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of Shorea faguetiana biochar
using Fe2O3 nanoparticles and MXene for rapid
removal of methyl blue and lead from both single
and binary systems†

Aysha Bukhari,b Irfan Ijaz, *b Ammara Nazir,b Sajjad Hussain, ab Hina Zain,c

Ezaz Gilani,b Ahmad A. lfseisid and Hijaz Ahmadefg

The synthesis of polymeric magnetic composites is a promising strategy for the rapid and efficient

treatment of wastewater. Lead and methyl blue are extremely hazardous to living organisms. The

sorption of Pb2+ and the dye methyl blue (MB) by biochar is an ecologically sustainable method to

remediate this type of water pollution. We functionalized Shorea faguetiana biochar with Fe2O3 and

MXene, resulting in Fe2O3/BC/MXene composites with an efficient, rapid, and selective adsorption

performance. Based on X-ray photoelectron and Fourier transform infrared spectrometry, we found that

the Fe2O3/BC/MXene composites had an increased number of surface functional groups (F−, C]O, CN,

NH, and OH−) compared with the original biochar. The batch sorption findings showed that the

maximum sorption capacities for Pb2+ and MB at 293 K were 882.76 and 758.03 mg g−1, respectively.

The sorption phenomena obeyed a pseudo-second-order (R2 = 1) model and the Langmuir isotherm.

There was no competition between MB and Pb2+ in binary solutions, indicating that MB and Pb2+ did not

influence each other as a result of their different adsorption mechanisms (electrostatic interaction for

Pb2+ and hydrogen bonding for MB). This illustrates monolayer sorption on the Fe2O3/BC/MXene

composite governed by chemical adsorption. Thermodynamic investigations indicated that the sorption

process was spontaneous and exothermic at 293–313 K, suggesting that it is feasible for practical

applications. Fe2O3/BC/MXene can selectively adsorb Pb2+ ions and MB from wastewater containing

multiple interfering metal ions. The sorption capacities were still high after five reusability experiments.

This work provides a novel Fe2O3/BC/MXene composite for the rapid and efficient removal of Pb2+ and MB.
1. Introduction

Human efforts to fulll the demands and needs of our growing
population—resulting in market growth, technological innova-
tions, capital accumulation, and advancements in living
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standards—have led to the expansion of many different indus-
tries worldwide.1–5 The heavy metal lead is non-biodegradable in
water and accumulates in living organisms, sludges, and sedi-
ments, from where it can enter the food chain.6–8 Human
exposure to lead through the consumption of lead-
contaminated food and water may affect the nervous system,
lungs, and kidneys, and has been linked to hypertension,
anemia, peripheral neuropathy, miscarriage, low fertility,
cognitive disorders, depressive disorders, and renal damage.9–14

Organic dyes are used in many different industries, such as the
plastics, leather, paper, and textile industries.15–18 These
industries use a lot of water and generate a substantial quantity
of colored wastewater. The substance most oen used to dye
cotton, silk, paper, and leather is methyl blue (MB).19–21 Posi-
tively charged MB can injure human eyes and cause respiratory
issues on inhalation; ingesting MB through the mouth can
cause vomiting, mental confusion, a burning sensation, profuse
sweating, and nausea.22,23

Different technologies and approaches are used to remove
heavy metals from wastewater, such as ion exchange,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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evaporation, chemical precipitation, adsorption, reverse
osmosis, membrane ltration, otation, electrochemical depo-
sition, and coagulation–occulation.24–33 These approaches
have some aws, such as high operating costs, hazardous
byproducts, insufficient removal efficiency, sludge formation,
high energy requirements, and difficulties in disposal. Sorption
strategies offer advantages over other techniques, such as ease
of operation, an outstanding elimination efficiency, afford-
ability, and the ability to regenerate the sorbent.34 These issues
can be resolved by creating an adsorbent with a large surface
area, high porosity, greater dispensability, and the correct
functional groups.35–37 The removal of MB from aqueous media
before discharge into the environment is important to lessen its
inuence on living organisms.

A porous, stable, and carbon-rich substance known as bio-
char (BC) has been prepared and used for various applications,
such as soil amelioration, enhancing the biodegradation of
organic pollutants or contaminants, and the adsorption of
heavy metals.38–41 For instance, it has been reported that straw
or pristine biochar effectively adsorbs Pb2+ from water. Biochar
synthesized from canola straw was used for the selective elim-
ination of lead from aqueous media; the qm of lead was 65 mg
g−1 at a temperature of 500 °C.42 However, pristine or straw BC
shows a lower adsorption of toxic heavy metals, including lead,
than modied BC.43 Consequently, different engineering or
modication systems have been used to increase the adsorption
capacity of virgin BC.44 For instance, the binding of BC with
nano-materials or metal oxide particles increases the sorption
capacity of pristine BC.45,46 Wang, Yan et al. increased the effi-
ciency of BC using an H2O2 treatment for lead elimination. The
number of functional groups (oxygen) on the BC was enhanced
aer oxidation by hydrogen peroxide, leading to an increase in
the lead sorption capacity (60.87 mg g−1). In other studies,
nanoparticles (NPs) or nano-sized materials (e.g., iron, AlOOH,
MnOx, MOS2, CeO2, Fe2O3, ZrO2, La(OH)3, and hydroxyapatite)
were loaded into BC for use in wastewater remediation.47–54

