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A B S T R A C T   

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 pho
tocatalysts to remove Cr(VI) from wastewater. However, broad bandgap energy and the high electron recom
bination 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 used to remove Cr(IV) from the 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 for Cr(VI) 
removal by the synthesised MXene was obtained at pH 4 with photocatalyst loading of 1.5 g/L and Cr(VI) initial 
concentration of 5 mg/L. The removal efficiency of Cr(VI) via adsorption-assisted photocatalysis over various 
concentrations was around 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 
(R2 > 0.9848) and was found better than the Freundlich model (R2 > 0.8824). Meanwhile, the time dependence 
of Cr(VI) adsorption was well fitted to the pseudo-second-order kinetic model with R2 > 0.9999. In conclusion, 
the results obtained suggest that the delaminated MXene possesses excellent properties and the ability to remove 
Cr(VI) via adsorption-assisted photocatalysis and has great potential to be used for industrial wastewater 
applications.   

1. Introduction 

In recent years, significant improvement in water purification tech
nology has been strongly demanded because a large volume of waste
water containing heavy metals is discharged in many industrial 
processes such as electroplating, metal coating, electropolishing, infe
rior 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]. Cr(III) is relatively less harmful as 
it has low mobility in water and soil. It is also 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 de
fects, 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(III), 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], 
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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 as favourable as separation and purification 
methods due to high removal efficiency, environmental friendliness, and 
low energy cost [15]. Thus, green technology of photocatalysis, which 
uses solar energy or a source of light irradiation, has gained attraction 
among many researchers as it consists of photocatalytic reduction and 
photocatalytic oxidation for various pollutants in wastewater, including 
metal ions [18], dyes [19,20], polychlorinated biphenyls and phenols 
[21]. A recent study demonstrated that Zn-Al-layered double hydroxide 
and TiO2 composites have higher Cr(VI) removal efficiency than simple 
adsorption [22]. According to this study, several photocatalytic adsor
bents have been examined for Cr(VI) removal from wastewater: metal 
sulphide [23,24], zinc oxide [17,25], and titanium dioxide [16,26]. 
However, they possess some limitations and poor photocatalysis per
formance due to the broad bandgap energy and high electron recom
bination rate of the photocatalysts. Therefore, an efficient 
photocatalytic adsorbent effective for Cr(VI) removal in wastewater is 
strongly demanded [27]. 

In 2011, a new member of two-dimensional (2D) nanomaterial, 
called MXene, was discovered by Naquib et al., from Drexel University 
[28], comprising transition metal carbides, carbonitrides, and nitrides 
[29] is one of the attractive photocatalyst material used for many pol
lutants removal due to its porous structure, water affinity, superior 
electrical conductivity, excellent structural stabilities, tunable interlayer 
spacing [30,31], sufficient bandgaps energy [32–35]. MXene is denoted 
by a general formula of Mn+1XnTx where M represents the transition 
metals, X represents either carbon or nitrogen, n represents any number 
(n = 1, 2, 3, etc.), and Tx is surface functional groups (–O, –OH, –Cl, or 
–F) [36–39]. Numerous published papers have highlighted the success of 
MXene in photocatalysis, especially in N2 fixation, CO2 reduction, water 
splitting and pollutant degradation [40]. Moreover, MXene also has 
been widely applied as an auxiliary photocatalyst because it has a nar
row band gap and excellent light absorption that can help other pho
toactive materials harvest light. For instance, Zhang and co-workers 
[41] had prepared TiO2 to crystallise and in situ growth between MXene 
layers for efficient adsorption and photocatalysis. 

MXene was also provenly efficient for the degradation of dyes and 
removal of heavy metal ions such as Cu(II) [42], Pb(II) [43], Hg(II) [44, 
45], and Cr(VI) [46–48]. Mashtalir et al., [49] reported that MXene 
could be used as a photocatalyst to enhance the photodegradation of M. 
B. 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 [18]. Recently, a few-layer 
MXene sheets structure, called delaminated MXene, was synthesised 
by intercalating Ti3C2Tx surface with a suitable solvent followed by bath 
sonication [50]. The reported adsorption capacity of delaminated 
MXene for Pb(II) removal was 2.7 times higher than commercial acti
vated carbon [50]. However, up to the recent, no work has been re
ported in detail on the removal of Cr(VI) using delaminated MXene via 
photocatalysis process. 

Therefore, this study inspires to demonstrate the adsorption-assisted 
photocatalytic ability of delaminated MXene that is effective on Cr(VI) 
removal in an aqueous solution for the first time. Delaminated MXene 
was prepared by etching the aluminium (Al) constituent from ternary 
layered carbide (Ti3AlC2) and was characterised by its physicochemical 
and thermal properties. Cr(VI) removal performance was evaluated by 
varying pHs, photocatalyst loadings, and Cr(VI) solution concentration. 
A possible Cr(VI) removal mechanism via adsorption-assisted photo
catalysis was also proposed based on the adsorption isotherm, kinetic 
study and characterisation results of the synthesised delaminated 
MXene. 

