 A for sample etched by LiF, NaF, KF, ZnF,, respectively. It is also
interesting to compare also the 10%HF, in the previous study (Natu et al., 2022), the
(002) peak for HF-MX was observed at 260 = 9° corresponding to the d-spacing of 9.7A.
(Lukatskaya Maria et al., 2013; Mashtalir et al., 2013).

For Zn?* has a charge of +2 and binds strongly with the MXene sheets resulting
in slight contraction of the MXene sheet compared to other monovalent cations. It could
also be observed that for Zn?*, the longer etching times resulting in more contraction,
possibly due to the better diffusion of Zn in between the layers, which caused the sheets

to be more compacted.
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Table 4.2 D-spacing parameter obtained from XRD measurement along with solvated

cation radius and cation radius.

Solvated Cation Amount of
cation radius radius Cation in MX
d- d- (Ramasubra | (Ramasubr from EDS
Etchin 20 (| 20 ( spaci | spaci manian, amanian et | 4h/ 24h (at%)
Soluﬂoi ) % % Reddy, | al., 2021)
4h | 24h 4ﬂ zii Zaghib
Armand, &
Ramakrishn
a, 2021)
:-'F+HC 6.71 | 6.31 | 1317 | 14.01 3.82 0.6 ND by EDS
QTHH 7.08 | 7.07 | 12.49 | 12.50 3.58 0:59 2.83/7.30
KF+HCI | 7.12 | 6.75 | 12.42 | 13.09 3.31 1.33 2.31/3.50
é?Fz+H 725 1739 | 12.19 | 11.96 43 0.74 0.44/0.69
HF
gl\latu et A 9.00 i 9.7

2022)
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Figure 4.6 Power diffraction (XRD) patterns of MXene (Ti3Cz) or MX, obtained by
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24h etching. Standard powder diffraction peak of TizAIC,, TiC and Na AlFg are

N
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Furthermore, after 24 hours etching has completed, it noticed that the intensity of
each synthesis system has decreased indicating that the planes have become less well
defined. The d-spacing value became slightly increased probably because there was
more fraction of cations intercalated into the structure.

This is also in a good agreement with EDS results that elemental composition of
each individual etching system, cation has slightly increased after 24 hours etching. In
case of LiF/HCI, it was observed that MAX phase was not quite completely removed
even after 24h. For NaF/HCI etchant, EDS results also indicate a very good etching of
Al at 4h. However, expanding of etching time to 24h, resulting in producing of the
impurity of Na2AlFe which is consistent to that amount of —F and Al as shown in Table
4.3.

It is also interesting to observe the surface morphology by SEM and elemental
composition analysis by EDS of obtained MXene material which etched via various
9M fluoride salts with 9M HCI at two different etching times 4h and 24 h.

For LiF, NaF, KF etchant system, MXene product shows typical multilayers
stack for both 4h and 24h etching as shown in Figure 4.7 (a—f). Interestingly, at 4h
etching, the MXene sheet structure seemed to be more open at 24h etching. The cation
contents were also increased at 24h. This is also observed from XRD results that the
appearance of existing peak of Na;AlFe remain in the sample. F. Liu et al. (2017) also
report that some sodium aluminum fluoride compounds may still remain since it does
not easily wash out by water.

Zn?* has two positively charge, it may crosslink in the MXene layer and pull the
layer to become close to each other. Figure 4.7(g—h) show the SEM image of ZnF,/HCI
etching at 4h and 24h. The results indicate that the dense multilayers at 4h and not
significantly different after 24h. This is maybe due to Zn cation has bigger in radii size
and little amount of Zn cation was intercalated. The bi-modal peaks in the case of Zn2+
may be due to different amount of water molecules co-intercalated with the Zn2+,
resulting in comparable two different types of d-spacing values. The Al was removed
almost completely in the ZnF, system, compared to other systems, this was potentially
due to the higher F content using 9M ZnF , which probably can generate more in-situ

HF upon combination with HCI, more efficiently than other monovalent fluoride salts.
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Therefore, batch synthesis of MXene product via LiF/HCI, NaF/HCI, KF/HCI
and ZnF»/HCI were produced at 4 hours, supporting by the high concentration of acid
(9M HCI) and high concentration of fluoride salts (9M). Furthermore, extending the
reaction time to 24 hours, MXene structurally change by the intercalation of cation
inserting to the MXene layer structure. However, keeping long time of reaction is also
produce by-product of insoluble salts in NaF/HCI etching and KF/HCI etching system.

In summary, batch synthesis of MXene via LiF/HCI, NaF/HCI, KF/HCI and
ZnF2/HCI were successfully etched at 4 hours, supporting by the high concentration of
acid (9M HCI). Furthermore, extending the reaction time to 24 hours, MXene structural

change by the intercalation of cation inserting to the MXene layer structure.
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Figure 4.7 SEM image of MXene etched via various fluoride salts, (a—b) LiF/HCI
etching, (c—d) NaF/HCI etching, (e—f) KF/HCI etching, (g—h) ZnF2/HCI etching; left

side was etched at 4 hours and right side was etched at 24 hours.
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Table 4.3 Elemental composition of TizC2 MXene or MX sample etched via various

fluoride salt 9M with HCI 9M and etching time of 4h and 24h.

