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HC MOFs and functionalizing
MOFs byMXenes for the selective removal of lead(II)
ions from wastewater†

Irfan Ijaz, *a Aysha Bukhari,a Ezaz Gilani,a Ammara Nazira and Hina Zainb

The elimination of heavy metals, especially lead, from wastewater is vital for the environment and

human health and using a proper adsorbent to achieve this goal is highly desirable. Initially, Fe-THC

MOF was prepared using a simple method and functionalized using MXene for efficient, rapid, and

selective elimination of lead. Different characterization tools demonstrated that Fe-THC MOF and its

composite Fe-THC/MXene were successfully prepared. The adsorption outcomes showed that the

maximum sorption capability was 674 mg g−1 at 305 K and pH 4.5. The sorption kinetics obeys the

pseudo-second-order kinetic model, and the sorption isotherms fit the Langmuir isotherm model.

This finding suggests monolayer sorption on Fe-THC/MXene, and the rate-controlling step is

chemisorption. Thermodynamic findings exhibit that sorption was a spontaneous and exothermic

process. The sorption process can selectively adsorb Pb ions from aqueous media. After five

adsorption–desorption tests, the adsorption efficiency of Fe-THC/MXene was still high. The sorption

mechanism of lead on Fe-THC was mainly due to the interaction of lead ions with –F and –O ions

and porosity of the Fe-THC/MXene composite. The –O and –F ions were derived from MXene, while

the porosity was derived from the MOFs of composites. These findings confirmed that Fe-THC/

MXene enables rapid, efficient, and selective elimination of lead from wastewater, which is of

practical importance.
1. Introduction

Water is a necessary and planned resource that ensures
economic and social development. The quick growth of the
economy, remarkable growth of population, steady growth of
several industries, and human activities are sources of envi-
ronmental pollution, especially water pollution. Different
industries, involving electrication, tanneries, mining, metal
processing, smelting, battery production, etc., have generated
huge amount of heavy metals in wastewater.1–4 Heavy metal
wastewater is present in the environment in the form of direct
or indirect approaches, such as river sediment, rainfall-runoff,
domestic, industrial, and agricultural effluents, and atmo-
spheric deposition.5–8 Bulgariu et al. presented that numerous
heavy metals are carcinogenic and toxic.9 Nezamzadeh et al.
identied that heavy metal pollution has already been extremely
risky to the environment.10 Lead is the most ordinary heavy
metal in waste aqueous media. Excessive uptake of lead can
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induce intense injury to the kidney, nervous system, reproduc-
tive system, brain, and liver.11,12

Thus, the elimination of Pb from contaminated water is an
essential job. Different approaches, such as electrochemical
separation, ion exchange, adsorption, membrane process,
distillation, advanced oxidation, and solvent extraction, have
been reported for the elimination of Pb2+ ions.13–16 All the above-
mentioned approaches have certain disadvantages, such as
high cost, difficulty of operation, and energy intensity. Among
the above approaches, the adsorption approach has received
tremendous attention due to its high efficiency, simplicity, ease
of operation, cost efficiency, and high exibility.17,18 The choice
of sorbents is a vital parameter in the sorption approach.
Several sorbents, such as biomaterials, zeolites, metal oxides,
activated carbon, bio-sorbents, and activated alumina clay, have
been extensively utilized for Pb2+ ion removal.19–21 Furthermore,
all of these traditional sorbents exhibited low adsorption
capacity for Pb removal.22

Two-dimensional materials have been utilized to remove
heavy metals, dyes, and pharmaceuticals from wastewater via
the adsorption technique. MXene is a well-known 2D mate-
rial.23 MXene contains transition metal nitrides, carbides, and
carbonitrides and is a novel 2D material family that has drawn
considerable attention these days. Mn+1Xn is the general
formula for MXene, where n = 1, 2, 3, and M correspond to
RSC Adv., 2023, 13, 5643–5655 | 5643
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transition metals like Nb, V, Ti, Sc, Mo, Zr, Ta, and Hf while X
is N or C.24 MXenes are mostly prepared using selectively
etching Al from the MAX phase, where the A layers represent
Ga, Al, or Si. Aer etching, the surface of MXene becomes rich
in –F, –O, and –OH. As an adsorbent having the ability for
environmental remediation, its outer surface has –F, –O, and –

OH groups, so it can have better dispersibility in aqueous
media and easily attract or bind the cationic heavy metals in
water via electrostatic sorption.25–27 For instance, Ying et al.
introduced 2D MXene nanosheets for the removal of chro-
mium.28 Dong et al. reported the preparation of MXene/
Alginate composite and investigated their adsorption activity
against lead and copper. The prepared composite indicated an
enhancement in adsorption capacity due to the increase in the
active adsorption site.29 Zhang et al. reported the synthesis of
MXene@Fe3O4 composite and utilized it for the removal of
methylene blue.30