2. 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. Deionised water was used for washing and experimental 
works. 

2.2. Preparation of Cr(VI) stock solution 

Potassium dichromate (K2Cr2O7) was used as the source to prepare 
the stock solution of chromium. A 1000 mg/L of Cr(VI) stock solution 
was freshly prepared by dissolving 2.75 g of K2Cr2O7 (99% purity) into 
1000 mL of deionised water in a 1 L volumetric flask. 

2.3. Preparation of delaminated MXene (Ti3C2Tx) 

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 Ti3AlC2 consisting of layered MAX phase was 

Scheme 1. Schematic illustration of the delaminated MXene synthesis procedure.  
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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 at 5000 
rpm for 5 min and washed with deionised water to completely remove 
contaminants until the pH of the dispersion was stabilised around pH 6. 
The solids were dried in an oven at 70 ◦Cfor 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 son
ication for 30 min. After that, the delaminated Ti3C2Tx was washed with 
deionised water and collected by centrifugation at 10000 rpm for 1 h. 
Finally, it was dried at 120 ◦C fo Overall, approximately 80% yield of 
delaminated MXene was obtained from Ti3AlC2. 

2.4. Characterisation 

The crystalline structure of Ti3AlC2 and delaminated MXene were 
analysed using X-ray diffraction (XRD, D/Max 2550 PC, Rigaku, Japan) 
using Cu Kα radiation (λ = 0.154 nm) with an accelerating voltage of 
40 kV and current of 30 mA. The diffraction patterns were recorded over 
the diffraction angle 2θ between 2◦ and 80◦ at a scan rate of 5◦/min. XRD 
result was also used to estimate the grain size of delaminated MXene 
using the Scherrer formula: D = kλ/β cos θ, where k = 0.9, 
λ = 0.154 nm, β = the broadening peak width at the half peak height in 
radians, and θ = Bragg angle [51]. The morphology of Ti3AlC2 and 
delaminated MXene was observed using a Field emission scanning 
electron microscope (FESEM, S-4800, Hitachi High Tech. Co.). The 
elemental mappings of Ti3AlC2 and delaminated MXene were quantified 
using an energy dispersive X-ray analyser (EDX., Oxford Instruments U. 
S.A.) 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 at 120 ◦C for 5 h. The 
specific surface area of the prepared samples was measured using Bru
nauer–Emmett–Teller (BET) analysis. The thermal stability of the pre
pared delaminated MXene was evaluated using a thermogravimetric 
analyser (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 analyse 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 
500–4000 cm− 1. The optical band gap of the synthesised delaminated 
MXene was analysed by a 750 UV-Vis spectrometer PerkinElmer along 
with 60-mm integrating sphere. The band gap energy of the delaminated 
MXene was estimated using the Kubelka–Munch function by plotting 
(αhv)2 versus hv [52], where α is the absorption coefficient, and hv is the 
photon energy. It was obtained by determining a straight graph segment 
from the Tauc plot technique [53]. X-ray photoelectron spectroscopy 
(XPS) measurements were carried out using XPS Quantera II (ULVAC 
PHI) with an X-ray source of Al Kα (1486 eV). 

2.5. Adsorption and photocatalysis measurements 

A freshly prepared Cr(VI) stock solution was diluted to a targeted 
concentration prior to the adsorption and photocatalysis experiment. 
The Cr(VI) solution was set at a pH range of 2–6 using 0.1 M HCl and 
0.1 M NaOH. Adsorption measurement of Cr(VI) was conducted under 
dark conditions for 3 h. Meanwhile, for the photocatalysis measure
ment, Cr(VI) solution was suspended well with a photocatalyst under 
dark conditions for 30 min. After that, the suspension solution was 
irradiated under UV light for 3 h. Scheme 2 illustrates Cr(VI) removal 
via photocatalysis under UV light irradiation. The change of Cr(VI) 
concentration was measured using Cary 60 ultraviolet-visible (UV-Vis) 
spectrophotometer via the 1,5-dipenylcarbazide method at a wave
length of 543 nm [54]. In addition, atomic absorption spectroscopy 
(AAS, Z-2000, Hitachi) was used to quantify the amount of Cr(VI) 
reduction to Cr(III) in the solution after the reaction. Before AAS and 
UV-Vis measurement, the sample solution was filtered using a poly
ethersulfone (PES) syringe filter (0.22 µm). The adsorption capacity 
(mg/g) and removal percentage (%) were calculated using Eq. 1 and Eq. 
2. 