Atomic % content

ng]rt‘;f]rt‘t MX-Li MX-Na MX-K MX-Zn

4h  24h  4h  24h  4h  24h 4 24h
Ti 2047 1386 2307 1085 3276 1801 3120 24.53
Al 035 009 100 215 052 148 016 0.6
c 2850 38.49 3699 2367 3011 39.82 27.56 28.49
0 4111 3910 2063 1263 1222 1453 3178 3435
F 860 745 1523 3420 1309 21.89 887 1179
cl 097 101 025 021 - i i i
Li ND* ND* - ¥ i i i i
Na i C BRI i 2 i
K i i I A 231 350 - i
Zn i i i i i ) 044  0.69
AlT] 0017 0006 0043 0108 0001 0082 0.005 0.006

*ND: EDS could not detect Li content
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Figure 4.8 Elemental analysis of Ti3C2 MXene powders etched via different fluoride
salts as measured by EDX, (a-b) LiF/HCI etching, (c-d) NaF/HCI etching, (e-f)
KF/HCI etching, (g-h) ZnF2/HCI etching; left side was etched at 4 hours and right

side was etched at 24 hours
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4.3 Adsorption capacity of ENR onto MLs MXene

The adsorption uptake of ENR onto intercalation-MXene was carried out. MXene
sample which was etched at 4 hours and 24 hours by various fluoride salts were used
in this study. Many studies reported that intercalation process on 2D material like
MXene has a good performance in pollutant removal (Mashtalir et al., 2014a; Wan et
al., 2016).

Figure 4.9 shows the ratio of C/Co of ENR concentration after using adsorbents
(Li-TizCo, Na-TisCz, K-TizCs, Zn-TizCy) etched at 4 hours and 24 hours. MLs MXene
which has large interlayer space showed higher ENR adsorption. Cation intercalation
into MXene facilitates later intercalation. The order of ENR adsorption ability was Li-
> Na- > K- > Zn-Mx, which also correlates with the order of d-spacing that d-spacing
of Li-> Na- > K- > Zn-MXx.

For MLs MXene etched for 24h, which had slightly larger interlayer spacing
compared to that etched at 4h. However, their ENR adsorption was smaller than 4h.
This is maybe due to the better stabilization of cations in MX-24h than those system
etched for shorter time of 4h. Due to high concentration of cations in the etching media,
they slowly diffuse into MX layers and would not come out easily, especially if the
exchange with ENR is not so energetically much more favorable, then the exchange
kinetic would be slow. Thus, the ENR adsorption capacity of all etching system at 24 h
become less as can be seen in the concentration ratio C/CO in Figure 4.9.

It is also interesting to observe the ENR adsorption kinetic of MLs MXene
material which etched at 4h and 24h. The adsorption kinetics were fitted to pseudo first-
order model g:= ge (1-e*'Y), and the pseudo second-order, g: = ge?kzt / (1 + gekzt), where
ge and g: are the adsorption capacity and adsorption equilibrium at time t, k; and k2 are
the rate constants for the pseudo first-order model and pseudo second-order model,
respectively. The fitting results of the adsorption kinetics are summarized in Table 4.4
and found that pseudo-second order model with higher R? value seem to fit better than
pseudo-first order model.

Therefore, it can be assumed that cation intercalation is a key factor for expanding
the MLs MX interlayer space to be more opening structure, thus ENR molecule could
possibly enter and binding at active sites, or subsequent intercalation with larger organic

molecules become possible. However, for longer etching time some of these salts might

Ref. code: 25656322040137VIW



60

reach favorable sites within MX structure and fully occupy the MX sites. The further

exchange becomes slightly less favorable in such case.
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Figure 4.9 Removal of enrofloxacin (ENR) by MLs MXene (Ti3C2Tx) synthesis via
various fluoride salts etching. Condition: MLs (Ti3C2Tx) etching at 4hrs and 24hrs,
adsorbent 1g L1, initial ENR 10mg L™, under dark condition, C/Co is the ratio

between the ENR concentrations at time t and at initial time.
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Figure 4.10 Adsorption kinetic model of ENR antibiotic onto MLs MXene adsorbent

material (a) pseudo-first order model, (b) pseudo-second order model. Dash and solid

lines: fitting of the models to MX etched for 4h and 24h, respectively.

Table 4.4 Kinetic parameters of ENR adsorption under dark condition using MX

adsorbent synthesized at various fluoride salts and etching time of 4h and 24h.