Iron oxide (magnetic) particles or adsorbents are considered
to be suitable for solving these issues because they have a high
surface area with excellent physiochemical characteristics for
metal adsorption and can also be readily isolated using an
external magnetic eld.55 However, the direct use of pure or
naked magnetic particles or adsorbents may be unsuitable for
the removal of metals due to their low surface area, fewer active
sites, and low stability without the assistance of covalent link-
ages. The synergistic coupling of magnetic particles with other
adsorbents is considered to be the best way forward for this area
of research. A chitosan Schiff base and its magnetic composite
have been prepared and applied to the adsorption of pollutants
from wastewater.56,57 Shen, Li, et al. reported a highly efficient
Fe2O3@microalgae composite for the elimination of lead from
aqueous media.58 In another study, a PANI/starch/Fe2O3 bio-
composite was prepared and used for the adsorption of heavy
metals from wastewater.59

Since graphene or graphene oxide was prepared from ne
graphite powder in 2004,60,61 2D materials have attracted
attention due to their specic physicochemical and structural
features and have been broadly studied in different
© 2024 The Author(s). Published by the Royal Society of Chemistry
applications.62–66 One of the recently developed 2D layered
substances is known as MXene, which not has only a large
surface area, but also has a more complex chemical composi-
tion than graphene67. Various researchers have usedMXene and
its composites for the removal of different environmental
contaminants and pollutants.68 MXene has a rapid and effective
adsorption capacity due to the existence of O−, OH−, and F−

groups, which provide adsorption sites for positively charged
dyes and heavy metals.

An Fe2O3/BC/MXene composite has been shown to effi-
ciently, selectively, and rapidly adsorb Pb2+ from water,
demonstrating that it could be used practically as a new and
novel composite to remove ecological contaminants and
pollutants. The primary objectives of our research were as
follows. First, to functionalize BC using MXene and Fe2O3 NPs.
MXene provides O, OH, and F cationic groups that enhance the
rapid adsorption of anionic lead and MB. The C]O, CN, and
OH groups from BC also rapidly absorb Pb2+ and MB. Materials
belonging to three different categories can therefore be used to
design a composite that has a vital role as a novel adsorbent for
the rapid, efficient, and selective adsorption of heavy metals,
with a >99% removal rate of Pb2+ from wastewater. We investi-
gated the inuence of the initial MB and lead concentrations,
the adsorption time, the initial pH, and the temperature on the
adsorption characteristics of the adsorbent. The adsorption was
tted by kinetic, isothermal, and thermodynamic models. The
selectivity and reusability of the Fe2O3/BC/MXene composite for
the adsorption of lead and MB were investigated and the sorp-
tion mechanisms were explored.
2. Materials and methods
2.1. Chemicals

The chemicals used are discussed in Text S1 (ESI†).
2.2. Synthesis of Fe2O3/BC/MXene

Multi-layered Ti3C2 (MXene) materials were prepared by etching
the Al from MAX powders using the approach reported by Kong
F. et al.69 In a typical synthesis, 4 g of MAX powder were
successfully etched using 80 mL of hydrouoric solution with
magnetic stirring at 40 °C for 16 h. The collected suspension
was washed with water and subjected to centrifugation at
1500 rpm, producing a dark-colored suspension. Iron oxide NPs
were synthesized as reported by Paulson E. et al.70 Shorea
faguetiana branches were purchased from the native market in
Lahore city in Punjab province, Pakistan. The branches of S.
faguetiana were ground using a grinder, washed with deionized
water, and then dried. The biomass was pyrolyzed at 523 K in
a muffle furnace for 2 h. The S. faguetiana BC was then crushed
and passed through a 0.045–0.089 mm sieve and then saved and
referred to as virgin BC. The Ti3C2 dispersion was sonicated for
1 h. Fe2O3 NPs and BC powder were then dropped into the
MXene dispersion. To obtain Fe2O3/BC/MXene, the resultant
product was once more sonicated for 35 min. Fe2O3/BC/MXene
was isolated by an external magnetic eld, rinsed several times
RSC Adv., 2024, 14, 3732–3747 | 3733
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with deionized water to remove impurities, and then dried at
100 °C.

2.3. Characterization

Characterization of the materials is discussed in Text S2 (ESI†).

2.4. Adsorption experiment

The sorption capability and rate of lead and MB removal were
determined using eqn (1) and (2) as discussed in Text S3 (ESI†).

qe ¼
�
Co � Ce

M

�
V (1)

R ¼
�
Co � Ce

Ce

�
� 100 (2)

2.5. Isothermal study

The Langmuir isotherm equation is expressed as:

qe ¼ qmaxKLCe

1þ KLCe

(3)

The Freundlich isotherm equation is expressed as:

qe ¼ KFCe

1
n (4)

The Dubinin–Radushkevich isotherm model is expressed as:

qe = qs exp(−B3
2) (5)

The determination and calculation of the Temkin parame-
ters are given as:

qe ¼ RT

b
lnðACeÞ (6)

These equations are discussed in Text S4 (ESI†).