Metal–organic frameworks are porous and crystalline struc-
tures consisting of a 3D network of cationic metal held in
a specic position using organic molecules by coordination
interaction, producing a cage-like network.31 Because of their
hollow, highly organized structure, MOFs have an impressively
high internal surface area that is more than that of activated
carbons, ranging from 1000 to 10 000 m2 g−1. Many MOFs show
excellent chemical stability in the presence of an extreme
environment.32 Additionally, MOFs can be prepared at a low
cost and simple approach on a large level. The tunable physi-
ochemical traits, along with highly organized material, make
MOFs a favorable sorbent that is efficient in heavy metal ion
removal.33 Xu et al. described the synthesis of Zn/Zr-basedMOFs
by reaction of carboxyl/thiol or carboxyl/thiol-ether, which
exhibited favorable adsorption performance for heavy metals
(He et al., 2011). Similarly, an azine-decorated Zn(II) MOF was
investigated as a sorbent to trap heavy metal ions (Tahmasebi
et al., 2015). However, these virgin MOFs exhibited low
adsorption capacity. To increase the adsorption capacity of
heavy metal ions from drinking water, several MOFs have been
modied by different researchers and scientists (Nozohour
Yazdi et al., 2018) (Yu et al., 2018).34 Thus, initially, in the
current study, THC MOFs were synthesized, and then, the
prepared THC MOFs were functionalized using MXene to
increase the adsorption capacity. Herein, the basic objective of
this work is to rapidly remove lead from wastewater to make it
potable using a novel adsorbent. In order to prepare such
adsorbents, rst, we prepared Fe-THC MOFs from tetrahydro-
cannabinol, and then we preparedMXene from Ti3AlC2 via a wet
chemical approach. Then, two different types of materials were
combined to create novel Fe-THC/MXene composites as an
adsorbent. The prepared THC/MXene composites exhibited
excellent adsorption capacity against lead. Furthermore, suit-
able sorption conditions such as initial lead dosage, sorbent
concentration, adsorption time, temperature, and pH were
investigated carefully. The sorption kinetic and isotherm
models were utilized to investigate adsorption phenomena, and
FTIR, EDX, XRD, and XPS spectra were utilized to explore the
adsorption mechanism.
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2. Materials and methods
2.1. Materials used for this research

MAX (98%) powder was bought from 11 Technology (China). All
of the chemicals used in this research are of analytical grade.
Sodium hydroxide (NaOH), ferric chloride (FeCl3, 98%), hydro-
chloric acid (HCl), tetrahydrocannabinol (THC), and hydro-
uoric acid (HF) were obtained from Sigma-Aldrich and utilized
without any purication.

2.2. Synthesis of Fe-THC MOFs

Initially, 256.7 mg of iron chloride was weighed and added to
100 mL of deionized water to make an aqueous solution. Then,
2 mmol solutions of tetrahydrocannabinol (THC) were prepared
and mixed in the ferric chloride aqueous solution with contin-
uous stirring, and the resultant solution was termed 1.
2 mol L−1 solution of sodium hydroxide was prepared and
gradually dissolved in solution 1. The resultant solution was le
for 60min at 70 °C tomake TCH react with Fe completely. When
the above-formed solution was slowly cooled down at room
temperature, a greenish-black powder was achieved aer
ltration and was immersed in deionized water for 6 h to let the
impurities completely dissolve in the water. To remove all
impurities from Fe-THC MOFs, the ltration and immersion
process was replicated another 3 times. In the end, the prepared
Fe-THC MOF was rinsed with ethanol and dried at 100 °C.

2.3. Synthesis MXene

Multilayered Ti3C2 (MXene) was prepared using a wet-chemical
approach,35 in which HF solution was employed as the etchant.
Ti3AlC2 ne powder was dissolved in hydrouoric acid and
continuously stirred for 56 hours at 65 °C. The precipitates
obtained from the above reaction were centrifuged and thor-
oughly washed with water 3 times. Finally, the wet solid residue
(MXene) was dried at 70 °C for 20 h.

2.4. Synthesis of Fe-THC/MXene composites

The dispersion of MXene was sonicated for 1 h, and the pre-
prepared 3 g of Fe-THC MOF was added to the dispersion of
MXene. The resultant mixture was again sonicated for 20 min to
obtain Fe-THC/MXene. The prepared Fe-THC/MXene was
cleaned with ethanol solution and dried at 60 °C. The possible
mechanism of the formation of the Fe-THC/MXene composite is
exhibited in Fig. 1.