ENR adsorption under dark condition

Pseudo-first order model

Pseudo-second order model

Samples 7 . B

R A T I
MX-Li-4h 6.80 6.20 21 0.938 6.84 4.3 0.983
MX-Li-24h 2.99 2.68 14 0.928 2.94 5.9 0.973
MX-Na-4h 5.89 5.41 36 0.961 5.75 105 0.982
MX-Na-24h 1.24 1.16 20.6 0.949 1.27 22.4 0.978
MX-K-4h 5.43 4.78 16.8 0.877 5.36 4.1 0.941
MX-K-24h 3.12 3.01 5.8 0.943 3.78 15 0.964
MX-Zn-4h 1.49 1.29 15.3 0.891 1.47 13 0.934
MX-Zn-24h 1.95 1.28 11.8 0.605 1.53 8.2 0.682
*MX: TisCs
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4.4 Adsorption capacity of ENR onto single layer MXene

Since it was observed that the MXene obtained still have packed structure though
with larger inter-layer space. It is interesting to try whether further exfoliation could
help increase ENR adsorption capacity. The multilayer MX-Li-4h was used as

precursor for further exfoliation.

4.4.1 Further exfoliation of the multilayer MX
As observed in previous section that even with 9M and 24h, the obtained MXene

was still a multilayer structure. MXene will be further delaminated using a probe
sonication. The effects of different media, which are DI water, LiCl, and ethanol, were
tested. The possibility of delamination into a single layer has been reported in a few
studies by hand shaking or delamination from typical LiF/HCI etching (Lipatov et al.,
2016a; Shekhirev, Ogawa, et al., 2022; Christopher E. Shuck et al., 2021). T. Zhang et
al. (2017) reported that ethanol can help exfoliation/delamination of MX material.
Maleski, Mochalin, and Gogotsi (2017) also reported that dispersion medium including
DI water, ethanol were a good dispersion after sonication. In addition, LiCl is also
commonly used to delaminate MXene (Inman et al., 2022a).

MX-LiF-4h sample etched at 4 hours will be used as a precursor since its d-space,
due to solvated lithium intercalation, was larger than other fluoride salt etching systems,
and thus offers higher chance for delamination of the packed MXene into a few-layered
or a monolayer MXene.

Figure 4.11 schematically illustrates the procedure herein to prepare monolayer
MXene flake by probe sonication the precursors in different solvents for 10 minutes.
Sample sonicated in DI water had very good dispersion and cannot be settled down
easily.

The dark solution was analyzed for their UV-Vis absorbance. The UV-Vis
absorbance of MXene sonicated in DI water showed the highest absorbance followed
by that in ethanol and LiCl. This result of UV-Vis absorbance spectra indicated that
MXene sonicated in DI water were better exfoliated, compared to that in ethanol and
LiCl. To obtain sediment, the dispersion has to be centrifuged at 12,000rpm for 1 hour

to ensure sufficient sediment settling down and collection.
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Figure 4.12 which shows the dynamic light scattering size (DLS) of pristine
multilayer MXene and sonicated MXene. TEM images were also taken which revealed
the layer structure of the MX. The value of particle size distribution was obtained
around 1,526 nm for the parent MXene (MX-Li-4h) and around 380 nm for the
SMX/DI. In case of sMX/LIiCl system, MX sample was settled down after
centrifugation 10 minutes. This is due to the presence of 9M LiCl salts potentially
neutralize the charge and flocculating MX. The zeta potential measurement seemed to
also confirm this picture where sSMX/LiCl possessed less negatively charged as shown
in Table 4.5.

Maleski et al. (2017) have illustrated that medium with surface tension higher
than 40mN/m produced a stable colloidal solution of MXene. Consistent with this
picture, MXene sonicated in ethanol, which has the surface tension of 22 mN/m at
293K, could not produce stable suspension of MXene, while MXene sonicated in DI
water (surface tension of 72 mN/m) results in stable suspension. MX sonicated in
ethanol did not result in high dispersion, probably due to the stacking forces amongst

MXene sheets are still larger than their interactions with ethanol.
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(a) Sonication Centrifugation «» After centrifugation 6000rpm, 10 min
20 minutes | 6000rpm
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Figure 4.11 (a) Diagram showing sonication of MX-Li4h in various media and the
corresponding photos of the solution taken at10 minutes after centrifugation. Before
sonication, MX-LiF-4h powder could be settled down at the bottom of the vial in all
media type easily. (b)The UV-Vis absorbance of the supernatants taken at 10 min.
after centrifugation, MX-Li-4h sonicated in DI water was highly dispersed and cannot
be settled down, resulting in high UV-Vis absorbance. In contrast, MX-Li-4h
sonicated in 9M LiCl was still easy to be settled.
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Figure 4.12 Particle size distribution measurement by dynamic light scattering (DLS)
technique of MX sample sonicate in DI water (sMX/DI), ethanol (sSMX/Et), LiCl
(SMX/LICI), along with the MX-Li-4h precursor.