Adsorption capacity, (mg
/

g) =
ci − ce

m
V (1)  

Removal percentage(%) =

(
ci − ce

ci

)

× 100 (2)  

Where ci is the initial Cr(VI) concentration (mg/L), ce 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). 

Meanwhile, the adsorption isotherm of Cr(VI) was fitted using 
Langmuir, Freundlich, Temkin and Dubinin–Radushkevich (D-R) 
isotherm models [55,56]. The linearised forms of the model equations 
are expressed in Eqs 3–6. 

Langmuir model 

ce

qe
=

1
KLqmax

+
ce

qmax
(3) 

Freundlich model 

logqe = logKF +
1
n

logce (4) 

Temkin model 

qe = BlnA +BlnCe (5) 

Dubinin–Radushkevich (D-R) isotherm model 

lnqe = lnQD − Kε2 (6)  

Where ce is the final concentration of Cr(VI) in mg/L at respective times. 
qe (mg/g) is the adsorption capacity of Cr(VI) at equilibrium, qmax (mg/ 
g) is the maximum capacity amount of Cr(VI) per unit weight of 
delaminated MXene, KL(L/mg) is the Langmuir isotherm constant, and 
KF(mg/g)(L/mg)(1/n) and n are the Freundlich isotherm constants. B 

Scheme 2. Schematic illustration of Cr(VI) removal via photocatalysis under UV light irradiation.  
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(J/mol) represent a constant for heat adsorption, and A (L/mg) is the 
equilibrium binding constant that correlates to the maximum binding 
energy for the Temkin model. In Dubinin-Radushkevich (D-R) model, QD 
(mg/g) represent the maximum D-R adsorption capacity, whereas Ɛ (KJ/ 
mol) is the polyani potential energy. The kinetic study of Cr(VI) 
adsorption was evaluated at the optimal loading of delaminated MXene 
and Cr(VI) concentration within 7 h. At every 1 h interval, 4 mL of Cr 
(VI) solution sample was collected and measured using AAS. The time 
dependence of the Cr(VI) adsorption experiment was fitted using 
pseudo-first and pseudo-second-order kinetic models [45–47] and 
intraparticle diffusion and liquid film diffusion models [56]. The linear 
forms of kinetic models are expressed in Eqs 7–10. 

Pseudo-first order 

ln(qe − qt) = lnqe − k1t (7) 

Pseudo-second order 

t
qt

=
1

k2qe
2 +

1
qe

(8) 

Intra-particle diffusion 

qt = k1t+C (9) 

Liquid film diffusion model 

ln
(

1 −
qt

qe

)

= kid t (10)  

where k1, k2 and kid are the rate constants and qt (mg/g), is the 
adsorption capacity at a specific time t. 

3. Results and discussion 

3.1. Characterisation of MXene 

To evaluate the crystalline structure and interlayer spacing of the 
samples, XRD analysis was carried out on Ti3AlC2, MXene, and 
delaminated MXene (Fig. 1). Ti3AlC2 presents an intense peak at 2θ 
= 39◦, corresponding to (104) in Ti3AlC2. After etching Ti3AlC2 by 10 wt 
% HF, MXene, and delaminated MXene lost the (104) peak completely, 
and a new peak appeared approximately at 27.8◦, corresponding to 
(006) diffraction. An indistinct peak of TiC impurity was found at 37◦. 
Moreover, the main diffraction peaks of Ti3AlC2 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 Ti3AlC2 due to weak bond 
energy in Ti3AlC2 [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 [57]. In addition, estimation of grain sizes 
using the Scherrer formula has found that the grain size of delaminated 
MXene (26.2 nm) decreased 28% and 18% as compared to Ti3AlC2 

Fig. 1. XRD patterns of Ti3AlC2, MXene, and delaminated MXene.  

Fig. 2. a) FTIR spectra of delaminated MXene, b) EDX spectrum of Ti3AlC2, and c) EDX spectrum of delaminated MXene (All the peaks were normalised to the peak 
intensity of Ti). 

N.S. Jamaluddin et al.                                                                                                                                                                                                                         



Journal of Environmental Chemical Engineering 10 (2022) 108665

5

(36.2 nm) and MXene (31.9 nm), respectively, thus confirmed that 
MXene has successfully delaminated through etching and delamination 
processes. 