2.6. Kinetics analysis

The sorption rate (%) was gauged via a pseudo-rst-order (PFO)
reaction, a pseudo-second-order (PSO) reaction, intra-particle
diffusion (IPD), and the Elovich and Bangham diffusion
models, as dened in eqn (7), (8), (9), (10), and (11), respectively.
The kinetics analysis is discussed in detail in Text S5 (ESI†).

PFO reaction:

qe = (qe − qt) = ln qe − K1t (7)

PSO reaction:

qe ¼ t

qe
þ 1

K2qt2
(8)

IPD model:

qe = K3t
0.5 + C (9)
3734 | RSC Adv., 2024, 14, 3732–3747
Elovich diffusion model:

qt ¼ 1

b
lnðabÞ þ 1

b
ln t (10)

Bangham diffusion model:

log log

�
Ct

Ct � qtM

�
¼ log

�
KjM

2:303V

�
þ a log t (11)
2.7. Error functions

To select a suitable kinetic and isothermal model for the Pb2+

and MB sorption processes, the sum of the squares of the errors
and c2 were determined using the following equations:

SSE ¼
Xn

i¼1

�
f ðxiÞexp � f ðxiÞcal

�2

(12)

c2 ¼
Xn

i¼1

�
f ðxiÞexp � f ðxiÞcal

�2

f ðxiÞcal
(13)
2.8. Thermodynamic study

The thermodynamic parameters were calculated using eqn
(14)–(16) and are discussed in detail in the ESI.†

Kd ¼ qe

Ce

(14)

ln Kd ¼ DH

RT
þ DS

R
(15)

DG = DH + TDS (16)
3. Results and discussion
3.1. Characterization

Fig. 1 shows the FTIR spectra of the Fe2O3 NPs, BC, MXene,
and the Fe2O3/BC/MXene composite. FT-IR was used to
explore the essential surface functional groups of the
synthesized materials. The Fe–O stretching vibration of the
iron oxide NPs is attributed to the peak at 549 cm−1. The OH
and C–O–C groups were assigned to bands around 3431 and
1387 cm−1, respectively. The FTIR results for Fe2O3 were well
matched with a previous study.71 For BC, there were four
bands around 3348, 2930, 1726, 1636, 1557, and 1032 cm−1,
which were indexed with the vibration modes of OH, CH, C]
O, CN, NH, and CO, respectively. For MXene, there were two
typical bands around 675 and 1129 cm−1, indexed to the TiO
and F groups. The bands around 3439 and 1641 cm−1 were
attributed to the hydroxyl and aromatic groups, respectively.
Fig. 1 shows the existence of all the major peaks of Fe2O3, BC,
and MXene in the Fe2O3/BC/MXene composite. Fig. 1 also
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectra of Fe2O3 NPS, BC, MXene, and the Fe2O3/BC/
MXene composite.
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shows a broad peak of OH, which may be due to a combina-
tion of Fe2O3, BC, and MXene.

Fig. 2 shows the XRD patterns of the Fe2O3 NPs, BC, MXene,
and the Fe2O3/BC/MXene composite. For the Fe2O3 NPs, the 220,
311, 400, 422, 512, and 440 crystal planes correspond to 2q values
of 30.1, 36.4, 42.90, 53.6, 57.4, and 63.19°, respectively. The XRD
pattern indexed well with JCPDS Card #82-1533. Fig. 2 shows that
no apparent peak for BC was observed, except for an XRD peak
counterpart of an interlayer distance of 0.39 nm at 23°, suggesting
that the BC was an amorphous phase. A similar broad peak of BC
was also reported by Shan H., et al.72 Specically, using chemical
etching strategies, MXene sheets were obtained via the removal of
Al layers from the MAX phase with HF. This was conrmed by the
substantial shis found in the XRD peaks. The peak (002) shied
to the le with the disappearance of the characteristic peak of the
Ti3AlC2 phase at roughly 39° 2q (Fig. S1†). The typical peaks of
MXene at 2q= 8.026, 18.632, 27.458, and 60.821° are attributed to
the (002), (006), (008), and (110) crystal planes, respectively.73 The
Fig. 2 XRD patterns of BC, MXene, and the Fe2O3/BC/MXene
composite.

© 2024 The Author(s). Published by the Royal Society of Chemistry
typical bands of Ti3C2 were better in agreement with the result
reported by Qi M., et al.74 The composites showed all the charac-
teristic bands of Fe2O3 NPs, BC, and MXene (Fig. 2).

Fig. 3 shows that the saturation magnetization of the
composite was 40.24, suggesting paramagnetic behavior. The
decrease in the magnetization of the composite could be
attributed to the presence of Fe3O4 coupled with the non-
magnetic features of both MXene and BC. The magnetization
features of the composite were sufficient for rapid isolation
under an external magnetic eld.

