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In the current study, NiO nanoparticles, MnO nanoparticles, and Mn2NiO4 nanocomposites (Ni-NPs, Mn-

NPs and MN-NCs, respectively) were synthesized using a facile hydrothermal method, and their

performance in the removal of amaranth (AM) dye from synthetic wastewater was compared. XRD, FTIR

spectroscopy, SEM, BET analysis, and TGA were performed to characterize the produced catalysts. The

effect of pertinent parameters, including pH, dosage of catalysts, temperature, and shaking speed on the

uptake of AM was investigated through batch experiments. The MN-NCs showed ultrafast and high

efficiency for AM removal compared to their counter parts Mn-NPs and Ni-NPs. Under ideal conditions,

the highest adsorption efficiencies of AM onto Ni-NPs, Mn-NPs, and MN-NCs were calculated to be

80.50%, 93.85%, and 98.50%, respectively. The Langmuir isotherm fitted the experimental data of AM

removal better as shown by the higher values of r2, compared to the Freundlich isotherm, indicating

monolayer type adsorption of AM. According to kinetic analyses, the adsorption of AM was best

described by the pseudo-second-order kinetic model. Further, regeneration/recycling studies showed

that MN-NCs retained 79% adsorption efficiency after four cycles. DFT experiments were also conducted

to gain a deeper understanding of the process and behavior of AM adsorption. In conclusion, as Ni-NPs,

Mn-NPs, and MN-NCs adsorb AM predominantly via electrostatic interaction, they can be applied for the

removal of both cationic and anionic dyes by controlling the pH factor.
1. Introduction

Synthetic dyes are widely produced and used in the food,
plastic, textile, and cosmetic sectors. These industries pose
serious environmental risks and are considered the main
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source of water contamination. Dyes are discharged through
industrial wastewater into rivers and other water bodies,
resulting in harmful effects on aquatic ecosystems and causing
proliferation of bacteria and viruses.1 Dyes are so harmful that
they can affect the aquatic environment even at low concen-
trations.2 In addition to exerting toxic effects, dyes decrease
sunlight penetration and diminish dissolved O2.3 Among them,
azo dyes are more hazardous owing to the existence of toxic
amines in the contaminants.2 Therefore, treating cationic dyes
and certain anionic dyes is crucial because of their prevalence in
wastewater and the environmental hazards they pose, making
their removal a signicant concern.4,5 The adsorption of anionic
dyes is oen favored under acidic conditions and at higher
temperatures, emphasizing the importance of understanding
their behavior for effective removal processes.6 Amaranth (AM)
is a luxuriously red, water-soluble dye that is a member of the
monoazo group. It is well known that prolonged exposure to/
uptake of AM can cause allergy, tumors, birth defects and
respiratory problems in human beings;7,8 hence, different
means and ways are needed to remove dyes from wastewaters.

Over the past few decades, several biological, physical, and
chemical methods have been investigated for the removal of
RSC Adv., 2024, 14, 28285–28297 | 28285
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contaminants from water. For such goals, electrochemical
techniques have also been employed, along with membrane
separation, coagulation, photocatalytic degradation, oxidation,
and aerobic/anaerobic microbial degradation.2,9–11 However,
due to the complex aromatic structures of dyes, many dyes
possess high resistance to breakdown through conventional
treatments, which may result in the transfer of primary pollut-
ants to secondary pollutants, which are more toxic,8,12 and
therefore, they are removed inadequately from contaminated
water. There is always a concern in developing effective and
lucrative methods for the abatement of dyes from water. Among
the several available methods, adsorption has been proposed as
the best and dominant alternative method to remove various
types of pollutants (dyes, drugs, and metal ions).13 Activated
carbon due to its high adsorption capacity towards different
contaminants is among the top adsorbents used at the
commercial level but highly expensive.14,15 This drives the
researchers to discover/develop efficient and economical alter-
native adsorbents, and attempts have been made to identify
cost-effective adsorbents for the removal of dyes.2

Since the previous few decades, nanomaterials have been
intensively explored owing to their tiny size, higher surface area
and many other unique qualities.16–19 Among them, transition
metal nanoparticles have been assessed extensively because of
their excellent performance in many distinct elds including
environment, photocatalysis, and adsorption.20–25 Their low
cost, porous structure, immediate diffusivities, non-toxicity,
optical and electronic characteristics, active kinetics and high
amplitude make them best alternatives for the adsorption of
pollutants.26,27 Metal nanoparticles are considered universal
adsorption agents for ensuring the removal of organic and
inorganic contaminants from polluted water, and have been
a topic that has excited engineers, scientists, and researchers
for several decades.28–30 In recent years, the widely used method
for the production of metal nanoparticles has been the hydro-
thermal method owing to its numerous advantages such as ease
of performance, simplicity, production of highly homogeneous
nanoparticles and use of most easily available solvent water.31

The efficacy of metal nanoparticles to remove contaminants
using the adsorption technique is primarily inuenced by the
pore and particle structure as well as surface area that can be
controlled by adjusting the preparation phases involved in
synthesis.8

Here, we chose to synthesize amorphous transition metal
materials (NiO nanoparticles, MnO nanoparticles, and
Mn2NiO4 nanocomposites, abbreviated as Ni-NPs, Mn-NPs, and
MN-NCs, respectively) via a simple hydrothermal process with
cetyltrimethylammonium bromide (CTAB) as a pore and struc-
ture directing agent. The produced nanomaterials were physi-
ochemically characterized by X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy, scanning electron
microscopy (SEM), Brunauer–Emmett–Teller (BET) analysis,
and thermogravimetric analysis (TGA). Following characteriza-
tion, the produced Ni-NPs, Mn-NPs, and MN-NCs were used to
remove AM from synthetic water. Various adsorption parame-
ters, adsorption isotherms, kinetic models, and thermodynamic
models were used to investigate the mechanism of AM
28286 | RSC Adv., 2024, 14, 28285–28297
adsorption onto Ni-NPs, Mn-NPs, and MN-NCs. The ndings of
this study may li the use of amorphous nanomaterials as
effective adsorbents.