FTIR analysis was conducted to verify the functional groups of 
delaminated MXene. Based on Fig. 2(a), it was observed that the peak at 
3381 cm− 1 in the FTIR spectra was mainly attributed to the–OH 
stretching vibrations, whereas the distinctive peak at 1626 cm− 1 is 
represented by H–OH stretching bands [58]. Likewise, the broadband at 
3400 cm− 1 is attributed to the –OH stretching vibrations of Ti3C2Tx. 
Meanwhile, the distinctive peak at 1636 cm− 1 belongs to the H–OH 
stretching bands and confirms the existence of the–OH group and water 
moieties on the Ti3C2Tx surface. In addition, the typical peak of 
1097 cm− 1 signifies the deformation vibrations of the C–F bond. Lastly, 
a stretching vibration peak at 582 cm− 1 was observed due to the Ti-O-Ti 
bond [59]. These findings agree with other reported studies on MXene 
[60,61]. 

Fig. 2(b and c) show the EDX spectrum of the prepared samples, 
where the sharp peak of Al in Ti3AlC2 decreased tremendously after the 
delamination process. The calculated atomic percentage of Al reduced 
from 19.5 at% in Ti3AlC2 to 0.2 at% in the delaminated MXene. The 
negligible amount of Al indicates the effective etching process by HF. 
The synthesised delaminated MXene also displayed the peaks of tita
nium, Ti (36 at%), oxygen, O (30.6 at%), carbon, C (22.9 at%) and 

fluorine, F (10.2 at%). Ti and C are attributed to the elements of Ti3AlC2, 
whereas O and F probably are the result of the etching reaction by HF. 

These findings were quantitatively confirmed by XPS analysis. Fig. 3 
(a-c) displayed XPS spectra of C 1 s, O 1 s and Ti 2p in the synthesised 
fresh delaminated MXene. In the C 1 s spectrum, the assigning peak at 
281.43 represents the Ti–C bond, whereas the other three peaks at 
284.57, 286.01 and 288.53 represent C–C, C–O and O–C = O bonds, 
respectively. Meanwhile, the O 1 s spectrum revealed that the charac
teristic 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 TiO2 or TiO2–x–Fx species. 
The observed functional groups detected in the FTIR and XPS spectrum 
agree with the elements presented in the EDX result. Furthermore, the 
findings agree with other reported studies on MXene [60,61]. 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 con
centration of HF was preferable to minimise the terminal groups of –F as 
the availability of –F can possess hydrophobic characteristics, which 
might reduce the ability of Ti3C2 sheets to intercalate with water. 
Particularly, 10 wt% concentration of HF was strong enough to allow 

Fig. 3. XPS spectra of fresh delaminated MXene.  

Fig. 4. Surface and cross-sectional FESEM images of (a and c) Ti3AlC2, (b and d) delaminated MXene and e) Nitrogen adsorption/desorption analysis of Ti3AlC2 and 
delaminated MXene. 
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the O:OH ratio as the main terminal group, indicating that Tx was mostly 
represented by –OH functional groups. These findings agree with pre
viously published research work reported on MXene [60–63]. 

Fig. 4 shows the surface and cross-sectional FESEM images of 
Ti3AlC2and delaminated MXene. The top-view surface of Ti3AlC2 dis
plays an irregular shape structure (Fig. 4a), and delaminated MXene has 
a crumpled shape with numerous ridges and rough surfaces (Fig. 4b) 
which presents the morphological difference of Ti3AlC2 after the etching 
and delamination processes. The layered structures of Ti3AlC2 and 
delaminated MXene were observed on the cross-sectional FESEM images 
shown in Fig. 4(c and d). In comparison to Fig. 4(c), Fig. 4(d) confirm the 
formation of delaminated MXene, yielding a morphology of a few-layer 
structure with less than 100 nm of interlayer spacing which concludes 
the successful removal of the Al layers from Ti3AlC2 after the etching and 
delamination process. Similar findings were also reported in previously 
reported studies [45,47]. 

Nanoporous structures of Ti3AlC2 and as-synthesised delaminated 
MXene were evaluated using nitrogen gas adsorption (Fig. 4e). MXene 
and delaminated MXene displayed a type IV isotherm which indicates 
the delaminated MXene is a mesoporous material, whereas Ti3AlC2 
showed a type I isotherm corresponding to macroporous or non-porous 
morphology [47]. The specific surface area determined via BET analysis 
was 1.8 m2/g for Ti3AlC2 and 4.2 m2/g for MXene. The specific surface 
area of the synthesised delaminated MXene substantially increased after 
removing the Al layers using the etching process. Upon delamination, 
the synthesised delaminated MXene increased to 8.2 m2/g due to an 
increase in pore volume. These results demonstrated the intercalation of 
DMSO and bath sonication contributed to enlarging the interlayer space 
of the synthesised delaminated MXene, facilitating accessible sites for 
adsorption [47,64]. Therefore, from adsorption and desorption analysis, 
delaminated MXene adsorbed the highest amount of N2 compared to 
MXene and Ti3AlC2. The increment of the specific surface area is also 
beneficial in enhancing the photocatalytic activity of MXene. 