Fig. 4(a–i) shows the morphological traits and distribution of
elemental species in BC, the Fe2O3 NPs, MXene, and the
composite determined using SEM, TEM, and EDS. Fig. 4(a) shows
the layered structure of MXene. The SEM micrograph in Fig. 4(b)
shows the binding of the MXene layers and the Fe2O3 NPs with
BC. The TEM micrograph in Fig. 4(d) shows iron oxide NPs
attached to the surface of the BC. The TEM images in Fig. 4(c)
indicate that the MXene layered structure and the Fe2O3 NPs bind
with BC, in agreement with the SEM results. The EDS patterns in
Fig. 4(e–i) show the existence of F, Ti, OH, C, O, and Fe and the
homogeneous distribution of elements.

To investigate the sorption process, the binding energies and
elemental composition of the Fe2O3/BC/MXene composite were
determined using the XPS patterns before and aer sorption. The
Fe2O3/BC/MXene composite consists of O, C, H, F, N, Fe, and Ti
and conrmed the synthesis of an adsorbent (Fig. 5).

The sorbents exhibitedmesoporous characteristics based on the
IUPAC classication, as indicated by the type IV isotherms with H3

hysteresis loops (Fig. S1†). The Fe2O3/BC/MXene, BC, MXene, and
Fe3O4 materials had surface areas of 135.38, 77.091, 51.72, and
49.95 cm3 g−1, respectively. Fig. S2† indicates that the loading of
Fe3O4 and MXene increased the surface area of the Fe2O3/BC/
MXene composite. This increased surface area promoted the
diffusion of contaminants during the adsorption process, allowing
the more rapid and efficient adsorption of contaminants.75
3.2. Adsorption analysis

3.2.1. Inuence of pH. The pH of the metal solution is
a crucial factor in optimizing adsorption and may inuence the
speciation of themetal (adsorbate) and the surface charge of the
adsorbent. The protonation–deprotonation process of reactive
substances at the surface of the adsorbent may cause an
attraction–repulsion effect. To explore the inuence of pH on
the adsorption of Pb2+ and MB on the composite, the elimina-
tion (%) of Pb2+ and MB was investigated by batch experiments
at pH 1–11 (Fig. 6(a and b)). The removal (%) of lead increased
rapidly as the pH increased from 2 to 3.7, slowly increased from
pH 3.7 to 4.6, and then remained nearly constant until pH 6. A
similar pattern has been reported previously.76 Above pH 6, the
removal (%) of lead gradually decreased until pH 10. An
increase in elimination with an increase in the pH caused by the
deprotonation of active groups provides sites for the sorption of
lead. The linear plot for pH 4.6–6 describes the saturation of the
surface with lead. Depending on the pH, lead ions in aqueous
solution can form various hydroxides.77
RSC Adv., 2024, 14, 3732–3747 | 3735
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Fig. 3 Magnetization curves of Fe2O3NPs and Fe2O3/BC/MXene.

Fig. 4 (a, b) SEM and (c, d) TEM images of the composites and (e–i) EDS spectra of Fe2O3/BC/MXene.

Pb2þ4PbðOHÞþ4PbðOHÞ4PbðOHÞ3�4PbðOHÞ42�
////////////////////////////////

(17)
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Fig. 5 XPS survey of the Fe2O3/BC/MXene composite.
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Precipitates were formed in an aqueous solution of lead
above pH 6, suggesting that elimination above pH 6 was due to
both the precipitation of lead as Pb(OH)2 and adsorption as
Pb2+ and Pb(OH)+ ions. The decrease in the elimination of lead
above pH 10 was caused by an increase in the concentration of
Pb(OH)4

2− and Pb(OH)3
− due to repulsion between the anionic
Fig. 6 Influence of the initial pH on the adsorption of (a) Pb2+, (b) MB, a

© 2024 The Author(s). Published by the Royal Society of Chemistry
composite and Pb(OH)3
− and Pb(OH)4

− at high pH values. The
pH-based zeta potential of the composite is shown in Fig. 6(b).
The Fe2O3/BC/MXene composite had a positive charge at pH
values <2.2 and the surface charge changed to negative. As
a result, a change in pH from 2.2 to 9 caused an increase in the
removal rate of MB.

The zeta potential is zero at the iso-electronic point. Fig. 6(c)
shows that the pHzpc of the composite was 2.2, suggesting that
the Fe2O3/BC/MXene composite had no surface charge at pH
2.2. The surface of the composite was positively charged below
pH 2.2, but changed to a negative charge at pH values above 2.2.

3.2.2 Effect of sorption time and kinetic analysis. An
essential characteristic of a prepared sorbent is the adsorption time.
We explored the kinetics by examining the adsorption equilibrium
time at three different temperatures (293, 303, and 313 K). The
kinetics for the adsorption of MB and Pb2+ by Fe2O3/BC/MXene
were explored at different adsorption times. Fig. 7(a) shows that
the adsorption capacity of the composite for MB and lead ions
increased rapidly within 16 min due to the presence of sufficient
adsorbent on the Fe2O3/BC/MXene composite. The adsorption
capability of the adsorbent increased gradually for the rst 21 min,
indicating that the movement of Pb2+ ions and MB attained equi-
librium aer the major sorption sites had been lled.

