
Low Temperature Processing of Iron Oxide Nanoflakes from Red
Mud Extract toward Favorable De-arsenification of Water
Adwitiya Chakraborty, Prasanta Kumar Sinha, and Milan Kanti Naskar*

Cite This: ACS Omega 2023, 8, 29281−29291 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Iron oxide (α-Fe2O3) was synthesized from red mud extract followed by hydrothermal reaction at 150 °C/6−24 h in
the presence of NH4OH. The crystallinity of α-Fe2O3 increased with reaction time as confirmed by X-ray Diffraction, while Fourier
transform infrared spectroscopy and Raman illustrate the symmetric stretching vibration of the Fe−O bond in α-Fe2O3. The X-ray
photoelectron spectroscopic analysis shows O 1s spectra at 530.6, 531.2, and 532 eV, signifying the lattice oxygen in Fe−O, surface
oxygen defects, and oxygen in adsorbed hydroxyl groups, respectively. The morphology of α-Fe2O3 nanoflakes was noticed from field
emission scanning electron microscopy and transmission electron microscopy. The developed particles reveal the BET surface area
in the range of 136−347 m2/g. The maximum As(V) adsorption capacity of 32−41 mg/g was obtained for adsorbent dose of 0.25 g/
L. The arsenic level could be lowered down to 2−3 μg/L (<10 μg/L as per WHO’s limit) with contaminated real water (64 μg/L)
using 0.25 g/L of sample dose within 5 min of adsorption.

1. INTRODUCTION
Arsenic contamination in groundwater is a serious concern for
the living beings. As a silent killer, arsenic (As) causes various
complications in the human organ system like skin cancer,
pigmentation, Blackfoot disease, cardiovascular disease, lungs,
urinary bladder, kidney related ailments, and so forth.1−3 The
most common form of arsenic in natural water is oxyanions as
arsenite (AsO3

3−) and arsenate (AsO4
3−) depending on redox

conditions with pH, the former is more toxic than the latter.4

However, the arsenate species [As(V)] mostly exists in surface
water because of its thermodynamic stable form.5 The World
Health Organization (WHO) recommends the As concen-
tration limit in drinking water to be 10 μg/L. Arsenic removal
from ground water has been accomplished using a variety of
techniques, including oxidation and sedimentation,6 co-
precipitation,7 membrane separation,8 coagulation and filter-
ing,9 ion exchange, reverse osmosis, electrolysis, adsorption,
and many others.10−14 Adsorption technology has shown
promise for the removal of arsenic from water because of its
simple design, ease of operation, high efficiency, greater
regeneration ability, and wide applicability in small scale
treatment plants.15 Chutia et al. showed the adsorption
capacity of zeolites of type H-MFI-24 (H24) and H-MFI-90
(H90) as 35.8 and 34.8 mg g−1 for the removal of arsenic

starting with arsenic concentration of 10 mg/L at pH 6.5 using
the sample dose of 2 g/L.16 The maximum adsorption capacity
of the MOF-based adsorbent material used in numerous
studies on the adsorption of arsenic was found to be 90.92 mg
g−1, which could be attributed to the mesoporous structure
facilitating mass transfer within the pores during the adsorption
process.17 Yao et al. showed the adsorption capacity of the iron
oxide/activated carbon magnetic composite as 17.86 mg g−1

with the initial As concentration of 10 mg/L at pH 6 for 60
min contact time using the sample dose of 5 g/L.18 Arsenic
and other hazardous ions were also shown to be very
effectively removed by a polymer-based composite.19 Layered
double hydroxides,20−22 hierarchical porous ZIF-8,23 and iron-
based materials24−26 are found to be commonly used for
As(V). Pintor et al. showed adsorption capacity of iron-coated
cork granulates as 4.3 and 4.9 mg g−1 for the removal of As(V)
and As(III), respectively, with their initial concentration of 25
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mg/L at 20 °C for 24 h contact time using 2.5 g/L of sample
dose.24 Iron-based layered double hydroxides exhibited
efficient arsenic adsorption due to their synergistic effect of
the interlayered structure and the presence of iron containing
metal−oxygen bonds, facilitating electrostatic interactions with
arsenite/arsenate oxyanions.27−30