Table 4.5 DLS particle size of MX sonicate in DI water, ethanol, LiCl MX-Li-4h

precursor, along with zeta potential measurement.

DLS Particle | Size from 1% | Size, average Zeta
Sample size major peak | from 2 major | potential
(Z-avg, nm) (nm) peaks (nm) (mV)
Parent MX-Li-4h 1595+129.6 526 526 -40.0
sMX/LiCI 1221+16 475 387 -13.2
SMX/EtOH 1057+106.4 645 645 -21.6
sMX/DI 380.2+4.7 360 289 -45.7
MX/TBAOH
(Parent MX-Li-4h
+ TBAOH 1362+177.2 621 621 -45.9
incubation 24h
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sl b

Figure 4.13 TEM images of, (a) MX-Li-4h precursor before exfoliation, (b) MX after

further exfoliation by 20 min sonication in DI water (sMX/DI), (c) in ethanol
(SMX/EtOH), (d) in 9M LiCl (sMX/LIiCl).
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The parent multilayer MX (MX-Li-4h) with bigger organic molecule,
tetrabutylammonium hydroxide (TBAOH) was utilized for weakening the TisC; layer,
which was reported that it could delaminate the TisC; layer to a few-layer MX, or single
layer, simply by hand shaking (Naguib et al., 2011a).

In this work, we also conducted similar procedure, by taking MX precursor (MX-
Li-4h) intercalated with TBAOH overnight. The results show that the obtained MX was
exfoliated into a single nanoflake as confirmed by TEM analysis image in Error! R
eference source not found.. The particle size distribution by DLS illustrate 1,361+108.6
nm which is close to that of the neat MX. Therefore, delamination of MX by
intercalation with TBAOH was successful to separate the multi stack MX layer into
few-layer or single layer. This investigation is also in a good agreement to previous
report which delaminate V2CTyx and TisCNTy in TBAOH (Naguib, Unocic, Armstrong,
& Nanda, 2015).

«  200mg MLs MX (Li-TisC, 4h)
+  40%v/v TBAOH 50mL -

+
@a

Room Temperature -

- Overnight stirring e Yaesle)

. Centrifugation
Int lation TBAOH
RSN 6000rpm, 10 min

Figure 4.14 Schematic illustration of the MXene Ti3C> delamination via intercalation
MX in TBAOH, photograph at right side indicate the suspension was collected after

10 minutes centrifugation.
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; . I
Figure 4.15 TEM image of MXene TizC2 nanosheet intercalation in TBAOH, (a)
MX/TBAOH sample (magnification x30k), (b) MX/TBAOH (magnification x100k)

~

The obtained sonicated MXene, or single layer MX above were then used to test
for ENR removal. Figure 4.16 indicates the ENR removal using MXene that was
sonicated in DI water (SMX/DI), in ethanol (sSMX-Et) and 9M LiCl (SMX-LiCl). It can
be seen that SMX/DI removes ENR faster than those sonicated MXene fabricated via
ethanol or LiCl.

1.0
0.9
0.8
0.7
= 0.6 —a— sMX/DI
Q —e— sMX/Et
© 0.5 —a&— sMX/LiCl
. —v— MX-Li-4h
0.4
0.3
0.2 e
0.1 T 1 ' I 1 —t = T
0 50 100 150 200 250 300 350 400
Time (min)

Figure 4.16 Removal of ENR by MX that has been exfoliated further by sonication in
different media. Conditions: SMX/DI centrifugation 12000rpm, sSMX/LiCl and
SMX/EtOH centrifugation 6000rpm, ENR 10 mg L and adsorbent loading 1g L
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In term of adsorption capacity (q:), SMX/DI could adsorb ENR molecule
approximately 8.35 mg g%, while sMX-LiCl and SMX-EtOH had qt 6.40 mg g and
2.15 mg g}, respectively. In this particular adsorption technique, we investigated that
sMX/DI could uptake ENR quite rapidly within 2 hours due to delamination of single
flake MXene providing high surface area negatively charge as confirm by zeta potential
(-45.7 mV).

In comparison to multilayer MXene discussed in (section 4.2), MX-Li-4h also
adsorb ENR. However, since MXene with the Li* intercalation has the sandwich
structure of multilayer, the chance for ion-exchange with the drug molecules is slower
than those MXene which have single layer. To assess to kinetic of contaminant
adsorption onto sMX and MX. Figure 4.17 and Table 4.6 are the kinetics adsorption
of ENR and the summarize of the rate parameters obtained from fitting kinetic models.

It can be seen that the speed of adsorption of Ti3C2/Dl is very fast in comparison
to MLs MXene (Li-MX 4h) and even faster than those sample which sonicate in ethanol
and LiCl. This could be explained with the fact that sMX/DI, ENR adsorption is mainly
occupied and the outer surface of the MXene, while MX-Li-4h, adsorption is mainly
through cation-exchange of Li cation inside the interlayer space of the MX structure,
and thus may has slower rate of ENR adsorption. This is also consistent to that the rate
constant ki shows quite high for sMX/DI which may emphasize that facile adsorption
may cause by the electrostatic interaction with the drug molecule. For SMX/Et, the
kinetic constant was quite rapid due to its low adsorption capacity, and only small
number of adsorption sites available and saturated rapidly.

