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ic liquid (IL)-based magnetic
adsorbents: the way forward to remediate water
pollution

Divya Yadav,a Karmjeet Nain,a Divya Dhillayan,a Rishi Mittal,a Shafila Bansalb

and Santosh Bhukal *a

In this investigation, bare and hydrophobic IL-modified FeO nanoparticles (NPs) have been synthesized

using microwave irradiation. Multiple characterization techniques, including XRD, FT-IR, and FESEM,

were utilized to analyze the properties of the synthesized NPs. The primary objective was to examine the

efficacy of NPs as adsorbents for removing dyes and heavy metals from aqueous solutions. To evaluate

the factors affecting the adsorption efficiency of the NPs, various variables including dye concentration,

pH of the reaction medium, nanoparticle dosage, and reaction time were studied using the batch

experiment method. The study demonstrated that the IL-modified NPs were more effective in removing

CV and Cr(VI) dyes than unmodified NPs. Various adsorption isotherm intra-particle diffusion models,

including Langmuir, Freundlich, and Tempkin, were elaborated to obtain insight into the adsorption

behavior of the NPs. This study effectively synthesized bare and IL-modified NPs using a microwave

irradiation method. The modified NPs showed promising potential as adsorbents for efficiently removing

CV dye and Cr(VI) from aqueous solutions.
Environmental signicance

Nanotechnology and room temperature ionic liquids (RTILs) are powerful tools in water remediation. They offer a more sustainable and environmentally
conscious solution to water pollution and scarcity. Traditional methods oen rely on chemical agents, which can have negative environmental and health
impacts. By combining nanotechnology with RTILs, the reliance on chemicals is minimized, resulting in a reduced environmental footprint. Nanomaterials can
be used to selectively adsorb, degrade, or immobilize waterborne contaminants, replacing the need for large quantities of chemicals. RTILs, with their thermal
stability and non-volatile nature, are safer alternatives to volatile and ammable organic solvents. Their properties can be customized by selecting specic
combinations of cations and anions, making them versatile solvents for diverse applications. Ionic liquids (ILs), which include RTILs, can modify nanoparticles
(NPs) to remove contaminants like CV dye and chromium from water. This synergy between ILs and nanotechnology extends the toolbox of innovative solutions
for addressing water pollution issues. Overall, the integration of nanotechnology and RTILs is a promising approach to revolutionize water remediation,
reducing chemical usage and maximizing efficiency through tailored materials and processes.
1. Introduction

Industrial effluents discharged into water bodies pose a signi-
cant concern, restricting human progress and hindering envi-
ronmental sustainability.1 In the context of India, the dye
industry holds a strong position, accounting for a signicant
share of the global market, and is projected to grow further in
the coming years. The industry's growth is driven by rising
disposable incomes, population expansion, increased demand
for cosmetic products, construction, infrastructure develop-
ment, and paints and coatings.2 The production of pigments
echnology, Hisar, 125001, India. E-mail:

gmail.com; karmjeetsinghnain@gmail.

al.cool@gmail.com; shabansal@yahoo.

0–501
and dyes, particularly in industries such as cosmetics, textiles,
paper, and leather, poses a signicant environmental threat by
contributing to water contamination and diminishing the
availability of safe drinking water.3,4 The poor biodegradability
of organic dyes, oen with carcinogenic properties, exacerbates
the risks of water pollution. Some dyes contain toxins, and their
breakdown products can be more hazardous than the original
pigments. Toxicity experiments reveal that these breakdown
products can be extremely harmful to aquatic creatures,
surpassing the toxicity of the parent dyes.5 Moreover, synthetic
dyes are oen combined with heavy metals like copper, chro-
mium (Cr(VI)), and nickel to enhance colorfastness and bright-
ness. However, the destruction of these dyes during wastewater
treatment releases heavy metals into the environment, further
polluting water bodies and posing threats to ecosystems and
human health.6–8 Water-soluble dyes, particularly cationic dyes
used in textiles, exhibit water solubility and generate positively
© 2024 The Author(s). Published by the Royal Society of Chemistry
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charged ions, producing colored cations when dissolved.
Despite their vibrant colors, these dyes raise concerns due to
their toxicity. Examples include methane dyes, anthraquinone
dyes, cationic azo dyes, phthalocyanine dyes, and others. On the
other hand, anionic dyes, relying on negatively charged ions,
encompass various compounds, including reactive dyes that
may be released into the environment undesirably. Acidic silks,
used in dyeing various bers, are of concern due to their organic
sulphonic acids, potentially harmful to human health.9–14 Heavy
metal pollution, resulting from activities such as electroplating,
pesticide production, battery manufacturing, tanning, mining,
and metal smelting, has become a matter of growing concern,
causing environmental degradation and harm to human
health.15–17 Specic pollutants like crystal violet and hexavalent
chromium are particularly problematic. Crystal violet is carci-
nogenic and recalcitrant, persisting in various environments.18

Hexavalent chromium is a highly toxic heavy metal commonly
released by industries, posing threats to ecosystems and human
well-being. The US Environmental Protection Agency considers
it the highest-priority toxic pollutant.19 Chromium, especially in
its hexavalent state, is a more toxic heavy metal than others
released from various industries. The Indian standard for
drinking water (ISO:10500) sets an acceptable limit of
0.05 mg L−1 for chromium.20 In recent years, low-cost materials
such as nanoparticles with high surface area and good thermal
stability, including iron oxide, zinc oxide, aluminum oxide,
titanium oxide, mixed oxide, gold nanoparticles, and copper
oxide, have been utilized for adsorption to remove
pollutants.21,22

Various techniques have been employed to address this
issue, including ion exchange, occulation, reverse osmosis, co-
precipitation, ultraltration, oxidation, and solvent extraction.
However, the adsorption technique stands out due to its cost-
effectiveness and minimal sludge production. Activated char-
coal has been widely studied and proven effective as an adsor-
bent for wastewater treatment.23–27 However, its high cost and
regeneration challenges limit its widespread use.

In environmental remediation, nanotechnology plays
a signicant role, particularly in processes such as effluent
treatment, potable water purication, groundwater remedia-
tion, and air purication.28 Metal NPs exhibit catalytic proper-
ties that are highly benecial in organic reactions due to their
ease of preparation and high recovery rates. Metals such as
palladium and copper have been extensively utilized as catalysts
in the synthesis of various compounds. Metal NPs also show
potential as photocatalysts for environmental remediation and
require further research.29

Certain metal NPs have demonstrated strong adsorption
capacities and are utilized in environmental remediation
processes. Examples of such NPs include TiO2,30 ZnO,31 and Ag
NPs.32 Iron (Fe) NPs, in particular, offer several advantages over
other types of metal NPs. They are less toxic to organisms and
relatively more cost-effective.33

Iron NPs are among those NPs that possess signicant redox
and adsorption capacities, making them valuable in diverse
sectors, including medical treatment, sensing, catalytic activity,
optics, electronic devices, and environmental remediation.34
© 2024 The Author(s). Published by the Royal Society of Chemistry
However unmodied FeO NPs tend to aggregate into bigger
particles in solutions. Room-temperature ionic liquids (RTILs),
which are made up of just cations and anions, are used for
stabilising NPs without the need for extra organic chemicals.35