2. Experimental
2.1. Reagents and chemicals

Potassium permanganate (KMnO4), urea (NH2CONH2), nickel
chloride hexahydrate (NiCl2$6H2O), hydrochloric acid (HCl),
sodium hydroxide (NaOH) and CTAB (C19H42BrN) were of
analytical grade and obtained from E-Merck (E-Merck, Ger-
many). Amaranth dye (AM) was provided by a local food
industry and used as a pollutant in this study. The molecular
formula of AM is C20H11N2Na3O10S3, and it has a molecular
weight of 604.47 g mol−1. The pH of the AM solutions was
adjusted using buffers, HCl, and NaOH solutions. An AM
solution containing nanomaterials was agitated using a hori-
zontal rotary shaker (Wiseshake SHO-2D, Seoul, South Korea).

2.2. Preparation of Ni-NPs, Mn-NPs, and MN-NCs

The Ni-NPs were synthesized by a cost-effective and facile
hydrothermal method with little modication.32 For the
synthesis of Ni-NPs, a 0.2 M solution of NiCl2$6H2O was
prepared and added drop wise to a 0.1 M solution of CTAB
under stirring. A uniform, clear, green solution was obtained by
adding 0.1 M urea solution and stirring the mixture for 45
minutes. The solution was transported to an autoclave lined
with stainless steel and Teon and autoclaved at 120 °C for 12
hours followed by cooling to ambient temperature. The sepa-
ration of green precipitates was achieved by centrifugation of
the resulting mixture at 13 000 rpm for 10 minutes. Following
centrifugation, the precipitates were obtained by ltration,
washed several times with distilled water, and then dried in an
electric oven set at 100 °C for 10 hours. The obtained product
was ground into a ne powder and the nal product were Ni-
NPs having a light green hue.

The Mn-NPs were synthesized using the above-mentioned
protocol replacing NiCl2$6H2O with KMnO4 and keeping all
other reactants and procedures the same as followed in Ni-NP
synthesis. The resulting product was Mn-NPs having a dark
brown color. For the synthesis of MN-NCs, both NiCl2$6H2O
and KMnO4 were the starting materials along with CTAB and
urea and the same steps were followed as used in Ni-NP andMn-
NP synthesis. The resulting product were MN-NCs of black
color.

2.3. Characterization

Ni-NPs, Mn-NPs, and MN-NCs were characterized by several
methods such as XRD, FTIR spectroscopy, SEM, BET, and TGA.
The crystallinity and phase structure of the provided sample
were investigated by XRD. Powder XRD spectra for Ni-NPs, Mn-
NPs, and MN-NCs were obtained using a PW 3040/60 X'pert Pro
X-ray diffractometer (PANalytical, Almelo, The Netherland)
incorporating CuKa as the X-ray source operated at 40 mA of
tube current and 45 kV of generator voltage. Using KBr pellets
and an FTIR spectrometric analyzer (Nicolet 6700 FTIR
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD analysis of Ni-NPs (black), Mn-NPs (red) and MN-NCs
(blue).
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View Article Online
spectrometric analyzer), FTIR analysis was performed to iden-
tify the different types of functional moieties found in Ni-NPs,
Mn-NPs, and MN-NCs. SEM analysis (JSM-6500F, JEOL, Tokyo,
Japan) was performed to visually assess the morphology of the
Ni-NP, Mn-NP, and MN-NC adsorbents. The measurements of
N2-adsorption and desorption were performed using a Micro-
meritics Tristar 3000 BET analyzer. Prior to analysis, the
samples underwent a 10 hours degassing process at 110 °C. The
surface area was calculated using the Brunauer–Emmett–Teller
(BET) model, the pore size distribution was computed using the
Barrett–Joyner–Halenda (BJH) mode, and the pore size was
measured using the adsorption/desorption branches of
isotherms. A Universal V4.7A TA thermal analyzer was used to
study thermal gravimetric (TGA) proles at 10 K min−1 heating
rate under continuous ow of air in the temperature range of 0–
700 °C.

2.4. Adsorption studies

In current investigation, AM from the nearby food sector was
ingested without any form of pre-treatment. One gram of AM
was carefully dissolved in 1000 mL of double-distilled water
(DDW) for producing the stock solution (1000 mg L−1). The
experimental solutions were generated from this stock solution
using a dilution formula. A UV/Visible spectrophotometer
(UV3000, Merck, Hamburg, Germany) was used to measure the
absorbance of the AM solutions.

Adsorption studies were performed in batch mode to inves-
tigate the effect of adsorption factors such as pH (2–12), agita-
tion speed (80–230 rpm), nanomaterial dosage (0.01–0.035 g/0.1
L), temperature (30–60 °C), AM concentration (10–70 mg L−1),
and contact time (10–70 min) on AM adsorption onto Ni-NPs,
Mn-NPs, and MN-NCs. For each experiment, 100 mL of AM
solution was agitated in a 250 mL ask with stoichiometric
amounts of Ni-NP, Mn-NP, and MN-NC adsorbents under pre-
dened conditions for a specied time period. A horizontal
rotary shaker was employed to equilibrate the AM/Ni-NP, AM/
Mn-NP, and AM/MN-NC heterogeneous systems. The hetero-
geneous systems (AM/Ni-NPs, AM/Mn-NPs, and AM/MN-NCs)
were subjected to centrifugation and ltration aer attaining
equilibrium. The remaining AM concentration was determined
by measuring the absorbance of ltrate at lmax of 521 nm using
a UV/Visible spectrophotometer. Using eqn (1), the adsorption
capacity, Xe (mg g−1), was calculated based on the residual AM
concentration:33

Xe

�
mg g�1

� ¼ ðCo � CÞV
w

(1)

The removal percentage (%, AM) of AM was calculated using
eqn (2):

%;AM ¼ ðCo � CÞ100
Co

(2)

where w (g) is the mass of the adsorbents (Ni-NPs, Mn-NPs, and
MN-NCs), V (L) is the volume of AM solution, Co (mg L−1) is the
starting AM concentration, and C (mg L−1) is the AM concen-
tration at equilibrium. To gure out the quantity of AM that is
© 2024 The Author(s). Published by the Royal Society of Chemistry
being adsorbed, Xt (mg g−1) at time ‘t’, the parameters Xe and C
were substituted by Xt and Ct in eqn (1). The quantity of AM
adsorbed and the residual AM concentration at any given time
“t” are represented by Xt (mg g−1) and Ct (mg L−1), respectively.
All the trials were completed in triplicate and the data were
given as mean ± SD.
2.5. Reusability study

Aer the adsorption study, the used MN-NCs containing AM
were shaken with 15 mL of a mixture of NaOH (0.01 M) and
ethanol to desorb AM from MN-NCs for 30 minutes at room
temperature. Aerward, the MN-NCs was separated and washed
with deionized water and ethanol to remove any AM le as well
as excess NaOH.34 The obtained MN-NCs were dried at 110 °C
and reused again to adsorb AM and this whole process was
repeated four times.
3. Results and discussion
3.1. Characterization of Ni-NPs, Mn-NPs, and MN-NCs