The lithium cation leaching out during ENR adsorption. Figure 4.18 shows the
amount of Li cation leaching upon ENR sorption was measured. Table 4.7 also shows
the Li content in the sample before and after ENR adsorption experiment.

Interestingly, lithium cation was almost undetectable for ENR adsorbing with
Ti3Co/DI. This can be explained that cation exchange of lithium and antibiotic drug may
not involve in the adsorption performance. The predominance of the adsorption
capacity of ENR onto MXene monolayer (sMX/DI) is consequently due to the
attachment on the outer surface, as well as the engagement from surface termination,

which promotes electrostatic interaction with enrofloxacin. This investigation is also
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similar to few studies in which MXene was used as adsorptive materials (Mashtalir et
al., 2014b)

Furthermore, it is also interesting to observe the amount of Li content in the
MXene before and after adsorption experiment in order to confirmed that Li cation
definitely not involve in the adsorption capability of SMX/DI. Table 4.6 shows the
lithium content in the solid samples before and after adsorbing ENR. In the samples of
sSMX/Et and sMX/LiCl illustrate that the amount of Li cation inside the solid sample is
gradually decreased which was consistent to the amount of Li cation has leached out
upon adsorption experiment. However, the amount of Li cation inside sSMX/DI does not
significantly change before and after adsorption. This can be revealed that Li cation

probably does not incorporate in the adsorption mechanism.
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Figure 4.17 Adsorption kinetic model of ENR antibiotic onto MX sample sonication
in DI water (SMX/DI), ethanol (sSMX/Et), 9M LiCl (SMX/LiCl)
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Table 4.6 Adsorption parameters evaluated from kinetic models of different

adsorbents of monolayer MXene (Ti3C2Tx) which prepared by different dispersions.

MLs
inati s-MX
EI(?S(:II(S: Parameters MXene
MX-LiF-4h | s MX/DI | s-MX/EtOH | s-MX/LiCl
K2
Pseudo- | (9/mg.min) 5 14 32 12
second | (X 1072)
order | g, (mg g-1) 6.72 8.38 2.51 6.32
model
R? 0.974 0.994 0.992 0.973
120
1004 4
o
B
E 804 A . - el
=1
£
= 60
[P}
& ® = —o— a
2 _—— T —
S 40 -
£ —=— sMX/DI
s —e— sMX/Et
v 20 —A— sMX/LiCl
(S|
O_L..*—I . 3 - -
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Figure 4.18 Lithium cation leaching during the ENR adsorption using sonicated MX
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Table 4.7 Li content in the samples before and after adsorption along with the

adsorption capacity of ENR

Li content (mg/g) ENR
Samples Before After ENR Adsorption
adsorption adsorption | capacity (mg/g)

MX-Li-4h 226.69 93.9 6.8
sSMX/LiCI 136.10 31.17 6.4
SMX/EtOH 112.49 29.86 2.2
sMX/DI 5.78 5.68 8.4
MX/TBAOH 46.63 19.80 1.00
MX-HF - - 1.49

In addition, it is also observed the performance of delaminated MXene which has

intercalated with other large organic based (TBAOH). This typical intercalation

technique was also reported as monolayer like-flake MXene by using handshaking or
soft sonication.(Naguib et al., 2015) In this part, MLs MXene (MX-Li-4h) was utilized
to intercalate TBAOH. 40% v/v of TBAOH was used to intercalated MLs MXene
overnight. TBAOH was successful exchanged with Li as shown by the reduction in the
Li content after TBAOH intercalation in Table 4.7. However, MX/TBAOH shows poor

ENR removal. This could be explained that the tetrabutylammonium adsorbs strongly

to the MX binding sites, and do not want to be exchanged for the ENR molecule. This
leads to the very poor ENR uptake in the MX/TBAOH system.
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Figure 4.19 Comparison of adsorption performance of monolayer MXene (sMX/DI,
SMX/LiCl, MX/TBAOH) and multilayer MXene, MX-Li-4h, MX-HF

Figure 4.19 shows the comparison of adsorption performance of all MXene
samples from the multilayer MX-Li-4h, sMX, and conventional MX-HF obtained from
previous work.(Katugampalage et al., 2019) MX-HF was synthesize via direct HF acid.
In brief, MAX phase etched in 50% HF solution, 24 hours and washed several cycles
until pH of 6. This MX-HF obtained was previously characterized to have multilayer
structure and has no cation intercalation with small d-spacing of 9.7 A.

