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ARTICLE INFO ABSTRACT

Chromium is a carcinogenic heavy metal that accumulates in plant and animal bodies. New materials for effi-
cient removal of chromium from water bodies are in high demand. MXene was synthesized from MAX phase by
using ammonium fluoride as an etching agent while molybdenum disulphide was synthesized by hydrothermal
method. The pseudo-second order kinetic model described the adsorption of hexavalent chromium on MXene
and molybdenum disulphide whereas the Freundlich Isotherm model best fitted for Mxene, and Langmuir
Isotherm model was more suitable in case of molybdenum disulphide. The adsorption capacity obtained by
MXene for hexavalent chromium was 59.8 mg/g (At Dosage = 1 g/L, T = 298 K, Time = 9h, pH = 2,C, =
30 mg/L) and 113.7 mg/g in case of molybdenum disulphide (At Dosage = 0.5 g/L, T = 298 K, Time = 1.5h,
pH = 2, C, = 30 mg/L). Thermodynamic investigations showed that the process was endothermic and spon-
taneous. The coexisting ions showed a decrease in removal percentage up to 70 % and 79 % in case of MXene and
molybdenum disulphide, respectively, after fifth cycle. It can be inferred that these developed materials have the
advantages of simplicity for reducing heavy metal pollution.
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1. Introduction from geogenic sources. In these processes, natural leaching of chro-

mium occurs into water from the surrounding rocks having higher

The distribution of heavy metals due to industrial developments has
resulted in water adulteration worldwide in the past few years. Heavy
metal pollution is contributed by multiple heavy metal ions such as Zn
(ID), Hg(ID), Pb(11), Cu(Il), Cd(II) and Cr(VI). Among all these pollutants,
Cr(VI) is a common pollutant which exists in different ionic forms in
contaminated water [1]. The increased concentrations of chromium has
very bad effect on both humans and other organisms after mercury,
lead and cadmium [2]. The sources of chromium can both be natural
and artificial due to human anthropogenic stresses [3]. Increase of Cr
(VD) in the environment also occurs from the natural processes in
groundwater mainly due to the interaction of existing water with ul-
tramafic rocks [4]. Other sources of Cr(VI) in ground water originate

concentrations of chromium [5]. Additionally, Cr(VI) is formed natu-
rally by manganese catalysis. Cr(VI) in water treatment can also result
from oxidative processes such as ozonation and chlorination [6]. Nu-
merous industries, including the tanning of leather, metal plating,
electroplating, military, pigment, and refractory industries, use chro-
mium extensively. Wastewater generated from industrial processes is a
primary source of release of Cr(VI) to water bodies mainly from cement
industries, paint industries, wood preservation, manufacturing of
stainless steel, electroplating and metallurgical processes [7]. Industrial
effluents release chromium oxide in its +2 to +6 chemical states into
aquifers and streams, among other receiving habitats. The two most
recurrent forms of chromium are trivalent Cr(III) and Cr(VI) Cr(VI)

Abbreviations: MoS,, Molybdenum Disulphide; Cr III, Trivalent Chromium; Cr VI, Hexavalent Chromium; WHO, World Health Organization; EPA, Environmental
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owing to their malignancy and substantial impacts to the environment.
The poisonousness of Cr(VI) is noticeably higher than Cr(III) [7]. The
toxicity of Cr(VI) in terms of carcinogenicity and mutagenicity is 500
times greater than Cr(IIl) [8]. Compared to the Cr(Ill) form, the ex-
tremely poisonous, soluble, and mobile Cr(VI) form has more detri-
mental effects on both people and animals [9].

Permissible limits for the targeted pollutant by the World Health
Organization are regulated to be 0.05 mg/L [10]. According to USEPA,
permissible concentration of Cr(VI) in water is 0.1 mg/L. These stra-
tegic standards impose the restrictions of excessive discharge of Cr(VI)
in drinking water [7]. Directive drinking water of European Union re-
commends Cr(VI) level up to 25 pg/L [6]. Furthermore, in future, strict
regulations are expected for Cr(VI) concentrations due to its potential
health impacts.

Cr(VI) is known to be carcinogenic and is the cause of numerous
diseases which mainly includes lung cancer, damage to kidney and
liver, gastrointestinal problems, skin and nasal irritation, eardrum da-
mage, [11] dermatitis, respiratory disorders, and eye infections. Ac-
cording to the international literature, Cr(VI) is the leading cause of
dysfunction of digestive system, immune system, urinary system, re-
spiratory and reproductive systems as well [12]. Cr(VI) is also referred
as Group A carcinogen [13]. The effect of chromium on human body is
regulated by multiple factors such as the duration of exposure, dosage
of chromium intake, form of chromium which is also dependent on the
route of its intake such as through food, water, inhalation or with skin
contact. Cr(VI) exposure over an extended period of time may be
harmful to health and is influenced by a number of variables, including
body weight, age, and gender [4]. Cr(VI) is classified in different ca-
tegories depending on the time and duration of its exposure. The ex-
posure is considered acute if exposed to Cr(VI) for 14 days. The ex-
posure is referred as intermediate if it lasts between 75 to 364 days and
it will be chronic exposure if it extends to 365 days according to the
literature reports [12,14].

