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Heterophase Grain Boundary-Rich Superparamagnetic Iron
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Anionic Congo Red Dye Removal
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1. Introduction

Water, the elixir of life, contributes nearly
78% of the total Earth’s surface and serves
as the critical component of the living
world. However, the pollution of water is
a grave concern in recent times. A large
amount of organic dyes used in different
industries like textile, paper, photography,
leather, cosmetics, etc., and huge effluents
in water bodies are one of the major causes
of environmental and health problems.[1,2]

A trace amount of dye (less than 1 ppm) can
have significant and persistent effects for
long in water.[3] Owing to their high resis-
tance, stability, toxicity, and inability to
degrade easily, these industrial waste-water
pose serious threats. This includes reduc-
tion of light penetration, decrease in visibil-
ity, and increase in chemical oxygen
demand thereby limiting overall aquatic
ecosystem growth and causing hazardous
effect on human health. These problems
demand the urgent need of developing
clean, efficient, environment-friendly, and

harmless techniques to remove the organic pollutants fromwater
bodies.[4] During the last few decades, various physiochemical
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Iron oxide-based nanostructures receive significant attention as efficient adsorb-
ents for organic dye removal applications. Herein, iron oxide/carbon composite
with well-defined heterophase grain boundaries is synthesized by a simple pre-
cipitation method and followed by calcination. The local structure, spin dynamics,
and magnetic properties of heterophase iron oxides/carbon composite are thor-
oughly investigated to explore its cationic and anionic dye removal capability. To
validate the effectivity of the presence of heterogeneous grain boundaries, iron
oxide/carbon nanocomposite with homogeneous grain boundaries is also exam-
ined. For an initial dye concentration of 50mg L�1, pH 7, and adsorbent dose of
0.2 g L�1, the hetero-IOCC exhibits a removal capacity of 71.63 and 140.19mg g�1

for the cationic crystal violet and the anionic Congo red dyes, respectively. These
values are significantly greater than those exhibited by as-synthesized imidazole-
capped superparamagnetic α-Fe2O3, 48.15 and 53.19mg g�1; and homophase iron
oxide/carbon nanocomposite, 12.51 and 17.95mg g�1, respectively. Adsorption
isotherms and kinetic studies indicate that the Langmuir isotherm model is found
to be an appropriate model following the Elovich kinetic model. A detailed dye
adsorption investigation on the pH effect, thermodynamic parameters, coexisting
ionic effect, and reusability is also carried out.

RESEARCH ARTICLE
www.aem-journal.com

Adv. Eng. Mater. 2023, 2300354 2300354 (1 of 17) © 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

mailto:herojit@nitmanipur.ac.in
https://doi.org/10.1002/adem.202300354
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:subrata.ghosh@polimi.it
http://www.aem-journal.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadem.202300354&domain=pdf&date_stamp=2023-10-12


and biological techniques like advanced oxidation process,
chemical precipitation, flocculation/coagulation, membrane
technology, thermal treatment, biodegradation, etc. have been
applied to eliminate organic pollutants from water bodies.[5]

These techniques suffer certain limitations like high cost, gener-
ation of secondary pollutants, etc. So, adsorption is regarded to be
one of the most pertinent and workable alternative methods due
to its easy applicability, cost-effectiveness, utmost efficiency, and
environment-friendly characteristics.[6,7]

Various attempts were made for the development of low cost,
efficient, and right adsorbent for removing organic dyes from
wastewater. Some of the common adsorbent materials are based
on carbon, zeolite, biopolymers, metal oxides, etc.[8] Among, iron
oxide nanoparticles (IONPs) like γ-Fe2O3 and α-Fe2O3 are much
popular owing to their unique features, such as great biocompat-
ibility, low synthetic cost, simplicity of functionalization, large
magnetic susceptibility, large specific surface area, chemical sta-
bility, biocompatibility, amphoteric surface function, and excel-
lent catalytic adsorption with greater regenerative capacity.[9,10]

However, IONPs are prone to oxidation on being exposure to
air.[11] The poor stability of nanoparticles (NPs) leads to aggrega-
tion of adsorbents and often limits their application in dye
removal. Another major issue with these magnetic iron oxide
NPs (γ-Fe2O3 and Fe3O4) is that they are often transformed into
nonmagnetic iron oxide phases like hematite (α-Fe2O3) under
various environmental conditions over a long period of time
or under the influence of high temperature.[12] In addition, most
of the industrial effluents practically include both cationic dyes
(crystal violet (CV), methylene blue (MB), etc.) as well as anionic
dyes (Congo red (CR), methyl orange (MO), Eriochrome black T,
etc.). However, most of the adsorbents are highly selective in
either of the dyes and reject the other types of dyes.[13] For exam-
ple, flower-like core-shell Fe3O4/MnO2 composites, synthesized
by hydrothermal process, could exhibit a removal percentage of
95% for CR, but its removal efficiencies were below 15% for CV,
MO, MB, and Rhodamine B.[14] Moreover, Fe3O4 NPs were func-
tionalized by the co-precipitation method using multi-carboxylate
organic ligands, which exhibit 97% removal in CR dyes but, only
14% removal for CV and 9% for MO dyes.[15]

To tackle these challenges, surface coating of these NPs with
polymers, carbon layers and organic ligands is one of the proba-
ble solutions in addition to enhancing the surface reactivity and
adsorption capacity further.[16–19] The strong bonding between
the embedded NPs and graphene oxide and the possible coexis-
tence of hematite and magnetite were proposed to be beneficial
for dye removal applications.[20] The enhanced dye adsorption by
carbon compounds, however, has an inherent limitation of car-
bon, being nonmagnetic and not suitable for separation for reus-
ability. This could be addressed by incorporating magnetic
nanoparticles like magnetite into adsorbent material. Here,
metal oxide-based nanostructures with various morphology
and exciting physicochemical properties are anticipated as prom-
ising materials for the removal of the cationic and anionic
dyes.[21–23] Interestingly, the presence of both magnetic and non-
magnetic interlayers can also alter the interphase coupling and
reversal mechanism, which plays a crucial role in the synchro-
nous behavior of interphase materials.[24,25] It is reported that
the presence of carbon content in the heterophase junction
can be tuned by adjusting the activation temperature of the

precursor, which uplifts the photocatalytic hydrogen evolu-
tion.[26] Composite with heterophase grain boundary (GB) or
interphase structures in nanomaterial can affect the physico-
chemical properties of nanomaterial owing to their high energy
nature and changing electronic environment along the inter
phase boundaries.[27] Basically, engineering the heterophase
grain boundaries in nanocomposites may lead to the creation
of lattice defects and modification of charge carriers along the
boundaries. Thus, these charged states and lattice defects may pro-
vide favorable conditions for attacking positively and negatively
charged dyes simultaneously and the heterophase grain bound-
aries serve as active site to bind the chemical groups mediating
dye adsorption effectively.[28,29]

With this background, carbon-containing iron oxide with het-
erophase grain boundaries is synthesized using thermal treatment
on imidazole-capped superparamagnetic (SPM) α–Fe2O3. The
local structural evolution from imidazole-capped SPM α–Fe2O3

to iron oxide/carbon nanocomposite with heterophase grain
boundaries (hetero-IOCC) and then iron oxide/carbon nanocom-
posite with homophase grain boundaries (homo-IOCC) is investi-
gated with the help of X-ray diffraction (XRD), high-resolution
transmission electron microscopy (HRTEM), Fourier transform
infrared spectrometer (FTIR), X-ray photoelectron spectroscopy
(XPS), vibrating sample magnetometer (VSM), thermogravimetric
analysis (TGA), and Mössbauer spectroscopy. The plausible mech-
anism of local structure evolution during the decomposition of the
imidazole attached to the surface of α–Fe2O3 is discussed. We
envisaged the stability of iron oxide/carbon composite with heter-
ophase grain boundaries under a toxic dye environment without
transforming its phase and its suitability toward potential
utilization as an active material for removing both cationic and
anionic dyes effectively compared to its homogeneous counterpart
(homo-IOCC) or functionalized IONPs.