2.5. Characterization

The diffraction spectra for the composite were determined by an
X-ray diffractometer (XRD; DX-100). Fourier transform infrared
(FTIR) patterns were obtained using Nicolet iSO 20. The Raman
spectra of the composite were investigated by a Raman spec-
trometer. The Brunauer–Emmett–Teller (BET) pore structure
and surface area were determined using ASAP2460 (Micro-
meritics) by N2 adsorption and desorption approach. The
morphologies of composites were manifested using a scanning
electron microscope (SEM; Hitachi S-4800) and a transmission
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 Possible mechanism of formation of Fe-THC/composite.
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electron microscope (TEM; JEOL JEM-2100HR). Energy disper-
sive X-ray (EDX) was utilized to determine the elemental
composition. X-ray photoelectron spectroscopy (XPS, Thermo
Scientic ESCALAB 250 Xi) was used to determine the chemical
environment of materials.
2.6. Batch experiment

This investigation explored the adsorption activity of Fe-THC/
MXene for Pb2+ ions under several initial concentrations,
reaction time, temperature, and pH. In the entire investiga-
tion, the adsorption was conducted at 305 K. The temperature
effect experiments were conducted at different temperatures
(305, 310, and 315 K), and the ratio of sorbent (mg) to the
solution (mL) was (1 : 1). The Pb2+ ion solution comprised lead
nitrate and deionized water and the obtained data of all
solutions were calculated using ICP-AES. When investigating
the impact of pH, NaOH and HCl (0.1 mol L−1) were utilized to
maintain the pH of the reaction solution (15 mg L−1) from 1–8,
and the lead ion solution and sorbent were dropped into the
centrifuge tube for sorption reaction to measure the suitable
pH value. The sorption kinetics at various lead initial
concentrations (10, 20, and 30 mg L−1) were investigated by
setting various reaction times and determining the adsorption
equilibrium time. To investigate the maximum sorption
capability of sorbent, an isotherm study was performed in the
range of initial lead ion dosage of 10–1000 mg L−1. Aer stir-
ring for 3 h, the solid residual Pb2+ ion dosage of the residual
lead ion concentration of the supernatant was determined,
and the sorption capability was measured. This work also
investigates the reusability and selectivity of Fe-THC/MXene to
Pb2+. 75 mg of Fe-THC/MXene and 75 mL of the simulated
aqueous solution were reacted for 24 h. ICP-AES was employed
to measure the dosages of metal ions in the simulated
© 2023 The Author(s). Published by the Royal Society of Chemistry
wastewater before or aer sorption. 75 mg of Fe-THC/MXene
and 75 mL Pb2+ solution were stirred for 24 h. Aer the
isolation of liquid and solid, the desorption process was
applied with 15% thiourea and 5%HCl for 24 h. The adsorbent
(Fe-THC/MXene) was rinsed thrice with deionized water to
neutrality aer each desorption.

The adsorption capability and removal rate of Pb(II) were
described by eqn (1) and (2),

qe ¼
�
Co � Ce

M

�
V (1)

R ¼
�
Co � Ce

Ce

�
� 100 (2)

where qe denes adsorption capability (mg g−1), Co describes the
initial concentration (mg L−1) of lead(II) before adsorption, and
Ce/Ct describes the remaining or nal concentration (mg L−1) of
lead(II) ions aer adsorption, R (%) describes the removal rate
(%) of lead,m describes the mass of Fe-THC/MXene inmg, and V
describes the volume of lead in L.
2.7. Adsorption kinetics

To investigate the adsorption kinetics of lead on Fe-THC/MXene
composite, 20 mg Fe-THC/MXene composite and 20 mL lead
solution with varying concentrations at pH 4.5 were allowed to
react for a specic time (1–40min, 10 to 30 mg L−1). The derived
information was tted with intra-particle- diffusion (eqn (3),
ID), pseudo-rst-order (eqn (4), PFO), and pseudo-second-order
(eqn (5), PSO).36–38 The sorption mechanism of lead(II) on Fe-
THC/MXene was derived via a comparative study.

qe = K3t
0.5 + C (3)

qe = (qe − qt) = ln qe − K1t (4)
RSC Adv., 2023, 13, 5643–5655 | 5645
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qe ¼ t

qe
þ 1

K2qt2
(5)

where qe (mg g−1) describes adsorption capability at an equi-
librium state and qt describes the quantity of lead adsorbed at
a specic time. Kid (mg g−1 min−1/2), K1 (min−1), and K2 (g
mg−1 min−1) are the rate constants of ID, PFO, and PSO,
respectively, and C is a constant that describes the thickness of
the boundary layer.
2.8. Adsorption isotherm

The isotherm investigation involves the reaction of 20 mg of Fe-
THC and 20 mL of Pb solution for 24 h at a pH value of 4.5, and
the lead dosage range was 10–30 mg L−1, which were well-tted
using Langmuir, Freundlich, and Temkin isotherm models.
The Langmuir isothermmodel considers monolayer adsorption
on the homogenous surface, dened as eqn (6).39 The Freund-
lich isotherm model considers multi-layer sorption and is
dened as eqn (7).40 Temkin isotherm model considers that
heat of sorption reduces with the interaction between the
adsorbate (Pb2+) and the adsorbent (FE-THC/MXene) and is
dened as eqn (8).41

qe ¼ qmKLCe

1þ KLCe

(6)

