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Abstract

Hexavalent chromium (Cr(VI)) is considered hazardous heavy metal in water bodies that
can cause severe effects on human health and the environment. Over the years, myriad
attention has been focused on developing photocatalyst materials to remove Cr(VI) from
wastewater. However, the broad bandgap energy and high electron recombination rate of
these conventional photocatalysts have limited their photocatalytic ability. Therefore,
efficient photocatalytic materials for Cr(VI) removal in wastewater is strongly demanded.
In this study, delaminated MXene was successfully synthesised and removed Cr(IV) from
aqueous solution. The synthesised delaminated MXene was characterised using XRD, EDX,
FTIR, FESEM, nitrogen adsorption-desorption analysis, TGA, UV-Vis-NIR spectroscopy
and XPS. Based on the results, the optimum operating conditions on Cr(VI) removal by the
synthesised MXene was obtained at pH 4 with photocatalyst loading of 1.5 g/L, and Cr(VI)
concentration of 5 mg/L. The removal efficiency of Cr(VI) via adsorption-assisted
photocatalysis over various concentrations was approximately 3.1%-28.9% higher than
adsorption, verifying a synergistic effect of adsorption and photocatalysis by the
delaminated MXene. The isotherm of Cr(VI) adsorption was fitted by the Langmuir model
(R?>0.9848), which is better than the Freundlich model (R? > 0.8824). Meanwhile, the time



dependence of Cr(VI) adsorption was well fitted to pseudo-second-order kinetic model with
R? > 0.9999, which is 2.8 times higher with respect to MXene. In conclusion, the results
obtained suggest that the delaminated MXene possesses excellent ability to remove Cr(VI)
via adsorption-assisted photocatalysis and has a great potential to be used for industrial

wastewater applications.
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1.0 Introduction

In recent years, significant improvement of water purification technology has been
strongly demanded because a large volume of wastewater containing heavy metals is
discharged in many industrial processes such as electroplating, metal coating,
electropolishing, inferior cosmetic raw materials, and leather tanning [1,2]. Chromium is
one of the most prevalent heavy metals in industrial wastewater, which mainly exists as
Cr(VI) and Cr(III) [3]. The toxicity of the ions depends on their valency and coordination
number. Cr(IIl) is relatively less harmful as it has low mobility in water and soil. It is also
known as an essential micronutrient to maintain the metabolism of proteins, lipids, and
sugars in the human body [1,4]. Oppositely, Cr(VI) is highly toxic, leading to serious health
issues such as kidney failure, skin sensitivity, lung cancer, genetic defects, liver damage,
and even death [4-6]. Therefore, according to the World Health Organization (WHO)
recommendation, the maximum tolerable concentration of Cr(VI) in drinking water should
not exceed 0.05 mg/L [5]. In this regard, separation and purification technology are
necessary for the chemical engineering field to eliminate Cr(VI) and convert it to less toxic
trivalent chromium, Cr(Ill), from effluent wastewater. Various approaches have been
examined to remove Cr(VI) including ion exchange [7,8], chemical precipitation [9],
membrane process [10,11], electrochemical treatment [12], adsorption [11,13], and
photocatalysis [14—17]. Photocatalysis assisted by nanomaterials is a promising method for
the purification process of ion-contaminated wastewater. The nanomaterials effectively
capture water-soluble harmful ions via physical and chemical adsorption and can transform
the ions into another less harmful ion species by photo-assisted chemical reaction. The
process is favourable as separation and purification methods owing to high removal
efficiency, environmental friendliness, and low energy cost [15]. A recent study

demonstrated that Zn-Al-layered double hydroxide and TiO, composites have higher



efficiency for Cr(VI) removal than simple adsorption [18]. According to this study, several
photocatalytic adsorbents have been examined for Cr(VI) removal from wastewater: metal
sulphide [19,20], zinc oxide [17,21], and titanium dioxide [16,22]. However, they possess
some limitations and poor photocatalysis performance due to the broad bandgap energy and
high electron recombination rate of the photocatalysts. Therefore, an efficient photocatalytic

adsorbent effective for Cr(VI) removal in wastewater is strongly demanded [23].