Many techniques have been used to remove heavy metals from
wastewater and water. These methodologies primarily include mem-
brane separation [15], degradation [16], flocculation [17], photo cat-
alysis [18], co-precipitation [19], electrolysis [20], chemical reduction
[21], ion exchange [22], reverse osmosis [23], and other biological
methods [24]. Currently adsorption is a growing substitute technique
for the remediation of Cr(VI) owing to its simplicity, reusability,
economy, effortless operation, maintenance, and improved effective-
ness. The creation of a novel adsorbent with features and attributes that
suggest a high adsorption capacity for metal ions is required, given the
benefits of adsorption. A number of adsorbents have been used to trap
Cr(VI) such as activated carbon [25], zeolites, layered double hydro-
xides [26], metal oxides, graphene oxides [27], polymers [28], carbon
nanotubes [29], metal organic framework [30] and nanoscale zero
valent iron [31]. However, many of the materials have shown un-
satisfactory results due to low efficiency, weak adsorption and resulting
secondary pollution. It is mandatory to explore new materials for the
treatment of chromium pollution with improved stability.

MXene and MoS, are regarded as two popular two-dimensional
nanomaterials in water treatment [32]. They have been investigated
extensively for adsorption of environmental pollutants with numerous
modifications. MXenes are a class of two-dimensional transition metal
nitrides, carbides and carbonitrides with intriguing chemical, me-
chanical, electrical, and magnetic properties [33]. The chemical for-
mula of two dimensional MXenes nanomaterials is M, , 1 X, Tx where n
can be any number between 1 and 3. M in the formula represents early
transition metals of periodic table such as such as Sc, W, Ti, Cr, Mo Ta,
Zr, W, Nb, Hf, V or Y), X represents nitrogen or carbon and T represents
the surface terminating group such as hydroxyl (-OH), Chlorine (-CD),
Florine (-F) or Oxygen (=0) and x stands for the surface functionalities
[34,35]. Typically, MXenes are prepared from MAX phases by etching
the Al atoms in layered hexagonal ternary carbide TizAlC, in targeted
manner. On the other hand, MoS, is an inorganic compound which is
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formed by the combination of one molybdenum atom and two sulfur
atoms, and it is categorized as transition metal dichalcogenides [36].
MoS, nanosheets can be synthesized by numerous techniques. Some of
the methods mentioned in the literature are chemical exfoliation [37],
mechanical exfoliation [38], electrochemical exfoliation [39], liquid
exfoliation [40], chemical vapor deposition [41] and hydrothermal
synthesis [42].

The purpose of this study is to compare the potential of two-di-
mensional nanomaterials in the removal of Cr(VI) under optimum
working conditions. Materials were synthesized and tested through
different characterization methods. XRD, FTIR, SEM, EDS and BET
surface area analysis were performed to depict the crystallinity of the
adsorbents, investigation of the functional groups, morphology of
structures and their elemental composition, and to check the surface
area of MXene and MoS,, respectively. Adsorption studies were con-
ducted to investigate the use of efficient two-dimensional nanomater-
ials for Cr(VI) removal. Furthermore, the adsorption capacities of
MZXene and MoS, were compared for Cr(VI) adsorption.

2. Materials and methods
2.1. Chemical reagents

Ternary carbide MAX powder (Ti3AlC,) was kindly provided by Dr.
Asif Shahzad (Uppsala University, Sweden). Hydrochloric acid (49 %),
Ammonium Fluoride, Polyvinyl Pyrrolidone (PVP), NaOH, K,Cr;0,
Syringe Filters, Acetone, Diphenyl Carbazide (DPC), Orthophosphoric
Acid, Thiourea, Ammonium Heptamolybdate, Acetic Acid,
Tetrahydrate, Ethanol was purchased from Sigma Aldrich. All necessary
chemicals were utilized without any additional purification. For ex-
periments and washing, deionized water was used.

2.2. Synthesis of MoS,

For the preparation of MoS, 5 mmol of ammonium heptamolybdate
(NH4)¢Mo,0,4) was immersed in 25 mL of water at room temperature.
0.15 g of polyvinyl pyrrolidone (PVP) K30 (C¢HoNO),, was added to the
mixture at low temperature using an ice bath. The solution was further
sonicated for 60 min. After sonication, 10 mmol of thiourea (CH4N,S) was
added to the solution after sonication and continuously stirred for 30 min.
Further autoclave 1.5 mL of acetic acid (CH3COOH) was added to the
solution before transferring the solution to autoclave. The autoclave was
kept in a 180 °C oven for a whole day. After the autoclave was cooled to
room temperature, methanol and water were used to filter the black
particles multiple times. The mixture was then dried for 24 h at 80 °C.

2.3. Synthesis of MXene

MXene was synthesized by the process of etching. This process used
ammonium fluoride (NH4F) as an etching agent to produce MXene. At
room temperature (298 K), 0.5 g of MAX phase powder (Ti3AlC,) that
had been sieved with 200 screen was slowly immersed in 100 mL of 1 M
NH,4F. The mixture was then agitated for a whole day. After centrifu-
ging the sedimented solids for 15 min at 6000 rpm, the pollutants were
entirely removed using deionized water, and the dispersion's pH was
stabilized at around 7. In order to create the synthesized TizC,Tx
MXene, the filtrate was dried for 24 h at 60 °C in a vacuum oven and
then stored for later use.

2.4. Preparation of Cr(VI) stock solution

Chromium stock solution was prepared using potassium dichromate
(K5Cry07). In a 1000 mL volumetric flask, 2.83 g of KoCry0, (99 %
purity) was dissolved into 1000 mL of deionized water to freshly pre-
pare 1000 mg/L Cr(VI) stock solution. After giving the mixture a good
shake, it was put to use in other experiments.



A.M. Abbasi, W.Q. Zaman, H. Anwer et al.