DG = DH + TDS (7)

qe ¼ RT

BT

lnðKTCeÞ (8)

Among all of these, qm (mg g−1) describes the maximum
achieved sorption capability, KL (L mg−1) describes the Lang-
muir constant, and KF ((mg g−1)/(mg L−1)1/n) denes the
Freundlich equilibrium constant. KT represents the Temkin
constant, BT (J mol−1) is connected to the heat of sorption
phenomena, R describes the gas constant (J mol−1 K), and (K)
describes temperature.
2.9. Thermodynamic study

To study the sorption of lead using Fe-THC/MXene at various
temperatures, the thermodynamic factors were investigated at
three different temperatures (305, 310, 315 K), including Gibbs
energy (DG), entropy change (DS), and enthalpy (DH). If the
adsorption capability decreases with an increase in tempera-
ture, the phenomenon is exothermic, and vice versa, an endo-
thermic phenomenon occurs. The adsorption process is
assumed to be spontaneous and feasible if a negative value of G
is obtained. Eqn (9)–(11) were used for the calculations.

Kc ¼ qe

Ce

(9)

ln Kc ¼ �DH

RT
þ DS

R
(10)

DG = DH + TDS (11)
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Among them, DH (kJ mol−1 K−1), DG (kJ mol−1), and DS (kJ
mol−1) indicate the enthalpy change, Gibb energy, and entropy
change, respectively.

3. Result and discussion
3.1. Characterizations of Fe-THC MOFs, MXene, and Fe-
THC/MXene composite

Fig. 2(a) shows the X-ray diffraction of the Ti3AlC2 (MAX) phase,
Fe-THC MOFs, MXene, and Fe-TCH/MXene composite are
exhibited. Initially, MXene sheets were produced by removing Al
layers from the MAX (Ti3AlC2) phase with HF using chemical
etching techniques described in prior research. This could be
conrmed by the clear changes in the XRD spectrum (Fig. 2(a)).
The (002) peak moved leward with the vanishing characteristic
peak of the MAX (Ti3AlC2) phase at 2q around 39°, and a series
of peaks (001) appeared. The characteristic bands of MXene at 2
theta (2q) = 8.02°, 18.5°, 27.9°, 36.3°, and 60.7° bands were
indexed to 002, 006, 008, 0010, and 100 planes, respectively, and
agreed well with previous literature.42,43 Fe-THC MOFs have the
prominent band at 2 theta = 23° indexed to the 002 plane. XRD
pattern of the Fe-TCH/MXene composite was well indexed with
major peaks of MXene and Fe-THC MOFs. In other words, we
can conclude that Fe-TCH/MXene composite displayed charac-
teristic bands of MXene and Fe-THC MOFs with a higher
intensity of some peaks. Furthermore, there was no specic
peak of Fe in the Fe-TCH/MXene composite, suggesting a low
dosage level of Fe in the composite.

FTIR protocol was performed to conrm the functional
group of the substance. Fig. 2(b) indicates the FTIR spectrum of
THC, Fe-THC MOFs, MXene, and Fe-TCH/MXEne. The FTIR
pattern of THC had a prominent band at 3400 cm−1, showing
the stretching vibration of O–H,44 which also ensured the
presence of OH in THC. The band around 2909 cm−1 was
indexed to the stretching vibration of CHs,45 suggesting the
presence of the CH group in THC. THC exhibited a band around
1051 cm−1,46 indexing to the stretching vibration of CO. The
band located at 1443 cm−1 indexed to an aromatic group, sug-
gesting the existence of a benzene ring in THC.47 In the FTIR
pattern of Fe-THC, the OH peak vanished, which may be due to
the removal of water as FeCl2 interacts with THC. In the FTIR
pattern of Fe-THC, one band was observed at 550 cm−1, sug-
gesting the presence of Fe–O bonds, which were not present in
THC. In the FTIR pattern of MXene, the band at 2909, 1051, and
1443 cm−1 were present in both THC and FE-THC MOFs. The
bands at 3428, 1389, 1092, and 658 cm−1 were indexed to the
stretching vibrations of OH, C]O, OH, CF, and TiO functional
groups that matched well with the reported results.48 In the
FTIR pattern of Fe-THC/MXene composite, the band at
3428(OH) came from MXene, which disappeared in the THC
MOFs. Fe-THC/MXene had all major bands of THC MOFs and
MXene.