2. Experimental Section

2.1. Materials

Fe(NO3)3.9H2O (98% purity), purchased from Merck Life
Science Pvt. Ltd., India, and 2-methyl imidazole (Hmim)
(99% purity), purchased from Sigma Aldrich, were used as
the precursors. CV dye and CR dye were from HiMedia
Laboratories Pvt. Ltd. HCl (min. guarantee assay 35%), NaOH
(99% purity), NaCl (99% purity), and MgCl2 (98% purity) were
purchased from Rankem, SRL, HiMedia Laboratories and
Merck Specialities Pvt. Ltd., respectively. All the reagents used
in the experiment were employed without further purification
and they were of analytical grade. Double-distilled water was used
in the whole experimental process.

2.2. Nanocomposite Preparation

An aqueous solution of Fe(NO3)3.9H2O (4.2 M) was mixed drop-
wise to the aqueous solution of Hmim of the same molarity. The
two solutions were kept at magnetic stirring for 5min until a
dark reddish-colored precipitate was formed. The precipitate
was subsequently separated and collected using a centrifuge
(6000 rpm for 5min). The collected precipitate was washed
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several times to remove the excess unreacted imidazole. The
imidazole-capped iron oxide NPs collected were dried in an
oven for 6 h at around 60 °C and named as Im-IONP. The
as-synthesized Im-IONP samples were subjected to thermal
treatment using a conventional oven at 300 °C for 1 h duration
with a heating rate of 5 °Cmin�1. Finally, the samples were nat-
urally cooled down at room temperature and powdered properly
using a mortar pestle to get hetero-IOCC (Scheme 1). A similar
procedure was carried out to obtain the homo-IOCC except the
calcination temperature was 400 °C.[30]

2.3. Material Characterization

Phase and crystallographic information of the given samples were
analyzed using XRD (Bruker-D8 advance-USA) with Cu Kα radia-
tion of wavelength 1.54056 Å and HRTEM (Tecnai G2, F30 with
300 kV accelerating voltage). The particle size distribution analysis
was carried out by measuring particle size using ImageJ software.
FTIR (Perkin Elmer-USA) was used to investigate the vibrational
properties of the powders in attenuated total reflectionmode in the
range 400–4000 cm�1. Mössbauer spectroscopy was utilized in
transmission mode by using a 57Co (Rh) source with an initial
activity of 25mCi (Wissel, Germany). Themagnetic characteristics
of as-synthesized Im-IONP, hetero-IOCC, and homo-IOCC were
analyzed using VSM model(Lake Shore VSM 7410-USA) at room
temperature. XPS measurement was performed for the hetero-
IOCC sample on a PHI 5000 Versa Probe III- Japan equipped with
Al Kα-945 monochromatic radiation source. TGA and derivative
thermogravimetry (DTG) were carried out for Im-IONP sample
by a TGA (NETZSCH STA 449 F3) equipped with a high-temper-
ature furnace in the temperature range from 20 to 1000 °C at the
heating rate of 10 °Cmin�1 (in argon gas environment). The aver-
age pore diameter and surface area were determined by nitrogen
adsorption and desorption methods using BELSORP-maxII
(S/N 175, Version 2.0.1.1). The Brunner–Emmett–Teller

(BET) and Barrett–Joyner–Halenda (BJH) methods were
employed to measure the surface area and pore size of samples.
Zeta potentials were also measured by using Malvern Zetasizer
Nano-ZS90.

2.4. Adsorption Experiments

The adsorption study of the CR and CV dyes was carried out by
using a UV–vis spectrophotometer (Shimadzu-1800-Japan) in
the wavelength range of 400–900 nm. The adsorption activities
of the samples were assessed by measuring adsorption capacities
and removal percentage (%) of CV and CR in an aqueous solu-
tion. For the batch adsorption experiment, 0.2 g L�1 of Im-IONP,
hetero-IOCC, and homo-IOCC samples were added to an initial
dye concentration of 10mg L�1 at the neutral pH condition. The
samples were kept in a dark room without stirring and measure-
ments were carried out to ensure that the equilibrium was
achieved in the dark room. The concentration of the dyes was
calculated from the maximum absorbance peak corresponding
to λ= 498 nm for CR and λ= 583 nm for CV. The experiment
was done at different intervals of time for about 14 h to attain
the equilibrium. It was observed that a decrease in absorbance
was obtained within the time frame.

The adsorption capacity was calculated based on the equation
below:

qt ¼
ðC0�CtÞ

m
V (1)

where C0 and Ct represent the initial concentration and the con-
centration at a certain time interval of CV and CR, respectively
(mg L�1), V is the volume of the solution (mL), and m is the mass
of the sample (mg). For equilibrium, Ct= Ce; qt = qe, where Ce

and qe are equilibrium concentration and equilibrium adsorption
capacity.

Scheme 1. Schematics of preparation methodology of hetero-IOCC and homo-IOCC from Im-IONP.
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The removal efficiency of various samples was calculated by
using the relation

Removal Percentage ð%Þ ¼ C0�Ct

C0
� 100 (2)

2.5. Reusability of Adsorbent

The reusability of adsorbent is one of the important parameters
of the adsorption process from an economic and environmental
point of view. The dye loaded on adsorbent was washed with
ethanol three times with constant shaking and the adsorbent
was dried using the oven at 70 °C for 1 h. Thus, the used adsorb-
ents could be further used for the adsorption of CR and CV in the
same procedure for three repeated cycles.

3. Results and Discussion

3.1. Structural Analysis

The powder XRD pattern of hetero-IOCC is shown in Figure 1b.
The observed characteristic diffraction peaks for hetero-IOCC at
a 2θ angle of 24.2°, 33.2°, 35.6°, 40.8°, and 49.4° are assigned to
the scattering from (012), (104), (110), (113), and (024) planes of
α-Fe2O3, respectively, [JCPDS NO. 86-2368 (α-Fe2O3)].

[31]

Whereas, the respective diffraction peaks at an angle of 30.2°,
35.5°, 43.2°, and 62.9° correspond to the scattering from (220),
(311), (400), and (440) planes of γ-Fe2O3 [JCPDS NO. 39-1346
(γ-Fe2O3)].