2.5. Batch adsorption measurements

In the adsorption experiments for the removal of chromium, batch
technique was applied. In a typical procedure, 5 mg of MoS, and 10 mg
of MXene was immersed in 10 mL of chromium solution with con-
centration varying from 20 mg/L to 120 mg/L, respectively, and shaken
at 120 rpm at 298 K. After adsorption, solid residue was separated using
0.2 pm syringe filters. The supernatant was further used for measuring
adsorbent’s removal efficiency. Cr(VI) concentration was measured
using the standard curve shown in (Fig. S1) using UV vis spectro-
photometer by diphenyl carbazide method at a wavelength of 540 nm
[43]. After adsorption, adsorbents were washed with deionized water
and desorption reagent (0.1 M NaOH) for recycling experiments. To
check the effect of pH, pH tests were conducted by adjusting pH from 2
to 8 using 0.1 M HCl and 0.1 M NaOH solutions. Kinetics studies were
conducted at a fixed concentration of 30 mg/L at 298 K for designated
time. Also, the ionic strength of different cations and anions was ap-
plied to investigate the effect of competitive ions on Cr(VI) removal. All
the kinetics and isotherm studies were conducted at 3 different tem-
peratures (298 K, 308 K, and 318 K) for thermodynamic studies. At last,
the removal efficiency and adsorption capacities were measured for
chromium by MoS, and MXene, respectively, using the following
equations.

2.5.1. Adsorption capacity and removal percentage
The adsorption capacity and removal percentage were calculated by
the relations as follows:

Qe = (Co - Ce) X V/m (1)
R = (G, - Ce) / Co X 100% (2)

where C, is the pollutant’s Cr(VI) initial concentration, C. is the final
concentration V is the working volume and m is the mass of adsorbent
used in the experiment.

2.6. Material characterization of MoS, and MXene

The morphology of the synthesized adsorbents was analyzed by
Scanning Electron Microscopy (SEM) (JSM6940LA Analytical Low
Vacuum SEM). The functional groups on the adsorbents were char-
acterized through Fourier-transform infrared (FTIR) spectroscopy
(PerkinEimer Spectrum 100 FTIR Spectrophotometer) in the range of
400 to 4000 cm ~*. The crystalline nature of the adsorbents was studied
through acquiring their powder X-ray diffractograms using an X-ray
diffraction (XRD) spectrometer (BRUKER 2D Phaser) in the 26 range
from 0° to 80°. The specific surface area, pore volume, and pore size
distribution of the samples (degassed at 180 °C for 24 h) were de-
termined by the Brunauer-Emmett-Teller (BET) method using a surface
area analyzer (Gemini VII 2390 t, Micromeritics). The zeta potential
measurements were conducted using a zeta potential analyzer (Wallis
Zeta Potential Analyzer, Cordouan Technologies).

3. Results and discussion
3.1. Material characteristics of the synthesized adsorbents

3.1.1. SEM analysis

Morphologies of MoS, and MXene were analyzed by Scanning
Electron Microscope. SEM analysis of the MXene showed thin layered
surface arrangement (Fig. 1A) representing lamella like structure
(Fig. 1B). The synthesized MXene exhibits accordion-like structures that
indicate layer breaking, in contrast to TizAlC, which exhibits a brick
like structure with compacted layers connected with strong metallic
bonds of Titanium and Aluminium [44]. Figs. 1C and 1D show the
flower-like structure of MoS, at a scale of 2 um and 1 um, respectively.
The interconnected spherical MoS, particles indicate a porous material
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structure. This porosity of clustered nanoparticles is often associated
with better adsorption performance [45]. Cr(VI) The results reported in
this research for both the nano materials are mostly similar to those
documented in the literature [44,45].

3.1.2. EDS analysis

After etching with NH4F, EDS examination of MXene reveals that Al
is significantly reduced and the layers are separated. The removal of Al
verifies the formation of MXene and presence of surface terminations of
functional groups such as O, and fluorine groups (Fig. 1E). In the case of
MoS, (Fig. 1F), it can be seen that the sample majorly comprises of Mo
and S. The elemental composition determined from EDS for MoS,
constitutes S (58.4 %), O (2.6 %), C (2.8 %), and S (36.2 %), while for
MZXene, it includes Ti (62.6 %), C (20.8 %), O (11.6 %), and F (2.9 %).

3.1.3. XRD analysis

XRD analysis of MXene and MoS, was performed to assess the
crystalline structures and interlayer spacing of the particles. A strong
and clear peak of Ti3AlC, is visible at 20 = 39° corresponding to (104)
in Ti3AlIC,, Other peaks of Ti3AlC, are shown at 9.33°, 19.25°, 33.82°,
41.61° corresponding to (002), (004), (003) and (105), respectively. As
the MXene was etched by NH,F, the peak at (104) disappeared and
smaller peak at 27.3° was observed corresponding to (008) diffraction.
An unspecific TiC impurity peak was seen at 38° as shown in Fig. 1G.
XRD results of MXene are consistent with standard pattern JCPDS no:
52-0875. Moreover, after etching, the peak of MXene is moved towards
the smaller angle and gets broaden which confirms the enlarged in-
terlayer spacing in MXene [44]. From the XRD results, it can be con-
cluded that etching of TizAlC, with NH,4F resulted in the weakening of
Al-Ti metal bond and Al element was taken out from MAX phase [46].
XRD pattern of MoS, shows peaks at different diffraction angles of
14.2°, 33.4°, 39.6°, 49.36°, and 58.86°, respectively corresponding to
(002), (100), (103), (105), and (110) characteristic peaks of MoS,
(Fig. 1H) [47]. Pattern of MoS, are in good agreement to the standard
XRD pattern JCPDS no: 37-1492 [48]. The creation of many layers
along the (002) direction is shown by the peak of (002) [47].