The thermogravimetric analysis of the prepared delaminated MXene 
samples was carried out at a temperature range of 30–800 ◦C. Thermal 
degradation of delaminated MXene can be divided into three stages [46, 
58,65]. In the first stage, 4–5% weight loss of delaminated MXene from 
room temperature to 200 ◦C originated from the adsorbed water mole
cules on the delaminated MXene surface [58]. Meanwhile, the weight 
loss in the second stage at a temperature above 200 ◦C was due to the 
degradation of delaminated MXene functional groups like –OH. On top 
of that, this was also influenced by the degradation of interlayer ions 
found on the surface of delaminated MXene. Finally, the final weight 
loss in the third stage is between the temperature of 470 and 700 ℃ due 
to the degradation of the layered arrangement of delaminated MXene 
with around 6–10% of weight loss. These findings demonstrated that 
delaminated MXene has high thermal properties in terms of thermal 

Fig. 5. a) UV-Vis-NIR absorption spectra and b) bandgap energy of delaminated MXene.  

Fig. 6. Comparison on percentage (%) removal of Cr(VI) via adsorption and 
adsorption-assisted photocatalysis at different Cr(VI) concentrations. 

Fig. 7. Percentage (%) removal of Cr(IV) by adsorption and photocatalysis with 
photocatalyst loading of 1.5 g/L and Cr(VI) initial concentration of 5 mg/L pH). 
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stability and degradation. 
On the other hand, the band gap energy (Eg) of the delaminated 

Ti3C2Tx MXene was successfully estimated using the Kubelka–Munch 
function by plotting (αhv)2 versus hv, where α is the absorption coeffi
cient and hv is the photon energy. As a result, the bandgap energy (Eg) of 
delaminated MXene was found at approximately 2.26 eV and greatly 
supported the photocatalytic ability under visible and UV light irradia
tion. This result also agrees with findings by [66,67] that reported the 
band gap energies of various functionalised Ti3C2 MXene were found to 
be in a range of 0.75–2.4 eV within the estimation of delaminated 
MXene of this study. (Fig. 5). 

3.2. Synergistic effects of adsorption and photocatalysis 

Fig. 6 compares the percentage (%) removal of Cr(VI) via adsorption 
and adsorption-assisted photocatalysis at different Cr(VI) concentra
tions. Based on the result, the adsorption process enhanced the removal 
of Cr(IV) during the adsorption-assisted photocatalysis process, in which 
the Cr(VI) removal was found to be higher for all targeted initial con
centrations (5 mg/L–25 mg/L) with 3.1–28.9% of increment as 
compared to solely adsorption process. The synergistic effects of 
adsorption and photocatalysis greatly contributed to the excellent 
improvement of Cr(IV) removal under UV light irradiation. 

In addition, as shown in Fig. 7, the adsorption activity demonstrated 
81.2% removal at the initial 30 min. It reached 96.9% after 7 h of re
action under dark conditions, which corresponds 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 irra
diation than without UV light irradiation, indicating the synergistic ef
fect of adsorption and photocatalysis of delaminated MXene. It is 
noteworthy to mention that the removal efficiency of Cr(VI) by the 
delaminated MXene at optimal conditions achieved 100% and much 
better than several reported photocatalytic activity studies by other 
semiconducting photocatalysts; titanium dioxide P25 (50%) [68]; 
nanocomposite photocatalyst, Fe3O4 @ZnCd1-xS (90%) [69]; and 
MOF-based photocatalyst, Zn-based MOF (95% and 96%) [70,71]. 

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 affected by pH, as pH significantly affects the surface charge, 
diffusion process, and surface bindings of heavy metals [72]. 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-pHf) versus pH initial (pHi), the pHpzc of delaminated MXene 
was approximately at pH 5.7 (Fig. 8a), 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 Cr2O7

2- and HCrO4
− under the 

acidic pH range, while under neutral and alkaline conditions, the 

Fig. 8. a) pHpzc of delaminated MXene, effect of various operating parameters on Cr(VI) removal at different, b)pH value (photocatalyst loading 1.5 g/L, Cr(VI) 
concentration 5 mg/L), c) photocatalyst loading (Cr(VI) concentration 5 mg/L) and d) initial concentration of Cr(VI) (photocatalyst loading 1.5 g/L). 
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dominant ionic form of Cr(VI) is CrO4
2- [46]. 