[32] In contrast, homo-IOCC exhibits diffraction peaks

at a 2θ angle of 24.2°, 33.2°, 35.6°, 40.8°, 49.4°, 62.4°, and 64.0°
assigned to the (012), (104), (110), (113), (024), (214), and (300)
planes of α-Fe2O3 and there is no observed peaks corresponding
to γ-Fe2O3, as shown in Figure 1a.[33] The emergence of sharp
peaks of higher intensities confirms the crystalline character
of both hetero-IOCC and homo-IOCC. The peaks corresponding
to α-Fe2O3 components are sharp indicating a larger crystallite
size than the γ-Fe2O3 having comparatively broader peaks.
Further, the α-Fe2O3 is likely to exhibit bulk-like magnetic prop-
erties, whereas γ-Fe2O3 is proposed to behave as a superparamag-
net.[34] Hence, it is expected to have superparamagnet features
for hetero-IOCC, whereas the bulk-like magnetic features
for the homo-IOCC. This statement is further strengthened by
the below VSM and Mössbauer studies. As shown in
Figure 1c, the Im-IONP exhibits a scattered spectrum with no
detectable diffraction peaks, indicating a lack of crystalline nature
or a very fine SPM particle size.[35]

Figure 2a shows the HRTEM micrographs of hetero-IOCC,
which confirms the heterophase GB of α-Fe2O3 and γ-Fe2O3

(represented by green and yellow lines). The radial profile analy-
sis from the selected area electron diffraction (SAED) pattern of
hetero-IOCC (Figure 2b) shows that the rings correspond to
α-Fe2O3 and γ-Fe2O3 phases. The corresponding (hkl) values
(012), (104), (113), (024), (300) of α-Fe2O3 (represented by yellow
color) and (422), (311) of γ-Fe2O3 (represented by green color)
marked the presence of these two phases. Moreover, inverse fast
Fourier transform (IFFT) images corresponding to α-Fe2O3 and
γ-Fe2O3 for the hetero-IOCC sample are obtained through image
processing and displayed in Figure 2c. The heterophase grain
boundaries of α-Fe2O3 and γ-Fe2O3 become less prominent in
homo-IOCC (Figure 2d) as only the planes of α-Fe2O3 like
(024), (300), (312), and (048) (represented by yellow ring) are
present. In addition, the SAED pattern analysis of this sample
shows the presence of the planes (000), (111), (5-3-1), and
(6-20) (represented by green color) corresponding to γ-Fe2O3,
as shown in Figure 2e. However, the IFFT analysis of this sample
(Figure 2f ) shows a clear indication of the absence of the γ-Fe2O3

phase in the homo-IOCC sample.
The HRTEM micrographs of the Im-IONP indicate that the

diffused lattice fringes from the fine nanocrystals can be
observed at various locations (yellow circles in Figure 2g).
Further, the SAED pattern, as shown in Figure 2h, also shows
diffused rings which confirms the nanocrystallinity of α-Fe2O3

in Im-IONP. This is in agreement with the XRD result showing
scattered background and also resolves the limitation of the XRD
result where crystalline phases were not confirmed. The diffrac-
tion planes of this nanocrystallinity of α-Fe2O3 are identified to be
(110), (202), and (300). IFFT image of the (113) oriented α-Fe2O3

crystals is shown in Figure 2i along with the d-spacing of
0.221 nm corresponding to it.

The particle size distributions of the samples were also carried
out through image analysis of TEM micrographs of these sam-
ples and the results are shown in Figure 2j–l. As expected, the
size of Im-IONP was ranging from 3 to 7 nm. Due to heat treat-
ment, the resulting iron oxide NPs exhibit much greater particle
sizes, and the particles as clearly seen from Figure 2j–l indicate
that the increment of particle size of samples follows the trend:
homo-IOCC (10–70 nm)> hetero-IOCC (5–16 nm)> Im-IONP

Figure 1. XRD patterns of a) homo-IOCC, b) hetero-IOCC, and
c) Im-IONP.
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(3–7 nm), which can be attributed to the effect of calcination at
different temperature.

The observation of very fine particles is understood due to the
instant capping of the precipitated α-Fe2O3 by 2-methyl imidaz-
ole thereby preventing them from agglomeration. The 2-methyl
imidazole under thermal treatment releases reductive gases and
reduces the α-Fe2O3 to cubic γ-Fe2O3.

[36,37] Thus, with the
decomposition of imidazole from the surface of iron oxide
NPs at 300 °C, the nanocrystalline imidazole linked α-Fe2O3

NPs get partially reduced into γ-Fe2O3 NPs. This results to the
development of a well-defined GB of γ-Fe2O3 NPs and
α-Fe2O3 NPs. This process results in a mixed γ-Fe2O3/α-Fe2O3

phases with well-defined hetero-phased GB (hetero-IOCC).
The heterophase grain boundaries of γ-Fe2O3/α-Fe2O3 become

less prominent in Homo-IOCC, which reveals that the hetero-
phase structure gets transformed mostly into single phase nano-
structure of α-Fe2O3. Further quantification of this γ-Fe2O3 phase
will be done using Mössbauer spectroscopy in the subsequent
section of this article.

3.2. Chemical Studies by XPS

As the calcination was conducted at 300 and 400 °C, the presence
of carbon on the surface of iron oxide is expected. Therefore, to
understand the chemical composition and bonding states of dif-
ferent elements present in the material after decomposition, XPS
was carried out on hetero-IOCC (Figure 3). The characteristic
peaks of C, O, N, and Fe at their corresponding binding energy

Figure 2. a) HRTEM micrographs, b) SAED patterns, and c) IFFT of (110) plane of α-Fe2O3 and (220) plane of γ-Fe2O3 for hetero-IOCC; d) HRTEM
micrographs, e) SAED patterns, and f ) IFFT of (110) plane of α-Fe2O3 for homo-IOCC; g) HRTEM micrographs, h) SAED patterns, and i) IFFT of (113)
plane of α-Fe2O3 for Im-IONP; The particle size distribution for j) hetero-IOCC, k) homo-IOCC, and l) Im-IONP.
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values are seen. The C1s spectrum comprises the six peak posi-
tions with binding energies at around 283.7, 284.8, 286.1, 286.8,
288.1, and 289.1 eV corresponding to Fe–C, C–C, C–N, C–O,
C═O, and O–C═O, respectively. The dominant peak at
284.8 eV (C–C) indicates that C remained present in the
hetero-IOCC sample in the residue, obtained after calcination
of the homo-IOCC sample at 300 °C. This indirectly suggests
the breakdown of imidazole attached to the iron oxide nanopar-
ticles, leaving carbon residues.[38,39] Also, high-resolution spec-
trum of Fe2p spectra indicates two spin-orbit coupling
signatures. The corresponding peaks at 710.8 and 713.3 eV rep-
resent the Fe2þ 2p3/2 and Fe3þ 2p3/2 orbits, whereas the charac-
teristic peaks 724.3 and 726.2 eV arise due to the Fe2þ 2p1/2 and
Fe3þ 2p1/2 orbits, respectively. These data are in agreement with
the XRD and TEM results which predicted the structural trans-
formation of α- Fe2O3 into γ-Fe2O3 in hetero-IOCC. Along with
these four major peaks, there are two shake-up satellite peaks
observed at 719.6 and 732.2 eV. Here, the greater area of 2p3/2
as compared to 2p1/2 may be due to higher spin-orbit j-j coupling
having degeneracy 4 of Fe 2p3/2 as compared to degeneracy 2 of
Fe 2p1/2. In the O1s spectra, the main characteristic peaks at
529.07 eV can be attributed to the Fe-O bond. The binding energy
peaks at 531.2 eV arise out of the oxygen defects in the iron oxide
complex of the hetero-IOCC sample.[40] The broadened peaks at
533.4 eV can be assigned to C─O bond. This peak further reaf-
firms the presence of carbon in the sample.[41] The weak peaks of
N 1s around 395–402 eV prove the presence of nitrogen in
low quantity. However, XPS spectra of N 1s are not so
significant as compared to other spectra of C1s, O1s, and