While other peaks at 33.40, 39.60, 49.360, and 58.860 are created
due to interlayer interactions and the peak at 14.20 is formed due to the
scattering of Mo-Mo atomic layers in the MoS, interlayer [49]. The XRD
results confirm the successful synthesis of crystalline MXene and MoS,
as documented in the literature.

3.1.4. FTIR and BET analysis

FTIR is a characterization technique for describing surface structure
and associated functional groups of any sample. Fig. 2A shows the FTIR
spectrum of MXene before adsorption in which a clear peak of OH
group appears at 3435cm™! confirming the presence of hydroxyl
functional groups on the surface of synthesized MXene. Other typical
peaks of MXenes appeared at 1637 cm ™!, 1289 cm ™ ?, 869 cm ™!, and
544 cm ™! representing H-OH, C-H, C=0, and Ti-O, respectively. After
Cr(VI) adsorption, the intensities of functional groups on the surface of
MXenes were weakened. The intensity of -OH group decreased, and the
peak shifted from 3435cm ™' to 3444 cm ™' which shows the interac-
tion of OH group and Cr during adsorption [50]. The peak at
1628 cm ! is attributed to H-OH stretching vibrations of MXenes [34].
Similarly, the shifts in other peaks with reduced intensity after the
adsorption confirm further that Cr(VI) is successfully adsorbed on the
surface of MXenes. Unlike MXenes, the spectrum of MoS, before ad-
sorption (Fig. 2B) showed a peak at 596 which corresponds with Mo-S
stretching vibrations [51]. Peaks at 1055cm ™! and 1215cm™! were
associated with C-N-H stretching vibrations [49] which merged and
shifted to 1047 cm ™! after adsorption. Peak at 1645cm ™' shows the
bending vibrations of hydroxyl group (-OH) [49]. Peak at 3474 cm ™!
before adsorption is attributed to stretching vibrations of hydroxyl
group which shifted to 3419cm™' with reduced intensity after ad-
sorption [52].
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Fig. 1. SEM micrographs of MXene (A-B) and MoS, (C-D) at different magnifications. EDS analysis of MXene (E) and MoS, (F). XRD analysis of MXene (G) and MoS,

(H).

The shifts occurring in the FTIR spectrum of MoS, after adsorption
indicate that chemical interactions occur between the MoS, and Cr(VI)
[53]. The BET analysis showed that the surface area for MXene and
MoS, was 5.3 and 4.7 m?/g, respectively.

3.2. Effect of operational parameters on adsorption of Cr(VI) onto MXene
and MoS,

Numerous batch experiments were performed to examine the im-
pact of various parameters on the adsorption of chromium onto MXene
nanosheets and pure MoS,,

3.2.1. Effect of solution pH on adsorption

The pH of solution is a very essential parameter in determining the
speciation of chromium in water as it controls the ionic forms and va-
lence states of heavy metals. The effect of pH ranging from pH (2 to 8)
on both MXene and MoS, is shown in Figs. 3A and 3B, respectively. It
can be seen that the maximum removal of MXene and MoS, is shown at
pH 2 whereas the increase in pH of solution decreases the adsorption
capacity which confirms that the pH influences the removal capacity of
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adsorbent. Similarly, for MoS,, the removal of Cr(VI) shows strong
dependency on pH as maximum removal of Cr(VI) is found at pH 2 after
90 min. When the pH of solution was increased to pH 8, the adsorption
capacity is reduced to 26.9 mg/g. Chromium dissociates into different
oxyanions in water.

H,CrO, = HCrO, + H* 3
Cr,0,% + H,0 = 2HCrO4 4
2HCrO, = CrO,%+ 2H™ (5)

The existence of different ions for Cr(VI) is regulated by pH. Within
the pH range of 2-6, the dominant species of chromium are Cr,0,% and
HCrO4 and at pH > 6, Cr0,%> species become dominant in water [52].
H,CrO4 dominates at pH < 1 [54]. The zeta potential values are also
maximum at pH 2 for both MXene and MoS, which indicates the higher
percentage of HCrO,4 over Cr,0,% at lower pH value [55]. The change
in zeta potential values of MXene and MoS, at different pH values is
shown in Fig. S2A and S2B, respectively. MXenes show good chromium
removal in acidic pH due to the protonation of the surface of MXene
nanosheets [34]. In the case of MoS,, the addition of PVP during
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Fig. 2. FTIR analysis of (A) MXene and (B) MoS, before and after Cr(VI) adsorption.
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synthesis process induces positive charge on its surface [56]. This
makes it highly protonated due to the strong electrostatic force of at-
traction between adsorbate and adsorbent in aqueous media. Acidic pH
is more favorable in the removal of chromium [57]. Based on these
results, pH 2 was taken as the optimum pH for both adsorbents which
was further applied in the following studies.

3.2.2. Effect of adsorbent’s dosage on adsorption

At MXene (Fig. 3C) and MoS, (Fig. 3D), the impact of adsorbent
dosage was examined using dosages of materials ranging from 0.1 to
2g/L and 0.1 to 0.7 g/L, respectively, while maintaining concentration
of Cr(VI) at 30 mg/L, solution temperatures of 298 K for both MXene
and MoS, and pH = 2. In the case of MXene (Fig. 3C), the adsorption
capacity decreased sharply from 53.8 mg/g to 19.8 mg/g with an in-
crease of dosage from 0.1 g/L to 1.2g/L. The adsorption rate was
maximum with further increase in dosage up to 2 g/L indicating almost
complete removal of Cr(VI). Similarly, for MoS,, the adsorption capa-
city of chromium was decreased from 71.1 mg/g to 42.7 mg/g with
adsorbent dosage varying from 0.05 g/L to 0.6 g/L which was further
decreased to 40.7 mg/g at 0.7 g/L MoS, The optimum dosage value
chosen for MXene and MoS, was 1 g/L and 0.5 g/L, respectively, for
further experimentation.