The effect of initial pH on the removal of Cr(VI) was investigated at 
four different pH values (2, 4, 6, and 8). As shown in Fig. 8b, the removal 
of Cr(VI) decreased significantly from 100% to 67.1%, with increases in 
initial pH from 4 to 8. A similar trend was also observed during the 
adsorption of Cr(VI) under dark conditions after 7 h. This is possibly due 
to the electrostatic repulsion between the Cr(VI) metal ions and the 
surface charge of the synthesised delaminated MXene at a higher value 
of pH [73]. In contrast, at pH less than the pHpzc value (5.7), the negative 
charge of OH- in the delaminated MXene can be neutralised by positive 

H+ ions, thus improving the removal of Cr(VI). These results are similar 
to a study reported for Cr(VI) removal by rice husk [72]. Nonetheless, 
when pH 2 of Cr(VI) was used, the Cr(VI) removal percentage decreased 
to 91%. Therefore, this finding concluded that pH 4 is the optimum pH 
condition for Cr(VI) removal using delaminated MXene via the syner
gistic adsorption-photocatalysis process. 

3.3.2. Effect of photocatalyst loading 
Direct photolysis without delaminated MXene exhibited no Cr(VI) 

removal for 7 h under UV irradiation. However, after 1.5 g/L of 

Fig. 9. (a) ce versus qe plot, (b) Langmuir isotherm and (c) Freundlich isotherm (d) Temkin isotherm (e) Dubinin–Radushkevich (D-R) isotherm models for Cr(VI) 
removal at different concentrations via adsorption under dark conditions. 
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delaminated MXene was added, the removal efficiency of Cr(VI) at 
equilibrium increased significantly to 100% due to sufficient active sites 
for Cr(VI) removal. Moreover, the increment of delaminated MXene 

loading up to 1.5 g/L caused the formation of excess free electrons in the 
conduction band and the escalation of free electrons and hydroxyl 
radicals on the delaminated MXene surface during photocatalysis [74]. 
Furthermore, this abundant surface-active site also facilitates effective 
interactions between the reactant and photocatalyst, thus enhancing the 
photocatalytic activity [75]. However, further increment of delaminated 
MXene to 2.0 g/L resulted in no further increment of Cr(VI) removal 
possibility due to the photocatalyst powder agglomeration that reduced 
the active sites on delaminated MXene, thus limiting the photocatalytic 
activity. 

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 adsor
bent surface from an aqueous solution [72]. The effect of initial Cr(VI) 
concentration on its removal efficiency by the adsorption-assisted pho
tocatalytic process was evaluated by varying the initial Cr(VI) 

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

Adsorbent pH qmax References 

Graphene oxide  4 1.22 mg/g [81] 
Iron  4 1.27 mg/g [82] 
Zinc-Graphene oxide  4 3.67 mg/g [83] 
Titanium dioxide  3 23.8 mg/g [84] 
Activated alumina  2 7.44 mg/g [85] 
Guar gum-nano zinc oxide biocomposite   55.56 mg/g [86] 
Manganese oxide-coated sand grains   227.3 μg/g [87] 
Clay  2.5 1.50 mg/g [88] 
Delaminated MXene  4 6.25 Present work  

Table 2 
Calculated parameters of Langmuir and Freundlich, Temkin and Dubi
nin–Radushkevich (D-R) isotherm models.  

Langmuir isotherm Freundlich isotherm 

KL (L/mg) 0.8744 KF (mg/g) (L/mg) (1/n) 3.8646 

qmax (mg/g)  6.2841 1/n  0.1426 
R2  0.9848 R2  0.8824 
Temkin isotherm Dubinin–Radushkevich isotherm 
B (J mol− 1)  1.08148 QD (mg/g)  1.91625 
A (L mg− 1)  0.973946399 Ɛ (KJ/mol)  0.1426 
R2  0.8263 R2  0.6374  

Fig. 10. (a) Pseudo-first-order and (b) pseudo-second-order (c) intraparticle diffusion and (d) film diffusion kinetic models for Cr(VI) removal via adsorption.  

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

Pseudo-first-order model Pseudo-second-order model 

k1 (min− 1) R2 qe (mg/g) k2 (g/mg•min) R2 qe (mg/g) 

− 0.000001 0.7595 2.00031 0.00042 0.9999  204.082 
Intra-particle diffusion model Liquid film diffusion model 
k1 (g/mg min0.5) R2 C kid (min− 1) R2 

0.0085 0.8732 0.2986 0.7577 0.9659  
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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 
increase of initial Cr(VI) concentrations 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 in pollutant removal [76,77]. Interestingly, even at 
a high concentration, the yellow colour of the initial Cr(VI) solution 
became more colourless after prolonging the reaction time, demon
strating the effectiveness of delaminated MXene on Cr(VI) removal. The 
effects of different pH, photocatalyst loading and initial concentrations 
are illustrated in Fig. 8(b, c and d). 