Fe2p; yet, the presence of nitrogen bond at a binding energy
range of around 395–402 eV can be detected [Figure S2,
Supporting Information].[42]

3.3. Magnetic Properties

The Mössbauer spectra of Im-IONP consist of an SPM doublet
experiencing Δ (Quadrupole splitting) and δ (isomer shift)
of 0.73 and 0.25mm s�1, respectively (Table 1). In the
Mössbauer studies, the doublet in Im-IONP transforms to two
sextets and a doublet in hetero-IOCC (Figure 4a). The evolution
of sextet with different Bhf (Mean Hyperfine field) and the dou-
blet in hetero-IOCC is due to the varying distribution of particle
size (5–16 nm) as a consequence of agglomeration during heat
treatment and partial oxidation of γ-Fe2O3 to α-Fe2O3, which
is also in agreement with TEM analysis. The SPM doublet of
13% is attributed to the isolated NPs with a size of less than
10 nm. The sextet with the hyperfine field of 29 T consists of
74% of the total area. This fact is attributed to the particles exhib-
iting high interparticle magnetic interaction and those particles
having dimensions larger than the SPM regime but still
experiencing large surface energy. This is plausible only when
the Hmim surfactants, which prevent the particles from agglom-
eration, got decomposed resulting in a decrease in the interpar-
ticle distances and enhancing the magnetic interaction.[43] The
sextet with 13% of the total area experienced at 51 T, quadrupole
splitting of 0.22mm s�1, and isomer shift of 0.26mm s�1 corre-
spond to ideal bulk α-Fe2O3.

[44] From the variation of the

Figure 3. a) Full spectra, b) C 1s spectra, c) Fe 2p spectra, and d) O 1s spectra of hetero-IOCC.
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hyperfine field, it is understood that the particles’ agglomeration
occurs during the decomposition of imidazole. In the course of
oxidation to α-Fe2O3 from γ-Fe2O3, the rate of agglomeration or
fusion of the oxidized particle is much higher than the nucleation
of γ-Fe2O3, which is left unoxidized. The oxidized portion of the
particles, i.e., α-Fe2O3 from γ-Fe2O3 was often observed to have
larger particle size as compared to the remaining metal oxides, as
evident from the TEM analysis. The agglomeration effect in oxi-
dized α-Fe2O3 is further observed in the homo-IOCC, which was
obtained by oxidizing γ-Fe2O3 at 400 °C. The Mössbauer spec-
trum consists of a single sextet exhibiting the properties of bulk
α-Fe2O3 with no trace of SPM particles or γ-Fe2O3.

The hysteresis loop (magnetization “M” vs magnetizing field
“H” curve) of hetero-IOCC confirms the behavior of SPM
ferromagnet (Figure 4b). The increase in magnetization may
be due to the presence of the ferrimagnetic γ-Fe2O3 phase. At
a lower magnetizing field, it exhibits a ferromagnetic straight line
with an abrupt increase in magnetization. At a higher magnetiz-
ing field (14 400 Oe), it exhibits unsaturated linear magnetiza-
tion, which is most probably due to the contribution of
antiferromagnetic α-Fe2O3.

[45] Hetero-IOCC experiences the
magnetization of 30.59 emu g�1 at the magnetizing field of
14 400 Oe. The magnetic transition from antiferro to ferromag-
net is due to the structural transformation of α-Fe2O3 to ferrimag-
netic γ-Fe2O3. The MH loop of Im-IONP, in Figure 4b, shows a
linear and zero coercivity. From the Mössbauer spectrum as well
MH loop, the Im-IONP is confirmed as antiferromagnetic
α-Fe2O3 experiencing SPM. The MH loop of homo-IOCC shows
a similar feature to Im-IONP. This indicates the antiferromagnet-
ism of the particles, i.e., α-Fe2O3. The coercivity (Hc) of the

homo-IOCC is higher than the hetero-IOCC and Im-IONP, as
indicated in Table 1 (inset of Figure 4b). Thus, the Mössbauer
spectrum of homo-IOCC consists of a single sextet corresponding
to α-Fe2O3, as the presence of γ-Fe2O3 is below the detectable
range from Mössbauer spectroscopy. It is observed that the
magnetization of homo-IOCC drops significantly compared to
hetero-IOCC, which may be due to the oxidation of ferrimagnetic
γ-Fe2O3 back to nonmagnetic α-Fe2O3. This agrees with the
Mössbauer data, as shown in Table 1.

3.4. Hetero-IOCC Formation Mechanism

To explore the formation mechanism of hetero-IOCC and homo-
IOCC from Im-IONP, detailed FTIR studies were conducted.
The Im-IONP precipitate was obtained as a consequence of
the addition of 2-methyl imidazole (Hmim), which acts as a base,
on the surface of NPs.[46] Figure 5a shows the FTIR spectra of
Hmim, Im-IONP, hetero-IOCC, and homo-IOCC samples.
The peaks at 580 cm�1 with a shoulder at around 626 cm�1 cor-
respond to the stretching vibration of the Fe–O bond for
Im-IONP. A comparative study of FTIR spectrums of
Im-IONP and Hmim shows similar vibration at 744, 826,
1110, and 1326 cm�1 which correspond to the N–H wagging,
out-of-plane bending, C–N stretching vibrations and in-plane
bending of imidazole ring, respectively.[47] This is understood
as Hmim is attached to the surface of IONPs. However, a signif-
icant reduction in the peak intensity and a shift of imidazole
peaks at 1440 cm�1, which correspond to C–H rocking toward
the lower wavenumber in the Im-IONP sample, were observed.

Figure 4. a) Mössbauer spectra and b) magnetic hysteresis curve for hetero-IOCC along with Im-IONP and homo-IOCC.

Table 1. Room temperature Mössbauer data of hetero-IOCC, homo-IOCC, and Im-IONP. Data in brackets represent the standard deviation in decimal
point.

Sample Area
[%]

Isomer shift
δ [mm s�1]

Mean hyperfine
field, Bhf [T]

Quadrupole splitting,
Δ [mm s�1]

Saturation magnetization,
MS [emu g�1]

Coercivity,
HC [Oe]

Hetero-
IOCC

13 0.21 (0) 0.79 (1) 30.59 52.80

13 0.26 (0) 51.0 (1) 0.22 (0)

74 0.23 (2) 29.0 (3) 0.01 (3)

Homo-IOCC 100 0.26 (0) 51.3 (2) 0.23 (0) 1.18 557.40

Im-IONP 100 0.25 (0) 0.73 (0) 1.15 50.99
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This weakening of the bond may be due to the interaction of
metal ions with Hmim during the synthesis process.[48] Thus,
the FTIR spectrums of hetero-IOCC and homo-IOCC show the
absence of hydroxyl group (–OH) (�3440 cm�1), C–H (methyl)
(�2930 cm�1), and C-H (IM) (�3137 cm�1) vibrations. These
may be attributed to the breakdown of the imidazole ring, which
can be further clarified by the TGA and DTG analysis. Two bands
at 527 and 436 cm�1 (Figure 5a) were emerged in hetero-IOCC,
which can be attributed to the Fe–O vibration of γ-Fe2O3 and
α-Fe2O3.