3.2.3. Effect of time on adsorption

This study aims to analyze the effect of time on the adsorption of
MXene and MoS, and the outcomes are displayed in Figs. 4A and 4B,
respectively. Adsorption of Cr(VI) was performed keeping dosage of
MXene 1g/L and MoS, dosage of 0.5g/L, an initial chromium con-
centration of 30 mg/L, temperature of 298 K, 308 K and 318 K, and pH
value of 2. Q. achieved after 9h was 24.3mg/g for MXene and Q.
achieved for MoS, was 47.1 mg/g after 90 min. Chromium removal was
faster by MoS, as compared to MXene. The enhanced chromium ad-
sorption of MoS, is due to the unique structural arrangement of MoS,
with enlarged interlayer spacing. The defects in the structure acted as

permeable channels in the diffusion of ions in the bulk of MoS, Upon
saturation of MXene and MoS,, the uptake of Cr(VI) decreases and fi-
nally equilibrium is achieved.

3.3. Kinetics of Cr(VI) adsorption onto MXene and MoS,

Reaction time determines the efficiency of the absorbent in its
practical application. Therefore, two dimensional nanomaterials MXene
and MoS, were selected to check their performance for Cr(VI) removal.
Compared to MoS,, longer time was taken by MXene to achieve ad-
sorption equilibrium with lower adsorption capacity. In order to re-
search both material’s adsorption rate and their role in potential rate
limiting steps, linear and nonlinear kinetics of different models were
applied on both materials. The following equations were used to com-
pute the kinetics curves for Cr(VI) adsorption at three different tem-
perature values on MXene and MoS, for the pseudo first order, pseudo
second order, Elovich model and Intraparticle Diffusion Model.

3.3.1. Pseudo-first order
Q¢ = Qe(l-exp(-kit)).cuveurinnennnne. Non-Linear (6)

10g(Qc-Q0) = (10g(Qe)-k;t /2:303) w.evvvvvveennnnn. Linear )

where k; denotes pseudo first order rate constant, Q. is the ad-
sorption capacity (mg/g) at equilibrium and Q, is the adsorption ca-
pacity at time t, (min) for MoS, and (hour) for MXene.

3.3.2. Pseudo-second order

Qi = Q2 Kot / Qe kot +1 wevvevvirieeeernnnnn. Non-Linear (8)

t/Qu=(1/kQeZ + t/ Qe ceveererrerarrrannes ‘Linear )
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Fig. 4. Effect of time on Cr(VI) adsorption and nonlinear kinetics of different models (PFO, PSO, Elovich) for Cr(VI) adsorption (A) MXene Co = 30mg/L, T = 298K,
Dosage = 1g/L, pH = 2) and (B) MoS, Co = 30mg/L, T = 298K, pH = 2, Dosage = 0.5 g/L).

Where k,, denotes pseudo second order rate constant, The adsorption
capacity (mg/g) at equilibrium is denoted by Q., while the adsorption
capacity at time t is represented by Q,, (min) for MoS, and (hour) for
MXene.

3.3.3. Elovich model

....................................... Non-Linear (10)

Q: = (1/AIn(1 + aft)

Q: = 1)

where while the adsorption capacity at time t is represented by Q,,
(min) for MoS, and (hour) for MXene. a represents the principal ad-
sorption rate. The desorption parameter, or [3, is used to describe the
degree of chemisorption and activation energy.

Bln(®) + BIn(aP) «cvveveeneeniiniineinenns ‘Linear

3.3.4. Intraparticle diffusion

Q=K t"? +C 12

The fitting curves for linear kinetics are shown in Fig. 5 for MXene
(A-D) and MoS, (E-H) whereas the nonlinear kinetics curves are

displayed in Fig. 4A and Fig. 4B. All the chi square values and kinetic
parameters of MXene and MoS, adsorbents are shown in Table S1
and Table S2. From the tables, it can be clearly observed that the
linearized and non-linearized pseudo second order shows higher
values of correlation coefficients of R®> for MXene and MoS,, re-
spectively than pseudo first order and Elovich model. The pseudo-
second order Q. values that are computed also fit well with the ex-
perimentally determined Q. values. Additionally, Q. calculated by
the non-linearized equation is well suited to Q. exp than linearized
equation which suggests that experimental data is more coherent to
non-linearized pseudo second order kinetic model than linearized
one. Additionally, the pseudo second order model's computed values
of X2 are lower than those of the pseudo first order model, confirming
the suitability of the pseudo second order model for the adsorption
kinetics process and suggesting that chemisorption for both MXene
and MoS, is a part of the adsorption process.

Additionally, pseudo first order, pseudo second order and Elovich
model do not explain the diffusion mechanism of Cr(VI) removal. As a
result, Weber and Morris' inter particle diffusion model was applied at
298K, 308 K, and 318K to study the diffusion process and rate-limiting
steps of the adsorption process on MXene and MoS, as shown in Fig. 5D
and Fig. 5H, respectively. Q, is the Cr(VI) adsorbed quantity at time t
(mg/g), ki, stands for the rate constant of the model, (g/mg/time), t is