In 2011, a new member of two-dimensional (2D) nanomaterial, called MXene, was
discovered by Naquib et al. from Drexel University [24], comprising transition metal
carbides, carbonitrides, and nitrides [25]. MXene is denoted by a general formula of
Mn+1X,Tx where M represents the transition metals, X represents either carbon or nitrogen,
n represents any number (n =1, 2, 3,...), and Tx is surface functional groups (-O, —OH, —Cl,
or —F) [26-29]. The MXene has attracted extensive attention owing to its porous structure,
water affinity, superior electrical conductivity, excellent structural stabilities, tunable
interlayer spacing [30,31], sufficient bandgaps energy [32—-35]. In addition, MXene was
provenly efficient for the adsorption of dyes and heavy metal ions such as Cu(II) [36], Pb(II)
[37], Hg(II) [38,39], and Cr(VI) [40—42]. Mashtalir et al.[43] reported that MXene can be
used as a photocatalyst to enhance the photodegradation of MB and AB80 dyes. Furthermore,
MXene behaves as a photocatalyst for arsenic (As) species and 94% removal of As species
was demonstrated under ultraviolet (UV)-light irradiation [44]. Recently, a few-layer
MXene sheets structure, commonly called delaminated MXene, was synthesized by
intercalating Ti3C,Tx surface with suitable solvent followed by bath sonication [45]. The
reported adsorption capacity of delaminated MXene for Pb(Il) removal was 2.7 times higher

than commercial activated carbon [45].

Therefore, this study demonstrates the adsorption-assisted photocatalytic ability of
delaminated MXene that is effective on Cr(VI) removal in wastewater for the first time.
delaminated MXene was prepared by etching the aluminium (Al) constituent from ternary
layered carbide (TizAIC2) and was characterized by its physicochemical and thermal
properties. Cr(VI) removal performance was evaluated by varying pHs, photocatalyst
loadings, and Cr(VI) solutions concentration. A possible Cr(VI) removal mechanism via
adsorption-assisted photocatalysis was also proposed based on the adsorption isotherm,

kinetic study and characterization results of the synthesized delaminated MXene.



2.0 Materials and Methods

2.1 Materials

Layered ternary carbide (Ti3AlC2, MAX) powders (>99 wt % purity) was supplied by
Nanoshel (Intelligent Materials Pvt Ltd). Hydrofluoric acid (HF, 49%) and dimethyl
sulfoxide (DMSO, 99%) were purchased from Sigma Aldrich Co., Inc. All chemicals were
used without further purification. Deionized water was used for washing and experimental

works.
2.2 Preparation of delaminated MXene (Ti;C>Ty)

The preparation of delaminated MXene consists of the etching and delamination
process by a method previously reported by [25,44], as schematically illustrated in Scheme
1. In the etching process, 1.0 g graphitic-greyish Ti3AlC> consisting of layered MAX phase
was gradually immersed in 28 mL of 10 wt % aqueous hydrofluoric acid (HF) in a 60 mL
polypropylene (PP) bottle for 24 h under vigorous magnetic stirring. Sedimented solids were
collected via centrifugation process at 5000 rpm for 5 min and washed with deionized water
to completely remove contaminants until the pH of the dispersion was stabilized around pH
6. The solids were dried in an oven at 70 °C for 24 h, and a few layers of MXene (Ti3C2Tx)
were collected as black solids. In the subsequent delamination process, the MXene was
immersed in 12 mL of dimethyl sulfoxide (DMSO) for 20 h at room temperature, followed
by bath sonication for 30 min. The delaminated Ti3C>Tx was further washed with deionized
water and collected by centrifugation at 10000 rpm for 1 hour. The solids were dried at
120 °C for 24 h and collected as black powder, named delaminated MXene hereafter. Overall,

approximately 80% yield of delaminated MXene was obtained from TizAIC,.
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Scheme 1. Schematic illustration of the delaminated MXene synthesis procedure