The kinetic sorption of MB and Pb2+ by the Fe2O3/BC/MXene
composite could be tted by the PFO, PSO, and IPD kinetics
models (Fig. 7(b–d)) using eqn (7), (8), and (9). Table S1† shows
nd (c) the zeta potential of Fe2O3/BC/MXene.
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Fig. 7 Influence of (a) adsorption time for the (b) PFO, (c) PSO, and (d) IPD models.
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that the correlation coefficients (Pb2+: R2 = 1; MB: R2 = 0.997) of
the PSO model for the composite were greater than those of the
PFO model (Pb2+: R2 = 0.9326; MB: R2 = 0.9183). Higher values
of the correlation coefficients and lower values for c2 and the
SSEs showed the better suitability of the PSO model. The qe
values of the composite derived from the PSO kinetic model
were comparable with the experimental values. Hence the
sorption process of the composite for Pb2+ and MB could be
explained by the PSO kinetic model, suggesting that chemical
adsorption occurred between the prepared Fe2O3/BC/MXene
composite and the Pb2+ ions and MB.78

The Elovich kinetic model is an efficient strategy for eluci-
dating the mechanism of sorption of gases onto the surface of
solids. It is widely used in a number of different applications,
especially the adsorption of pollutants from aqueous solutions.79

The Elovich model exhibited practical suitability in tting the
kinetic experimental data for Pb2+ and MB (R2 = 0.996 and 0.991,
respectively) (Fig. S3(a)†). The greater aEl values acquired for the
Fe2O3/BC/MXene composite demonstrate rapid chemisorption
due to the porous nature of the synthesized composite.

The Bangham kinetic model was formulated under the
hypothesis that the rate-limiting step in the sorption phenom-
enon is due to pore diffusion. Using eqn (11), the double
3738 | RSC Adv., 2024, 14, 3732–3747
logarithmic plot (Fig. S3(b)†) produced linear curves showing
signicant correlation coefficients (R2) of 0.981 and 0.969 for
Pb2+ and MB, respectively. This shows that pore diffusion
greatly affects the rate-controlling step.

The IPD model was also used to investigate intra-particle
diffusion between Pb2+ and MB and Fe2O3/BC/MXene
composite. Fig. 7(d) shows the association between qt and t1/2 of
the Pb2+ and MB dose by the Fe2O3/BC/MXene composite, which
was non-linear throughout the time range. The outcome obtained
suggests that the adsorption mechanism is not impacted via
monolayered diffusion parameters.80 The entire diffusion process
is divided into three linear areas that demonstrate surface sorp-
tion, membrane diffusion, and IPD. By observing the funda-
mental parameters of IPD at different concentrations (Table S2†),
we found that KI and CI were larger than KII and KIII and CII and
CIII, respectively. Aer three sorption stages, the sorption sites on
the adsorbent gradually decrease and the sorption rate (%) also
gradually decreases. KI for both pollutants was greater than KII
and KIII due to the reduced number of active sites on the Fe2O3/
BC/MXene with increasing time. The steadily decreasing K read-
ings showed that the diffusion rate had slowed and that chemi-
sorption was becoming balanced. The effect of the boundary layer
increased with increasing c values.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.2.3. Inuence of initial concentration of lead and
isothermal analysis. The inuence of the initial dose of both
pollutants was examined to study the qm of the Fe2O3/BC/
MXene composite for MB and Pb2+. Fig. 8(a) represents the qm
values of Fe2O3/BC/MXene for Pb2+ ions andMB at 293, 303, and
313 K. The maximum adsorption capacity of the Fe2O3/BC/
MXene composites was at 293 K. With an increase in the dose
of pollutants, the sorption capability slowly increased and
eventually reached an equilibrium. The increased concentra-
tions of Pb2+ and MB enhanced the possibility of contact
between Pb2+ and MB with the surface-active groups of the
Fe2O3/BC/MXene composite, further enhancing the adsorption
process. The number of active sites or contact points on the
Fe2O3/BC/MXene composite was limited. All the contact points
or active sites of the sorbent had been used when the Pb2+ and
MB concentrations accumulated to a specic degree and the
prepared sorbent attained a saturation state, above which the
removal capacity no longer increased. Fig. 8 shows that the
sorption capability of Fe2O3/BC/MXene for Pb2+ and MB
decreased as the temperature increased, demonstrating that the
sorption phenomena is exothermic.

The adsorption isotherms of MB and Pb2+ by Fe2O3/BC/
MXene using non-linear tting are shown in Fig. 8(a and b)
Fig. 8 Influence of Pb2+ dosages on the adsorption capability of Fe2O3/B

© 2024 The Author(s). Published by the Royal Society of Chemistry
and the associated parameters are listed in Table S3.† These
ndings show that the Langmuir model gave a better t than
the Freundlich and Temkin isothermal models, with higher R2

values for both Pb2+ and MB. The tting of the Langmuir model
denes the single-layer, homogeneous adsorption of Pb2+ ions
and MB onto Fe2O3/BC/MXene composite.81 The maximum
sorption capacities of the Fe2O3/BC/MXene composite toward
Pb2+ andMBwere 882.76 and 758.03 mg g−1, respectively, which
are higher than those for previously reported adsorbents.
Furthermore, the calculated sorption capacity at 293, 303, and
313 K (882.76, 613.37, and 305.06 mg g−1, respectively) for Pb2+

from the Langmuir model was close to the experimental
adsorption capacity (885, 620, and 310 mg g−1). The calculated
sorption capacities for MB (758.03, 562.91, and 296.88 mg g−1,
respectively) obtained from the Langmuir isotherm model were
also close to the experimental adsorption capacities (760, 570,
and 300 mg g−1) at 293, 303, and 313 K, respectively.