Arsenic removal from contaminated water using low cost
adsorbents is highly demanding particularly in rural area
community having low income. Babazad et al. used carbonized
rice husk for the removal of lead and arsenic from aqueous
solution.31 Nguyen et al. reported arsenic removal from ground
water using laterite.32 Red mud is a waste product in aluminum
industry. Red mud contains mainly iron and aluminum oxide/
hydroxides with a small amount of silica, TiO2, Na2O, and
CaO.33,34 The oxides/hydroxides of iron, aluminum, and
titanium are effective for the adsorption of As(V). It is worth
noting that raw red mud has lower arsenic adsorption capacity
compared to modified red mud or synthesized iron oxides/
hydroxides as adsorbents. Numerous researchers have reported
using modified red mud to successfully remove arsenic from an
aqueous solution.35−40 Recently, Xu et al. reported arsenic
removal from aqueous solution using porous red mud beads.41

In the present work, we have extracted iron constituent from
red mud by acid leaching followed by hydrothermal reaction in
the presence of aqueous ammonia. Synthesis of iron oxide with
a high surface area from red mud by a simple hydrothermal
process without further heat treatment is rarely reported to the
best of our knowledge. In this study, we have demonstrated
that how the reaction time affects the crystallinity and surface
properties of the material toward the adsorption efficiency of
arsenic. The synthesized product was used for the removal of
As(V) from aqueous solution. Kinetic studies were performed
for the adsorption of arsenic by changing different parameters
like concentration of adsorbates and adsorbents, time, pH, and
temperature.

2. EXPERIMENTAL SECTION
2.1. Materials. The industrial waste red mud was collected

from Utkal Aluminium International Ltd., Odisha, India.
Hydrochloric acid (37%), ammonia (25%), and standard
arsenic acid (H3AsO4, 1000 mg/L) were purchased from
Merck, India, whereas sodium arsenate heptahydrate

(Na2HAsO4·7H2O, 98−102.0%) was collected from Loba
Chemie Pvt. Ltd.

2.2. Preparation of Iron Oxide from Red Mud. Figure 1
shows schematic diagram for the preparation of iron oxide
extracted from red mud. For the extraction of Fe(III) from red
mud, 40 g of crushed red mud powder was leached with 400
mL of 6 M HCl under the reflux condition at 90 °C for 3 h.
The leachate was separated out by centrifugation, and the
concentration of Fe(III) was found to be 1 M. For the
preparation of the iron oxide-based adsorbent, 10 mL of red
mud extract was taken in a beaker followed by the dropwise
addition of NH4OH under stirring to raise the pH 8−9. A
brown solid mass was obtained, which was diluted to 70 mL by
adding Millipore water under the stirring condition. After 30
min of stirring, the whole dispersion was transferred into a
Teflon-lined hydrothermal autoclave and was kept at 150 °C
for 6−24 h. The brown colored products were collected by
centrifugation and repeatedly washed with Millipore water
followed by drying at 60 °C for 6 h. The samples are
designated as FENH6, FENH12, and FENH24 for hydro-
thermal treatment of 6, 12, and 24 h, respectively, at 150 °C.