2.3 Characterization

The crystalline structure of Ti3AlC; and delaminated MXene were analyzed using
X-ray diffraction (XRD, D/Max 2550 PC, Rigaku, Japan) using Cu Ko radiation
(wavelength = 0.154 nm) with an accelerating voltage of 40 kV and current of 30 mA. The
diffraction patterns were recorded over the diffraction angle 26 between 2° and 80° at a scan
rate of 5°/min. The morphology of TizAlC; and delaminated MXene was observed using a
Field emission scanning electron microscope (FESEM, S-4800, Hitachi High Tech. Co.).
The elemental mappings of TizAlC, and delaminated MXene were quantified using an
energy dispersive X-ray analyzer (EDX, Oxford Instruments USA), attached to FESEM.
Nitrogen adsorption/desorption measurement was performed using the Micromeritics ASAP
2020 system at —196°C. Prior to the measurement, samples were dried under vacuum at
120 °C for 5 h. The specific surface area of the prepared samples was measured using
Brunauer—-Emmett-Teller (BET) analysis. The thermal stability of the prepared delaminated
MXene was evaluated using a thermogravimetric analyzer (TGA4000, Perkin Elmer Inc.)
under nitrogen gas at a heating rate of 10 °C/min to 800 °C. Fourier transform infrared
spectroscopy (FTIR, Perkin-Elmer, USA) with transmission configuration was employed to
analyze the chemical structure of delaminated MXene before and after Cr(VI) adsorption.
The prepared samples were ground with potassium bromide (KBr) at a weight ratio of 1:10
and pressed into pellets to reduce undesirable scattering by air void. Under ambient
conditions, FTIR spectra were recorded at the wavenumber range of 500 to 4000 cm—1. The
optical band gap of the synthesized delaminated MXene was analyzed by a LAMDATM
1050 UV-Vis-NIR spectrometer along with 150-mm integrating sphere. The band gap
energy of the delaminated MXene was estimated using the Kubelka—Munch function by
plotting (ahv)’ versus hv [46], where o is the absorption coefficient, and hv is the photon
energy. X-ray photoelectron spectroscopy (XPS) measurements were carried out using XPS

Quantera II (ULVAC PHI) with X-ray source of Al Ka (1486 eV).

2.4 Adsorption and photocatalysis measurements

A 1000 mg/L stock solution of Cr(VI) was prepared by dissolving K2Cr207 in
deionized water and further diluted to a targeted concentration before using it for the
adsorption and adsorption-assisted photocatalysis experiments. The Cr(VI) solution was

adjusted at the fixed pH between 2—6 using 0.1 M HCI and 0.1 M NaOH. Adsorption of



Cr(VI) without UV-light irradiation was evaluated under dark conditions. Meanwhile,
adsorption-assisted photocatalytic experiments were conducted under UV- light irradiation.
Before UV-light irradiation on, Cr(VI) solution suspended with photocatalyst was stabilized
in the dark for 30 minutes. The schematic illustration of the experiment is depicted in
Scheme 2. After a certain period, Cr(VI) concentration was measured using Cary 60
ultraviolet-visible (UV-Vis) spectrophotometer via 1,5-dipenylcarbazide method at a
wavelength of 543nm [47]. To quantify the reduction of Cr(VI) at the optimized reaction
condition, Atomic absorption spectroscopy (AAS, Z-2000, Hitachi) was also employed to
determine the total Cr(IIl) in the solution. The sample solution was filtered using a
polyethersulfone (PES) syringe filter (0.22 um) before AAS and UV-Vis evaluation. The
adsorption capacity and removal percentage were calculated using Eq.1 and Eq.2.
Adsorption capacity, (mg/g) = %V (Eq. 1)

Removal percentage (%) = (ﬁ) x 100 (Eq. 2)

Ci

Where c; is the initial Cr(VI) concentration (mg/L), c, is the final Cr(VI) concentration
(mg/L) at their respective times (min), m is the mass of the delaminated MXene (g), and V

is the volume of the solution (L).
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Scheme 2. Schematic illustration of Cr(VI) removal under adsorption-assisted

photocatalysis.

Meanwhile, the adsorption isotherm of Cr(VI) was fitted using Langmuir and Freundlich

models. The linearized forms of the model equations are expressed by Eq.3 and Eq.4.

Langmuir model



Ce 1 Ce

— = +
qe KL Qmax Qmax

(Eq. 3)

Freundlich model

logq, = logKg + %logce (Eq. 4)

Where c, is the final Cr(VI) concentration (mg/L) at their respective times. q, (mg/g) is the
adsorption capacity of Cr(VI) at equilibrium, gq,,,, (mg/g) is the maximum capacity amount
of Cr(VI) per unit weight of delaminated MXene, K (L/mg) is the Langmuir isotherm
constant, and Kr(mg/g)(L/mg)(1/n) and n are the Freundlich isotherm constants. The kinetic
study of Cr(VI) adsorption was evaluated at the optimal loading of delaminated MXene and
Cr(VI) concentration within 7 hour. At every 1-hour interval, a small amount of Cr(VI)
solution was extracted and subjected to AAS. The time dependence of the Cr(VI) adsorption
experiment was fitted by pseudo-first and pseudo-second-order kinetic models [45—47]. The

linear forms of kinetic models are expressed in Eq.5 and Eq.6.