3.2.4. Simultaneous removal of Pb2+ ions andMB. Pb2+ and
MB were adsorbed simultaneously at environmentally relevant
amounts. By calculating the maximum adsorption capacities
ratio (Rq), we investigated the impact of both Pb2+ and MB in
single and binary processes to better understand their
synchronous adsorption:
C/MXene (a) using Langmuir (b), Freundlich (c), and Temkin (d) models.

RSC Adv., 2024, 14, 3732–3747 | 3739
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Fig. 9 (a, b) Simultaneous adsorption of Pb(II)–MB by the Fe2O3/BC/MXene composites using the binary system (Pb(II) + MB) and (c, d) their Rq

values. The single-pollutant system (orange spheres) was used as a reference.
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Rq ¼ qb;i

qm;i

(18)

where qm,i and qb,i denote the adsorption capacity (mg g−1) in
single and binary solutions at the same initial dose. If Rq < 1,
then adsorption is suppressed due to the presence of coexisting
contaminants (antagonism). If Rq > 1, then contaminant
adsorption is enhanced due to the presence of co-
contaminants. If Rq = 1, then the co-contaminants did not
inuence the adsorption of the contaminant.

Fig. 9(a–d) shows the results of the simultaneous examina-
tion of Pb–MB adsorption on the Fe2O3/BC/MXene composite.
The contaminant adsorption curves in the single-pollutant
system are also shown as a reference (orange spheres). These
outcomes indicate that the elimination of MB and Pb from the
3740 | RSC Adv., 2024, 14, 3732–3747
binary solution was analogous to that from the single-pollutant
systems (MB and Pb2+) with Rq values close to 1 (Fig. 9(c and d)).
The synergistic interaction is probably explained as follows.
According to the adsorption results in the single-pollutant
system, the MB and Pb2+ absorption modes were different
(electrostatic interaction for Pb2+ and hydrogen bonding for
MB). Consequently, there is no competition between MB and
Pb2+ in the binary solution. These outcomes indicate that MB
and Pb2+ did not inuence each other as a result of their
different adsorption mechanisms (Fig. 10(a and b)).

3.2.5. Inuence of temperature and thermodynamics.
Temperature is a primary variable in the remediation capacity
of the adsorption process. The inuence of the temperature on
the adsorption of Pb2+ and MB by the Fe2O3/BC/MXene
composite was therefore investigated (Fig. 10(a and b) and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table S4†). To evaluate whether the adsorption of the Pb2+ ions
and MB by the composite was exothermic or endothermic, the
thermodynamic characteristics of the reaction were examined
in the temperature range 293–313 K. An increase in the
temperature adversely inuenced the percentage removal of the
sorption phenomena, demonstrating the exothermic nature of
the procedure. The decrease in the sorption capacity may be
connected to the modication (denaturing) of the sorbent at
high temperatures, which causes a reduction in the number of
sites. The adsorbed Pb2+ ions and MB on the surface of Fe2O3/
BC/MXene could escape with increasing temperature.82 DH <
0 shows that the adsorption of metal ions and dye on the Fe2O3/
BC/MXene composite was exothermic. The negative DG at
various temperatures and −DG increase with increasing
temperatures indicate the sorption of Pb2+ ions and MB was
both feasible and spontaneous. The negative value of entropy
indicates that the solid–liquid interface was less random and
irregular and that the adsorption process took place under
unfavorable environmental conditions.

3.2.6. Adsorption selectivity. The selective sorption of Pb2+

ions using the Fe2O3/BC/MXene composite was explored and
comparative experiments were performed to determine the
selectivity of BC/MXene and BC/Fe2O3. Wastewater containing
Cu2+, Pb2+, Li1+, Zn2+, Mg2+, and Cd2+ was adjusted to a pH of 4.5
and 20 mg of the composite and 20 mg of aqueous media were
mixed in a centrifuge tube and le to react for 12 h before
isolating the solid from solvent. ICP-AES was used to determine
the concentration of Pb2+ before and aer sorption. Table S5
and Fig. S4† show the adsorption results for BC/MXene, BC/
Fe2O3, and Fe2O3/BC/MXene. BC/MXene and BC/Fe2O3 had
a lower selectivity and lower adsorption for Pb2+ ions in waste-
water. Fe2O3/BC/MXene was more selective and the sorption
process was more promising than that for BC/MXene and BC/
Fe2O3. The distribution (Kd) and selectivity (K) coefficients were
used to understand the selective adsorption of Pb2+ in solution
using adsorbents. Kd and K can be described by eqn (14) and
(15).