2.3. Characterization. The synthesized materials were
characterized by Fourier transform infrared (FTIR) spectros-
copy (Spectrum two, PerkinElmer), Raman spectroscopy
(Horiba T6400 spectrometer with 532 nm laser), X-ray
diffraction (XRD) (Philips X’Pert Pro PW 3050/60, using Ni-
filtered Cu Kα radiation, λ = 0.15418 nm), X-ray photo-
electron spectroscopy (XPS) (PHI 5000 Versa Probe II,
ULVAC-PHI with Al Kα radiation), X-ray fluorescence (XRF)
(PANalytical, Axios, Almelo, Netherland), FESEM (Model:
Zeiss, Supra 35VP, Oberkochen, Germany), and N2
adsorption−desorption study Quantachrome (ASIQ MP),
where the specific surface area was measured by the BET
(Brunauer−Emmett−Teller) method, and pore size distribu-
tions were calculated using the BJH (Barrett−Joyner−
Halenda) method. The microstructural analysis of the samples
was performed by field emission scanning electron microscopy
(Model: Zeiss, Supra 35VP, Oberkochen, Germany) and
transmission electron microscopy (TEM) (Tecnai G2 30ST
(FEI).

2.4. Arsenic Adsorption Experiment. The adsorption
kinetics study of arsenic from aqueous solution was performed

Figure 1. Schematic diagram for the preparation of iron oxide extracted from red mud.
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by varying different parameters like contact time, initial arsenic
concentration, sample dose, temperature, pH, and competing
ions effect. The sample dose (adsorbent) was varied from 0.1
to 1 g/L with the initial arsenic concentration of 5 mg/L. For
variation of time (5−180 min), pH (1.5−11.5) and temper-
ature (303−343 K) effect, the sample dose was fixed at 0.25 g/
L with the initial arsenic concentration of 2 mg/L and for
competing ions (chloride, nitrate, sulfate, and phosphate), the
initial concentration of each component was fixed around 5
mg/L with the sample dose of 1 gm/L. For the adsorption
isotherm study, the initial As(V) concentration was varied
from 2 to 20 mg/L with the sample dose of 0.50 g/L at
equilibrium time of 180 min, temperature (303 K), and pH
(6.5). The As(V) concentration after adsorption was
determined by inductively coupled plasma atomic emission
spectrometry (ICP−AES), ARCOS 130 MV, Spectro Ana-
lytical Instruments GmbH, Kleve, Germany and ICP mass
spectrometry (ICP−MS), NexION 300X, PerkinElmer, USA.
The equilibrium adsorption capacity, qe (mg/g), was

determined from the following equation

q C C V m( )( / )e 0 e= (1)

where C0 and Ce are the initial and final concentration of
arsenic (mg/L), respectively, while V and m represent the
solution volume in liter and mass in gram of the sample,
respectively.
Noh and Schwarz’s method42 was adopted for determination

of point of zero charge (pHpzc). In this method, different
sample quantities (5 mg to 2 g) were added each to 10 mL of 1
mM NaCl under stirring for 24 h followed by their pH
measurement. A plot of pH vs sample mass was drawn in
which pH approached to an asymptotic value by which the
pHpzc of the sample was determined.

For the regeneration of the adsorbent, the exhausted
adsorbent material was digested with 0.1 M NaOH for 24 h
followed by repeated washing with Millipore water and drying.
Thereafter for the recyclability test, 1 g/L of regenerated
sample dose was stirred with 2 mg/L arsenic containing
aqueous solution (20 mL) for 120 min at pH 6.5, which was
performed with a total of five adsorption−desorption cycles.