Pseudo-first order kinetic

In (qe —q¢) =Inge —kyt (Eq. 5)
Pseudo-second-order
t 1 1
AR (ba-2)

where k; (min-1) and k, (g/mg.min) are the rate constants and q; (mg/g), is the adsorption

capacity at a specific time t (min).

3.0 Results and Discussion

3.1 Characterization of MXene

To evaluate their crystalline structure and interlayer spacing, XRD analysis was
carried out for Ti3AlC,, MXene, and delaminated MXene (Figure 1). Ti3AlC, presents an
intense peak at 20 = 39°, corresponding to (104) in TizAlC,. After etching TizAlC; by 10
wt % HF, MXene, and delaminated MXene lost the (104) peak completely, and a new peak
appeared approximately at 27.8° that corresponds to (006) diffraction. An indistinct peak of



TiC impurity was found at 37°. Moreover, the main diffraction peaks of Ti3AlC> became
weaker and broader after undergoing the etching and delamination processes. The results
indicate that etching by 10 wt % HF successfully ruptured the Ti—Al metal bond and
removed the Al element in Ti3AIC; due to weak bond energy in TizAlC; [32]. After the
delamination process, all the XRD peaks remained, and the observable peak (002) was
shifted from 9.4° to 8.9°, confirming an increase in interlayer layer spacing without the loss
of significant peaks. Most of the peaks became broad, consistent with the decrease in

crystallinity by delamination. A similar observation was reported by other researchers [48].
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Figure 1. XRD patterns of Ti3AlCz2, MXene, and delaminated MXene.

Based on the EDX spectrum in Figure 2(a and b), the sharp peak of Al in TizAIC;
decreased tremendously after the delamination process. The calculated atomic percentage of
Al reduced from 19.5 at% in TizAIC; to 0.2 at.% in the delaminated MXene. The negligible
amount of Al indicates the effective etching process by HF. The synthesized delaminated
MXene also displayed the peaks of titanium, Ti (36 at. %), oxygen, O (30.6 at. %), carbon,
C (22.9 at. %) and fluorine, F (10.2 at. %). Ti and C are clearly attributed to the elements of
Ti3AlC,, whereas O and F probably are the result of the etching reaction by HF. FTIR
analysis was conducted to verify the functional groups of delaminated MXene. As shown in
Figure 2c, the peak at 3381 cm—1 is mainly due to the —OH stretching vibrations, whereas

the distinctive peak at 1626 cm—1 represents the C=0O groups. In addition, the peak at 582



cm—1 is attributed to the Ti—~O—Ti bond, and the peak at 1097 cm—1 signifies the deformation
vibrations of the C—F bond. These findings were quantitatively confirmed by XPS analysis.
Figure 10(a-c) displayed XPS spectra of C 1s, O 1s and Ti 2p in the synthesized delaminated
MXene. In C 1s spectrum, the assigning peak at 281.43 represents the Ti-C bond, whereas
the other three peaks located at 284.57, 286.01 and 288.53 represents C-C , C-O and O-C =
O bonds, respectively. Meanwhile, the O 1s spectrum revealed that the characteristic peaks
observed at 530.34, 531.57 and 533.21 eV are assigned to the Ti-O, C=C and C-O bonds,
respectively. Ti 2p spectra showed peaks at 455.09 and 459.18, indicating Ti-C and TiO> or

Ti102-x-Fx species.

The observed functional groups detected in the FTIR and XPS spectrum agrees with
the elements presented in the EDX result. These results prove that the delaminated MXene
contained abundant —OH and small amounts of —F, —OH, and —-COOH as terminal groups
on the sheet structure in the delaminated MXene. The EDX result showed O was more
dominant than F, possibly due to the low concentration of HF used in the etching process.
The low concentration of HF was preferable to minimize the terminal groups of —F as the
availability of —F can possess hydrophobic characteristics, which might reduce the ability of
Ti3C> sheets to intercalate with water. Particularly, 10 wt % concentration of HF was strong
enough to allow the O/OH ratio as the main terminal group, indicating that Tx was mostly
represented by —OH functional groups. These findings agree with previously published
research work reported on MXene [49-52]
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Figure 2. EDX spectrum of a) Ti3AlC> b) delaminated MXene (All the peaks were

normalized to the peak intensity of Ti and c¢) FTIR spectrum of delaminated MXene