3.1.1 XRD analysis. XRD measurements were carried out to
analyze the structural phases of Ni-NPs, Mn-NPs, and MN-NCs.
The XRD spectrum of Ni-NPs shown in Fig. 1 (black line)
revealed the face-centered cubic structure of Ni-NPs.35 The
major characteristic peaks observed for Ni-NPs were centered at
2q values of 37.36°, 43.41°, 62.85°, 75.55°, and 79.61° corre-
sponding to the (111), (200), (220), (311), and (222) planes,
respectively. The data matched with standard le JCPDS-47-
1049, revealing the cubic phase of Ni-NPs. There were no
RSC Adv., 2024, 14, 28285–28297 | 28287
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other peaks observed in the whole spectrum, indicating the
purity of Ni-NPs. The characteristic XRD pattern of Mn-NPs
(Fig. 1, red line) exhibited certain diffraction peaks having 2q
values of 34.90°, 40.54°, 58.68°, 70.14°, and 73.76° corre-
sponding to the (111), (200), (220), (311), and (222) reections,
respectively.36 This diffraction peaks indicated that all samples
were Mn-NPs with the cubic phase (JCPDS 75-0626). The exis-
tence of no additional peak conrmed the purity of Mn-NPs.
The XRD pattern of MN-NCs is given in Fig. 1 (blue line).
Diffraction peaks at 2q values of 30.10°, 35.50°, 43.30°, 57.20°,
62.70°, and 74.00° were shown by the MN-NC catalyst and cor-
responded to the (220), (311), (400), (511), (440), and (533) lattice
planes. These values are in good agreement with the spinal
phase of Mn2NiO4 (JCPDS-74-1865).37 There are some other
peaks also observed in the Mn2NiO4 spectrum, which may
belong to some amount of Mn in the sample.

Additionally, it is essential to determine the size and strain
of crystallites in materials to gain a comprehensive under-
standing of their properties and to gain signicant insights into
the structural features of materials by examining X-ray peak
broadening. This analysis enables us to analyze the average size
of the crystallites and the strain in the lattice of powder speci-
mens.38 The structural properties such as crystallite size, strain,
and stress of the materials are crucial for understanding the
properties and efficiency of the catalysts.39 Aer applying
various methods such as Debye–Scherrer, Williamson–Hall,
Rietveld renement, and variance, the crystallite sizes of Ni-
NPs, Mn-NPs, and MN-NCs were estimated to be 75.6, 55.4,
and 28.2 nm respectively and the strain was calculated as 1.76
Fig. 2 FTIR analysis of Mn-NPs (a), Ni-NPs (b), and MN-NCs (c) before
and after AM adsorption.

28288 | RSC Adv., 2024, 14, 28285–28297
and 1.44 for Ni-NPs and MN-NCs respectively. The decreasing
order of crystallite size can be related to higher adsorption. The
micro strain results showed that the decreasing the order, the
lesser the deformity in the crystal shape and the higher the
adsorption.40,41 Understanding these factors is crucial for opti-
mizing material properties and predicting strain variations
under different loading conditions.42

3.1.2 FTIR spectral analysis. The FTIR spectra of Ni-NPs,
Mn-NPs, and MN-NCs before and aer AM adsorption shown
in Fig. 2 were compared to understand the interaction between
AM and functional moieties of fabricated nano-adsorbents. The
intense absorption signals observed at 705 cm−1 and 904 cm−1

were assigned due to the presence of Mn–O bonds (Fig. 2a) and
Ni–O bonds (Fig. 2b). The two sharp peaks appearing in the set
range of 1400–1620 cm−1 were ascribed to the N-related bonds.
The presence of the C–H bond was indicated by the two new
bands in the range of 2840–2930 cm−1. The peaks obtained in
3180–3300 cm−1 conrmed the presence of the N–H bond.
These observations in shiing of peak values clearly indicate
the adsorption of AM over synthesized metal oxides. The
adsorption bands at 1525 cm−1 and 1600 cm−1 attributed to the
stretching vibration of the N]N bond. Aer the adsorption of
AM, the FTIR spectra manifested strong signals at 1210 cm−1

and 1230 cm−1 as the characteristic of the vibrational frequency
of the S–C bond. In conclusion, the appearance of new peaks
and shiing of peaks in the spectra of Ni-NPs, Mn-NPs, andMN-
NCs aer AM adsorption, conrmed the successful removal of
AM by these nanocatalysts.

3.1.3 SEM analysis. The SEM analysis was utilized to
examine the morphological aspects of Ni-NPs, Mn-NPs, and
MN-NCs, and Fig. 3 presents the SEM images. Fig. 3a presents
the SEM images of Ni-NPs, which revealed the porous and cubic
morphology. The Ni-NPs appeared to be partially aggregated,
which could be due to their high surface energy and exceedingly
small size. The images of Mn-NPs were acquired using a scan-
ning electron microscope, which are displayed in Fig. 3b, which
indicated the cubic and granular shape of Mn-NPs. The shape of
MN-NCs illustrated in Fig. 3c reveals semi spherical/spinal
particles with various sizes and inter-planar distances match-
ing the (220) plane, indicating the existence of b-MN-NCs.43

3.1.4 BET analysis. Through the use of BET analysis, the
particular surface area, pore volume, and pore size of the
synthesized materials (Ni-NPs, Mn-NPs, and MN-NCs) were
identied. MN-NCs exhibited a signicantly higher specic
surface area than that of Ni-NPs and Mn-NPs, indicating
enhanced adsorption properties, which could be attributed to
its unique spinel structure and composition. Ni-NPs, Mn-NPs,
and MN-NCs displayed type III isotherms with H3 hysteresis
loops in the P/P0 range of 0.01–1, as illustrated in Fig. 4. It was
observed that at high (P/P0), the isotherms of all samples
exhibited an increased uptake of adsorbate, indicating pore
lling and the onset of pore condensation. The BET surface area
of Ni-NPs, Mn-NPs, and MN-NCs was recorded to be 10.29,
38.57, and 271.8 m2 g−1, respectively (Table 1). MN-NCs in
particular showed a prominent hysteresis in the P/P0 range of
0.4–1, supporting their mesoporous nature; Ni-NPs andMn-NPs
exhibited this characteristic to a considerably lesser extent.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM image of (a) Ni-NPs, (b) Mn-NPs, and (c) MN-NCs.
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Most of the pores of MN-NCs were of size 6.827 nm, whereas Ni-
NPs andMn-NPs exhibited pore sizes of 13.07 nm and 17.44 nm
respectively. It was also notable that the pore volume of MN-NCs
(0.4640 cm3 g−1) was much higher than that of Ni-NPs and Mn-
NPs (0.0336 and 0.1682 cm3 g−1 respectively), an aspect that can
be of signicance in adsorption phenomenon, which requires
high pore volume and surface area of materials to provoke
a large number of active sites for adsorbates. The maximum
adsorption efficacy of AM was calculated to be 80.50%, 93.85%,
and 98.50% onto Ni-NPs, Mn-NPs, and MN-NCs, respectively,
under optimal conditions. These results are consistent with the
BET ndings and the results of adsorption experiments of AM
over these adsorbents.