The ENR sorption now provides further insights. It can be seen that MX-HF
with small interlayer spacing, shows very little ENR adsorption, while multilayer MX-
Li-4h shows better ENR sorption performance, but less than sonicated MX in DI water
(sMX/DI). TEM results showed that sonication in DI led to a few layers or single layer
MX and can adsorb ENR better. Further comparison of ENR adsorption performance
by MX sonicated in LiCl, shows that Li was not necessary for ENR adsorption as MX
sonicated in 9M LiCl, whose sites were still fully occupied by Li, adsorb ENR not as
well as SMX/DI, where most of the sites were probably not occupied by Li.

The Li intercalation was necessary in MX delamination, but not in its ion-
exchange adsorption with other molecules later. The layer structure was also not

important in this case to trap the ENR molecule. Single layer MX with abundant
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adsorption sites, not occupied by Li* or TBA* can already adsorb ENR, better and faster
than the layered structure. Single-layer or a few-layer MX that has been delaminated
using TBAOH also did not provide much ENR adsorption due to the fact that the MX
sheets were occupied with TBA™, which has stronger binding affinity to the MX sheets
than the bulky ENR molecule. The structures of the TBAOH and ENR are also shown
as in Figure 4.20

Structure of TBAOH Structure of Enrofloxacin
(C16H37NO) (C19H22FN303)
H3
{ HO F H

HiC” NN~ _CH, | |
N N

w AT X

H,C

Figure 4.20 Comparison of chemical structure of Tetrabutylammonium hydroxide

and enrofloxacin.

In terms of affinity order to MX sheets, it seemed that TBA® > Li* > ENR. ENR
could compete to Li* for MX adsorption sites but seemed not very much as a lot of Li
would still remain in the MX-Li-4h, or sMX/LiCl. For sMX/DI, no change in Li content
was found after ENR adsorption. It could also be observed that for MX-Li-24h, the
ENR adsorption became lower compared to MX-Li-4h, which was probably in line with
the fact that MX binding affinity to solvated Li* may be similar or larger affinity than
MX binding to ENR molecule. Therefore, ENR adsorption is in order of monolayer
MXene > cation intercalated multi-layer MXene > multi-layer pristine HF-etched
MXene.

4.5 Adsorption Isotherm of ENR by sMX/DlI

To obtain adsorption capacity, adsorption isotherm (room temperature, 27 °C) of
the SMX/DI for ENR adsorption was also conducted. In addition, initial ENR
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concentration of 10-150 mg/L and pH 5.0 were used as obtained from the optimum
condition from pH dependent in (section 4.6).

By fitting the adsorption experiment data to two different adsorption isotherms,
it can be used to explain the distribution of adsorbate molecules on the solid-liquid
interface during the adsorption process. The Langmuir and Freundlich adsorption
isotherm are used for fitting as shown in Figure 4.21. According to data obtaining in
Table 4.8, it could be observed that the Langmuir model provides a better fitting than
Freundlich model which is in accordance with monolayer binding of ENR on MX
adsorption sites. The maximum adsorption capacity obtained from the model is then
17.45 mg g-1, with a rather weak adsorption affinity constant of 0.19 L/mg.

20
18 |
16
cds
g) I
~ 12 -
)
O L
10
8 I ® Experiment
—— Langmuir isotherm
61 ® — — -Freudlich isotherm
1 " 1 " 1 1 1 L 1 " 1 " 1 n
0 20 40 60 80 100 120 140
Ce (mg/L)

Figure 4.21 Adsorption isotherm of ENR onto monolayer MXene: Condition:

adsorbent loading 1g L-1, initial pH=5.0, ambient temperature
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Table 4.8 Adsorption isotherm parameters obtained from fitting isotherm models to

experimental data at ambient temperature of 27 °C.

Langmuir Qmax (Mg g™) 17.45 mg/g
Ke (L mg) 0.1903
R? 0.9010
Freundlich 1/n 0.1837
Ke 7.4509
R? 0.7036

4.6 Effect of background pH on ENR adsorption

Enrofloxacin, its molecule confers the characteristics of being zwitterionic drugs
which turns drug molecule against variety of Gram-positive and Gram-negative
bacteria. A zwitterionic drug could vary into 4 species in solution: as cation, neutral,
anion, and zwitterion depending on the pH of the medium. Enrofloxacin drug acts as
an ionic organic compound with the dissociation constant of pKa1 = 5.15 and pKaz =
8.26. Adsorption is the process of mixing influence by properties of adsorbent and
adsorbate.