[49,50]

To complement the decomposition of 2-methyl imidazole
(Hmim) and reduction of α- Fe2O3, the imidazole attached
SPM α- Fe2O3 (Im-IONP) was investigated using TGA-DSC in
Argon gas. Figure 5b shows the TG, DTG, and DSC profiles
of Im-IONP in the temperature range of 20–1000 °C. TG curve
clearly indicates an initial small weight loss of 4% at the temper-
ature below 175 °C due to the desorption of water molecules that
might be present on the surface of IONP. Higher weight loss of
around 11% is observed in the temperature range of around
175–218 °C. As FTIR analysis clearly shows the absence of
adsorption bands around 3400 cm�1 corresponding to –OH
vibration of water molecules, the weight loss at this temperature
range of around 200 °C might be due to thermal degradation of
2-methyl imidazole ligands that surround the IONPs. This ther-
mal degradation of the organic ligands lasts for a wide tempera-
ture range from 218 to 490 °C, resulting in a weight loss of 12%.
It is expected that the decomposition of surfactants is often
accompanied by the release of reducing gases such as CO and
H2.

[51] During the calcination, these gases are believed to play
a role in reducing the SPM α-Fe2O3 NPs, the emergence of
γ-Fe2O3 phase, and even to the metallic Fe.[52] Further weight loss
of 23% is observed in the temperature range of 490–600 °C.

Another important thermal property is the temperature
corresponding to the maximum rate of weight loss (Tmin), which
is defined as the peak value of the first derivative of the TG curve.
The presence of a significant exothermic peak in the DTG profile
around 200 °C suggests that the degradation of the imidazole
takes place in this temperature range, which is in agreement with
weight loss in TG results reported by Ullah et al. DSC profile also
suggests that there are two exothermic peaks at 178 and 220 °C

which could be due to the breakdown of the loosely bound outer
imidazole and second the strongly bound inner imidazole,
respectively.[53] Thus, the first stage of decomposition around
200 °C may be from the elements at the tails of the ligands
attached to IONP, and the second stage of decomposition at
560 °C is due to the releasing of the carbon deposited on the sur-
face of iron oxide. This analysis further indicates that carbon is
still present in the hetero-IOCC and homo-IOCC as both the
samples were calcined at a temperature well below the range cor-
responding to the release of carbon. The presence of carbon is
also ensured by the XPS result.

3.5. Textural Properties Using BET Analysis

The surface area of adsorbent material and the presence of active
sites are critical factors for dye adsorption applications. So, the N2

adsorption-desorption isotherm curves of the Im-IONP, hetero-
IOCC, and homo-IOCC samples using BET-BJH method were
shown in Figure S3, Supporting Information. The BET surface
area, total pore volume, and average pore diameter of these sam-
ples are also presented in Table S1, Supporting Information. It is
found that Im-IONP exhibits Type I curve while hetero-IOCC
and homo-IOCC exhibit Type II curves, as per IUPAC classifica-
tion. All the samples were comprised of majority of mesopores
with an average pore diameter of range 2–40 nm. It was observed
that the BET surface area of Im-IONP decreased from 163.68 to
55.19m2 g�1 in hetero-IOCC sample and 12.78m2 g�1 in homo-
IOCC sample. This decrease in surface area with the increase of
calcining temperature could be due to the agglomeration after
the breakdown of imidazole ligands attached to the iron oxide
nanoparticles initially present in the Im-IONP.

3.6. Dye Removal Capacity

3.6.1. Effect of CR and CV Dye Removal Capacity

The dye removal percentage and adsorption capacity of the
hetero-IOCC in comparison with homo-IOCC and Im-IONPs
are shown in Figure 6a–c. The discoloration of the dye indicates

Figure 5. a) FTIR of Hmim, Im-IONP, hetero-IOCC, and homo-IOCC b) TGA, DTG, and DSC of Im-IONP.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2023, 2300354 2300354 (8 of 17) © 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202300354 by PO
L

IT
E

C
N

IC
O

 D
I M

IL
A

N
O

, W
iley O

nline L
ibrary on [19/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


that the hetero-IOCC, homo-IOCC, and Im-IONP samples were
effective for wastewater treatment. At the same experimental
condition [adsorbent dose: 0.2� � g L�1, initial dye concentra-
tion: 10mg L�1, pH 7], the CR dye adsorption capacity for
hetero-IOCC was found to be higher (45.84mg g�1) than that
of homo-IOCC (5.43mg g�1) and Im-IONP (40.44mg g�1).
Impressively, the CV dye adsorption capacity of hetero-IOCC
was also higher (35.45mg g�1) compared to that for homo-
IOCC (9.41mg g�1) and Im-IONP (25.11mg g�1). The obtained
adsorption result certainly elucidated the importance of the pres-
ence of heterophase grain boundaries over the homophase coun-
terpart and the presence of both α-Fe2O3 and γ-Fe2O3 phase over
the single phase in the carbon-containing iron oxide nanocom-
posite. The creation of well-defined heterophase grain bound-
aries may lead to the creation of more defects mainly
positively charged oxygen vacancies, which is in agreement with
the XPS result as well. Thus, when heterophase structures are
developed, positive charge potential along the grains might be
enhanced, thereby inducing a negatively charged space layer
owing to the space charge effect, as shown in Scheme 2. So,
the positively charged potential along the GB core creates the
active sites for adsorbing anionic dyes while the neighboring
negatively charged space layer could be the reason for attaching
cationic dyes.[54] While bulk properties are dominant at the
microlevel, the effect of the charged state along grain boundaries
is more pronounced at the nanolevel. It has been reported that
the GB effect plays a dominant role in dye adsorption.[55] The
comparatively low removal capacity of the Im-IONP sample is

because α-Fe2O3 consists of a single grain capped with organic
imidazole ligands, thereby reducing the interaction of the dye
with iron oxide NPs. Hetero-IOCC samples, in contrast, exhibit
well-defined grain boundaries with multiple phases of α-Fe2O3

and γ-Fe2O3. The grain boundaries consist of huge defects
and the boundaries of different crystallite phases may consist
of higher defects compared to the single-phase boundaries.
The defects at the boundaries also act as the active sites to adsorb
the dye. The surface of hetero-IOCC has higher exposure and has
superior removal capacity than that of Im-IONP. In contrast,
Im-IONP and hetero-IOCC samples have a larger surface-
to-volume ratio compared to homo-IOCC, which is evident from
the TEM result of particle size comparison between these sam-
ples. Moreover, hetero-IOCC has another advantage of greater
saturation magnetization than Im-IONP and homo-IOCC sam-
ples that it is sensitive to the external magnetic field and can
be separated with ease to use for another cycle.