Figure 3 shows the FESEM images of Ti3AlC;and delaminated MXene. The top-
view surface of Ti3AlC; displays an irregular shape structure (Figure 3a), and delaminated
MXene has a crumpled shape with numerous ridges and rough surfaces (Figure 3b), which
presents the morphological difference of TizAIC, after the etching and delamination
processes. The layered structures of Ti3AlC: and delaminated MXene were clearly observed
on the magnified SEM images of their cross-section in Figure 3(c and d). Figure 3(d) also
reveals the formation of delaminated M Xene, yielding a morphology of a few-layer structure
with less than 100 nm interlayer spacing which concludes the successful removal of the Al
layers from Ti3AlIC; after the etching and delamination process. Similar findings were also

reported elsewhere [39,41].

Nanoporous structures of Ti3AlC, and as-synthesized delaminated MXene were
evaluated using nitrogen gas adsorption (Figure 3e). MXene and delaminated MXene
displayed a type IV isotherm which indicates the delaminated MXene is a mesoporous
material, whereas Ti3AlC> showed a type I isotherm corresponding to macroporous or non-
porous morphology [41]. The specific surface area determined via BET analysis were 1.8
m2/g for Ti3AIC, and 4.2 m2/g for MXene. The specific surface area of the synthesized
delaminated MXene substantially increased after removing the Al layers using the etching
process. Upon delamination, the synthesized delaminated MXene increased to 8.2 m2/g,
which in turn increasing the pore volume. These results demonstrated the intercalation of
DMSO and bath sonication contributed to enlarging the interlayer space of the synthesized
delaminated MXene, facilitating accessible sites for adsorption [41,53]. Therefore, from
adsorption and desorption analysis, delaminated MXene adsorbed the highest amount of N»
as compared to MXene and Ti3AlC,. The increment of the specific surface area is also

beneficial to enhance the photocatalytic activity of MXene.
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Figure 3 Top-view and cross-sectional FESEM images of (a & c) TizAlC,, (b & d)
delaminated MXene and e) Nitrogen adsorption/desorption analysis of Ti3AlIC> and

delaminated MXene.

Besides physicochemical study, thermal and optical analysis was also conducted to
evaluate the thermal properties and bandgap of the delaminated MXene. Generally, the
thermal degradation of delaminated MXene can be divided into three stages [40,54,55]. The
first stage refers to the 4%—5% weight loss of delaminated MXene from room temperature
to 200 °C, originating from the adsorbed water molecules on the delaminated MXene surface
[54]. The second stage refers to the weight loss at a temperature above 200 °C, which can
be ascribed to the degradation of delaminated MXene functional groups like -OH. Moreover,
this can also be influenced by the degradation of interlayer ions found on the surface of
delaminated MXene. The final mass loss phase was seen between 470 and 700 °C. The
calculated percentage of total weight loss was only about 6%—10% and can be delineated to
the degradation of layered arrangement of delaminated MXene. These findings demonstrate
that delaminated MXene had high thermal properties in terms of thermal stability and
thermal degradation. The band gap of delaminated Ti3C>Tx MXene successfully investigated
by UV-Vis-NIR with integrating sphere accessory as shown in Figure 4. The band gap
energy of delaminated MXene was estimated by determining a straight segment of graph.
The obtained bandgap energy (Eg) of delaminated MXene was found at 2.26 eV, which is
calculated from the which greatly support the photocatalytic activity under visible and UV-

light irradiation.
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Figure 4 The bandgap energy of delaminated MXene
3.2.  Synergistic effects of adsorption and photocatalysis

Cr(VI) removal by delaminated MXene under the adsorption process was compared
with the adsorption-assisted photocatalysis process that underwent simultaneous
adsorption—photocatalysis processes (Figure 5) over various concentrations. The
photocatalysis process showed ascending trend of Cr(VI) removal from Smg/L to 25 mg/L
with 3.1-28.9% increment, respectively. The detailed performance comparison on kinetic
removal at 5 mg/L can be seen in Figure 6. Based on the Figure, the adsorption activity
demonstrated 81.2% removal at the initial 30 min and reached 96.9% after 7 h reaction under
dark conditions, corresponding to the equilibrium point. Under UV-light irradiation, Cr(VI)
removal by photocatalysis significantly improved to 97.9% within 30 min, exceeding the
Cr(VI) removal without UV light after 7 h. The results reveal that delaminated MXene
exhibited faster and higher Cr(VI) removal under UV-light irradiation than without UV-
irradiation, indicating the synergistic effect of adsorption and photocatalysis of delaminated