Kd ¼ q

ce
¼ Co � Ce

Ce

V

M
(19)

K ¼
K

dðPb2þÞ
KdðcoeixtingionsÞ

(20)
Fig. 10 (a) Influence of temperature on adsorption and (b) plot of ln Kc

© 2024 The Author(s). Published by the Royal Society of Chemistry
The results are displayed in Table S5 and Fig. S4.† For the BC/
MXene, BC/Fe2O3, and Fe2O3/BC/MXene adsorbents, the Kd

values of Pb2+ were higher than for other heavy metal ions in
simulated wastewater and showed the strongest interaction
between Pb2+ ions and the adsorbent. The percentage removal
rate was higher than for other metal ions. The tables also
suggest that BC/MXene and BC/Fe2O3 showed a higher value of
K than Fe2O3/BC/MXene for interfering ions, suggesting that the
functional groups have less affinity for mixed ions. We conclude
that Pb2+ ions can be selectively and efficiently eliminated from
wastewater using the Fe2O3/BC/MXene composite.

3.2.7. Reusability of the Fe2O3/BC/MXene composite. It is
crucial to determine the reusability of the prepared adsorbent
because, in real-world situations, the cost of consumption
should be considered. The ndings at pH 4.5 for Pb2+ and pH 9
for MB (at 298 K) are shown in Fig. S2.† The sorption capacity of
the rst replicated trial for Pb2+ was 99.91% and remained at
90.99% aer ve successive cycles. By contrast, the sorption
capacity of the rst replicated trial for MB was 98.63% and
remained at 89.47% aer ve successive cycles. The desorption
trials also suggest that the composite is an excellent adsorbent
for Pb2+ ions and the desorption efficiency only decreased from
96.8 to 78.32% aer ve trials (Fig. S5(a)†). The desorption trials
suggested that the composite had excellent adsorption for MB
and the desorption efficiency only decreased from 95.08 to
77.40% aer ve trials (Fig. S5(b)†).

3.2.8. Adsorption mechanism. Fig. 11 shows the FTIR
spectra of the Fe2O3/BC/MXene composite, Fe2O3/BC/MXene–Pb,
and Fe2O3/BC/MXene–MB. Three areas show clear changes in the
FTIR pattern of Fe2O3/BC/MXene–Pb, and Fe2O3/BC/MXene–MB.
The rst area is at about 3300–3200 cm−1, attributed to OH and
NH stretching in the composite moving to lower wavenumbers.
This suggests an increase in bond length due to the variation in
the electronegativity of the neighboring atoms—for instance,
hydrogen bonding, which can also be observed in Fig. 11. In the
second area (1050–1750 cm−1), the bands around 1726, 1636, and
1129 cm−1 move to lower wavenumbers for Pb2+ (1709, 1618, and
1098 cm−1, respectively), MB+ (1715, 1627, and 1109 cm−1,
respectively), and Pb2+–MB (1703, 1622, and 1121 cm−1, respec-
tively), indicating that C]O, CN, and F interact (electrostatic
interactions) with Pb2+, MB, and Pb2+–MB+ due to differences in
polarity (Fig. 12). In the third area (500–900 cm−1), the band at
vs. 1/T.
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Fig. 11 FTIR patterns of the Fe2O3/BC/MXene–Pb and Fe2O3/BC/
MXene–MB composites before and after the adsorption of Pb2+, MB,
and Pb2+–MB.
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549 cm−1 corresponding to the FeO stretching vibration of iron
oxide NPs moved to a lower wavenumber for Pb2+ (517 cm−1), MB
(523 cm−1), and Pb2+–MB+ (530 cm−1) and became weaker, which
indicates the interaction (oxido-reduction) of FeO with Pb2+, MB,
and Pb2+–MB. A further band appeared at 825 cm−1 correspond-
ing to PbO, similar to the band also reported previously.83

The presence of Pb2+ in the XPS pattern of Fe2O3/BC/MXene–
Pb veried the successful adsorption of Pb2+ (Fig. S6(a)†). The
existence of Pb2+ in the XPS pattern was conrmed at a binding
energy of about 143.17 (Pb4f 5/2) and 139.23 eV (Pb4F 7/2)
(Fig. S6(b)†). Similarly, the presence of S in the XPS pattern of
Fig. 12 Possible mechanism of adsorption of Pb2+ onto the Fe2O3/BC/M

3742 | RSC Adv., 2024, 14, 3732–3747
Fe2O3/BC/MXene–MB showed the successful adsorption of MB
(Fig. S6(c)†). The O 1s XPS bands at 532.3 and 533.5 eV corre-
spond to C–OH and C]O, respectively, before adsorption
(Fig. S7(a)†). Aer the adsorption of Pb2+, MB, and Pb2+–MB
(simultaneous removal), there was a slight movement of the
bands at 532.3 eV (C–OH) to 532.5 eV (Pb2+), 533.8 eV (MB), and
533.0 eV (Pb2+–MB), which indicated the interaction of the
hydroxyl group with Pb2+ and MB. Aer the adsorption of Pb2+,
MB, and Pb2+–MB (simultaneous removal), there was a slight
movement of the bands at 533.5 eV (carbonyl oxygen) to
533.7 eV (Pb2+), 533.9 eV (MB), and 533.6 eV (Pb2+–MB),
respectively, which indicated the interaction of the carbonyl
oxygen with Pb2+ and MB and the simultaneous removal of lead
and MB (Fig. S7(a)†).