Due to the fact that their cations and anions may be tuned to
meet the needs of a specic application, ILs are sometimes
referred to as designer solvents. Therefore, these green solvents
can be hydrophilic or hydrophobic depending on themakeup of
cations and anions. The main reason for using ILs in the reac-
tion system of nanoparticle synthesis is to control the rate of
particle growth and nucleation, which is important for pre-
dicting the size and form of the NPs. Long-chain surfactants
reduce the rate of particle aggregation, and the pre-organized
solvent structure facilitates the creation of highly dened
nanostructures by allowing the nanocrystals to self-organize.
Anions and large cations in ILs have peculiar properties that
make them operate as self-assembling templates.36,37

It is essential to adopt sustainable practices and develop
effective wastewater treatment methods to tackle the challenges
posed by industrial effluents and pollution. The goal is to
minimize the release of pollutants into water bodies and ensure
the availability of clean water for various purposes. The
understanding of dye and heavy metal properties, their
behavior during treatment processes, and the development of
advanced treatment technologies are crucial for mitigating the
environmental impact of the pollutants. Through continuous
research and innovation, we can work towards sustainable and
responsible production practices that minimize water pollution
and safeguard both the environment and human well-being.

The present study involved the synthesis of bare and IL-
functionalized FeO NPs through the application of microwave
irradiation methodology. Hydrophobic IL based NPs were
synthesized using 1-butyl-3-methylimidazolium hexa-
uorophosphate (IL-1) and 1-ethyl-3-methylimidazolium bis(-
triuoromethylsulfonyl) imide (IL-2). The synthesized NPs were
subjected to experimental conditions to eliminate potentially
dangerous crystal violet (CV) dye and Cr(VI) heavy metal. This
work is novel because hydrophobic ionic liquids 1-butyl-3-
methylimidazolium hexauorophosphate (IL-1) and 1-ethyl-3-
methylimidazolium bis(triuoromethylsulfonyl) imide (IL-2)
have not been used before for modication of iron nano-
particles and their use for removal of CV dye and Cr(VI) has not
been reported before. The study endeavors to examine the
inuence of surface modication by comparing the adsorption
efficacy of bare and IL-modied NPs.

2. Methodology
2.1 Materials

The chemicals used in this investigation were of standard
scientic quality and in their pure form without any alteration.
Sodium hydroxide in powder form (minimum assay = 97.0%),
ferrous sulphate heptahydrate AR and ferric chloride SRL
(minimum assay = 99% and 98% respectively), 1-butyl-3-
methylimidazolium hexauorophosphate and 1-ethyl-3-
methylimidazolium bis(triuoromethyl sulfonyl) imide
(minimum assay HPLC/total nitrogen = 98.0%), ethanol (purity
Environ. Sci.: Adv., 2024, 3, 480–501 | 481
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$ 99.9%), crystal violet and potassium dichromate (K2Cr2O7)
were purchased from Central Drug House (CDH), New Delhi.
Double distilled water was used for all experiments. The pH of the
solutions was changed by adding (1.0 M) NaOH and (0.1 M) HCl.
2.2 Synthesis of iron oxide (FeO) NPs (bare and IL-modied)

The microwave irradiation approach was used to synthesize all
three NPs (bare FeO NPs, IL-1 modied and IL-2 modied NPs).
2 M ferric chloride and 1 M ferric sulphate were prepared and
200 mL of each were taken and mixed to prepare solution-A and
vigorously stirred on a magnetic stirrer. 1.0 M NaOH was
simultaneously added dropwise until the pH of the mixture
reached 11. The resultant mixture was then placed in an IFB-
25SC4 microwave oven with an output power of 850 W for 10
minutes while being kept still to allow the precipitate to
develop. Aer centrifuging the solution, the precipitate was
carefully cleaned with distilled water and ethanol. The precip-
itate was cleaned and then le to dry at 60 degrees Celsius in
a hot air oven for 10–12 hours. At the end of the reaction, bare
FeO (unmodied) NPs were synthesized.33 In order to synthesize
the necessary modied NPs for FeO, 50 ml of a 0.2 M solution of
ILs was added to solution-A before adjusting the pH by the
aforementioned method.38
2.3 Characterization of the synthesized NPs

Various techniques were utilized to inspect the optical, struc-
tural, compositional and morphological properties of the
prepared NPs. The morphological properties of the synthesized
NPs were studied using a Field Emission Scanning Electron
Microscope (FESEM) with EDX. The NPs' surface morphology
was analyzed by collecting images at magnication 50 000×
with a JEOL FE-SEM (Semtrac, Japan). A Fourier Transform
Infrared (FT-IR) spectrometer (PerkinElmer), with a specic
spectral range of 500 to 4000 cm−1, resolution power of 0.5 cm−1

and based on the way it interacts with infrared light, potassium
bromide powder, which provides a conventional optical method
for data collection, was used to identify and analyze the chem-
ical composition of the materials. The particle size and crys-
talline constitution of the synthesized NPs were analysed using
an XRD instrument (BENCHTOP MINI FLEX-II, RIGAKU,
JAPAN) in the range of 10°–80° with l = 0.154 nm. The Debye–
Scherrer equation was used to calculate the size of the NPs:39

d = 0.9l/b cos q (1)

where d is the diameter of the crystalline size of the NPs, 0.9 is the
shape factor constant, l is the X-ray wavelength (0.154 nm), q is
Bragg's angle in radians, and b is the full width at half maximum
intensity of the peak (FWHM). Additionally, Transmission Elec-
tron Microscopy (TEM, Hitachi H-7100) was employed to verify
the presence of pure elemental iron oxide nanoparticles. Zeta
potential measurements were conducted on a 10% aqueous
suspension using a Malvern Instruments Ltd Zetasizer Nano ZS.
Before zeta potential measurements, all samples were sonicated
for 5 minutes. To measure the surface area and porosity of the
prepared nanomaterials BET analysis was carried out.
482 | Environ. Sci.: Adv., 2024, 3, 480–501
2.4 Batch mode study

In the conducted adsorption experiments, a systematic explo-
ration of various parameters was undertaken to unravel the
intricate dynamics of the process. The investigations for CV dye
removal involved varying the dye concentration (ranging from
10 to 60 ppm), adjusting the amount of nanoparticles (from
0.005 to 0.03 g), tuning the operating pH levels (ranging from 2
to 12), and assessing the reaction duration (from 10 to 120
minutes) utilizing an orbital shaker at room temperature.
Similarly, these experiments aimed to comprehensively explain
the adsorption of Cr(VI) by the adsorbent under diverse condi-
tions. The study involved a detailed examination of the adsor-
bate concentration across a range from 10mg to 250mg and ion
concentrations varying from 20 ppm to 160 ppm. The impact of
contact time on the adsorption process was scrutinized metic-
ulously, covering durations from 20 to 120 minutes. Further-
more, the pivotal role of pH in adsorption phenomena was
highlighted, with the experimental focus specically ranging
from pH 2 to 12. This extensive spectrum of experimental
conditions collectively contributes to a thorough comprehen-
sion of the factors inuencing the adsorption of Cr(VI) by the
adsorbent, offering valuable insights for optimizing and
enhancing the efficiency of the process across diverse scenarios.
The content of Cr(VI) was analysed using a UV-visible spectro-
photometer (Model UV-1800 Shimadzu). The pH value of the
solution was adjusted by adding 0.1 mol L−1 concentrations of
HCl and NaOH. The settings of the experiment were optimised
for a concentration of 30 ppm dye and a pH of 10.0 during
a period spanning from 20 to 120 minutes for the kinetics of
adsorption. Subsequently, samples were extracted, centrifuged
at 3000 rpm for 5 minutes, and ltered with Whatman lter
paper no. 1. A UV-Vis spectrophotometer was utilized to nd out
the residual CV amount aer treatment.