The Raman pattern in Fig. 2(c) indicates two small peaks at
359 and 600 cm−1, which were due to the vibrations of atoms in
MXene and therefore indicated the successful preparation of
MXene. Further, two wide bands were observed at about 1370
and 1579 cm−1, designated as the D and G bands, respectively. A
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 FT-IR spectra (a), XRD analysis (b), Raman pattern (c), BET analysis (d), particle size distribution (e).
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minor shi of the D band (nearly 50 cm−1) was detected from
the virgin MXene to the Fe-THC/MXene composite. This D-band
shi was the defect's dening feature, which could be attrib-
uted to the Ti3C2Tx interaction with the Fe-THC MOFs. It is also
important to note that the ID/IG value showed a slight change
aer Fe-THC MOFs were added to MXene. This ratio increased
from 0.91 to 1.15, suggesting more defects in the Fe-THC/
MXene composite as compared to the original MXene.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Nitrogen adsorption–desorption isotherms of Fe-THCMOFs,
MXene, and Fe-THC/MXene composites are displayed in
Fig. 2(d). The BET isotherm of Fe-THC MOFs and MXene
belonged to type II, and Fe-THC belonged to type IV classica-
tion, suggesting the microporous and mesoporous prole of Fe-
THC MOFs, MXene, and Fe-THC/MXene composites. According
to the nonlocal density functional theory (NLDFT) model, the
pore size of MOFs was measured in the range of 0.2–1.8 nm,
RSC Adv., 2023, 13, 5643–5655 | 5647
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while that of MXene was prominently about 0.1–1.7 nm.
Compared to MOFs and MXene, the pore size of Fe-THC/MXene
moved to the mesoporous range (12.0–29.4 nm), as shown in
Fig. 2(e).

Electron microscopes (SEM and TEM) were employed to
study the morphological features of as-prepared Fe-THC MOFs,
MXene, and Fe-THC/MXene composites. The bare Fe-THC dis-
played a spherical and irregular-shaped structure (Fig. 3(a)). The
bare MXene represented a layered structure (Fig. 3(b)). In
comparison, SEM and TEM images of as-prepared Fe-THC/
MXene (Fig. 3(c) and (d)) displayed clear anchoring of Fe-THC
MOFs on the surface of MXene via electrostatic interaction.
The presence of Ti, C, O, F, and in the EDX spectrum of the
composite veried the synthesis of Fe-THC/MXene composites,
as shown in Fig. 3(e).
3.2. Adsorption study

3.2.1. Inuence of pH on lead adsorption. The pH value of
the aqueous solution will affect the surface charge of the
adsorbent and the adsorbate material.49 Lead(II) is commonly
Fig. 3 SEM image of Fe-THC MOFs (a), MXene layered structure (b), and
of Fe-THC MOFs anchor on the MXene layered structure (d), and EDX s
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available in the form of Pb2+ when pH is greater than 5.8, and
Pb(OH)2 and Pb2+ primarily exist between pH 5.8–7, and
Pb(OH)2 precipitates as pH crosses 7.50 Thus, investigations
were carried out in the pH range of 1–7. 20 mg of Fe-THC/
MXene and 20 mL of Pb2+ ions solution were added to
a centrifuge tube and reacted for 24 h. The nding is exhibited
in Fig. 4(a) when pH varied from 4–7. The sorption capability is
greater than 99%, and the sorption capability was lower before
pH 4(a). The reason behind this nding is the competition of
lead(II) ions for adsorption sites, which causes a reduction in its
adsorption efficiency.51 As the pH value increases from 4–7, the
H+ ion decreases and the competitive sorption of lead ions
weakens, resulting in the increasing adsorption efficiency of Fe-
THC/MXene. The inuence of pH on the sorption phenomena
of Pb2+ is associated with the surface charge of the adsorbent. It
can be observed from Fig. 4(b) that the surface charge of Fe-
THC/MXene slowly drops with the increase of pH until it
becomes negatively charged. The point of zero potential for Fe-
THC/MXene adsorbent is at pH = 6.58. The Fe-THC/MXene has
a positive charge before 6.58 and becomes negative aer 6.58.
The point of zero potential is at pH = 6.55, and because of the
Fe-THC MOFs anchor on the MXene layered structure (c), TEM images
pectrum (e) of composites.

© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 Influence of pH on adsorption rate (%) (a) and zeta potential of Fe-THC/MXene composite (b).
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pH value, insoluble Pb(OH)2, will be formed.52 To avoid this
process, the sorption study was carried out under an environ-
ment of pH = 4.5. Below this pH, the surface of Fe-THC/MXene
has a positive charge, which shows that there is no electrostatic
disturbance in the sorption experiment.