3.1.5 TGA. To ascertain the thermal properties of Ni-NPs,
Mn-NPs and MN-NCs, TGA was performed (Fig. 5). The TGA
curve for Ni-NPs exhibited two distinct weight loss regions. The
initial weight loss (38.7%) observed between room temperature
and 200 °C was linked to the removal of physically adsorbed
water molecules and trapped volatile impurities. The second
weight loss was characterized by a steep and acceleratory mass
© 2024 The Author(s). Published by the Royal Society of Chemistry
decline (39.0% loss) at about 370 °C; the development of the
NiO matrix, the evaporation of structural oxygen, and the
breakdown of Ni-NPs are all responsible for this peak. Aer the
2nd step, no noticeable weight loss was observed beyond 400 °
C, indicating the formation of Ni-NPs. With regard to Mn-NPs,
the TGA curve exhibited stages of weight loss. The initial weight
loss (17.6%) that was seen between 45 and 190 °C might be
attributed to trapped gasses and water molecules evaporating.
The second weight-loss stage (25.3%) between 190 °C and 300 °
C corresponds to the evolution of structurally intercalated
crystalline water. It was determined that a signicant amount of
crystalline water, a signicant amount of Mn-NPs breakdown
loss, the removal of structural oxygen, and the production of
MnO matrix were the causes of the third weight loss (9.00%)
between 300 and 435 °C.43,44

When compared to the individual metal oxide elements, the
TGA prole of MN-NCs was less complex and showed two
primary phases of weight reduction. The range of 50 to 230 °C
accounted for 15.0% of the water molecules that were adsorbed
on the samples. The water in a composite system, such as the
RSC Adv., 2024, 14, 28285–28297 | 28289
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Fig. 4 N2-adsorption/desorption isotherms of (a) Ni-NPs, (b) Mn-NPs,
and (c) MN-NCs.

Table 1 BET parameters of Ni-NPs, Mn-NPs, and MN-NCs

Sample SBET (m2 g−1) Vpore (cm
3 g−1) Pore size (nm)

Ni-NPs 10.29 0.0336 13.07
Mn-NPs 38.57 0.1682 17.44
MN-NCs 271.8 0.4640 6.827

Fig. 5 TGA curves of (a) Ni-NPs, (b) Mn-NPs, and (c) MN-NCs.
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binary composite made of MN-NCs used in this work, may be
divided into two types: bound water and free water. It takes
more heat to extract water from the composite matrix than it
does to remove free water. In the region from 250 to 400 °C,
decomposition of MN-NCs may occur and removal of structural
oxygen, and formation of individual oxides may exhibit.43
Fig. 6 Effect of pH on the adsorption of AM onto Ni-NPs, Mn-NPs,
and MN-NCs.
3.2. Effect of adsorption parameters on AM removal

3.2.1 pH inuence. The pH of the solution has notable
effects on the adsorption process as it regulates the ionization
state of catalysts and pollutants, which may inuence the
surface chemistry and active sites of adsorbents. The effect of
pH on the adsorptive removal of AM was studied using Ni-NPs,
Mn-NPs, and MN-NCs by varying the pH from 2 to 12. Experi-
ment data illustrated in Fig. 6 revealed that Ni-NPs showed the
highest AM adsorption at pH 4 while Mn-NPs and MN-NCs
signicantly adsorbed AM at pH 2. The percentage of AM
removal by Ni-NPs was found to be about 89.27 at acidic pH (pH
4) and it dropped gradually to 50.94 at alkaline pH. The
percentage of AM removal by Mn-NPs was found to be about
91.15 at acidic pH (pH 2) and it dropped gradually to 60.15 at
alkaline pH. A similar trend was observed under the same pH
conditions when the AM removal was accomplished with MN-
NCs (94.27% at pH 2 and 48.97% at alkaline pH). The decline
28290 | RSC Adv., 2024, 14, 28285–28297
in dye removal efficiencies with the increase in pH is attributed
to the decreased electrostatic interactions between cationic
nanoparticles and the negatively charged surface of AM. At low
pH, the surface of nanoparticles covered by protons provides
more opportunities to adsorb anionic AM dye molecules due to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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greater forces of attraction. On the contrary, at a higher pH, the
extent of adsorption decreases. This may be attributed to the de-
protonation of binding sites of nanoparticles at higher pH
values, and hence, the competition between hydroxyl groups
and AM anions for binding sites results in a decline in AM
adsorption.45 Furthermore, it can be observed from Fig. 6 that
the MN-NCs showed high efficiency in eliminating AM from the
solution.

3.2.2 Shaking speed effect. At an acidic pH, the impact of
shaking speed on AM removal with all nanomaterials (Ni-NPs,
Mn-NPs, and MN-NCs) was investigated by adjusting the
shaking speed from 75 to 225 rpm at predetermined times
(Fig. S1†). Maximum AM removal was 94.02% for Mn-NPs at
150 rpm, and 91.91% and 95.83% for Ni-NPs and MN-NCs,
respectively, at 125 rpm. The results show that, when the
shaking speed was changed from minimum at 75 to 150 rpm,
AM adsorption onto Mn-NPs and Ni-NPs was rst enhanced;
a further increase in the shaking speed led to a decrease in
adsorption efficiency. Such adsorption trend may be explained
by the fact that higher shaking speeds at rst result in more
collisions between pollutants and adsorbent surfaces, which
improves the interaction between nanomaterials and AM. At
high shaking speeds beyond 150 rpm, AM removal may
decrease because AM molecules may be desorbing from the
surface of nanomaterials (Mn-NPs and Ni-NPs). However, the
adsorption of AM onto MN-NCs was not affected in the whole
range of shaking speed and a slight decrease in AM removal
from 95.83 to 93.71% was observed when the shaking speed was
increased from 125 to 225 rpm.46 Physical adsorption affects the
pore size of the adsorbent surface. The effect of shaking speed
on AM removal coincides with that of pore size calculated from
BET analysis. The shaking speed directly affects the pore size of
the materials. Increasing the shaking speed increases the
adsorption while decreasing the pore size of the catalyst.4 At
a higher shaking speed, MN-NCs, specically, demonstrated
a signicant hysteresis within the P/P0 range of 0.4–1, indicating
their mesoporous nature. Furthermore, Ni-NPs and Mn-NPs
showed this property to a much lesser degree and this may be
the reason for the high adsorption efficiency of MN-NCs
compared to Ni-NPs and Mn-NPs.