The following equation was used to calculate the adsorption
efficiency of the synthesized NPs for both CV dye and Cr(VI):40

Adsorption efficiency ð%Þ ¼ Ci � Cf

Ci

� 100% (2)

where Ce represents the residual dye concentration (mg L−1)
and Ci stands for the initial dye concentration (mg L−1). The dye
concentration values for all the samples prior to and post
adsorption were obtained using the equation shown below to
calculate the amount of dye adsorbed:41

qe ¼ ðCi � CeÞ � V

m
(3)

where m denotes the mass of adsorbent (g), qe (mg g−1) denotes
the amount of CV dye adsorbed by the NPs at equilibrium, and V
stands for the volume of the solution (L).
3. Results and discussion
3.1 Characterization and properties of FeO NPs

3.1.1 Fourier transform infrared spectroscopy (FT-IR)
analysis. FTIR spectroscopy was used to conrm the chemical
compositions of the iron oxide NPs at room temperature. Fig. 1
displays the three FTIR spectra of modied and unmodied
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectra of the synthesized bare FeO NPs andmodified NPs
with IL-1 and IL-2 under identical reaction conditions.
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NPs. The presence of the iron–oxygen bond (Fe–O) in the syn-
thesised NPs is conrmed by the appearance of distinct peaks at
574.09, 578.90, and 573.09 cm−1 for FeO (B), FeO-IL1, and FeO-
IL2 connected to the resonance of Fe–O octagonal bonds.42 In
addition, the observed peaks at 1623.27 and 1632.72 cm−1 are
only clearly visible in the product synthesized using an ionic
liquid as these peaks show skeleton vibrations of the imidazole
ring. The peaks at 3435.45, 3427.63, and 3454.54 cm−1 for
FeO(B), FeO-IL1, and FeO-IL2 respectively show the vibrational
bending of absorbed water and OH stretching mode. Because
water is utilised as a sample solvent, the surface hydroxyl ion is
stretched, causing the OH group of water to stretch. The
experimental ndings demonstrate that the NPs synthesised are
made of iron oxide and do not include any signicant
contaminant.43

3.1.2 XRD analysis. The table provided in Fig. 2 contain
comprehensive information regarding the peaks and corre-
sponding sizes of the synthesized NPs. The distinct peaks as
Fig. 2 (a) XRD patterns of the as-prepared iron oxide nanoparticles usin
listing the peaks shown in the XRD patterns.

© 2024 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 2 are within the range of 10°–80° across all
compositions indicative of the crystalline nature of the
compound. Using Scherrer's formula, it is calculated that the
NPs were of 11.58 nm, 8.22 nm and 6.97 nm for bare FeO, FeO-
IL1, and FeO-IL2 respectively.44 The ILs can control crystal
growth during the growth of NPs as size reduction is observed
because of three most likely reasons that are (a) interactions
between the rings of aromatic compound structures, (b)
hydrogen bonding between the initial nuclei and the hydrogen
atom, and (c) steric crowding in the imidazolium ring system
generated by the extended length of the ILs' alkyl chains
depending on the nitrogen.45 The orthorhombic shape structure
of iron oxide (JCPDS card no. 19-1346) indexed in the dif-
fractograms show 2 peak values as described in Fig. 2(b).46

3.1.3 Field emission scanning electron microscope (FE-
SEM) analysis and energy dispersive X-ray analysis (EDAX).
The FE-SEM pictures (with various resolutions) of bare and IL-
modied FeO NPs demonstrate an even spread of NPs of
various forms (Fig. 3). The size of bare NPs ranged from 5 nm to
12 nm. However, with IL-modied NPs, extremely small parti-
cles have been obtained. Table 1 displays the amount (%) of
iron metal and oxygen in the synthesized NPs (Fig. 4).47

3.1.4 Brunauer–Emmett–Teller (BET). The surface area was
calculated using BJH adsorption/desorption isotherms ob-
tained in liquid nitrogen (77.35 K) as shown in Fig. 5. The
specic surface area of the nanomaterials is obtained from BET,
while the total surface area of the pores obtained from the BJH
desorption analysis along with the pore diameter is shown in
Table 2.

3.1.5 Zeta potential measurements. The solution samples
of FeO-bare, FeO-IL1 and FeO-IL2 NPs were prepared in double
distilled water (DDW) and their zeta potentials were measured
to be −1.96, −17.1, and −11.6 respectively as shown in Fig. 6.
The shi in zeta potential towards negative values in contrast to
unmodied synthesis demonstrates that ILs considerably affect
the interfacial structure of NPs, reducing the NP aggregation
ability.48
g IL-l and 2 and without IL under similar reaction conditions; (b) table

Environ. Sci.: Adv., 2024, 3, 480–501 | 483
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Fig. 3 SEM images of the as-prepared (a) bare FeO NPs and (b) IL-1 modified and (c) IL-2 modified NPs under similar reaction conditions.
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3.1.6 TEM. Fig. 7 presents the high-resolution trans-
mission electron micrographs of both bare and modied NPs.
The TEM images depict the diverse spherical shapes of nano-
particles and their consistent encapsulation within ionic
liquids. The micrograph distinctly illustrates a decrease in size
and aggregation of modied NPs compared to the bare FeO
NPs. Furthermore, IL-1 modied FeO NPs exhibit surfaces
characterized by increased roughness, featuring mesoporous
structures and fewer particle aggregates compared to both bare
and IL2 modied NPs.

3.2 Results and discussion of the adsorption reaction of CV
dye

3.2.1 The effect of pH on the adsorption of CV dye. The pH
of the solution is critical in the adsorption process of dyes uti-
lising NPs since both the adsorbent and the adsorbate may
possess groups with functional properties that might be
affected by the presence of hydrogen ions. To assess the impact
484 | Environ. Sci.: Adv., 2024, 3, 480–501
of pH on the adsorption efficiency of FeO NPs, this study con-
ducted experiments with varying pH levels ranging from 2 to 12.
The NPs used in the study were either in their naked form or
modied with ILs, and the dosage of NPs remained constant at
30 mg/30 mL, while the initial dye concentration was set at
30 ppm.