3.6.2. Adsorption Kinetic Study

To better understand the adsorption kinetics, the order of the
adsorption process was determined by fitting the experimental
data into the nonlinear pseudo-first-order (Equation (3)), nonlin-
ear pseudo-second-order equations (Equation (4)) and Elovich
models (Equation (5)):[56]

qt ¼ qeð1� e�k1tÞ (3)

Figure 6. a) Removal percentage of CR and CV dyes for hetero-IOCC compared with Im-IONP and homo-IOCC; pseudo-first-order kinetic plot, pseudo-
second-order kinetic plot, and Elovich models for the adsorption of b) CR, c) CV, and d) Weber–Morris plot. [Adsorbent dose: 0.2 g L�1, initial dye
concentration: 10mg L�1, pH 7].
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qt ¼
k2q2et

1þ k2qet
(4)

qt ¼
1
β
lnðαβtÞ (5)

where qt and qe are adsorption capacity at time t and steady state,
respectively. k1 and k2 are first-order and second-order kinetic
rate constants, respectively. Here, α reflects the initial absorbance
and β is the dye desorption rate.

To study the diffusion model, the Weber–Morris model
equation is used, which is given below:[57]

qt ¼ k3t1=2 þ I (6)

where k3 is the rate constant of the intraparticle diffusion model,
and I is a constant for any experiment (mg g�1).

To analyze the adsorption kinetics using pseudo-first-order,
pseudo-second-order, and Elovich kinetic models, the nonlinear
plots of qt versus time are shown in Figure 6b,c. The coefficients
of determination (R2), derived from the fitting models have been
provided in Table 2 to show differences in goodness of fitting. In
this kinetic study, the Elovich kinetic model with a higher R2

value is found to be the better model for depicting CV and
CR dye adsorption on hetero-IOCC, homo-IOCC, and
Im-IONP (shown in Table 2 and 3). This indicates that chemi-
sorption due to electrostatic interaction between the adsorbent
surface and dye particles could be the dominant factor leading
to the adsorption of dyes.[58] The value of α from the Elovich

Scheme 2. Schematics of proposed dye adsorption mechanism of hetero-IOCC.

Table 2. Parameters of pseudo-first-order, pseudo-second-order, and Elovich kinetic models for the adsorption of CV and CR dyes onto hetero-IOCC,
homo-IOCC, and Im-IONP.

Sample Pseudo-first-order Pseudo-second-order Elovich model

qe [mg g�1] K1 [hr�1] R2 qe [mg g�1] K2 [g mg�1 hr�1] R2 α [mg g�1 hr�1] β [g mg�1] R2

Hetero-IOCC CV 28.94 0.31 0.90 35.45 0.01 0.98 88.86 0.11 0.98

Homo-IOCC CV 8.64 0.99 0.81 9.41 0.16 0.96 88.09 0.18 0.96

Im-IONP CV 22.11 0.42 0.89 25.11 0.02 0.96 26.86 0.17 0.97

Hetero-IOCC CR 37.94 0.33 0.90 45.84 0.0083 0.93 25.47 0.08 0.97

Homo-IOCC CR 4.56 0.40 0.94 5.43 0.085 0.95 4.46 0.09 0.98

Im-IONP CR 33.21 0.32 0.94 40.44 0.0089 0.95 21.26 0.80 0.95
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model for the hetero-IOCC sample was found to be greater than
that of homo-IOCC and Im-IONP in the case of both CV and CR
dye adsorption. This indicates that hetero-IOCC has better dye
adsorption performance than the other two counterparts.[59]

In the kinetic study of dye removal, the pseudo-first-order,
pseudo-second-order, and Elovich kinetic models helped in iden-
tifying the adsorption process, however, they could not identify
the mass transfer and diffusion mechanism. So, the Weber–
Morris model of intraparticle diffusion model was adopted, as
given in Equation (6). Weber–Morris adsorption model of CV
and CR (qt vs t

0.5) is plotted in Figure 6d and corresponding fit-
ting parameters are given in Table 3. Weber–Morris plots of Im-
IONP, hetero-IOCC, and homo-IOCC samples comprise two
steps: 1) external surface adsorption or the diffusion of CV
and CR molecules to the surface of adsorbent materials, which
continues till the exterior surface reaches the saturation; and
then 2) the internal diffusion of dye molecules within the pores,
also known as intraparticle diffusion, reaching the final equilib-
rium step.[60] The slope of the linear part of each curve could give
the rate constants and the intercepts (I) could be obtained from
the extrapolation of the first step in the curves to the time axis
(Figure 6d). It was found that the extrapolation of initial linear
graphs does not pass through the origin, which strongly indicates
the influence of boundary layers on the adsorption process.

3.6.3. Adsorption Isotherm Studies

Adsorption isotherms are critical to getting an insight into the
adsorption mechanism and the maximum adsorption capacity
and understanding the feasibility of the application purpose.
Here, Langmuir and Freundlich isotherm models were used
to study the adsorption isotherms. The Langmuir model can
describe the monolayer adsorption onto a surface with a finite
number of identical sites whereas the Freundlich isotherm mod-
els were used to describe the sorption onto a heterogeneous
surface.

The nonlinear form of the Langmuir isotherm is given as
follows:

qe ¼
qmaxKLCE
1þ KLCe

(7)

where Ce is the CR concentration in equilibrium (mg L�1), qmax

represents maximum adsorption capacity (mg g�1), and KL is the
Langmuir constant (L mg�1).

The nonlinear form of the Freundlich isotherm model
equation is given as follows:

qe ¼ KFC
1=n
e (8)

where KF and n are the Freundlich constants related to adsorp-
tion capacity and adsorption intensity, respectively.

Effect of Initial Concentration: Adsorption isotherms were
further investigated and further fitted by the nonlinear
Langmuir and Freundlich isotherm model to evaluate the dye
adsorption performance of hetero-IOCC, homo-IOCC, and
Im-IONP. The fitted parameters are shown in Table S2,
Supporting Information. For a better understanding of the
adsorption mechanism, an aqueous solution of 5–50mg L�1

dye concentration was used for the isotherm experiment at room
temperature, which is presented in Figure 7a,b. The adsorption
capacities of the CV dye for hetero-IOCC sample increase from
12.55 to 64.62mg g�1 while the adsorption capacities of the CR
dye for hetero-IOCC sample increase from 28.3 to 130.92mg g�1

as the initial dye concentration increases from 5 to 50mg L�1.
This observation could be explained by the fact that a high con-
centration of dye represents a stronger driving force between
adsorbent and liquid phases thereby enhancing the adsorption
rate. Compared to the nonlinear Freundlich isotherm model
(R2= 0.91), the Langmuir isothermmodel of R2= 0.97 was more
suitable to describe the adsorption mechanism indicating the
possibility of homogenous monolayer adsorption.[61] From the
fitting of adsorption data with the Langmuir isotherm model,
the theoretical values for the adsorption capacity for CR dye
for hetero-IOCC, homo-IOCC, and Im-IONP samples were
found to be (140.19� 14.10), (17.95� 1.43), and (53.19� 2.81)
mg g�1, respectively. Also, the theoretical values for the
adsorption capacities for CV dye for the hetero-IOCC, homo-
IOCC, and Im-IONP samples were found to be (71.63� 7.15),
(12.51� 0.62), and (48.17� 5.6) mg g�1, respectively. The
adsorption performance of the CV and CR dyes for the samples
are compared with the existing reports and shown in Table 4.