3.2.2. Effect of adsorption time and kinetic analysis.
Adsorption time is one of the essential factors for investigating
Fig. 5 Influence of Pb2+adsorption time on Fe-THC/MXene (a), pseudo-
models.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the characteristics of adsorbents. Thus, this work reported the
sorption equilibrium time at three different dosages (10, 20,
and 30 mg L−1) and analyzed its kinetics. The adsorption
capability of lead(II) on the Fe-THC/MXene is exhibited in Fig. 5.
The sorption capability of Fe-THC/MXene for lead(II) increased
rapidly within 6 min, and the sorption capability enhanced
slowly aer 6–12 min (Fig. 5(a)). The sorption equilibrium was
first-order (b), pseudo-second-order (c), and intra-particle diffusion (d)

RSC Adv., 2023, 13, 5643–5655 | 5649
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attained at 12 min. Such behavior in the initial stage was due to
more sorption sites on the surface of the adsorbent, and the
solution was composed of more lead(II), so the sorption rate was
rapid. However, in the mid and later stages, the lead concen-
tration in the solution slowly reduces, and the adsorption sites
on the surface of the sorbent also slowly reduce, so adsorption
attains an equilibrium state.

Through kinetic tting of obtained experimental data, the
sorption process of lead(II) on Fe-THC/MXene was attained. The
kinetic parameters of three different kinetic models were
derived by using the tting results in Fig. 5(b–d) and Table S1.†
It can be observed that the tting results of the pseudo-second-
order kinetic models have an extraordinarily high R2 value at
distinct initial lead(II) concentrations, greater than 0.9999,
which is quite higher than the R2 value of the pseudo-rst-order
kinetic model (0.9836). The related results and the tting result
of the pseudo-second-order sorption of lead on Fe-THC/MXene
demonstrate the process of chemisorption.

In order to examine the intra-particle diffusion between
adsorbate and lead sorption, the intra-particle diffusion kinetic
model was also used. Fig. 5(c) exhibits the relationship between
t1/2 and qt of lead concentrations on Fe-THC/MXene, which is
non-linear over the whole adsorption time range. This suggests
that the sorption phenomenon was not inuenced by a single
Fig. 6 Influence of Pb2+ concentrations on adsorption capability of Fe-
models.

5650 | RSC Adv., 2023, 13, 5643–5655
diffusion element.53 There were three linear areas in the whole
diffusion phenomena, which suggest surface sorption, intra-
particle, and membrane diffusion termed I, II, and III, respec-
tively. By studying the parameters of intra-particle diffusion by
using three different concentrations in Table S2,† we can
comprehend that the slope constant of the three areas is written
as KI > KII > KIII, and intercepts are written as CI < CII < CIII.

3.2.3. Inuence of initial concentration and adsorption
isotherm. To explore the maximum sorption capability of Fe-
THC/MXene composite for lead(II) was also examined.
Fig. 6(a) displays the sorption capability of Fe-THC/MXene for
lead(II) ions at three different temperatures 305, 310, and 315 K.
As the initial dosage of lead(II) enhances, the sorption capability
gradually rises until it attains saturation. The reason behind
this behavior is that in a high lead concentration, the lead(II) ion
will be accelerated to be adsorbed on the sorbent surface unless
the sorption sites are entirely occupied to attain the sorption
equilibrium state. The adsorption capacity of Fe-THC/MXene
was higher at 305 K. It can be observed from the gure that as
the temperature enhances, the sorption capability of Fe-THC/
MXene composites for lead drops, which suggests the sorp-
tion phenomena is exothermic.

To investigate the role between lead and Fe-THC/MXene, this
work selects three important isotherm models to t the
THC/MXene (a), Langmuir (b), Freundlich (c), and Temkin (d) isotherm

© 2023 The Author(s). Published by the Royal Society of Chemistry
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obtained data. The t information is exhibited in Fig. 6(b–d).
The validity of the isotherm model is examined by comparing
the R2 value of each model. The higher the R2 value, the more
favorable the model is. By comparing the obtained results in the
table, it can be concluded that under a distinct temperature
environment, the Langmuir isotherm model has a higher R2

value than the Temkin and Freundlich isotherm models. Table
S3† suggests that the theoretical sorption capability derived by
using the Langmuir isotherm model (qe = 680, 298, and 84 mg
g−1) is closer to the sorption capability derived from experi-
mental data (674, 293, and 77 mg g−1). This suggests that the
Langmuir isotherm model can better explain the sorption
process of lead(II) on Fe-THC/MXene composites. The sorption
of lead(II) on Fe-THC/MXene composite is monolayer sorption.54

The Langmuir dimensionless parameter RL, calculated from
eqn (12), is used to investigate the feasibility of adsorption
phenomena.

RL ¼ 1

1þ KLCo

(12)

where Co and KL are the initial concentration of lead(II) and
Langmuir isotherm constant, respectively. If 0 < RL < 1, it
suggests that the sorption phenomenon of lead(II) on Fe-THC/
MXene was conducted under a favorable environment. If RL >
1, it suggests that the sorption phenomenon was conducted
under unfavorable environments. By calculations, we deter-
mined that the RL range of Fe-THC/MXene was 0.039 to 0.53,
0.039 to 0.63, and 0.067 to 0.73 at three distinct temperatures of
305, 310, and 315 K, respectively. RL was between 0 and 1 for the
three temperature environments. It exhibits that the sorption of
lead(II) by Fe-THC/MXene was conducted under favorable
environments.