The results depicted in Fig. 8(a) demonstrated that, initially,
an increase in the pH of the solution led to a gradual
enhancement in the rate of dye adsorption for all cases. At pH
10, the dye breakdown rate was maximum. However, as the pH
further increased, there was a subsequent decline in the rate of
adsorption. Furthermore, the IL-modied NPs exhibited the
highest adsorption capacity compared to the unmodied NPs.

These ndings highlight the pH-dependent nature of the dye
adsorption process using FeO NPs. The increased adsorption
rate at higher pH values up to pH 10 can be attributed to
favorable electrostatic interactions between the charged func-
tional groups on the NPs and the dye molecules. However,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The amount (%) of metal and oxygen in the synthesized NPs

Element Weight % Atomic % Error % R A F

Fe bare
O K 46.9 75.5 9.0 0.8683 0.2302 1.0000
Fe K 53.1 24.5 2.2 0.9433 0.9720 1.0292

Fe PF6
O K 36.0 66.3 9.3 0.8538 0.2110 1.0000
Fe K 64.0 33.7 2.2 0.9344 0.9689 1.0275

Fe IMIDE
O K 45.7 55.1 10.0 0.8975 0.1273 1.0000
Fe K 54.3 11.6 2.1 0.9597 0.9795 1.0344
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beyond pH 10, the decrease in adsorption rate may be due to
changes in the surface charge characteristics of the NPs or the
dye, leading to reduced affinity between them. Additionally, the
enhanced adsorption efficiency of the IL-modied NPs suggests
that the presence of ILs on the NP surface enhances the inter-
actions with the dye molecules, leading to improved adsorption
performance.49,50

3.2.2 Effect of the adsorbent dose of CV dye. For 60
minutes, we did batch adsorption experiments with NP dosages
that varied from 10 to 50 mg in 30 mL at a starting dye amount
Fig. 4 Typical EDS spectra of the as-prepared FeO NPs using IL-I (b) an

© 2024 The Author(s). Published by the Royal Society of Chemistry
of 30 ppm and pH of 10. All experiments were carried out in an
orbital shaker at room temperature. Adsorption efficiency
increased with NP dose in both unmodied and IL-modied
NPs, but above a specic dose (>20 mg), the % clearance effi-
cacy held steady, as shown in Fig. 8(b). For both IL-1 and 2
modied FeO NPs, the maximum efficiency of adsorption is
greater than 95%. Despite the quantity of NPs being greater
than 30 mg, their adsorption ability stayed static because, at
greater quantities, the aggregation speed of NPs increased,
reducing the total surface area of NPs and restricting adsorption
effectiveness.51

3.2.3 Effect of CV dye concentration. The inuence of the
concentration of dye on the adsorption capability of FeO NPs
was investigated by adjusting the concentration to 20 ppm–

120 ppm at room temperature while retaining the other factors
(at which the greatest adsorption was achieved): a pH value of
10 along with the dosage of adsorbent 30 mg/30 mL of sample.
In all cases, adsorption effectiveness reduces signicantly with
increasing dye concentrations, with IL-modied NPs demon-
strating the greatest removal [Fig. 8(c)]. Because the active sites
of NPs have been lled with the molecules of dye, increasing the
amount of dye had no benecial effect on dye adsorption
efficiency.52

3.2.4 Effect of time on the adsorption of CV dye. In an
orbital shaker, the impact of time period on the adsorption of
d 2 (c) and without IL (a) under similar reaction conditions.
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Fig. 5 BJH adsorption/desorption isotherm graphs of (a) FeO-B, (b) FeO-IL1 and (c) FeO-IL2.

Table 2 BET parameters analysis for synthesized NPs

Parameters Bare FeO FeO-IL1 FeO-IL2

BET surface area 32.714 m2 g−1 48.256 m2 g−1 45.921 m2 g−1

Pore surface area 46.235 m2 g−1 61.272 m2 g−1 57.852 m2 g−1

Average pore diameter 2.412 nm 4.128 nm 3.578 nm
Pore volume 0.083 cc g−1 0.114 cc g−1 0.102 cc g−1

Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 4

:0
3:

43
 P

M
. 

 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
CV dye by NPs was examined between 10 and 120 minutes at
room temperature. In every scenario, the adsorption efficacy
increased extremely quickly during the rst 10 minutes, then
increased progressively for the next 60 minutes and for an
additional 120 minutes until the system became saturated as
shown in Fig. 8(d). However, IL-modied NPs exhibited the
highest eradication efficacy. The effect of duration on removal
efficacy can be described by the accessibility of more unoccu-
pied spots on the surface of NPs for the CV adsorption, which
become overwhelmed aer a certain period of time and as
486 | Environ. Sci.: Adv., 2024, 3, 480–501
a result no additional adsorption was found with the passage of
time.53
3.3 Chromium [Cr(VI)] removal

3.3.1 Effect of adsorbent dose. To check the effect of
concentration of iron NPs on the adsorption of Cr(VI), some
studies were carried out with concentrations ranging from
10 mg to 250 mg with an interval of 40 mg under optimum
conditions with the initial concentration of Cr(VI) being 40 ppm
and constant pH = 6 for 100 min. The experiments were carried
in an orbital shaker with a temperature of 60 °C. The highest
adsorption capacity was observed at 170 mg (Fig. 9). Similar
ndings were reported when FeOs and palladium NPs synthe-
sized using Spirulina were used for adsorption of CV dye and
lead respectively.54

3.3.2 Effect of Cr(VI) ion concentration. Keeping the other
parameters constant, the effect of concentration of Cr(VI) was
investigated by varying the ion concentration from 20 ppm to
160 ppm. The pH and the adsorbent dose were kept constant at
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Zeta potential of (a) FeO-bare, (b) FeO-IL1 and (c) FeO-IL2.

Fig. 7 High resolution transmission electron micrographs of (a) FeO-bare, (b) FeO-IL1 and (c) FeO-IL2.
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6 and 170 mg. The solutions were investigated in an orbital
shaker with a temperature of 60 °C. The highest adsorption
capacity was observed at 40 ppm (Fig. 9). This clearly indicates
that adsorption efficiency depends on metal concentration.
With an increase in metal concentration, there are more metal
ions to bind on adsorption sites, but these sites are limited in
number.55

3.3.3 Effect of time on the adsorption of Cr(VI). The effect of
contact time on the adsorption of Cr(VI) by the adsorbent was
© 2024 The Author(s). Published by the Royal Society of Chemistry
examined in the range of 20 to 120 min with an interval of
20 min at 60 °C temperature in an orbital shaker with pH and
the adsorbent dose being kept constant at 6 and 170 mg (Fig. 9).
The Cr(VI) concentration was 40 ppm. Adsorption efficiency
increased as contact time increased from 20 min to 100 min,
and at 100 min maximum adsorption was observed.