3.4. Isotherm and kinetic analysis 

The adsorption isotherms of Cr(VI) removal were calculated from the 
obtained adsorption results. Fig. 9(a) shows the ce versus qe plot; 
meanwhile, Fig. 9(b and c) illustrate the isotherms analysed using 
Freundlich and Langmuir isotherm models. The linear plot of the 
Langmuir isotherm model (ceversus ce/qe) (R2 = 0.98) gave a better 
agreement with experimental data as compared to the Freundlich 
isotherm model (R2 = 0.88). According to the Langmuir model, the Cr 
(VI) removal mechanism was attributed to the physical and monolayer 
adsorption [72,78]. Langmuir isotherm also suggests that the monolayer 
site energy of adsorption properties on the adsorbent surface is equal 
and saturated after the monolayer adsorption [79,80]. The removal ef
ficiency and qmax of 6.28 mg/g Cr(VI) obtained in the Langmuir 
isotherm are comparable to other reported adsorbents such as activated 
carbon, activated charcoal, graphene oxide, Zn-graphene oxide and iron, 
as shown in Table 1. Therefore, this study proved that the synthesised 
delaminated MXene demonstrated a potential adsorbent for Cr(VI) 
removal in aqueous. In addition, the Temkin and Dubinin–Radushkevich 
(D-R) isotherm models were also analysed in this study. Fig. 9(d and e) 
show a lower regression coefficient of both Temkin (R2 = 0.83) and 
Dubinin–Radushkevich (D-R) (R2 = 0.64) isotherms as compared to 
Langmuir and Freundlich isotherms indicating these models did not 
satisfactorily fit the adsorption data of Cr(VI) removal. Overall, it can be 
seen that the best adsorption isotherm was described by the Langmuir 
model, followed by Temkin, Freundlich and Dubinin–Radushkevich 
(D-R) isotherm models as tabulated in Table 2. 

The kinetics of the adsorption process was analysed using pseudo- 
first- and pseudo-second-order models. Fig. 10 (a and b) show the 

pseudo-first-order 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) 
was controlled by the chemisorption process involving the electron ex
change that provides a fast adsorption rate of pollutants [72,79,89]. 
Several works also reported the same findings on the removal of Cr(VI) 
onto different types of adsorbent/photocatalyst, such as chito
san/g-C3N4/TiO2 [79] and graphene/g-C3N4 [90]. The 
pseudo-first-order and pseudo-second-order kinetic parameters are 
summarised in Table 3. 

In addition, the diffusion rate-controlling steps for Cr(VI) removal 
were elucidated using the intraparticle diffusion and liquid film diffu
sion models following the equations reported by [56]. Fig. 10 (c) shows 
the straight-line plot of qt versus t0.5 does not pass the origin point (R2 =

0.87), indicating that the adsorption process was not dominantly 
controlled by intraparticle diffusion. In contrast, a higher regression 
coefficient in the liquid film model (Fig. 10 d) (R2 = 0.97) would suggest 
that the kinetics of the adsorption process is diffusion controlled. Thus, it 
is suggested that the transport of the Cr(VI) sorbate molecules is 
controlled by diffusion through the liquid film surrounding the solid 
adsorbent. 

3.5. Proposed mechanism of Cr(VI) removal 

The possible mechanism for adsorption-assisted photocatalysis of Cr 
(VI) removal is proposed and illustrated in Scheme 3. As the pH of Cr(VI) 
is less than pHpzc value= 5.7, the C––O and − OH on the 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 the pH range of 2–6, 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. 

The charge generation takes place when the UV light irradiation 
interacts with delaminated MXene prior to receiving energy similar to or 
higher than its band gap energy (Eq. 9), causing the electrons of 
delaminated MXene to excite from the valence band (VB) to the con
duction band (CB), forming electron-hole pairs (e− –h+) (Eq. 10). As a 
result, the generated electron-hole pairs, which migrate to the photo
catalyst surface, initiated the photocatalytic reactions, and further 
reacted with water to generate oxygen and hydrogen ions (Eq. 10). Since 

Scheme 3. Schematic illustration of the proposed mechanism for adsorption-assisted photocatalysis of Cr(VI) removal.  
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there is no electron scavenger involved, Cr(VI) ions serve as the 
photoelectron acceptor and react with the photogenerated electrons of 
delaminated MXene and thus reduce Cr(VI) to Cr(III) (Eq. 11 and Eq. 
12). In addition, the holes may also lead to the generation of O2 (Eq. 8) in 
the absence of organics [91]. The overall Cr(VI) reduction process at (pH 
= 4–6) in this study can be expressed by the following equations (Eqs 
9–12) [79]: 

Ti3C2Tx + hv + 3e− →h+ + e− (9)  