Effect of Adsorbent Dosage: The dose of adsorbent can strongly
influence the adsorption capacity; so, the adsorption experiment
was carried out by varying the sample dose from 0.2 to 1 g L�1 on
10mg L�1 dye solution. With the initial adsorbent dosage of the
sample increasing from 0.2 to 1 g L�1, the adsorption capacities
of the CV dye decreased from 35.45 to 5.92mg g�1 and the
adsorption capacities of the CR dye decreased from 45.84 to
9.912mg g�1, indicating their good adsorption capacities at
the lower sample dose concentration, as shown in Figure 7c,d.
The same trend of decrease in adsorption capacity with the
increase in adsorbent concentration holds good for the homo-
IOCC and Im-IONP samples also. The decrease in the adsorp-
tion capacity (qe) value with the increase of adsorbent dose might
be because of the presence of greater surface area for a fixed
amount of adsorbate.[62] The effectiveness of low adsorbent dose
shows that it could be beneficial to treat the pollutants that are
present even in small trace amounts in water bodies.

Effect of pH: pH of a medium is critical for determining the
role of the adsorption process by altering surface charge and ion-
ization of both adsorbent as well as adsorbate. The dependence of
dye adsorption on pH can be evaluated from the perspective
of surface chemistry in an aqueous phase. Generally, the surfaces

Table 3. Parameters of Weber–Morris model for the adsorption of CV and
CR dyes onto hetero-IOCC, homo-IOCC, and Im-IONP.

Sample name Step-I Step-II

K3 [mg (g hr0.5)�1] I [mg g�1] K3 [mg (g hr0.5)�1] I [mg g�1]

Hetero-IOCC CV 9.01 1.00 19.65 0.37

Homo-IOCC CV 1.81 3.91 4.42 0.01

Im-IONP CV 6.20 3.68 16.78 1.74

Hetero-IOCC CR 11.62 2.62 28.50 2.67

Homo-IOCC CR 1.89 0.54 9.05 0.01

Im-IONP CR 10.85 0.64 26.82 1.71
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Figure 7. Adsorption isotherm of a) CV and b) CR dye on sample fitted with Freundlich isothermmodel and Langmuir isothermmodel; [Adsorbent dose:
0.2 g L�1, initial dye concentration: 5 to 50mg L�1, pH 7] Influence of dose concentration on the adsorption capacity of c) CV and d) CR dye [Adsorbent
dose: 0.2–1 g L�1, initial dye concentration: 10mg L�1, pH 7].

Table 4. Comparison of the maximum adsorption capacities (qmax) of variously reported sorbents for CV and CR. (BTCA: Benzenetetracarboxylic acid,
SPION: superparamagnetic iron oxide nanoparticle. IO: iron oxide, PANI: polyaniline, BNNS: boron nitride nanosheets).

Sorbent Synthesis
method

Dye pH Dye concentration
[mg L�1]

Adsorbent dose
[g L�1]

qmax

[mg g�1]
Rem-oval % References

Jute fiber carbon Carbonization CV 8 40 0.2 27.99 [66]

Nonmagnetic IO Entrapment method 9 5 0.1 16.50 [67]

IO based on κ-carrageenan-g
poly (methacrylic acid) nanocomposite

Co-ppt 8 50 0.5 28.24 [68]

BTCA-Fe3O4 Co-ppt 10 20 0.02 14 [15]

SPION Co-ppt 9 10 8 20 [69]

Hetero-IOCC Co-ppt and Calcination 7 50 0.2 71.63 53.40 Present work

Homo-IOCC 12.51 18.60

Im-IONP Co-ppt 48.17 41.40

Pretreated Fe3O4 Co-ppt CR 6.6 30 4 21.28 [70]

Activated carbon Ultrasound-assisted method 4 200 0.2 14.92 [71]

Au-Fe3O4-NCs-AC 4 200 0.2 21.05

Activated carbon (ultrasound) 4 200 0.2 24.65

BNNS@ Fe3O4 High pressure 200 0.33 39 [72]

PANI/Fe3O4 Polymerization and mixing 20 0.1 21.38 [73]

MnFe2O4 Co-ppt 6.6 30 4 25.78 [70]

Fe3O4@SiO2 Magnetic NPs Co-ppt 5.5 30 2 24 [74]

Hetero-IOCC Co-ppt and calcination 7 50 0.2 140.19 74.40 Present work

Homo-IOCC 17.95 10.10

Im-IONP Co-ppt 53.19 60.70
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of iron oxides are covered with –OH� groups either from the
adsorbed water molecules or from the structures of metal oxide
that vary in form at different pH levels. These groups have two
pairs of electrons together with a dissociable H-atom that enables
them to react to both acids and bases. Accordingly, it was
reported that the major dominant functional groups of iron oxide
surface would be Fe2þ or FeOHþ at lower pH (acidic) and
FeðOHÞ02 and FeðOHÞ�1

3 , which are its hydrolysis products, at
the higher pH (basic medium). So, it was expected that the iron
oxide adsorbent adsorbed anionic dyes better at lower pH and
cationic dye better at higher pH.[63] Thus, the adsorption
capacity of CR dyes on hetero-IOCC was reduced from 72.41
to 10.69mg g�1 when the pH increased from 3 to 12. In contrast,
the adsorption capacities of CV dyes on hetero-IOCC were
increased from 9.4mg g�1 at pH 3 to 45.85mg g�1 at high
pH 12 (Figure 8). To evaluate the relation between the surface
charge of the adsorbents and the pH of the solution in the
adsorption process, the surface potential of the three samples:
hetero-IOCC, homo-IOCC, and Im-IONP were measured at
neutral pH (pH 7) and were found to be �18.6, �13.3, and
�10.1mV, respectively. As all three samples had nearly the same
negative potential, the surface potentials of the best-performing
hetero-IOCC sample were measured at five different pH values
namely, pH 3, 5, 7, 9, and 12 and plotted as a function of pH to
determine the point of zero charge (PZC). The PZC of hetero-
IOCC was found to be 6.2 (Figure 8c). This suggested that the
surface charge of the adsorbent at pH< PZC was positive and
at pH> PZC was negative. So, the anionic CR dyes were
expected to be adsorbed better at low pH and the cationic CV
dye was envisaged to be adsorbed better at higher pH, which
was in agreement with our experimental results.

Thermodynamic Study: The thermodynamic study for the
most efficient hetero-IOCC sample was carried out to study
the effect of temperature variation on the adsorption capacity
of the adsorbents. The thermodynamics parameters were also
evaluated, using the Van’t Hoff plots (shown in Figure 9b).
With the aqueous solution temperature increased from 305
to 325 K with initial dye solutions of 10 mg L�1 and an adsor-
bent dose of 0.2 g L�1 at pH 7, the hetero-IOCC sample exhib-
ited an increasing trend of adsorption capacities for CR dyes.
This rise in adsorption capacity could be due to the enhanced
mobility of CR ions onto the adsorbent nanoparticles. However,
the adsorbents showed a slightly decreasing trend of adsorption

capacity with the increase of temperature for CV dyes, as shown
in Figure 9a.

The thermodynamic parameters viz., the change in Gibbs free
energy (ΔG), entropy (ΔS), and enthalpy (ΔH) can be evaluated
by using Van’t Hoff ’s equations:

LnðKdÞ ¼
ΔS
R

� �
� ΔH

R

� �
(9)

ΔG ¼ �RT Ln ðKdÞ (10)

Kd ¼
qe
Ce

(11)

where Kd is the distribution coefficient for the adsorption
process.