3.3.4 Inuence of pH on adsorption. pH is regarded as one
of the signicant factors that affects the process of adsorption.
pH in this experimental study was varied from 2 to 12, to explore
Environ. Sci.: Adv., 2024, 3, 480–501 | 487
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Fig. 8 Graphical representation of the effect of various factors: (a) pH, (b) dose, (c) dye concentration, and (d) time period on the % removal of CV
dye using the prepared FeO NPs using IL-1 and 2.
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its inuence on the adsorption of Cr(VI). The experimental study
was carried out at ametal concentration of 40 ppm, temperature
of 60 °C, contact time of 100 min and NP dose of 170 mg.
Maximum adsorption efficiency was observed at pH of 6.
Similar ndings were observed when iron NPs synthesized
using an algal extract were used for adsorption of Cr(VI).56
3.4 Comparison study of different ILs and NPs on optimised
parameters

Based on the optimized parameters mentioned above, the
maximum adsorption capacity was assessed for IL1, IL2, FeO
(B), FeO (IL1), and FeO (IL2) in the removal of CV dye. The
results demonstrated that FeO-IL1 exhibited the highest
removal efficiency, reaching a maximum adsorption of 98.47%.
Additionally, FeO (IL1) showed signicant adsorption perfor-
mance, achieving a removal efficiency of 98.43%. These nd-
ings are visually represented in the accompanying Fig. 10.

In the referenced study, a new nanocomposite composed of
an [EPMpyr][SAL] ionic liquid and iron oxide magnetic
488 | Environ. Sci.: Adv., 2024, 3, 480–501
nanoparticles (IL/MNP/Zeo) was successfully synthesized and
characterized through diverse techniques. This nanocomposite
displayed improved binding properties and thermal stability,
acting as an effective catalyst for reducing nitroanilines and
dyes in aqueous solutions. Notably, the catalyst, easily recov-
erable via an external magnet, demonstrated outstanding recy-
clability with minimal loss of activity, highlighting its
promising potential for environmentally friendly and cost-
effective applications in environmental protection.57 A
comparison between different NPs and ILs at a constant pH of 6,
contact time of 100 min, metal concentration of 40 ppm, NP
dose of 170 mg and temperature of 60 °C was made. Maximum
Cr(VI) metal removal was observed with FeO-IL2 with
a maximum adsorption of 77.21% as shown in Fig. 11.
Numerous studies have demonstrated the efficacy of both
natural and modied adsorbents in eliminating heavy metal
pollutants, attributing their adsorption capabilities to their
expansive surface area and pore volume.58 Agricultural by-
products and clay minerals have been effectively employed for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Graphical representation of the effect of different parameters: (a) dose, (b) pH, (c) metal concentration, and (d) time on the % removal of
chromium heavy metal using the prepared bare-FeO NPs.

Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 4

:0
3:

43
 P

M
. 

 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
the removal of heavy metals and inorganic pollutants, as
highlighted by Balarak et al. (2016a).59 Notably, Bazrafshan et al.
(2017)60 investigated the ability of Cydonia oblonga seeds to
remove Cr(VI) ions from aqueous solutions. Balarak et al.
(2016b)61 provided studies on the removal of cadmium from
water by treating Azolla liculoides with sulfuric acid (H2SO4),
suggesting the efficacy of Azolla Filiculoides as an adsorbent for
Cd(II). Furthermore, Balarak et al. (2016a)59 revealed that barley
husk, a cheap agricultural waste, was effective in removing
Cd(II) from aqueous solutions. Azarpira and Mahdavi (2016)62

studied the utilisation of canola biomass for a batch-based
adsorption of Cd(II) from aqueous solutions in another inves-
tigation. Agarwal et al. (2016)63 have reported the elimination of
hazardous nickel(II) utilising novel alumina nanoparticles and
multiwalled carbon nanotubes.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.5 Different adsorption isotherm models

The isotherm models were used to evaluate adsorption behav-
iour and interactions between adsorbent and dye molecules. To
investigate the adsorption equilibrium of CV dye onto the
surface of NPs, the adsorption isothermmodels viz. Langmuir,64

Freundlich,65 and Temkin66 were applied for the adsorption
data. The Langmuir model predicts dye molecules binding in
a monolayer with uniform distribution of active sites on the
adsorbent's surface.64 The Freundlich model posits that dye
adsorbs in many layers on an adsorbent's heterogeneous active
sites and that the amount of dye adsorption rises indenitely as
dye concentration increases.65 The Temkin isotherm model
assumed a homogeneous distribution of binding energy
through the process of attraction among the dye molecules and
the adsorbent, and the heat of dye adsorption decreased linearly
Environ. Sci.: Adv., 2024, 3, 480–501 | 489
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Table 3 (a) Adsorption isotherm model (Langmuir) parameters for CV
dye adsorption onto FeO(B), FeO IL-1, and FeO IL-2 NPs. (b) Adsorp-
tion isothermmodel (Tempkin) parameters for CV dye adsorption onto
FeO(B), FeO IL-1, and FeO IL-2 NPs. (c) Adsorption isotherm model
(Freundlich) parameters for CV dye adsorption onto FeO(B), FeO IL-1,
and FeO IL-2 NPs

(a) Langmuir

Parameters Coef.

FeO(B) qmax (mg g−1) 23.94
b (L mg−1) 0.2483
RL 0.118
R2 0.990

FeO IL-1 qmax (mg g−1) 58.03
b (L mg−1) 0.639
RL 0.049
R2 0.992

FeO IL-2 qmax (mg g−1) 38.25
b (L mg−1) 0.400
RL 0.076
R2 0.991

(b) Tempkin

Parameters Coefficients

FeO(B) B 19.275
KT (L mol−1) 3.0879
R2 0.991

FeO IL-1 B 14.438
KT (L mol−1) 18.401
R2 0.984

FeO IL-2 B 16.655
KT (L mol−1) 7.576
R2 0.980

(c) Freundlich

Parameters Coef.

FeO(B) 1/n 0.467
KF (mg g−1) 21.925
R2 0.989

FeO IL-1 1/n 0.341
KF (mg g−1) 34.608
R2 0.993

FeO IL-2 1/n 0.398
KF (mg g−1) 29.200
R2 0.998

Fig. 10 Graphical representation of comparison of different NPs at
optimized parameters.

Fig. 11 Graphical representation of the comparison of different NPs at
optimized parameters for Cr(VI) removal.
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with coverage.66 Eqn (4)–(6) provide the linear forms of these
models i.e., the Langmuir, Freundlich, and Temkin models.

Ce

qe
¼ 1

qmaxb
þ Ce

qmax

(4)

log qe ¼ log Kf þ 1

n
log Ce (5)

qe = B lnKT + B lnCe (6)

where Ce (mg L−1) is the equilibrium concentration of the CV
dye solution, and qmax (mg g−1) and b (L mg−1) are the
maximum adsorption capacity and Langmuir constant,
respectively. The amount of dye adsorbed is denoted by qe (mg
g−1). The Freundlich constant is KF (mg g−1), and the hetero-
geneity factor is 1/n. KT (L g−1) denotes the equilibrium binding
constant. The value of 1/n should be 0 < 1/n < 1 for a favorable
adsorption process. Cooperative adsorption is indicated by
a value of 1/n greater than 1, chemisorption by a value of 1/n less
490 | Environ. Sci.: Adv., 2024, 3, 480–501
than 1, and heterogeneous surfaces by a value of 1/n near zero.
Furthermore, the separation factor (RL) can be used to explain
the major properties of the Langmuir isotherm.