A) C) E)e. G),.
3 = —_
0.4 £
= E 5 g
g > @3 22
0ol 5 o <
g 298 K 20.2] g " 298K £ = 208K
£ .+ 308K pes To208K £ * 308K ~ « 308K
[e] e 308K 4 318K (]
s 318K = + 318K 0 = 4 318K
11  PFO(MXene) . PSO(MXene) 1 PFO(MoS,) PSO (MoS,)
0.0 a 01
2 4 6 0 4 8 12 16 0 15 30 0 50 _ 100 150 200
Time (hour) Time (hour) Time (min) Time (min)
B) D F) H)
304 304 R 60 60 a4 asss o .
Lt .. " = . A .
— — o ® (=) () N
> 2 A . = 208K S 35, . .
S 204 2200 L. " . 3k £ 401 £401 . . .
E = 208K - L, " A 318K e - . " = 298K
g o 308K g . Intraparticle(MXene) & " gggi a - o 308K
4 318K ° M . 4 318K
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Fig. 5. Linear kinetics of different models (A) PFO, (B) PSO, (C) Elovich, (D) Intraparticle Diffusion for Cr(VI) adsorption by MXene at T = 298 K, 308K, 318 K.
Linear kinetics of different models (A) PFO, (B) PSO, (C) Elovich, (D) Intraparticle Diffusion for Cr(VI) adsorption by MoS, at T = 298 K, 308K, 318 K.
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Fig. 6. Fit of data to nonlinear isotherms of Langmuir, Freundlich and Temkin Model (A) MXene and (B) MoS,.Thermodynamic parameters plot for Cr(VI) adsorption
by MXene (C) (Dosage = 1g/L,Co = 30mg/L, Time = 9h, pH = 2) and MoS, (D) (Dosage = 1g/L,Co = 30mg/L, Time = 1.5h, pH = 2).

for the contact time which is (min) for MoS, and (hour) for MXene and
C denotes the intercept written as (mg/g). Different intraparticle dif-
fusion rate constants such as k;, and C were calculated at three tem-
perature values using slope and intercept values of the graphs and the
results are shown in Table S3. Based on the data, it can be inferred that
the boundary layer's influence on the surfaces of MXene and MoS, is
what caused the first adsorption. Adsorption is redirected towards
porous diffusion on the interior structures of MXene and MoS, as the
active sites on their surface decrease. At the end stages of adsorption
curve, adsorption reaches equilibrium as shown in Fig. 5D and Fig. SH
for MXene and MoS,, respectively. As a result, the adsorption process
involves two different types of diffusion mechanisms i.e. adsorption on
surface and internal diffusion. [58].

3.4. Cr (VD) concentration's impact on adsorption

To determine the ideal circumstances for the removal of Cr(VI), a
comparison analysis was carried out for both MXene and MoS,_ Using
seven Cr(VI) concentrations ranging from 20mg/L to 120 mg/L, the
effects of pollutant concentration on the adsorption capabilities of both
adsorbents were examined and the findings are shown in Fig. 6A of
MXene and Fig. 6B of MoS, The oversupply of vacant adsorption sites
on the surface of adsorbents at lower concentrations may be the cause
of the quick increase in the adsorption capacities at the beginning
stages, as seen in the figures showing how the adsorption capacities of
MXene and MoS, increased with an increase in Cr(VI) concentration.
However, the number of adsorption sites on the adsorbent's surface
decreased as Cr(VI) concentration increased, acting as a limiting step
for Cr(VI) adsorption [59,60].

3.5. Adsorption isotherm study

To study the interaction of adsorbate on the surface of adsorbent,
isotherm models are studied. In this study, adsorption isotherm was

fitted using Langmuir, Freundlich and Temkin isotherms models at
three different temperatures 298K, 308 K and 318K as shown in
Figs. 6A and 6B. To find the maximum adsorption capacities and gain a
better understanding of the adsorption process, experimental data was
simulated using Langmuir, Freundlich, and Temkin isotherms. The
following are the linearized and non-linearized equations for each of
the three models that were used.

The monosaturated layer of adsorbate on the surface of the ad-
sorbent is responsible for the highest adsorption, according to the
Langmuir Isotherm Model. There is less adsorbate transmigration, and
the adsorption energy is constant. As the distance from the adsorption
surface rises, the intermolecular interactions become weaker and the
energy of the active sites remains constant [61].

Equations of Langmuir model are as follows.

Qe = (Qn* Ki*Co) / (1 +KL*Co) vevvnvnennnnnnn (Non-Linear) 13)
where Q,, is the maximum adsorption capacity (mg/g).

Ky is the Langmuir constant (L/mg).
Ce/ Qe =Ce/Qm + 1/ (Qn*Kpyevvrveniinnnnnns (Linear) 14)

Qm is determined by the slope and Kj, is measured from the inter-
action of fitted line on abscissa (C.) and ordinate(C. / Q).

Langmuir isotherm (Ry) is also known as balance parameter as it is a
dimensionless constant having formula as follows.

Ry - 1/0+ KiC) 15)

where Ry is dimensionless constant, C; is the initial concentration of Cr
(VI) pollutant.

The adsorbent's heterogeneous surface is connected to the
Freundlich isotherm model, which also explains the exponential beha-
vior of the active sites and their binding energies [62]. Equations of
Freundlich model are as follows.

s (Non-Linear) (16)
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Table 1

Thermodynamics parameters for Cr(VI) adsorption by MXene (Dosage = 1g/L,
C, = 30mg/L, Time = 9h, pH = 2) and MoS, (Dosage = 1g/L, C, = 30 mg/
L, Time = 1.5h, pH = 2).

Adsorbent T (K) Thermodynamic Parameters
AG* AH° AS® R?
(kJ/mol) (kJ/mol) (kJ/mol/K)
MXene 298 —-1.291 23.469 0.069 0.978
308 —1.985
318 —2.956
MoS, 298 —2.825 48.322 0.171 0.939
308 —4.066
318 —6.269

Kr is the Freundlich constant (mg/g), and n represents Freundlich
exponent related to the intensity of adsorption. n is dimensionless.
Linearized equation of the Freundlich model is as follows.

log Qe = (1/n) log Ce + 10 Kp weveviniinninninninnnnee. (Linear) a7

n is determined by the slope and Kr is determined from intercept of
fitted graphical line on abscissa (In C.) and ordinate (In Q).