Therefore, these indicate that solution pH is an important factor for adsorption
performance because of enrofloxacin species can be changed, depending on the pH
condition. Adsorption capacity against respected solution pH solution is depicted in
Figure 4.22. MXene (TisC2Ty) is originally negative charge because of its combination
of surface termination, it would prefer to adsorb mostly the positively charge of
contaminant antibiotic. Zeta potential and adsorption capacity of monolayer MXene
(TisC2Ty) at different pH are also shown in Figure 4.22. With increasing pH from 2.0
to 10.0, the surface charges of monolayer MXene (TisC.Tx) flake gradually increased
as more negatively charge from -19.7 mV to -47.1 mV. At optimum condition, the
maximum adsorption capacity was obtained at pH 5.0 since of the adsorbent monolayer
MXene remains negatively charge (-41.9mV), facilitating the electrostatic interaction
between adsorbent and adsorbate. Thereafter, it gradually decreased the adsorption
behaviour when the enrofloxacin become anionic. This is due to the repulsion of charge
between the adsorbent and adsorbate since enrofloxacin molecule deprotonate and

become anionic at pH 8.25. At lower pH value (<2.0), enrofloxacin still remain cationic
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form. However, the presence of the proton from pH adjustment will possibly
reassembly the MXene (TisC2Tx) layer into multilayer and would not be likely to adsorb

or exchange with the enrofloxacin molecule.
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Figure 4.22 ENR adsorption capacity and zeta potential of the sSMX/DI as a function
of pH

4.7 Temperature dependance of ENR adsorption

From Figure 4.23 shows the adsorption of multilayer MX (MX-Li-4h) and fewer-
layers MXene (sMX/DI) at different temperature of 0, 25, 50, 75°C. In brief, the
adsorption experiment was sequentially conducted in series of 24 hours in each
temperature condition. At lower temperature 0°C, sSMX/DI remains good performance
in comparison to multilayer MXene system. The uptake of ENR molecules progressed
until it reached to equilibrium at room temperature. In contrast, the desorbing of ENR
released as increased the temperature. It noticed that MX could induce into TiO2>.MX
in the presence of higher temperature (Sukidpaneenid et al., 2023). It was also reported
that MXene powder could oxidize into TiO2 on MX surface by exposing into long
reaction time in DI water (Cao et al., 2017). Therefore, the competition of adsorption

may interfere by the growing of TiO> during adsorption at 50 and 75°C.
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Figure 4.23 ENR adsorption via different temperature by using MX-Li-4h precursor

and sMX/DI sonicating sample: Temperature condition; 0°C, 25°C, 50°C, 75°C, ENR

concentration 10ppm, MXene loading 1g/L.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

Antibiotics are a class of beneficial chemical substances that can be promoted
aquaculture growth by overcoming pathogenic bacteria, primarily gram-positive and
gram-negative bacteria. Overuse of antibiotics has polluted the environment, promoted
the trend of resistant-antibiotic pathogenic bacteria and developed multi-drug resistant
pathogenic bacteria. The current work focuses on addressing the problem by removing
residual amount of antibiotics in aqueous solutions using a simple adsorption with the
help of 2D-dimensional material (MXene).

In this work, two-dimensional MXene (TisC2Tx) was successfully synthesized
and was further studied on the maximize sorption of enrofloxacin antibiotic. MXene
was produced via in-situ HF etching by preparing various fluoride salts (LiF, NaF, KF,
ZnF>) with hydrochloric acid (HCI) etchant, confirming that different size of cations
which simultaneously intercalated inside the MXene structure, effected on the final
product of MXene materials.

Their influences could be also vary depending on reaction time of etching,
concentration of reactant either hydrochloric acid or fluoride salts. In this work, we
have pointed out that high concentration of the acid, as an etchant, has a substantial
effect on producing enough HF forming to remove Al element from the pristine MAX
phase precursor. By applying high concentration of acid 9M and fluoride salts 9M, we
could minimize the reaction time and could produce layer-structure MXene with
different elemental constitution.

As a results, we found that high fluoride salts (9mol/L) including (LiF, NaF, KF,
ZnF2) with hydrochloric acid (9mol/L) could etch Al element from MAX phase by just
4 hours. Accordion-like structure multilayer was obtained for all samples as illustrating
by SEM analysis. By extending the reaction time to 24 hours, MXene samples was
further etched to be a larger interlayer spacing as confirming by XRD pattern and d-
spacing calculation. The vast inter-layer space provided essentials candidate for
delamination into fewer-layer or single layer as well as beneficial for some applications.
However, prolong the etching time may produce undesired impurity as found in NaF-

HCI etching system.
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MXene sample which made from LiF/HCI system, provided in lagger interlayer
spacing, potentially defined as good material for delamination into single layer flake.
Combined with the experiment data, UV-Vis spectroscopy analysis results, surface
chemistry of zeta potential and particle size distribution, it can be confirmed that the
single flake of MXene (TisC2Ty) can fabricate by using dispersion assisted sonication.
A well dispersion was obtained of a sample sMX/DI and also high positively charge
material. TEM also successfully revealed the fabrication of MXene into monolayer for
MX sonication in DI water.

Justifying the accordion-like structure MXene (TizC2Ty) into single flake MXene
(Ti3C2Ty) significantly improved the adsorbing of enrofloxacin contaminant. It was also
confirmed that without Li* intercalation, ENR adsorption performance was also
improved for SMX/DI. This is also observed in sSMX/LiCl which has richness of Li
cation, show lower adsorption than sMX/DI. Furthermore, large amount of Li* can
leach out upon adsorption and not necessary involve in ion-exchange with ENR after
MX has already delaminated. Thus, Li* was only facilitated on enlarge MX space for
easily delamination.