3.2.3 Temperature effect. The temperature signicantly
inuences the adsorption mechanism, and the effect of
temperature (30, 40, 50, and 60 °C) on the removal of AM with
Ni-NPs, Mn-NPs, and MN-NCs was investigated, as presented in
Fig. S1.† As evident from Fig. S1,† the increase in temperature
did not cause any signicant effect on the adsorption of AM on
all catalysts. The adsorption results depicted that the removal
efficiency of AM decreased gradually with the increase in the
temperature of solutions for Ni-NPs and Mn-NPs, which might
be due to the weakening of interactive forces between AM
molecules and the active surface of catalysts at higher temper-
atures.47 The decrease in AM removal at higher temperatures
may also be related to the increase in the number of random/
irregular collisions between adsorbent and adsorbate mole-
cules, which leads to poor adsorption of AM molecules onto
nanoparticles. However, the adsorption of AM onto MN-NCs
remained almost unaffected or slightly increased when the
© 2024 The Author(s). Published by the Royal Society of Chemistry
temperature increases from 30 to 60 °C. Better dispersion of
catalyst MN-NCs and more binding sites available at higher
temperatures may be the reasons for this behavior.48 The
highest adsorption efficiency of Ni-NPs and Mn-NPs for AM was
95.84 and 96.04% at 30 °C, whereas the adsorption efficiency of
AM was 95–97% for MN-NCs at all temperatures.

3.2.4 Mn-NP, Ni-NP, and MN-NC dosage effect. The
amount of adsorbent (metal nanoparticles) is considered to be
the crucial factor that should be adjusted properly to determine
the adsorption capacity of adsorbents. Under optimal pH and
shaking speed, the effect of Ni-NPs, Mn-NPs, and MN-NCs
dosage on the adsorptive removal of AM was studied by
adjusting the dose from 0.01 to 0.035 g/0.1 L. Adsorption tests
yielded that, at 0.025 g dose, the maximal absorption of AM was
determined to be 92.32%, 94.23%, and 96.37% over Mn-NPs, Ni-
NPs, and MN-NCs, respectively. First, as in Fig. S2,† the dosage
increase from 0.01 g to 0.025 g of adsorbent showed improve-
ment in the % removal of AM. The availability of huge surface
area and many active sites can help to clarify this reaction.23

However, the adsorption efficiency decreased gradually for AM
with the further increase in the amount of Ni-NPs, Mn-NPs, and
MN-NCs beyond 0.025 g. This behavior is assigned to the fact
that a greater number of particles cause congestion as well as
agglomeration, which reduces the availability of vacant sites by
blocking them and thus resulting in a considerable decrease in
adsorption efficiency.
3.3. Adsorption isotherms

Using optimal circumstances (pH 2 for Mn-NPs and MN-NCs
and 4 for Ni-NPs, dose 0.025 g/0.1 L, room temperature), the
inuence of AM starting concentration on Ni-NPs, Mn-NPs, and
MN-NCs was investigated in order to apply and investigate the
adsorption isotherms. Fig. S3† represents the experimental data
and from the Figure it can be observed that the retention of AM
enhanced with the increase in AM concentration for Ni-NP, Mn-
NP, and MN-NC catalysts. There was a linear relationship for all
the catalysts between AM removal and starting concentration up
to 40 mg L−1 AM; beyond that, the increase in AM adsorption
was more slow. There are several isothermal models feasible to
investigate the adsorption mechanism of contaminants onto
nanomaterials. Most oen used models are Freundlich and
Langmuir.49,50

The Langmuir isotherm demonstrates the formation of
monolayers on the adsorbent molecules, indicating that the
adsorption process is highly specic and occurs in only
a limited number of distinct contained sites, showing that the
adsorption mechanism is homogenous51 and mathematically
represented using eqn (3):52

C

Xe

¼ 1

LXm

þ C

Xe

(3)

where L is the energy associated with the adsorption process
expressed in L g−1, Xe is the experimental adsorption capacity
expressed in mg g−1, C is the AM concentration at equilibrium
expressed in mg L−1, and Xm is the Langmuir adsorption
capacity in the case of homogeneous surfaces. A non-ideal and
RSC Adv., 2024, 14, 28285–28297 | 28291
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Table 2 Adsorption isotherm parameters using Langmuir and
Freundlich models for Ni-NPs, Mn-NPs, and MN-NCs

Adsorbent Xe

Langmuir Freundlich

Xm L r2 F n r2

Ni-NPs 144.6 167.2 0.208 0.977 37.57 2.310 0.731
Mn-NPs 160.8 168.4 0.414 0.995 54.02 2.818 0.897
MN-NCs 167.5 172.1 0.586 0.993 69.92 3.559 0.973
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reversible mechanism is described by the Freundlich adsorp-
tion isotherm involving the multilayer formation on heteroge-
neous surfaces having different heat, bond energies and
affinities for adsorbate species. Mathematically, the Freundlich
model is represented by eqn (4):53