The slope and intercept of the Ln (Kd) versus 1/T graph can be
used to calculate enthalpy (ΔH) and entropy (ΔS) respectively of
the adsorption process and the corresponding values of thermo-
dynamic parameters are listed in Table 5. The negative value of
ΔG in all cases indicates the spontaneity and feasibility of the
adsorbent sample in a wide range of temperatures. For the
adsorption process in hetero-IOCC, the positive value of ΔH
for CV dye indicates the endothermic nature of the adsorption
process whereas the negative value of ΔH for CR dye indicates
the exothermic process. Additionally, the negative ΔS value for
CV dye adsorption depicts the decrease in randomness or disor-
ders at the interface while the positive ΔS value for CR dye sug-
gests the increase in the randomness or disorders of the system.
Generally, the positive value of ΔH reflects the chemisorption
and electrostatic-based interaction for the CV dyes while the neg-
ative value of ΔH for CR dye indicates the physical interactive
force could be dominating force for CR adsorption.[64]

3.6.4. Effect of Different Coexisting Ions

Most industrial wastewater generally contains plenty amount of
salts of wide ionic strength, that can greatly alter the adsorption
capacities of various dyes. To evaluate the influence of ions on
dye adsorption, two commonly used salts namely, NaCl and
MgCl2, were mixed at various concentrations 10, 50, 100,
and 200 g L�1 with the dye solution, prepared at 10 mg L�1.
The variation of dye adsorption with the increase of the ionic
strength is presented in Figure 9c,d. The decrease in CV and

Figure 8. Influence of pH on a) CR and b) CV adsorption on Im-IONP, hetero-IOCC, and homo-IOCC; c) Variation of zeta potential with pH to determine
point of zero charge.
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CR adsorption capacity with the rise in ionic concentration of
NaCl and MgCl2 salts could be because the salt molecules pres-
ent in the solution occupy some of the active sites present in the
adsorbent. So there could be competition between cationic dye
particles and cations present in the solution for the active sites
on the adsorbent.

3.6.5. Adsorption Mechanism

To analyze the adsorption mechanism of CR and CV dyes, FTIR
spectra of hetero-IOCC, homo-IOCC, and Im-IONP before and
after dye adsorptions were recorded, as shown in Figure 10. The
peaks located at �1065 cm�1 correspond to the vibration of the
sulfonic group of CR. This vibrational band is observed clearly in
the FTIR peaks of hetero-IOCC, homo-IOCC, and Im-IONP,
which are examined after the adsorption of CR dye. Also,

�1455 and �1585 cm�1 vibrational bands which belong to the
–NH2 and –N═N aromatic group, respectively, affect the
vibration bands of the Im-IONP after adsorption.[65] Moreover,
the peak intensities of the CR dye which are observed in the
FTIR spectra of the sample after adsorption are reduced.
These findings point to the adsorption of CR dye onto the surface
of the Im-IONP. Electrostatic interaction between the negative
charge sulfonic group and Hþ forming SO3H at around
1169 cm�1 which is commonly observed in the CR dye adsorp-
tion was not observed. Similarly, the vibrational bands at �1160,
�1296, �1351, �1580, �2923, and �3303 cm�1 correspond to
stretching vibration of C–H in the aromatic ring, C–N vibration,
C═C stretching vibrations in aromatic nuclei, N═H stretching
vibration of amino group, and –OH bond of water adsorbed
on CV, respectively. These vibrational bands were found to affect
the FTIR spectra of hetero-IOCC, homo-IOCC, and Im-IONP

Table 5. Thermodynamic parameters for the adsorption of CV and CR dyes onto hetero-IOCC, homo-IOCC, and Im-IONP.

Temperature [K] CV CR

ΔG [KJ mol�1] ΔH [KJ mol�1] ΔS [KJ mol�1] ΔG [KJ mol�1] ΔH [KJ mol�1] ΔS [KJ mol�1]

305 �5.11 34.65 �97.94 �2.97 �209.10 686.321

310 �4.12 �2.23

315 �3.40 �3.82

320 �3.01 �9.76

325 �3.28 �16.68

Figure 9. a) Variation of adsorption capacities of CR and CV at different temperature, b) Vant Hoff ’s plot for thermodynamic study of hetero-IOCC, and
influence of NaCl and MgCl2 on the adsorption capacity of c) CV and d) CR dyes on hetero-IOCC samples.
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taken after the adsorption, which confirms the adsorption of
CV. The possible mechanism underlying the adsorption
process of CV and CR onto hetero-IOCC, homo-IOCC, and
Im-IONP, as shown in Scheme 2, mainly involves van der
Waals and hydrogen bonding, which could be related to shifting
of the aromatic vibrational bands. Moreover, ion exchange, π–π
interactions and hydrophobic interactions may also be involved
in the process.

3.6.6. Regeneration of Adsorbent

To ensure efficient sequestration of pollutants fromwater bodies,
the materials should have the ability to be separated easily and
recycled without much reduction in their removal capacities. So,
the regeneration and reusability of adsorbents are of immense
importance from the perspective of practical application. Batch
adsorption and desorption cycles were carried out to explore
the reusability capacity of these samples. As shown in
Figure 11, the reusability capacity of hetero-IOCC samples is
greater in removal capacity (>50%) even after three cycles both
for the CR and CV dyes, whereas both other samples viz., homo-
IOCC and Im-IONP reduce significantly. In addition to the better
performance on dye removal, hetero-IOCC adsorbent has the

extra advantage of the ease of separation using a magnet for fur-
ther use.

4. Conclusion

In conclusion, iron oxide/carbon composite with heterophase
grain boundaries (hetero-IOCC) is successfully synthesized by
calcining the imidazole-capped SPM α-Fe2O3 (Im-IONP), which
was obtained from the coprecipitation of iron nitrate and
2-methyl imidazole solutions. The spectroscopic studies eluci-
date that the oxidation to α-Fe2O3 favored the agglomeration,
whereas the γ-Fe2O3 was observed to have preserved the size
experiencing the SPM properties. While implemented as an
active material for dye adsorption, hetero-IOCC exhibited supe-
rior dye adsorption with a capacity of 71.63 and 140.19mg g�1 for
both the cationic CV and anionic CR dyes respectively, compared
to the Im-IONP (48.17 and 53.19mg g�1) and homo-IOCC
(12.51 and 17.95mg g�1) at an initial dye concentration of
50mg L�1, pH 7, and adsorbent dose of 0.2 g L�1. Adsorption
isotherms and kinetic studies suggest that the Langmuir
isotherm model was found to be an appropriate model following
the Elovich kinetic model. The enhanced dye adsorption in
hetero-IOCC is attributed to the 1) heterophase grain boundaries

Figure 10. FTIR of hetero-IOCC, homo-IOCC, and Im-IONP samples before and after adsorption for a–c) CR [in the range of 800–1800 cm�1] and
d–f ) CV dyes [in the range of 900–3800 cm�1].
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among the α-Fe2O3 and γ-Fe2O3 which provide many active sites;
2) the presence of carbon coating which protects NPs from the
agglomerations; and 3) the charged defects that got induced on
the grain boundaries facilitate both the surface and intraparticle
diffusion of both the cationic and anionic dyes. We anticipate
that the strategy can be adopted to design and synthesize
unique metal oxide/carbon composites with heterophase grain
boundaries for a wide range of applications such as catalysis,
gas sensors, hydrogen evolution reactions, energy storage, and
sustainable wastewater treatment.
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