MXene.
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3.3.  Performance evaluation for operating parameters

3.3.1. Effect of pH

The removal of heavy metal ions by adsorption and photocatalysis processes is
usually affected by pH since variations in pH have a significant influence on the surface
charge, diffusion process, and surface bindings of heavy metals [56]. The point of zero net
charge or isoelectric point (pHpzc) of delaminated MXene was determined by varying initial
pH values (from 2 to 10) using HCl and NaOH. According to the plot of different pH changes,
pH initial — pH final (pHi-pHs) versus pH initial (pH;), the pHp.c of delaminated MXene was
approximately at pH 5.7 (Figure 7a), which suggests delaminated MXene has a positive
surface charge when pH of the solution is less than 5.7. In addition, Cr(VI) have different
types of anionic forms depending on pH values. Cr(VI) commonly exists as Cr.O7*" and
HCrO4 under acidic pH range, while under neutral and alkaline conditions, the dominant

ionic form of Cr(VI) is CrO4* [40].

The effect of initial pH on the removal of Cr(VI) was investigated at three different
pH values (pH of 4, 6, and 8). As shown in Figure 7b, the removal efficiency of Cr(VI)
decreased significantly from 100% to 67.1%, with increasing initial pH from 4 to 8. This
was mainly due to the electrostatic repulsion between Cr(VI) metal ions and the surface
charge of the synthesized delaminated MXene at a high pH value [57]. Oppositely, at pH
less than 5.7, the negative charge of OH— on the delaminated MXene can be neutralized by
positive H+ ions, enhancing the removal of Cr(VI). These results are similar to those

reported previously on Cr(VI) removal by rice husk [56].

3.3.2. Effect of photocatalyst loading

The removal experiment without delaminated MXene exhibited no removal for 7 h,
confirming no Cr(VI) self-degradation under UV irradiation. When delaminated MXene was
added at the dosage of 1.5 g/L, the removal efficiency of Cr(VI) at equilibrium increased
significantly to 100% due to enough exchangeable sites available for Cr(VI) removal.
Moreover, the increment of delaminated MXene until 1.5 g/L can be related to the formation
of many free electrons in the conduction band and the escalation of adsorption sites on the
delaminated MXene surface during photocatalysis [58]. Further increment in the dosage (2.0

g/L) has resulted in no Cr(VI) removal increment at equilibrium. In addition to increasing



Cr(VI) removal at equilibrium, an increase in delaminated MXene loading accelerated
removal kinetics. The saturation of Cr(VI) removal efficiency at high photocatalyst loading

could be explained by the excess binding sites of delaminated MXene for Cr(VI).

3.3.3. Effect of Cr(VI) concentration

The initial concentration of Cr(VI) is another operating parameter in the adsorption
and photocatalysis experiment because it increases an osmotic pressure that drives the
adsorption of a metal ion to an adsorbent surface from an aqueous solution [56]. The effect
of initial Cr(VI) concentration on its removal efficiency by the adsorption-assisted
photocatalytic process was evaluated by varying the initial Cr(VI) concentration from 5 to
25 mg/L. The equilibrium time for Cr(VI) removal is longer as the initial Cr(VI)
concentration increases. The removal efficiency of Cr(VI) decreased from 100% to 64.9%,
with the increasing initial Cr(VI) concentration from 5 to 25 mg/L. High initial Cr(VI)
concentration resulted in the saturation of vacant sites on delaminated MXene, causing a
further extension of the reaction time for a little improvement to the pollutant removal
[59,60]. Interestingly, even at a high concentration, the yellow colour of the initial Cr(VI)
solution became more colourless after prolonging the reaction time, demonstrating the
effectiveness of delaminated MXene on Cr(VI) removal. The effects of various operating

parameters are displayed in Figure 7b-d.
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photocatalyst dosage (Cr(VI) concentration Smg/L ) and d) initial concentration of Cr(VI)
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3.4.  Isotherm and kinetic analysis