Ln Xe ¼ Ln F þ 1

n
Ln C (4)

where F is the Freundlich constant expressed in [mg g−1 (mg
L−1)−1/n] and 1/n is the factor representing surface heterogeneity
or intensity of adsorption. The values of r2, L and Xm were
estimated by the linear tting of Langmuir plot C/Xe vs. C
(Fig. S4†) whereas r2, F and n were determined by the linear
tting of Freundlich plot Ln Xe vs. Ln C (Fig. S5†), and the values
of parameters computed from these two isotherms are tabu-
lated in Table 2. The value of r2 (0.9771–0.9953) in the case of
Langmuir model were found to be greater as compared to those
obtained from the Freundlich model (0.7312–0.9728), and the
values of Xm (theoretical) and Xe (experimental) adsorption
capacities of AM were approximately close to each other. Both
these factors conrmed the suitability of the Langmuir model to
explain the AM removal, indicating monolayer adsorption onto
the homogeneous surface of all Ni-NP, Mn-NP, and MN-NC
catalysts. Additionally, the values of n were in the range of
2.310–3.559, indicating satisfactory adsorption of AM onto Ni-
NPs, Mn-NPs, and MN-NCs (favorable adsorption if n < 10).
3.4. Kinetic modeling

The effect of contact time on the effectiveness of Ni-NPs, Mn-
NPs, and MN-NCs in removing AM was planned for different
time intervals ranging from 10 to 150 min, keeping all other
parameters xed (pH 2 for Mn-NPs and MN-NCs, and 4 for Ni-
NPs, dosage 0.025 g/0.1 L, 40 mg per L AM, room tempera-
ture). The goal was to estimate the optimal time desired for the
maximum removal of AM by Ni-NPs, Mn-NPs, and MN-NCs.
Fig. S6† illustrates the removal of AM at different contact time
with Ni-NPs, Mn-NPs, and MN-NCs. The curves in Fig. S6†
indicate that the adsorption of AM occurred swily at the
starting stage followed by a steady increase as the equilibrium
was reached. The shape of plots suggested that the available
active sites saturated rapidly, especially for MN-NCs, which
needed less time to adsorb maximum AM than that of Ni-NPs
and Mn-NPs. The maximum adsorption capacity of MN-NCs
for AM was observed within 20 min (120 mg g−1), whereas Ni-
NPs and Mn-NPs achieved maximum removal in 30 min (115
and 119 mg g−1 respectively). Further, the equilibrium was
28292 | RSC Adv., 2024, 14, 28285–28297
reached within 30min for MN-NCs, whereas for Ni-NPs andMn-
NPs, it was reached in 50 min. Therefore, it can be deducted
that the selectivity order to remove AM is MN-NCs > Mn-NPs >
Ni-NPs. From the real application point of view, MN-NCs are
superior to their counter parts, as longer time may cause higher
operational costs.

The mechanism of adsorption process by predicting the
adsorbate uptake rate as well as reaction pathways is well
explained by studying the kinetics of adsorption process, which
can help in modeling a suitable adsorption system. Two well-
known models, pseudo-rst order (FO) and pseudo-second
order (SO), were applied to the adsorption of AM onto Ni-NPs,
Mn-NPs, and MN-NCs. The linear forms of pseudo-FO and
pseudo-SO are represented using eqn (5) and (6) respectively:54,55

LogðXe � XtÞ ¼ log X1e �
�

Kfo

2:303

�
t (5)

t

Xt

¼ 1

KsoX2e
2
� t

X2e

(6)

where Kfo (1 min−1) and Kso (g mg−1 min−1) are the rate
constants for pseudo-FO and pseudo-SO respectively, whereas
KsoX2e

2 is the initial adsorption rate at t = 0. The r2, X1e, and Kfo

values were estimated by the linear tting of pseudo-FO plot
log(Xe − Xt) vs. t (Fig. S7a†) whereas r2, X2e, and Kso were
determined by the linear tting of pseudo-SO plot t/Xt vs. t
(Fig. S7b†), and the values of parameters computed from these
two kinetics models are tabulated in Table 3. The values of r2

(0.6221–0.9072) in the case of pseudo-FO were not close to one
as well as there was a huge difference between the theoretical
and experimental values of Xe, which indicated that the
adsorption of AM onto Ni-NPs, Mn-NPs, and MN-NCs did not
follow the mechanism of pseudo-FO kinetics. However, the
values of r2 (0.9993–0.9999) obtained from pseudo-SO were
higher and very close to one, and the theoretical and experi-
mental values of Xe were also in good agreement. Both these
factors indicated that the adsorption of AM onto Ni-NPs, Mn-
NPs, and MN-NCs followed the adsorption mechanism as per
pseudo-SO kinetics, which assumes that electrostatic interac-
tion via chemisorption as the monolayer on the catalyst surface
may be the rate-limiting step.56

To gain further insights into the diffusion mechanism as
well as estimation of intraparticle diffusion (IpD) rate constant,
the IpD model was applied, which is represented as eqn (7) : 57

Xt = Kipdt
1/2 + C (7)

where Kipd (mg g−1 min−1/2) is the IpD rate constant and
intercept C represents the boundary layer thickness.

The values of Kipd and Cwere determined by IpD plot Xt vs. t
1/

2 (Fig. 7), and are tabulated in Table 3. The multilinearity in the
plots displayed in Fig. 7 reveals that a two-step diffusion process
is involved in the activity of all catalysts ((i) instantaneous
adsorption onto the external surface and (ii) IpD). This behavior
was also conrmed by the higher values of Kipd in the rst step
compared to the second step.56 The AM was initially adsorbed
onto the external surface of catalysts with Kipd values 35 times
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Pseudo-FO kinetic, pseudo-SO kinetic, and IpD model parameters for AM removal using Ni-NPs, Mn-NPs, and MN-NCs

Models

Parameters

Adsorbents / Ni-NPs Mn-NPs MN-NCs

Experimental Xe (mg g−1) 116.36 120.4 122.00
Pseudo-FO X1e (mg g−1) 3.2331 2.9914 2.1642

Kfo (min−1) −0.0479 −0.0419 −0.0267
r2 0.9072 0.8714 0.6221

Pseudo-SO X2e (mg g−1) 117.51 121.65 122.70
Kso (g mg−1 min−1) 0.0069 0.0066 0.0092
r2 0.9994 0.9993 0.9999

Intraparticle diffusion 1st region
Kipd (mg g−1 min−0.5) 7.2199 6.9563 11.177
C 76.711 81.504 69.896
r2 0.9112 0.9858 —
2nd region
Kipd (mg g−1 min−0.5) 0.2200 0.1993 0.1653
C 113.79 118.11 119.91
r2 0.8574 0.9356 0.9786
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higher than Kipd of the second step, indicating boundary layer
diffusion control adsorption of AM onto Ni-NPs, Mn-NPs, and
MN-NCs. It is interesting to note that the Kipd value of rst step
for MN-NCs was 70 times higher than the Kipd value of the
second step, again conrming the fast adsorption of AM onto
MN-NCs compared to Ni-NPs and Mn-NPs. Finally based on the
IpD model, it is concluded that modulating the rate of AM
adsorption involves both IpD and lm processes.
3.5. Thermodynamic study