RL ¼ 1

1þ bCi

(7)

where Ci (mg L−1) denotes the initial concentration of the
solution and RL denotes the separation factor. When RL > 1 the
adsorption is unfavorable whereas when RL has values ranging
from 0 to 1 then the nature of adsorption is favorable. RL = 1
suggests linear adsorption.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Langmuir adsorption isotherm, Freundlich adsorption isotherm, and Tempkin adsorption isotherm of CV dye.
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The parameters and correlation coefficient (R2) values in
Table 3 were calculated using a linear equation derived from the
respective plots of Ce/qe versus Ce, log qe versus log Ce, and qe
versus ln Ce. When the isothermic models' data and parameters
were compared, it became clear that Langmuir and Temkin
models and experimental data agreed well. Comparing the
Langmuir model to the other models under study, its R2 value of
© 2024 The Author(s). Published by the Royal Society of Chemistry
0.99 indicated a better t, indicating monolayer adsorption of
the CV dye on the surface of NPs and conrming a superior t of
the adsorption process with the Langmuir model (Fig. 12).
Standard deviation for all the applied models was presented for
CV dye adsorption (Table 8).

3.5.1 Adsorption isotherms for chromium. The parameters
and correlation coefficient (R2) values shown in Table 4 were
Environ. Sci.: Adv., 2024, 3, 480–501 | 491
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Table 4 Adsorption isotherm parameters for chromium

Isotherm models Bare FeO

Langmuir qmax (mg gm−1) 47.664
KL (L mg−1) 0.025
RL 0.442
R2 0.965

Freundlich 1/n (L mg−1) 0.561
Kf (mg g−1) 2.742
R2 0.9289

Temkin B (kJ mol−1) 8.517
A (L g−1) 0.3648
R2 0.9867

Table 5 Kinetic model of pseudo 2nd order

Adsorbent

Pseudo 2nd order

k2 (min−1) R2 qe

Bare 0.007004 0.93 24.05581
IL1 0.010412 0.97 24.41406
IL2 0.042024 0.94 22.07993
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calculated using a linear equation derived from the respective
plots of Ce/qe versus Ce, log qe versus log Ce and qe versus ln Ce

(Fig. 13).
When isotherm models' data and parameters were

compared, it became clear that the Langmuir model is best
compared to Freundlich with its R2 value of 0.965. Comparing
the Langmuir model to the other models under study indicated
a better t. This implies that adsorption happens as monolayers
on homogeneous surfaces with little interaction between the
adsorbed chromium. A 1/n ratio between 0.2 and 0.8 suggests
an effective adsorbent, the current experimental investigation
showed a 1/n value of 0.561, which follows better adsorption.
The Qmax for the current study obtained using the Langmuir
adsorption model was 47.664 mg g−1.

3.5.2 Adsorption kinetics. Designing adsorption proce-
dures and enhancing operating settings to effectively remove
pollutants require a kinetics study. As a result, the experimental
results for the reaction rate at a solid–liquid interface were
examined using “pseudo-second-order” kinetics. Kinetic
models in linear form are expressed as eqn (8).

t

qt
¼ 1

k2qe2
þ 1

qe
(8)

where qe (mg g−1) is the amount of CV adsorption at equilib-
rium time and qt (mg g−1) is the amount of CV adsorption at
contact time t, respectively. The pseudo-2nd-order rate constant
Fig. 13 Langmuir adsorption isotherm, Freundlich adsorption isotherm,

492 | Environ. Sci.: Adv., 2024, 3, 480–501
is k2 (g mg−1 min−1). A linear plot between t/qt and t was used to
obtain the values of k2, qe, and R2 in the pseudo-second order
model. Table 5 shows the derived values of the kinetic model.
The regression coefficient (R2) and model qe values are crucial
parameters for establishing the applicability of each adsorption
technique. In accordance to ndings, the pseudo 2nd order
model has been well adapted to the dye adsorption study. The
R2 value of the pseudo 2nd order model was 0.93, 0.97 and 0.94
for bare, IL1, and IL2 respectively. The qe value of bare, IL1, and
IL2 was 24.05 mg g−1, 24.41 mg g−1 and 22.07 mg g−1, respec-
tively which indicates the signicance of the pseudo second-
order model.51

3.5.3 Elovich model. This approach is employed to explain
the processes of adsorption that follow second-order kinetics,
assuming that the adsorbent's surface is energetically active. It
has been widely used in the investigation of chemisorption
processes.64

The following equation represents the Elovich model
equation

qt = 1/b ln(ab) + 1/b ln t

where qt = adsorption capacity at time t (mg g−1), a = initial
adsorbate adsorption rate (mg g−1 min−1) and b = adsorption
constant (g mg−1).

A linear plot of qt versus ln t can be used to determine the
initial adsorption rate (a) and adsorption constant (b). This
equation is oen employed for chemisorption, which is most
likely the mechanism that determines adsorption rate. It
results in a linear connection with a slope of 1/b and an
and Tempkin adsorption isotherm for Cr(VI) removal.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Intraparticle adsorption models of CV dyes.
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intercept of 1/b ln(ab). The data was collected using the
Elovich equation in this study for the adsorption of crystal
violet dye from aqueous solution. The low value of the
correlation coefficient (R2) demonstrates that the Elovich
model does not t.

3.5.4 Intraparticle diffusion model. Metal ion molecules
may be transported from the bulk into the pores of the
adsorbent, as well as adsorption at the adsorbent's outer
Table 6 Intra-particle diffusion kinetic model and Elovich kinetic
model for CV dye adsorption onto FeO(B), FeO IL-1, and FeO IL-2 NPs

Intra-particle diffusion Bare FeO FeO-IL1 FeO-IL2

Intra-particle diffusion kinetic model
Kipd (mg g−1 min−1/2) 1.36 1.07 1.12
C 30.64 29.98 29.88
R2 0.91 0.87 0.93

Elovich kinetic model
a (mg g−1 min−1) 22.63 102.05 65.26
b (g mg−1) 0.2272 0.2915 0.2744
R2 0.76 0.70 0.80

Table 7 Kinetic parameters for adsorption of chromium

Kinetic models Bare FeO

Pseudo rst order qe (mg g−1) 8.1456
K1 (L mg−1) −0.0000532
R2 0.91709

Pseudo second order qe (mg g−1) 12.3289
qe

2 152.00266
K2 (g mg−1 min−1) 0.082102
R2 0.99621

Intraparticle diffusion Ki (mg g−1 min−1/2) 6.07272
X (mg g−1) 0.4943
R2 0.9521

Elovich a (mg g−1 min−1) 0.55513
b (g mg−1) 8.02681
R2 0.96042

© 2024 The Author(s). Published by the Royal Society of Chemistry
surface. Adsorption rate-limiting steps can be lm diffusion or
intraparticle diffusion. Because they act in sequence, the
slower of the two will determine the rate (Fig. 14). The ability of
metal ion species to diffuse into the interior locations of
adsorbent particles was investigated using the Weber–Morris
equation.