2H2O + 4H+ + 3e− →O2 + 4H+ (10)  

HCrO4
− + 7H+ + 3e− →Cr3+ + 4H2O (11)  

Cr2O7
2− + 14H+ + 6e− →2Cr3+ + 7H2O (12) 

The mechanism of Cr(IV) removal via adsorption-assisted photo
catalysis can be further verified through the reduction of Cr(VI) to Cr 
(III). In this study, atomic absorption spectroscopy (AAS) detected the 
amount of Cr(VI) regardless of its changes in oxidation state. Meanwhile, 
the ultraviolet-visible (UV-Vis) spectrophotometer detected Cr(VI) at a 
UV absorbance of 543 nm. The Cr(III) concentration was obtained by 
subtracting the Cr(VI) concentration using a UV-Vis spectrophotometer 
from the total Cr based on AAS measurement. The trend of Cr(VI) 
reduction to Cr(III) can be seen in Fig. 11a. Based on the results, the Cr 
(VI) removal rate increased rapidly after the Cr(VI) solution was irra
diated under UV light. To further confirm the reduction of Cr(VI), the 
XPS spectrum of Cr 2p after the reaction was analysed (Fig. 11b). Two 
significant peaks originating from Cr 2p3/2 and Cr 2p1/2 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 [92]. 

On the other hand, the XPS spectra of fresh delaminated MXene in 
Fig. 3 were also compared with the delaminated MXene after reaction 
(Fig. 12) to investigate the changes in the chemical state of delaminated 
MXene before and after Cr(VI) removal. It was found that the binding 
energy of Ti2p of TiO2 shifted from (459.18) to a lower value of 458.80, 
illustrating that the proportion of Ti3 + becomes larger after the reac
tion. Generally, the shifting of Ti2p was due to the accumulation of 
defective TiO2 [93]. The presence of TiO2 showed that Ti3C2Tx particles 
reacted in Cr(VI) solution and formed TiO2 on its surface, decreasing the 
Ti3C2 signal. The XPS spectrum can be verified in C 1 s and O 1 s regions. 
The high peak of C-O after reaction showed binding of Ti-C reduced to 
C-O. The oxidation of Ti3C2Tx into Ti oxides was plausibly due to the 
interaction between Ti3C2Tx, Cr(VI), water (H2O) and Oxygen(O2). 

Moreover, it has been experimentally confirmed that the presence of 
TiO2 in MXene was influenced by the oxygen dissolved in water that acts 
as an oxidising agent [94]. As a result, the oxidation of Ti3C2Tx layers 

Fig. 11. a) Percentage of Cr(IV) using AAS and UV-Vis spectroscopy and b) XPS 
spectra of Cr 2p peak on delaminated MXene after adsorption-assisted photo
catalysis process. 

Fig. 12. XPS spectra of delaminated MXene after Cr(VI) removal.  
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into nanoscale TiO2 may increase the accessible photoresponse capacity, 
especially under light irradiation. This finding was similar to other re
ported studies on MXene/g-C3N4 photocatalyst [95]. However, future 
research needs to be conducted to further understand the MXene sta
bility in an aqueous solution for a prolonged reaction time. 

4. Conclusion 

This study successfully synthesised delaminated MXene by etching 
the MAX phase of Ti3AlC2. The Cr(VI) removal of the delaminated 
MXene via adsorption-assisted photocatalysis was investigated by 
evaluating the effect of pH, delaminated MXene loading, and initial 
concentration of Cr(VI). The experimental work demonstrated that the 
best photocatalyst loading and initial Cr(VI) concentration were 1.5 g/L 
and 5 mg/L, respectively. Furthermore, the Cr(VI) removal reached 
100% under UV light irradiation only within 3 h reaction time, whereas 
simple adsorption achieved approximately 96.9% removal after 7 h. 
Overall, the adsorption-assisted photocatalysis 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 conduction band electrons in delaminated MXene 
under UV light irradiation. The Langmuir model best fits 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 delami
nated MXene was proposed and demonstrated that delaminated MXene 
has potential as an excellent photocatalytic adsorbent for removing Cr 
(VI) from an aqueous solution. However, the application of Ti3C2TX 
delaminated MXene in this study still needs further investigation, 
especially in terms of stability and reusability of the photocatalyst. 
Further research should also focus on the oxidation stability of delami
nated MXene in an aqueous liquid and at room temperature. 

Furthermore, the stability of MXene could also be improved by 
combining MXene with other semiconductor materials. In addition, the 
effects of other parameters during photocatalysis, such as the presence 
of inorganic anions and hole scavengers, need to be further explored. 
Lastly, the performance of Cr(VI) removal by the synthesised delami
nated MXene should also be evaluated on the bigger scale of industrial 
wastewater. 
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