3.2.4. Impact of temperature and thermodynamics anal-
ysis. The thermodynamic analysis results and related indicators
are exhibited in Fig. 7(a) and (b) and Table S4.† DG is negative at
three distinctive temperatures, and we can determine from
Table S4† that the negative Gibbs free energy rises with
a temperature rise, suggesting that the sorption phenomenon of
lead on Fe-THC/MXene was spontaneous, and the temperature
Fig. 7 Influence of temperature on adsorption capability of Fe-THC/MX

© 2023 The Author(s). Published by the Royal Society of Chemistry
rise will decrease the sorption capability. The enthalpy value
was greater than zero, suggesting that the sorption process is
exothermic. A negative entropy value suggests that the disorder
of the solid/liquid interface is lowered, and the sorption is
conducted under adverse environments.

3.2.5. Selectivity and reusability of Fe-THC/MXene. The
selective sorption of lead by Fe-THC/MXene in practical appli-
cations was analyzed utilizing simulated wastewater, and
a comparative study was conducted with the selectivity of Fe-
THC MOFs and MXene. The simulated wastewater consisting
of Li(I), Ni(I), Cd(II), Cu(II), Mg(II), Pb(II), and Zn(II) was adjusted
at pH = 5. 50 mg of sorbent and 50 mL of simulated wastewater
solution were added into a centrifuge tube and reacted at 37 °C
for 36 h, and the solid residue was isolated from the liquid. ICP-
AES was utilized to measure the metal ion dosages before and
aer desorption. Fig. S1(a–d) and Table S5† indicate the sorp-
tion results of Fe-THC/MXene, Fe-THC, and MXene for each
heavy metal in simulated wastewater. By comparison study, it
can be observed that Fe-THC andMXene have a poor adsorption
impact and selectivity on Pb(II) in simulated wastewater. Fe-
THC/MXene composites are also selective on Pb(II), and the
adsorption impact becomes higher than Fe-THC MOFs and
MXene. The selectivity coefficient (K) and distribution coeffi-
cient (KQ) were utilized to measure the selective sorption of lead
in solution via the adsorbent. The greater the KQ values, the
stronger the relationship with the sorbent and the more useful
the sorption impact. K exhibits the affinity of essential func-
tional groups in Fe-THC/MXene composite, Fe-THC MOFs, and
MXene to the mixed metal ion. The greater the value of K, the
less the value of affinity. K and KQ can be dened as

K ¼ KQ

�
Pb2þ�

KQðcoexitingionsÞ (13)

KQ ¼ q

Ce

¼ Co � Ce

Ce

$
V

M
(14)

The results are exhibited in Table S5.† For Fe-THC/MXene,
Fe-THC, and MXene, the KQ value of the lead ion is higher
ene (a), and plot of ln Kc versus 1/T Langmuir (b).
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Fig. 8 Elimination efficiency of lead(II) after five adsorption–desorp-
tion cycles of Fe-THC/MXene.

Fig. 9 XPS survey of Fe-THC/MXene before and after lead adsorption (a
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than all other ions in the aqueous media, suggesting that
interaction between the sorbents and lead ion is the strongest.
Therefore, the removal rate of lead is higher than other heavy
metal ions. The KQ value of Fe-THC/MXene is more as compared
to the KQ value of Fe-THCMOFs and MXene, suggesting that Fe-
THC/MXene exhibited a better sorption impact on lead. Fe-
THC/MXene exhibited a higher K value for mixed ions, sug-
gesting that the functional group showed less affinity for
interfering ions. Comparatively, Fe-THC MOFs exhibited
a greater value of K for mixed ions and showed more affinity for
interfering ions. Collectively, Pb2+ ions in aqueous media can be
efficiently and selectively eliminated by Fe-THC/MXene.

For practical uses, the expense of utilization should also be
taken into account, and therefore, it is essential to investigate
the reusability of Fe-THC/MXene. The testing results are dis-
played in Fig. 8. The sorption efficiency of the rst repeated
) and (b), O 1s (c) and (d), C 1s (e and f), and Pb 4f (g).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cycle achieved 98.67% and still retained 89.96% aer ve
repeated cycles. Furthermore, the reusability tests also exhibit
that Fe-THC/MXene can efficiently adsorb lead, and the
desorption efficiency decreased only from 99. 53 to 83.62% aer
ve consecutive cycles. This decrease in adsorption efficiency
might be due to a decrease in –F and –OH ion dosage in
adsorbents as the number of replications increases.