qt = kipdt
1/2 + C

The quantity of metal adsorbed ‘q’ in mg g−1 by the adsor-
bent at time ‘t’ (agitation time in minutes) is represented by the
intraparticle diffusion rate constant kipd in the Weber–Morris
equation. The rate constant for intraparticle diffusion kipd is
determined by analyzing the slope of the linear equation
established between the square root of time (t1/2) and the
amount of adsorbate adsorbed, based on the initial concen-
trations of the metal ions. Table 6 presents the intraparticle
diffusion rate constant kipd and correlation coefficient R2

derived from the intraparticle diffusion rate equation. The value
of R2 exceeds 0.9 which indicates that the adsorption of CV dye
ions onto the nanoparticles occurred through the intraparticle
diffusion mechanism.65

3.5.5 Adsorption kinetics for chromium. The calculated
values of the kinetic model are given in Table 7. A graphical
representation of various kinetics models is shown in Fig. 15.
The R2 values of pseudo-rst-order and pseudo-second-order
were found to be 0.91709 and 0.99621. This indicates that the
adsorption reaction ts better to the pseudo-second-order and
the process of adsorption is chemical in nature. The values of K1

and K2 were found to be −0.0000532 and 0.082102; the higher
value of K2 validates that the adsorption process follows
a pseudo-second-order model. The IPDM and Elovich model are
also calculated and show that R2 values were 0.95 and 0.96. The
assumption of the Elovich model is built on the variation in the
sorption energies of sites because of variations amongst
these sorptive sites. From the equation of the Elovich model the
value of a was found to be 0.55513 mg g−1 min−1 and b was
8.02681 g mg−1 (Fig. 15).
Environ. Sci.: Adv., 2024, 3, 480–501 | 493
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Table 8 Standard deviation for all the applied models for CV dye adsorption onto FeO(B), FeO IL-1, and FeO IL-2 NPs

Model NPs type Parameter type N total Standard deviation

Langmuir FeO bare 1/Ce 6 0.60431
1/qe 0.01883

FeO-IL1 1/Ce 2.92034
1/qe 0.01843

FeO-IL2 1/Ce 1.51369
1/qe 0.01853

Freundlich FeO bare log Ce 6 0.56018
log qe 0.2646

FeO-IL1 log Ce 0.77561
log qe 0.26678

FeO-IL2 log Ce 0.67028
log qe 0.26735

Tempkin FeO bare ln Ce 6 1.28986
qe 25.07089

FeO-IL1 ln Ce 1.78591
qe 26.20467

FeO-IL2 ln Ce 1.54337
qe 26.22259

Pseudo second order FeO bare t 5 42.95346
t/qt 3.14172

FeO-IL1 t 42.95346
t/qt 2.60714

FeO-IL2 t 42.95346
t/qt 2.67749

Intraparticle diffusion FeO bare t1/2 5 2.88044
qt 4.10755

FeO-IL1 t1/2 2.88044
qt 3.29063

FeO-IL2 t1/2 2.88044
qt 3.33253

Elovich FeO bare ln t 5 0.8448
qt 4.10755

FeO-IL1 ln t 0.8448
qt 3.29063

FeO-IL2 ln t 0.8448
qt 0.33253
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3.6 Thermodynamic analysis

The thermodynamic investigation of the adsorption procedure
aimed to assess the spontaneity and stability of the adsorbed
phase. The study involved varying the temperature within the
range of 10 to 60 °C while maintaining an initial dye concen-
tration of 30 ppm, pH level of 10, and adsorbent dosage of 30mg/
30 mL. The experimental results revealed that the removal of dye
increased with rising temperatures, suggesting that the adsorp-
tion process was endothermic. To comprehensively understand
the thermodynamics of the system, the values of Gibbs energy
(DG°), entropy (DS°), and enthalpy (DH°) were scrutinized (Table
9). By employing relevant equations, the DG0 for the adsorption
process was calculated. The positive correlation between
temperature and dye removal, coupled with the thermodynamic
parameters, indicates that the adsorption of dye onto the
adsorbent was a spontaneous and thermally favored process.

DG˚ = DH˚ − TDS˚ (9)

where
494 | Environ. Sci.: Adv., 2024, 3, 480–501
DG˚ = −RT lnK (10)

T is absolute temperature (K), R is the universal gas constant,
and K is the distribution coefficient for adsorption and is
determined using the following equation.

K = qe/Ce (11)

The Langmuir isotherm section has previously covered
parameters Ce and qe. The thermodynamic parameters DH° and
DS° were determined by analyzing the slope and intercept of the
plot of DG° versus T. Notably, the calculated DG° values were
negative, underscoring the viability and spontaneity of crystal
violet (CV) adsorption on the IL-modied FeO. In the context of
CV adsorption, the obtained DH° value was found to be positive,
signifying the endothermic nature of the process and indicative
of a physisorption phenomenon. This suggests that CV mole-
cules were adsorbed onto the modied FeO surface in a manner
where the distribution appeared more random, as indicated by
the positive DS0 value.66
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Adsorption kinetics for Cr(VI) removal.
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3.7 Reusability

3.7.1 Recycling of adsorbent for removal of CV dye.
Subsequently, an examination was conducted to determine
the impact of recycled NPs on the efficiency of dye decompo-
sition. In order to investigate this phenomenon, the previously
irradiated dye solution underwent centrifugation at a rate of
10000 rotations per minute for a duration of 30 minutes. This
process was carried out to gather the NPs, which were then
treated with washing with ethanol to eliminate the pre-existing
loaded dye. Finally, the NPs were dried through desiccation.
The recycled NP powder was utilised to irradiate the dye
solution in an orbital shaker. In contrast to the original NP
© 2024 The Author(s). Published by the Royal Society of Chemistry
powder, there has been a reduction in the rate of degradation
with each successive cycle (Fig. 16). The experiment was
replicated ve times utilising identical methodology, and it
was found that in the second cycle bare-FeO, II-1, and IL-2 NPs
show 88.87%, 95.79%, and 95.97% removal efficiency respec-
tively due to blocking of the active site.