The value of 1/n range from 0 to 1 and depicts the degree of non-
linearity between adsorption and concentration of solution. Value of
(1/n) =1 shows linear adsorption. Lower values of n corresponds to
the presence of abundant high energy active sites whereas higher values
of n shows that the surface is a bit uniform in structure [63].

Temkin isotherm model describes the interactions between the ad-
sorbate and species. Equations of Temkin model are as follows.

Qe = (RT /D) In(Kp * Co) vovvvvnenrvnenennennnnnnnnn ‘(Non-Linear) 18)
where.
(RT/b) =B (19)

b represents Temkin constant. Ky is for Bound Equilibrium constant
(L/g) and B is referred as heat of adsorption with units J/mol.
Linearized equation of the Temkin model is as follows.

Qe = BInCed BINKy covniiniiniiiiiiiiiiiiiieieceeeeee e, (Linear)
(20)

Plotting Q. on the ordinate and In C. on the abscissa allows one to
compute B and Ky from the slope and intersections of the lines fitted.
[63].

The fitting plots of linear Langmuir, Freundlich and Temkin models
for the removal of Cr(VI) are shown in Fig. S3(A-C) and S4(A-C) for
MXene and MoS,, respectively. Also, isotherm parameters and chi
square values calculated from the experimental data are shown in Table
S4.

From table S4 it can be concluded that for Cr(VI) adsorption at
MXene nanosheets, Freundlich linear and nonlinear isotherms had
higher R? values as compared to linear and nonlinear Langmuir and
Temkin isotherm models. In addition to that, X values of Freundlich
isotherm model are lower than Langmuir isotherm model. Compared to
the linear and nonlinear Freundlich and Temkin isotherm model, the
linear and nonlinear Langmuir isotherm model in the case of MoS,
showed higher R? values. Furthermore, the Freundlich isotherm model
has higher X? values than the Langmuir isotherm model. Freundlich and
Langmuir isotherm models appear to fit MXene and MoS, the best,
according to higher R? and lower X values, respectively. The maximum
adsorption capacities achieved in case of both adsorbents were close to
experimental values at different temperatures of 298K, 308 K and
318 K. The fitting of Freundlich model in case of MXene suggests that
process of Cr(VI) adsorption at MXene nanosheets was heterogenous

Desalination and Water Treatment 320 (2024) 100693

adsorption and the highest adsorption capacities achieved at 298 K,
308K and 318K were 59.8 mg/g, 66.3 mg/g, and 75.5mg/g, respec-
tively whereas for MoS, the best fitting of Langmuir model was ob-
served which means that the process of Cr(VI) adsorption at MoS, was
homogenous adsorption and the highest adsorption capacities achieved
at 298K, 308K and 318K were 113.7mg/g, 129.6mg/g, and
144.9mg/g respectively. The increase in K; values with increasing
temperature signifies that the adsorption capabilities improve with the
rise in temperature [49]. Also, the values of other coefficients in the
table suchasb > 0Oand 1/n (0 < 1/n > 1) depict the rapid capture of
chromium ions on MXene and MoS,_R; values were also calculated to
check the influence of temperature on Cr(VI) adsorption. All the Ry,
values are falling between 0 and 1 for both adsorbents which shows that
the adsorption was favorable at all the three temperatures. The data in
Table S5 summarizes the overall performance of MXene and MoS, ad-
sorbents for Cr(VI) removal. The comparison in both materials high-
lights that MoS, shows good removal efficiencies for chromium removal
as compared to MXene.

3.6. Thermodynamic investigation

To study the thermodynamic properties of the Cr(VI) adsorption on
MXene and MoS,, comparative analysis was performed at different
temperatures of 298 K, 308 K and 318K, at initial concentration of
30mg/L and pH 2 (Table 1). It is worth mentioning that increase in
temperature (298 K, 308 K, 318 K) increases the adsorption capacities
of Cr(VI) for both MXene (26.8 mg/g, 27.6 mg/g, 29.7 mg/g) and MoS,
(54.3mg/g, 56.6 mg/g, 59.2 mg/g) shown in Fig. S5. Similar adsorption
patterns for Cr(VI) adsorption were shown by [49,59]. Thermodynamic
parameters, including entropy (AS°), enthalpy (AH’) changes, and Gibbs
free energy (AG°), were calculated using the following equations:

K. = Q/Ce 21)
AG® = — RTInK, (22)
InK. = (AS°/R) — (AH’/RT) 23)

where Kc stands for equilibrium gas constant, R represents the ideal gas
constant equal to 8.314 J/mol/K, T stands for temperature in Kelvin,
and Qe and Ce are the adsorption capacity of adsorbent and chromium
concentration in the effluent, respectively.

AS° and AH® are determined from intercept and slope of the graph
plotted InK, vs 1/T (Figs. 6C and 6D). The Cr(VI) adsorption increases
with an increase in temperature. Greater positive values of AH’
(23.469 kJ/mol for MXene and 48.322 kJ/mol for MoS,) indicate that
the process of adsorption on nanomaterials is endothermic and is pro-
moted at increasing temperature. Additionally, the high degree of dis-
locations and disorder at Cr(VI) / MXene and Cr(VI) /MoS, interfaces
are indicated by the positive values of AS° for MXene (0.0691 kJ/mol/
K) and MoS, (0.171 kJ/mol/K), respectively [52].