The isotherm of Cr(VI) removal was calculated from the adsorption results. The
isotherm was analysed using Freundlich and Langmuir isotherm models (Figure 8 (b and c)).
The linear plot of the Langmuir model (c,versus c./q.) gave a better agreement with
experimental data than the Freundlich model. According to the Langmuir model, the Cr(VI)
removal mechanism was attributed to the physical and monolayer adsorption [56,61].
Langmuir isotherm also suggests that the monolayer site energy of adsorption properties on
the adsorbent surface is equal and saturated after the monolayer adsorption [62,63]. The

values of the slope, linear constant and adsorption parameters are tabulated in Table 2. The



removal efficiency and qmax 6.28 mg/g) Cr(VI) obtained in this study is comparable to other
reported adsorbents such as activated carbon, activated charcoal, graphene oxide, Zn-
graphene oxide and iron. This proved that MXene synthesized in this study demonstrated a
potential adsorbent for Cr(VI) removal. Table 1 presents a comparison of the adsorption

capacity of different adsorbents at specific pH values.

Table 1. Adsorption capacities of Cr(VI) by different adsorbents.

Adsorbent pH gmax (mg/g) References
Graphene oxide 4 1.22 [64]
[ron 4 1.27 [65]
Zinc-Graphene oxide 4 3.67 [66]
Titanium dioxide 3 23.8 [67]
Activated alumina 2 7.44 [68]
Delaminated MXene 4 6.25 Present work
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Figure 8. (a) ce versus ge plot, (b) Langmuir isotherm model, and (¢) Freundlich isotherm

model for Cr(VI) removal at different concentrations via adsorption under dark conditions.



The kinetics of the adsorption process was analyzed using pseudo-first- and pseudo-

second order models. Figure 9 shows the pseudo-first- and pseudo-second-order models for

Cr(VI) removal. The pseudo-second-order model displayed a better agreement than the

pseudo-first-order model. This result suggests that the removal of Cr(VI) were controlled by

the chemisorption process involving the electrons exchange that provides a fast adsorption

rate of pollutant [56,62,69]. Several works also reported the same findings on the removal

of Cr(VI) onto different types of adsorbent/photocatalyst such as chitosan/g-C3N4/TiO; [62]

and graphene/g-C3N4 [70]. The coefficients from kinetic models are summarised in Table 3.
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Figure 9. (a) Pseudo-first-order and (b) pseudo-second-order kinetic plots for Cr(VI)

removal via adsorption

Table 2. Calculated parameters of Langmuir and Freundlich isotherm models.

Langmuir isotherm

Freundlich isotherm

0.8744

Qmax (Mg/g) 6.2841
R? 0.9848

Ki (L/mg)

Kr (mg/g)(L/mg)"™"

1/n
RZ

3.8646

0.1426
0.8824




Table 3. Pseudo-first-order and pseudo-second-order kinetic parameters.

Pseudo-first-order model Pseudo-second-order model
ki k> Je
. R qe (mg/g) . R
(min") (g/mg-min) (mg/g)
—0.000001 0.7595 2.00031 0.00042 0.9999 204.082

3.5.  Proposed mechanism for Cr(VI) removal

Based on the overall results obtained, a possible mechanism of adsorptive—
photocatalysis of Cr(VI) removal was proposed as schematically illustrated in Scheme 3. As
the pH of Cr(VI) is less than pHpzc value=5.7, the C=0O and OH— on delaminated MXene
surface protonate with H™ forming a positively charged surface which attracts the negatively
charged Cr(VI) via electrostatic interaction mechanism. On the other hand, at a pH range of
2 to 6, Cr(VI) mainly exists as HCrO4 which can enhance the electrostatic attraction
between Cr(VI) anions and the positively charged surface of the adsorbent. The subsequent
mechanism under UV irradiation can be well described by photocatalytic reduction. Under
UV light irradiation, when the energy of photons is higher or similar to the delaminated
MXene bandgap energy, the electrons of delaminated MXene transfer from the valence band
(VB) to the conduction band (CB), forming electron-hole pairs (¢ —h*)(Eq.7). The electron-
hole pairs further react with the available groups in water to generate oxygen and hydrogen
ions, which could participate in the Cr(VI) removal (Eq.8). Meanwhile, Cr(VI) ions serve as
the photoelectron acceptor and would react with the photogenerated electrons of
delaminated MXene and reduce Cr(VI) to Cr(IIl) effectively. The Cr(VI) reduction process
at (pH = 4-6) in this study can be expressed by the following equations [62]:

TizC,T, + hv +3e~ > h* + e~ (7)
2H,0 + 4H* + 3¢~ > 0, + 4H* (8)
HCrO,” + 7H* 4+ 3e™ - Cr3* + 4H,0 9)

Cr,0,%” + 14H* + 6e~ - 2Cr3* + 7H,0 (10)
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Scheme 3. Schematic illustration of proposed adsorption and photocatalytic mechanisms of

Cr(VI) removal.