3.7.2 Recycling of adsorbent for removal of chromium. The
regeneration study of the synthesized nanomaterials is repre-
sented in Fig. 17. A total of ve regeneration cycles were per-
formed using sodium hydroxide of 0.6 M to treat the adsorbent
aer each cycle. To investigate this phenomenon, the previ-
ously treated chromium solution underwent centrifugation at
Environ. Sci.: Adv., 2024, 3, 480–501 | 495
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Table 9 CV dye adsorption thermodynamic parameters

NP type Temperature (°C) DG° (kJ mol−1) DH° (kJ mol−1) DS° (J (mol−1 K−1))

Bare FeO 10 −7262.16 13012.4 146.2433
20 −7658.48
30 −8027.92
40 −8181.24
50 −8353.63
60 −8458.09

FeO-IL1 10 −8317.31 20042.8 409.1319
20 −9168.95
30 −9761.55
40 −9874.27
50 −9950.59
60 −10031.4

FeO-IL2 10 −6798.99 27902.8 281.255
20 −7557.95
30 −8456.76
40 −8432.92
50 −8375.63
60 −8331.91
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a rate of 5000 rotations per minute for a duration of 20 minutes
and were then washed with 0.6 M sodium hydroxide. Finally,
the NPs were dried using a hot air oven. The removal efficiency
of chromium with fresh nanomaterials was as follows: bare
FeO (68.50%), FeOIL-1 (72.85%), and FeOIL-2 (77.21%),
whereas its removal efficiency decreased with each regenera-
tion cycle. From the results, it is concluded that the reusability
of the adsorbent is cost-effective and efficient for up to three
cycles.
4. Adsorption mechanism

A number of mechanisms regulate adsorption on the surface
of NPs. The functionalization of NPs is extremely important
in the adsorption process. The FTIR spectrum of all synthe-
sized NPs reveals the existence of –OH groups in aromatic
and aliphatic form which leads to the adsorption of dye.
Fig. 18(a) depicts the FT-IR spectrum of the nano adsorbents
following CV dye loading. The new peaks that appeared at
Fig. 16 Reusability graphs for the adsorbents used for CV dye removal.

496 | Environ. Sci.: Adv., 2024, 3, 480–501
2924.01 cm−1, 2926.2 cm−1 and 2923.19 cm−1 represent the
C–H bonding of alkane groups having sp3 hybridization and
bending of the carboxyl group's O–H bond stretching modes,
whereas a further peak at 2853.6 cm−1 represents the weak
C–H bonding in aldehyde groups with sp3 hybridization. As
illustrated in Fig. 18, the small peaks seen at 1626.75 cm−1,
1618.39 cm−1, and 1623.15 cm−1 indicate the
saturated amide group having CO bonding. These
aforementioned peak patterns validate the CV dye adsorption
on iron oxide nano-adsorbents prepared with bare and ionic
liquids.67,68

CV dye is categorized as a cationic dye due to its positive
charge, while FeO nanoparticles typically acquire negatively
charged surfaces following modication with hydrophobic
ionic liquids (ILs). Interfaces between water and apolar media
incur a signicant free energy cost, leading to recombination
to minimize the total interfacial area. In water, recombination
occurs aer collisions. The adsorption of amphiphilic mole-
cules, whether ionic or non-ionic, macromolecules, or
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Reusability graphs for the adsorbents used for Cr(VI) removal.
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particles, hinders recombination, resulting in the meta-
stability of emulsions, foams, and polymer dispersions. In
surfactant-free emulsions, droplets are ionized and possess
a negative electrical charge. The interaction between water and
Fig. 18 (a) FTIR spectra showing the loading of dye on the synthesized N
heavy metal.

© 2024 The Author(s). Published by the Royal Society of Chemistry
air yields similar outcomes.69 Furthermore, the negative charge
increases rapidly with pH and the total concentration of
hydroxide ions.

The electrostatic attraction between the positively charged CV
dye and the negatively charged nanoparticle surface facilitates
the adsorption process (refer to Fig. 18(b)). Additionally, nano-
particles offer a high surface area-to-volume ratio, providing
numerous sites for dye molecule adsorption.70 Synthesized
nanoparticles oen feature surface functional groups capable of
interacting with CV dye through chemical bonding or coordi-
nation. For instance, if the nanoparticle surface contains imide
groups, hydroxyl (–OH) groups, or amino (–NH2) groups, these
functional groups can form hydrogen bonds or coordinate with
the CV dye and Cr(VI) molecules, promoting their adsorption
onto the nanoparticle surface (see Fig. 18(b)). Furthermore, ionic
liquids (ILs) effectively stabilize nanoparticles, preventing
agglomeration by leveraging their size and charge characteris-
tics. These properties makes ILs valuable for controlling the
morphology and phase of inorganic nanomaterials.71

In summary, the adsorption of CV dye72 and Cr(VI)73 onto
nanoparticles is driven by electrostatic attraction between the
positively charged dye and heavy metal and the negatively
charged nanoparticle surface. The substantial surface area of
nanoparticles facilitates adsorption, while surface functional
Ps. (b) Pictorial representation of the adsorption mechanism of dye and
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groups on nanoparticles and the stabilizing effects of ILs
contribute to the adsorption process through chemical
bonding, coordination, and size control.74

5. Conclusion

Various techniques were employed to efficiently eliminate CV
dye from aqueous solutions utilising both bare and ionic
liquid (IL)-modied iron oxide nanoparticles (FeO NPs)
synthesized in this investigation. The IL-modied crystalline
FeO NPs were observed to be smaller in size compared to their
unmodied counterparts which means the ionic liquid acts as
a good reducing agent as well as stabilizing and capping agent.
The surface modication of the NPs with IL did not solely
control their size, but nonetheless enhanced their capacity to
act as an adsorbent. Using an orbital shaker, the adsorption
efficiency of the NPs using batch mode was tested. In the CV
dye removal study at pH 10 using a 30 mg dose of nano-
particles for 60 min was found to be the most optimised
conditions. The results indicated that the adsorption effi-
ciency of the dye increased as the NP dosage increased, while it
decreased with an increase in the concentration of CV dye or
Cr(VI). The adsorption of the dye onto both unmodied and IL-
modied NPs followed a pseudo-second-order kinetic model,
and three distinct adsorption isotherms were used to elucidate
the mechanism and rate of the adsorption process. The
Langmuir and Temkin isotherm models agreed well with the
experimental results, indicating monolayer adsorption of the
CV dye and Cr(VI) on nanoparticle surfaces, with the Langmuir
model offering a better match (R2 = 0.99). With strong R2

values (0.93–0.97) and large qe values (22.07–24.41 mg g−1) for
bare and IL-coated nanoparticles, pseudo-second-order
kinetics was useful in characterising the adsorption process,
underlining the relevance of this model for the investigation.
The linear t seen in the graphical depiction of the intra-
particle diffusion model, with R2 greater than 0.9, supports the
model's efficacy in capturing the adsorption process. This
result clearly shows that CV dye ion adsorption on nano-
particles happens primarily via the intraparticle diffusion
process. Furthermore, we conducted a comparative analysis of
all three types of NPs and ILs under consistent conditions: pH
6, 100 minutes of contact time, 40 ppm Cr metal concentra-
tion, 170 mg NP dosage, and 60 °C for the Cr(VI) metal removal.
It was established that the ILs can effectively modify the NPs to
enhance their suitability for the removal of CV dye and Cr(VI)
from water.

In conclusion, the synthesis of IL-modied FeO NPs through
microwave irradiation proved to be a promising approach for
efficient removal of CV dye and Cr(VI) from aqueous solutions.
These ndings contribute to the understanding of the adsorp-
tion mechanisms and highlight the potential applications of
these NPs in wastewater treatment for addressing the environ-
mental challenges posed by industrial effluents. However,
further research is needed to optimize and scale up the
synthesis process, investigate regeneration methods for
sustainable use, and explore the potential for real-world appli-
cations in diverse industrial settings.
498 | Environ. Sci.: Adv., 2024, 3, 480–501
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