To support the feasibility and nature of adsorption of AM onto
Ni-NPs, Mn-NPs, and MN-NCs, the estimation of thermody-
namic parameters was crucial. Eqn (8) and (9) were used to
determine these parameters (DS-entropy, DH-enthalpy, and DG
°-free energy change):58
Fig. 7 IpD model for the adsorption of AM onto Ni-NPs, Mn-NPs, and
MN-NCs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
DG˚ = RTLnKte (8)

Ln Kte ¼ �DH

RT
þ DS

R
(9)

where Kte represents the thermodynamic equilibrium constant.
Eqn (8) was used to calculate DG°, whereas eqn (9) was used to
estimate DH and DS. Before computing these parameters, Kte

was made dimensionless. To make Kte dimensionless, the
Langmuir constant (L) in L mg−1 was rst transformed to L
mol−1 via the approach described in a previous study58 using
eqn (10):

Kte = L × 1000 × 55.51 (mol L−1) × molecular weight of AM(10)

Table 4 shows the estimated values of parameters. Ni-NPs
and Mn-NPs had negative DH and DS values, indicating
exothermic AM removal, whereas MN-NCs had positive DH and
DS values, suggesting endothermic AM removal. The negative
DG° results indicated that AM removal on Ni-NPs, Mn-NPs, and
MN-NCs occurred spontaneously. The DG° values ranged from
−80 to −400 kJ mol−1, indicating chemisorption as the primary
mode of AM elimination.59
3.6. Regeneration and reusability study of MN-NCs

The stability of the adsorbents/materials plays a crucial role in
their practical implementation. The MN-NCs were used as the
representative adsorbent in the recycling experiment in the
Table 4 Thermodynamics parameters for AM adsorption onto Ni-
NPs, Mn-NPs, and MN-NCs

Parameters Values

Adsorbents Ni-NPs Mn-NPs MN-NCs

DH (kJ mol−1) −53.98 −51.42 8.125
DS (J mol−1 K−1) −54.66 −45.24 117.6
DG° (kJ mol−1) −39.22 −40.93 −41.80

RSC Adv., 2024, 14, 28285–28297 | 28293
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Fig. 8 Recycling of MN-NCs for four cycles to adsorb AM (MN-NC
dose 25mg/0.1 L, AM concentration 40mg L−1, volume of AM solution
100 mL, pH 2).
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current investigation. The pH study in Fig. 6 demonstrates that
the MN-NCs can adsorb AM (anionic dye) at a pH less than 4,
which indicates that the adsorbed AM can be released by
controlling the pH.34 However, the desorption study was per-
formed with a mixture of ethanol/NaOH to improve the
desorption efficacy because of the high dissolving ability of
organic-based dyes in organic solvents. The results of regener-
ation and reusability of MN-NCs are represented in Fig. 8, which
Fig. 9 (a) Chemical structure of AM, (b) HOMO and (c) LUMOdistribution
0, (f) f−, (g) f+, and (h) CDD of AM.

28294 | RSC Adv., 2024, 14, 28285–28297
showed that the MN-NCs retained about 79% of adsorption
efficiency aer four cycles. Therefore, MN-NCs were found to be
readily stable, demonstrating substantial potential of recycling
and can be efficiently reused for anionic dye removal.

3.7. DFT study

To investigate the mechanism and adsorption pathway of AM
removal, DFT was applied to examine the structural properties.
DFT methodology is described in Section S1 (ESI data).† AM
exhibited the distribution of the lowest unoccupied molecular
orbital (LUMO) and highest occupied molecular orbital
(HOMO), with the LUMO principally situated on reactive sites
C1, N1, C4, C12, and C13, which are accessible electron donors
for the reduction reaction. Organic compounds' HOMO and
LUMO are commonly employed to explain their oxidation and
reduction capacities. However, it is unable to precisely explain
the electron gains or losses at each AMmolecule location during
the process. The electrostatic potential (ESP) mapping displayed
that auxochrome groups present in the skeleton of AM were
electron-rich active sites. In addition to the charge distribution
derived from natural population analysis (NPA), Fig. 9 displays
the condensed double descriptor (C5) and the Fukui index.
Components C5 with high values of f 0 are more susceptible to
free radical attacks (cOH or cO2

−). The condensed dual
descriptor (CDD) values were determined based on the f− and f+
parameters. The negative values suggested a higher likelihood
of electrophilic reactions, whereas the positive values indicated
a greater probability of nucleophilic reactions (Table S1†). The
highest CDD value of N16 clearly indicated that this is the active
site for attacking during the reaction. Orbital 154 was LOMO
on AM, and (d) ESPmapping of AM. The condensed Fukui functions (e) f

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison of the adsorption capacity of MN-NCs with
other nanomaterials reported in the literature

Adsorbent
Adsorption capacity
(mg g−1) Reference

CTAB-RH 126 mmol g−1 60
Magnetic starch 193.7 61
Magnetic Fe3O4/MIL-88A 120.3 62
Magnetic Fe3O4/MgO 37.98 8
Iron oxide (Ferrihydrite) 35.50 63
Modied AC 72.68 64
Mt-IL 263.2 65
MN-NCs 172.1 This study
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with an energy of −0.098634 a.u. (−2.683962 eV), whereas
orbital 153 was HOMO with an energy of −0.212020 a.u.
(−5.769348 eV). The LOMO–HOMO gap was calculated to be
0.113386 a.u. (3.085387 eV, 297.694622 kJ mol−1). Among all
atoms, N16 and N17 displayed more positive CDD values,
indicating that they were easily attacked by the catalysts.