Three peaks appeared at 284.3, 285.3, 287.5, and 288.6 eV,
correlating to the C–C, C]C, C–O, and C–F groups of the
composite, respectively (Fig. S7(b)†). The peaks at 284.3, 285.3,
287.5, and 288.6 eV correspond to C–C, C]C, C–O, and C–F
shiing to the binding energies for Pb2+ (284.5, 285.6, 287.7,
and 288.8 eV), MB (284.9, 285.5, 287.9, and 288.9 eV), and Pb2+–
MB (284.7, 285.8, 287.8, and 289.0 eV), suggesting that the C–C,
C]C, C–O, and C–F of the composites provided a binding site
for Pb2+ andMB adsorption as well as the simultaneous removal
of lead and MB (Fig. S7(b)†).

The N 1s XPS bands at 398.0, 398.7, and 399.6 eV correspond to
the C]N, C–N, and NH groups before adsorption (Fig. S7(i)†).
Aer the adsorption of Pb2+, MB, and Pb2+–MB (simultaneous
removal), there was a slight shi from 398.0 eV (C]N) to 398.4 eV
(Pb2+), 398.2 eV (MB), and 398.5 eV (Pb2+–MB), indicating the
interaction of the C]N group of Fe2O3/BC/MXene with both
pollutants. Aer the adsorption of Pb2+, MB, and Pb2+–MB
(simultaneous removal), there was a slight shi from 398.7 eV
(C]N) to 398.9 eV (Pb2+), 399.1 eV (MB), and 399.3 eV (Pb2+–MB),
which indicates the interaction of the C–N group of Fe2O3/BC/
MXene with both pollutants. Similarly, aer the adsorption of
Xene composite.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparative analysis of the removal of Pb2+ by Fe2O3/BC/MXene and previously reported adsorbents

Adsorbent
Adsorption capacity
(mg g−1) Temperature pH Reference

Pb2+

KMnO4-modied BC 37.51 22 °C 5 84
MoO3–BC 229.87 315 K 4.0 85
MnSO4$4H2O peanut shell BC 68 45 °C 5.0 $86

Magnetic oak bark BC 30 25 °C 7.7 87
CeO2–MoS2 hybrid wood BC (600 °C) 263.6 — 4.0–4.2 48
Fe2O3/BC/MXene 992 293 K 4.5 This work
MB
Olive pomace boiler ash 149.11 30 °C 3–7 88
Ultrasonic acid modication of raw olive pomace 25.64 303 K 3–12 89
Manganese-modied lignin BC 248.96 — 3–11 90
Magnetic BC synthesized with waterwork sludge and sewage sludge 186.003 — — 91
Fe2O3/BC/MXene 899.03 293 K 3–9 This work
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Pb2+, MB, and Pb2+–MB (simultaneous removal), there was a slight
shi from 399.6 eV (NH) to 399.8 eV (Pb2+), 400.0 eV (MB), and
400.2 eV (Pb2+–MB), which indicates the interaction of the NH
group of Fe2O3/BC/MXene with Pb2+ and MB as well as the
simultaneous removal of lead and MB (Fig. S7(c)†).

3.2.9. Comparative analysis. The adsorption of Pb2+ by
different previously reported virgin and engineered BC mate-
rials were compared with the present research. The Fe2O3/BC/
MXene composite showed the highest sorption capacity, sug-
gesting that the prepared Fe2O3/BC/MXene composite is
a promising adsorbent for the removal of Pb2+ and MB from
wastewater, with wide practical applications (Table 1).

4. Conclusions

We prepared and characterized magnetic BC resulting from the
modication of S. faguetiana BC with Fe2O3 NPs and MXene.
The characterization showed that the targeted engineered BC
was prepared successfully and further investigations showed its
high adsorption and rapid sorption rate for the removal of lead
and MB from wastewater. The qm value was 992 and 899.03 mg
g−1 for Pb2+ and MB, respectively, at 293 K. The removal of Pb2+

and MB was enhanced by surface electrostatic forces and
hydrogen bonding. The simulation of the interaction between
the composite and Pb2+ and MB using sorption isotherms and
kinetics showed that the sorption process tted a PSO kinetic
model and the Langmuir isothermal model, suggesting the
single-layer sorption of Pb2+ and MB onto the Fe2O3/BC/MXene
composite.
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16 E. Baştürk and A. Alver, Modeling azo dye removal by sono-
fenton processes using response surface methodology and
articial neural network approaches, J. Environ. Manage.,
2019, 248, 109300.

17 E. Basturk and M. Karatas, Advanced oxidation of reactive
blue 181 solution: A comparison between fenton and sono-
fenton process, Ultrason. Sonochem., 2014, 21, 1881–1885.

18 E. Basturk and M. Karatas, Decolorization of antraquinone
dye Reactive Blue 181 solution by UV/H2O2 process, J.
Photochem. Photobiol., A, 2015, 299, 67–72.
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