3.7. Effect of coexisting ions on adsorption

Most of the inorganic ions are found in the industrial wastewater
(Ca%*, Mg2*, Na*, PO,*>, HCO5%, CI) and the natural water sources
are contaminated due to rapid industrialization [64]. Coexisting anions
compete with Cr(VI) ions for occupying the active sites and decrease the
removal percentage of Cr(VI). Therefore, to assess the efficiency of an
adsorbent for selective adsorption performance, the effect of coexisting
ions with concentration of ions 30 mg/L on Cr(VI) removal at MXene
and MoS, were calculated, and the results are shown in Fig. 7.

Influence of three cations (Ca®?*, Mg®*, Na*) and three anions
(PO4*, HCO3%, CI") was studied on Cr(VI) removal using MXene Fig. 7A
and MoS, Fig. 7B, respectively. From the above results it can be con-
cluded that the positive ions had little competition with Cr(VI) ions as
the adsorbents were positively charged in the acidic media which
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Fig. 7. Effect of coexisting ions on Cr(VI) adsorption by (A) MXene (Dosage = 1g/L, T = 298K, Time = 9h, pH = 2, C, = 30 mg/L) and (B) MoS, (Dosage = 0.5 g/

L, T = 298K, Time = 1.5h, pH = 2, C, = 30 mg/L).

favored electrostatic repulsion as compared to anions which showed
more competitiveness due to the negative charge which was attracted
by both adsorbents. In the case of MXenes, the competitiveness in the
ability of anions for adsorption is shown maximum for PO,> then
comes the ClI" and the least effect of HCO3> is seen with Cr(VI) ad-
sorption. The greater effect by PO,> may be attributed to varying
charge distribution and hydrated radii [49]. On the other hand, MoS,
exhibits varying adsorption capacities with multiple ions coexisting
with Cr(VI) ions in water. The effect of coexisting ions on Cr(VI) ad-
sorption is not incredibly significant in the presence of MoS,. The above
results ensure the better selectivity of MoS, over MXene.

3.8. Reusability of MXene and MoS,

To assess the practical application of adsorbents, it is significant to
evaluate the reusability and recyclability of the materials. Therefore,
regeneration experiments were conducted to check if the adsorbents
can be reused for the Cr(VI) removal. For experimentation, 1g/L of
MXene and 0.5 g/L of MoS, were taken in 100 mL Cr(VI) solution at
room temperature with chromium concentration 30 mg/L at pH 2.

Further, the materials were separated after adsorption and moved to
1 M NaOH solution. The MXene-Cr and MoS,-Cr complex was agitated
in 1 M NaOH solution for 8 h to desorb the adsorbed Cr species from the
surface of adsorbents. MXene and MoS, were further washed with
deionized water several times to attain neutral pH for conducting the
next cycle. The regenerated adsorbents were dried overnight and used
again for chromium adsorption. Fig. 8A and Fig. 8B show the
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adsorption performance of MXene and MoS, respectively, after each
cycle. MXene showed a decrease in removal percentage up to 70 % after
fifth cycle whereas the decrease in percentage removal reached 79 % in
case of MoS, after fifth cycle. The reduction in the removal efficiencies
is attributed to the loss of adsorbent’s mass and the number of active
sites.

4. Conclusion

In this study, comparison of two emerging two-dimensional nano-
materials was made and MoS, showed efficient adsorption capacities
for Cr(VI) removal as compared to MXenes. MXenes and MoS, were
utilized in unmodified form to better compare both the materials in
water treatment applications. MoS, nanosheets performed well due to
the addition of PVP in synthesis process. Different characterization
techniques such as SEM, XRD, FTIR and BET confirmed the successful
synthesis of MXene and MoS,. The effect of adsorption parameters was
also applied on both adsorbents to better understand the operating
conditions and performance operators. Both the adsorbents showed
better performance as compared to the conventional adsorbents, but
this needs further modification to make the process efficient and faster.
The analysis of adsorption data reveals the best fit of Langmuir model
for MoS, and Freundlich model for MXene and the maximum adsorp-
tion capacities achieved for MXene and MoS, were 59.8 mg/g and
113.7 mg/g at 298K, respectively. Furthermore, the process of ad-
sorption was signified by the change in Gibbs free energy and enthalpy.
The negative values of change in Gibbs free energy and positive values
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Fig. 8. Regeneration studies of MXenes (Dosage = 1g/L, T = 298K, Time = 9h, pH = 2, C, = 30mg/L) and (B) MoS, (Dosage = 0.5g/L, T = 298K, Time =

1.5h, pH = 2, C, = 30mg/L) for Cr(VI) adsorption.
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of change in enthalpy confirm that the ongoing adsorption of both
composites was spontaneous and endothermic in nature. The compar-
ison study is a key index to highlight the properties of two-dimensional
materials in water treatment applications. MXenes are arduous to
handle for adsorption as they have less stability which retards its per-
formance for heavy metal adsorption. Moreover, the research can also
be extended for comparison of other two-dimensional adsorbents and
the composites of two-dimensional nanomaterials. The study will pave
a way for the treatment of multiple cations and anions present in in-
dustrial wastewater. The synergetic effect of both adsorbents will be a
good approach to trap the negative ions of chromium. It can be con-
vinced that both MXene and MoS, are potential adsorbents for heavy
metal adsorption even in unmodified form and this potential can fur-
ther be enhanced through multiple approaches of modification. To the
best of our knowledge, this is the first comparative study conducted for
Cr(VI) removal using MXene and MoS, without any surface modifica-
tion. The higher removal efficiencies over conventional adsorbents at
different time intervals suggests that MXene and MoS, can further be
functionalized and manipulated with desired materials to improve their
performances in water and wastewater treatment applications.
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