Table 5 shows a comparison of AM adsorbed by MN-NCs and
other materials reported in the literature. From Table 5, it can
be observed that MN-NCs prepared in this study have higher
and comparable adsorption capacity in removing AM from
aqueous solutions compared to other materials.
3.8. Adsorption mechanism

Dye adsorption onto adsorbents/nanoadsorbents can occur via
physical adsorption or/and chemisorption. In the process of
physical adsorption, the dye molecules adhere to the surface of
the adsorbent because of van der Waals forces and hydrogen
bonding. Chemisorption occurs when dye molecules or ions
form a chemical connection with a particular surface functional
group or site.66 The adsorption mechanism is inuenced by
adsorbent properties including surface area, functional groups,
pores, and ideal conditions.67 The electrostatic attraction and
ion exchange may occur between the functional group of AM
alongside the protonated interface of the MN-NCs if the mixture
is acidic,68 as shown in Fig. S8.† The possible explanation for the
mechanism of AM adsorption on the fabricated adsorbent MN-
NCs can be that at lower pH values, the water-metal complex is
formed.69 The hydrogen bonds between negatively charged
oxygen on the AM ring and the hydrogen atom present in
aqueous nanocomposites facilitate the removal of AM. Alter-
natively, the formation of a weak pi bond between the electron
density of aromatic ring and hydrogen atom in aqueous nano-
composites may be responsible for the adsorption of AM. Other
possibilities and routes of mechanism include the adsorption of
AM (anionic dye) on the surface of MN-NCs and the formation
of intermolecular interaction between the nitrogen and the
oxygen of AM with the MN-NC surface.70 From the kinetic study,
the AM adsorption by MN-NCs is assumed to consist of two
consecutive steps: (i) transport of AM molecules from bulk
solution to the exterior surface of MN-NCs (lm diffusion) and
(ii) transport of the AM molecules within the pores of the MN-
© 2024 The Author(s). Published by the Royal Society of Chemistry
NCs, which occurs on the external surface (IpD or pore
diffusion).71

4. Conclusion

Nano-adsorbents, namely, Ni-NPs, Mn-NPs, and MN-NCs have
been synthesized by an environmentally benevolent hydro-
thermal method and characterized by various techniques to get
information on the crystal structure, functional groups,
morphology, surface area, pore diameter, etc. The nano-
adsorbents Ni-NPs, Mn-NPs, and MN-NCs were applied and
compared for AM removal from water. Through data analysis, it
was established that the adsorption of AM for Mn-NPs and MN-
NCs was maximum at low pH 2, while Ni-NPs adsorbed
maximum AM at pH 4. The adsorption of AM onto nano-
adsorbents Ni-NPs, Mn-NPs, and MN-NCs followed the Lang-
muir and pseudo-SO models, indicating monolayer adsorption
via chemisorption. From the thermodynamic study, it was
revealed that the removal of AM on MN-NCs was exothermic in
nature, whereas endothermic behavior was observed for Ni-NPs
and MN-NPs in the removal of AM. The MN-NCs were success-
fully regenerated and recycled in four consecutive cycles to
remove AM. In short, the study showed that these nano-
adsorbents may be useful for dye effluent treatment and could
help in identifying more efficient nanomaterial types with
enhanced qualities for the effective mitigation of pollution.

Data availability

The authors conrm that the data supporting the ndings of
this study are available within the article and its ESI.†

Author contributions

Madiha Ahmad: writing – original dra, methodology, investi-
gation. Qamar Riaz: writing – original dra, investigation.
Mehwish Tabassum: formal analysis. Syed Salman Shafqat:
soware. Aima Tul Ayesha: writing – review & editing.
Muhammad Zubair: writing – review & editing. Youpeng Xiong:
soware. Asad Syed: visualization. Hind A. AL-Shwaiman:
funding acquisition. Muhammad Arif Nadeem: validation. Xin
Jia: resources, writing – review & editing. Guobao Xu: resources.
Muhammad Nadeem Zafar: supervision, conceptualization,
project administration.

Conflicts of interest

The authors declare that they have no known competing
nancial interests or personal relationships that could have
appeared to inuence the work reported in this paper.

Acknowledgements

The authors extend their appreciation to the Researchers Sup-
porting Project number (RSP2024R500), King Saud University
Riyadh, Saudi Arabia. We are grateful for nancial support from
Chinese Academy of Sciences (CAS) President's International
RSC Adv., 2024, 14, 28285–28297 | 28295

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04208e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/8
/2

02
5 

8:
28

:1
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Fellowship Initiative (PIFI) program for Visiting Scientists
(Grant No. 2024PVB0003). MNZ acknowledges the CAS for the
grant of “President's International Fellowship Initiative (PIFI)”
award.
References

1 R. Kant, Nat. Sci., 2012, 4, 22–26.
2 M. Blachnio, T. M. Budnyak, A. Derylo-Marczewska,
A. W. Marczewski and V. A. Tertykh, Langmuir, 2018, 34,
2258–2273.

3 N. M.Mahmoodi, Z. Hosseinabadi-Farahani andH. Chamani,
Environ. Prog. Sustain. Energy, 2017, 36, 111–119.

4 H. Miao, M. Li, X. Sun, J. Xia, Y. Li, J. Li, F. Wang and J. Xu,
Front. Bioeng. Biotechnol., 2021, 9, 827552.

5 S. M. Ibrahim, N. F. Al-Harby, S. A. El-Molla and
E. S. Ibrahim, Sci. Rep., 2024, 14, 14756.

6 A. Strebel, M. Behringer, H. Hilbig, A. Machner and
B. Helmreich, Front. Environ. Eng., 2024, 3, 1347981.

7 A. Basu and G. S. Kumar, J. Hazard. Mater., 2014, 273, 200–
206.

8 A.-N. M. Salem, M. A. Ahmed andM. F. El-Shahat, J. Mol. Liq.,
2016, 219, 780–788.

9 B. Mu and A. Wang, J. Environ. Chem. Eng., 2016, 4, 1274–
1294.

10 I. Bibi, N. Nazar, M. Iqbal, S. Kamal, H. Nawaz, S. Nouren,
Y. Safa, K. Jilani, M. Sultan, S. Ata, F. Rehman and
M. Abbas, Adv. Powder Technol., 2017, 28, 2035–2043.

11 I. Shakoor, U. Jabeen, I. Ahmad, S. Riaz, M. Tayyab, A. Syed,
A. H. Bahkali, M. Riaz, R. R. Zairov and M. N. Zafar, Inorg.
Chim. Acta, 2024, 560, 121837.

12 K. Abdellaoui, I. Pavlovic, M. Bouhent, A. Benhamou and
C. Barriga, Appl. Clay Sci., 2017, 143, 142–150.

13 M. Bashir, M. Batool, N. Arif, M. Tayyab, Y.-J. Zeng and
M. N. Zafar, Coord. Chem. Rev., 2023, 492, 215286.

14 J. E. Aguiar, J. C. A. de Oliveira, P. F. G. Silvino, J. A. Neto,
I. J. Silva and S. M. P. Lucena, Colloids Surf., A, 2016, 496,
125–131.
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