A common technique for delamination MX using TBAOH also revealed in this
point of view that monolayer which has strongly binding with TBA", has low chance
for ENR molecule to bind on MX surface. Also, a non-intercalant MX-HF which has
smaller space in layer structure also show less interaction with ENR molecule since
ENR could not penetrate into the active site of layer structure. Thus, the mechanism of
ENR adsorption onto monolayer MX can be attribute to the binding of free active site
on MX surface.

Moreover, MXene single flake has also ability to adsorb on different pH
solutions, with the optimum pH condition is at 5.0 attempting to show the greatest
adsorption. At basic condition, ENR adsorption was gradually decreased since the drug
transform to anions by deprotonation at the second pKa of tertiary amine group. In
addition, the model fitting calculation results which the adsorption process follows the
Langmuir adsorption isothermal model, with the maximum adsorption capacity 17.45

mg g*. By comparing the performance of ENR adsorption, MX structure uptake ENR
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molecule well follow by monolayer MXene> cation intercalated multi-layer MXene >

multi-layer MXene.
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APPENDIX A
RAW DATA FIGURE

Washing Cycle of MXene (Ti,C,T,)

Via centrifugation
5.5

5.0

3.0 4

2.5

Washing cycle
Figure A.1 Repeat centrifugation cycle were used for washing TizC,Tx synthesized
by etching 1g of MAX phase using 10mL of HCI and 9M NaF etchant. The
supernatant of washing solution was monitored of pH until the solution became

neutral.
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Table A.1 Phase content matching from XRD measurement of MX etched at various

fluoride salts etching.

Phase content
sample % MX I\O/IA)A-QBS:;:SZe % NazAlFs Z;];;CS);
MX-Li-4h 53.3% 40.4% - 6.3%
MX-Li-24h 91.3% 8.70% - -
MX-Na-4h 77.1% - 22.9% -
MX-Na24h 45% - 55.0% -
MX-K-4h 97.0% 3.0% - -
MX-K-24h 100% - - -
MX-Zn-4h 95.8% - - 4.2%
MX-Zn-24 97.8 - - 2.2%
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Figure A.5 Absorbance spectra of enrofloxacin solution at difference concentration

104 —— 0 min 104 —— 0 min
—5min — 5min
——10min —— 10min
0.8 1 ——— 20min 0.8 4 ~——— 20min
~——40min ———40min
—1h —1h
(gos- —2h o 0.6 —2h
Q ——4h o ——4h
——6h —6h
0.4 —8h 0.4+ ———8h
——10h ——10h
b Zn-Ti3C2Tx 4hr 0.2 Zn-Ti3C2Tx 24hr
0.0 T T T T 0.0 T T T T
200 250 300 350 400 450 200 250 300 350 400 450
wavelength (nm) wavelength (nm)
1.2
—— 0 min — 0 min
—— 5min 0 —— Smin
0 —— 10min —— 10min
—20min 084 ~——— 20min
084 ——40min - 40min
—ih —1h
v —2h o 064 ——2h
@ 0.6 ——4h @ ——4h
< <
—éh —6h
—8h 0.4 - ——8h
0.4 P A0k
0.2 Na-Ti3C2Tx 4hr 0.2+ Na-Ti3C2Tx 24hr
0.0 ' 1 T Y 0.0 - v T T
200 250 300 350 400 450 200 250 300 350 400 450

wavelength (nm) wavelength (nm)

Figure A.6 ENR absorbance spectra obtained from UV-Vis spectrophotometer during

adsorption in the dark condition using multilayer MXene adsorbent
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Figure A.7 ENR absorbance spectra obtained from UV-Vis spectrophotometer during
adsorption in the dark condition using multilayer-MXene adsorbent
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21M -
_ //
2 Vel
N
=3 A
m /
21 -
[=
—_— . //
—] ///
o,, //
00" T 7 cdonc(mg/l) "10.0

Calib Eq'n: Lin, Calc Int
Corr Coeff: 0.999440

Figure A.9 Calibration curve of ICP-OES analysis of lithium content in the

monolayer-MXene, multilayer-MXene

Ref. code: 25656322040137VIW



99

BIOGRAPHY
Name Channarith Be
Education 2019: Bachelor of Engineering, Chemical and

Food Engineering, Institute of Technology of

Cambodia
Publication
Channarith, B., Thilina, R. K., Paiboon, S., Pakorn, O., & Chamorn, C. (2022).
Synthesis and characterizations of MXene (TizC2Tx) for adsorption of an

enrofloxacin antibiotic. Proceeding of 11" International Conference on
Materials Science and Technology (pp. 67-72). Thailand.

Ref. code: 25656322040137VIW