3.2.6. Adsorption mechanism. The sorption mechanism of
lead on Fe-THC was investigated by estimating the XRD, EDS,
FTIR, and XPS of Fe-THC/MXene aer lead sorption. XRD
pattern of Fe-THC/MXene aer adsorption of lead is displayed
in Fig. S2(a).† We can observe the XRD peaks of PbF2 and PbO2

along with that of Fe-THC/MXene. These results suggest that –F
and –O on the adsorbent reacted with lead to form PbF2 and
PbO2 in aqueous media for sorption. XRD pattern also exhibited
that the diffraction peaks of Fe-THC/MXene aer lead(II)
adsorption were consistent with that before adsorption, sug-
gesting that the crystal structure of sorbent (Fe-THC/MXene)
was not disrupted aer the lead sorption process. FTIR
pattern of Fe-THC/MXene aer adsorption of lead is exhibited
in Fig. S2(b).† The FTIR pattern for lead(II) ion adsorbed Fe-
THC/MXene displays the intensity of bands that were moved
substantially lower as compared to Fe-THC/MXene, indicating
the involvement of these functional groups in the attachment of
lead(II) ions by Fe-THC/MXene. The intensity of Fe-THC/MXene
moved from 3428 to 3451 cm−1 and from 1092 to 1102 cm−1

aer lead ion sorption; these drops were attributed to uoride
(–F) and hydroxyl groups (–OH) involved in lead ion sorption on
Fe-THC/MXene. EDX spectrum displayed the presence of Pb(II)
ions along with Ti, C, O, F, and Fe, ensuring the adsorption of
lead ions on Fe-THC/MXene (Fig. S2(c)†). XPS was utilized to
determine the chemical elements and their binding energy on
Fe-THC/MXene before and aer sorption.

Fe-THC/MXene mainly consists of Ti, O, C, H, F, Fe, and Pb,
and the presence of lead(II) also ensures the successful
adsorption of lead ions on Fe-THC/MXene (Fig. 9(a) and (b)).
Aer the adsorption of lead(II), the typical band of Pb 4f
appeared. The Pb 4f band can be split into Pb 4f 5/2 (143.3 eV)
and Pb 4f 7/2 (138.3 eV)55,56 (Fig. 9(g)). The XPS pattern of O 1s
before and aer lead adsorption is exhibited in Fig. 9(c) and (d).
The two basic bands around 532.3 and 533.5 eV appeared,
relating to the carbonyl oxygen and carboxyl oxygen of the
adsorbent, respectively.57 The band relating to carboxyl oxygen
(533.5 eV) was moved to 534.1 eV, while the band of carbonyl
oxygen (532.3 eV) did not change its position. It means carboxyl
oxygen on the surface of Fe-THC/MXene provided the binding
sites for lead sorption. The four basic bands around 283.5,
284.2, 286.0, and 288.7 appeared, relating to the C]C, C–C,
C–O, and C–F groups of the adsorbent, respectively (Fig. 9(e)).
The band relating to C–F (288.7 eV) was moved to 289.2 eV,
while the bands of C]C, C–C, and C–O did not change
their positions (Fig. 9(f)). It means C–F on the surface of
Fe-THC/MXene provided the binding sites for lead sorption.
From the above discussion, we can conclude that the OH and F
are the main groups of Fe-THC/MXene that provide the sites for
the attachment of lead and play an essential role in the
adsorption of lead, as shown in Fig. S3.†
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.2.7. Comparative analysis. A comparative analysis was
conducted to investigate the potential utilization of Fe-THC/
MXene in the rapid, efficient, and selective elimination of
lead ions from wastewater. A summary table was established to
explain the advantages of the Fe-THC/MXene composite on the
rapid, efficient, and selective elimination of lead over other
adsorbents based on previous literature. It was concluded that
the composite displayed higher adsorption capacity than those
previously reported (Table S6†).
4. Conclusion

In this work, we synthesized a novel Fe-THC/MXene for rapid,
efficient, and selective removal of lead from wastewater. SEM,
TEM, EDS, XRD, FTIR, XPS, and BET were utilized to charac-
terize Fe-THC/MXene. The experiments were performed at
distinct pH1–7 and temperature (305–315 K). At pH 4.5 and 305
K, the adsorption attained sorption equilibrium for 12 min, and
the maximum sorption capability was 674 mg g−1. The sorption
of Pb2+ on Fe-THC/MXene ts the Langmuir isotherm and
pseudo-rst-order models, which indicates that chemisorption
is the rate control step, and the adsorption of Pb2+ by Fe-THC/
MXene is a single layer on a homogenous surface. From ther-
modynamic analysis, it can be observed that the sorption
phenomena are exothermic, and the sorption is unfavorable as
temperature increases. Fe-THC/MXene has a greater affinity for
Pb2+ ions and can selectively adsorb lead from wastewater. Fe-
THC/MXene composite still exhibited a greater elimination
rate aer ve cycles, suggesting that Fe-THC/MXene composite
has excellent reusability. Lead mainly interacts with –O and –F
ions on the Fe-THC/MXene surface, leading to adsorption.
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