The mechanism of adsorption coupled with photocatalytic reduction can be proved
by detecting the efficient reduction of Cr(VI) to Cr(Ill). Whereas AAS detect the amount of
Cr(VI) regardless of their change in oxidation state, ultraviolet-visible (UV-Vis)
spectrophotometer specifically detect Cr(VI) as it has significant UV absorbance at 543nm.
Cr(IIT) concentration was calculated by subtracting the Cr(VI) concentration using UV-Vis
spectrophotometer from the total Cr based on AAS measurement. The detailed trend of
Cr(VI) reduction to Cr(Ill) can be seen in Figure 9a. Hence, the removal rate of Cr(VI)
increased rapidly after placing the Cr(VI) solution under UV light irradiation. To further
confirm the reduction of Cr(VI), XPS spectrum of Cr 2p after the reaction was analyzed
(Figure 9b). Two main peaks originating from Cr 2p3» and Cr 2p1,; orbitals revealed binding
energy bands occurring at around 576.85, 587.34 and 578.65, 586.94, which can be assigned
to the higher oxidation state of Cr, Cr(VI) and lower oxidation state of Cr, Cr(III),

respectively [71].

Moreover, the XPS spectra of delaminated MXene were compared to the fresh
delaminated MXene to investigate the change of the chemical state of delaminated MXene
after Cr(VI) removal as shown in Figure 10, the binding energy of Ti2p of TiO; shifts from
(459.18) to a lower value (458.80) illustrating that the proportion of Ti3+ becomes larger.



This observation indicates that delaminated MXene TizC,Tx particles react in Cr(VI)
solution and form TiO; on its surface, decreasing the Ti3C; signal. The XPS spectrum can
be verified in C 1s and O 1s regions. The high peak of C-O after reaction showed binding
of Ti-C reduced to C-O. The oxidation of TizC,Tx into Ti oxides is plausibly due to the
interaction between Ti3C,Tx, Cr(VI), water (H20) and Oxygen(O2). As a result, the
oxidation of Ti3C,Tx layers into nanoscale TiO, may lead to an increase in the accessible
surface area, which could explain the increase in Cr(VI) removal and reduction, especially
under light irradiation. However, further research is needed to focus on the stability of

MXene in an aqueous solution over a certain period.
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4.0 Conclusion

This work successfully synthesized delaminated MXene by etching the MAX phase
of Ti3AlC; and characterized using EDX, XRD, FTIR, FESEM, BET, TGA, UV-VIS-NIR
and XPS analysis. The Cr(VI) removal of the delaminated MXene via adsorption-assisted
photocatalysis was investigated by evaluating the effect of pH, delaminated MXene dosage,
and initial concentration of Cr(VI). The optimum pH value for high Cr(VI) removal from
aqueous solution was at pH 4. Experimental work demonstrated that the best photocatalyst
dosage and initial Cr(VI) concentration were 1.5 g/ and 5 mg/L, respectively. The Cr(VI)
removal reached 100% under UV light irradiation only within 3 hour reaction time, whereas
simple adsorption gave approximately 96.9% removal after 7 hour. Overall, the
photocatalytic process exhibited approximately 28.9% higher Cr(VI) removal efficiency
than adsorption. Such excellent performance was attributed to the synergistic effect of
electrostatic attraction of delaminated MXene surface with Cr(VI) ions and photogenerated
CB electrons in delaminated MXene under UV- light irradiation. The Langmuir model
provided the best fit to the equilibrium isotherm, confirming that the adsorption of Cr(VI)
was due to the monolayer sorption processes. The pseudo-second-order kinetic model
further described the time dependence on Cr(VI) sorption. The detailed mechanism for
adsorption-assisted photocatalysis of Cr(VI) by delaminated MXene was proposed and
demonstrated that delaminated MXene has potential as an excellent photocatalytic adsorbent

for removing Cr(VI) from an aqueous solution.
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