3. RESULTS AND DISCUSSION
3.1. Study of the Crystal Structure. Figure 2a shows the

XRD patterns of the sample obtained from hydrothermal
treatment of red mud extract at 150 °C for 6−24 h. It confirms
the crystalline phase of α-Fe2O3 with 2θ values of 24.27, 33.22,
35.77, 41.09, 49.74, 54.36, 57.91, 62.82, and 64.49
corresponding to hkl values of (012), (104), (110), (113),
(024), (116), (018), (214), and (300), respectively (JCPDS
file no. 86-0550). It is noticed that with the increasing reaction
time, crystallinity of the α-Fe2O3 phase becomes higher. To
ascertain the presence of other impurities in the prepared
sample, XRF analysis was conducted. Table S1 shows that iron
oxide and alumina contents were 81.4 and 14.29%,
respectively, in the presence of a trace amount of other
impurities. The FTIR study of the prepared samples obtained
at 150 °C for 6−24 h is shown in Figure 2b. The appearance of
vibration bands at 472 and 576 cm−1 is the signature of
stretching vibration of the Fe−O bond.43,44 A broad band at
1099 cm−1 indicates the stretching vibration of Fe−OH−Fe.45
The absorption peaks at 1405 and 1635 cm−1 are ascribed to
O−H bending vibration, while the absorption band at 3445
cm−1 is due to O−H stretching vibration of absorbed water
molecules in the sample. However, in the instance of the
sample FENH24, a shoulder peak is noticed at 3144 cm−1.46

This peak indicates that the hydrogen-bonded OH is in its
stretching vibrational state. It is interesting to note that as

Figure 2. (a) XRD pattern, (b) FTIR, and (c) Raman spectra of α-Fe2O3.
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reaction time increases, polymeric association takes place, and
hydrogen bonding plays a significant part in this process, which
facilitates in the formation of the nanoflake structure.47 Figure
2c shows Raman spectra of the products obtained at 150 °C
for 6−24 h. The appearance of vibration band at 222 cm−1

corresponds to symmetric stretching vibration of Fe−O in A1g
phonon mode. The bands at 288, 405, and 609 cm−1 are
assigned to Eg phonon mode of vibration, which are the
signature of α-Fe2O3. It is reported that that hematite (α-
Fe2O3) belonging to the R3c space group generally exhibits
seven phonon lines comprising two A1g and five Eg phonon
modes.48,49 However, in the present study, we obtained four
phonon mode of vibrations, i.e., one A1g and three Eg.
Figure 3a shows the BET isotherm of the hydrothermally

treated sample at 150 °C for 6, 12, and 24 h reaction time. It is
noticed that surface area values are maximum of 347 and 331
m2/g for 6 and 12 h treated samples, respectively, followed by
sudden decrease to 136 m2/g for the 24 h treated sample. The
BET curve shows a drastic decrease in the surface area for the
sample FENH24, which could be understood by high
crystallite growth and crystallinity at 24 h reaction time. For
6−12 h reaction time, crystallization occurs slowly, reflecting
lower intensity of α-Fe2O3 peaks in the XRD pattern. In
kinetically controlled systems, amorphous to crystalline phase
transitions are frequent.50 These transitions involve an initial
fast-growing amorphous phase and a slow crystallization,
resulting in a gradual trend in increasing crystallite size, which
was found to be 2.1, 4.2, and 16.4 nm for FeNH6, FENH12,
and FENH24, respectively. Therefore, a rapid increase in
crystallite size from 4.2 to 16.4 nm for FENH12 and FENH24,
respectively, lead to reduced surface area of the latter. The
BET isotherms show type IV as per IUPAC classification,
which is the signature mesoporous characteristics. However,
the nature of hysteresis loops of the isotherm in 6−12 h
samples is H2 type, signifying ink-bottle like mesopores, while
that of the 24 h treated sample is H3 type, indicating slit-like

pores.51 Interestingly, the total pore volume of the three
samples heat-treated at 6, 12, and 24 h are comparable at
around 0.33−0.36 cm3/g, whereas the average pore diameter
calculated from the BJH desorption plot (Figure 3b) are found
in the range of 3.5−3.7 nm. It is worth noting that surface
properties particularly, the surface area has a significant role
toward the adsorption of water contaminants from aqueous
solution. To investigate the surface chemical analysis, the XPS
study was performed. Figure 3c,d shows XPS spectra of Fe 2p
and O 1s, respectively, for the 24 h treated sample (FENH24).
The appearance of peaks at around 710.6 and 724 eV could be
attributed to the spin orbit doublets of Fe 2p3/2 and Fe 2p1/2,
respectively,52 confirming the existence of the Fe(III) state.
The corresponding shake-up satellite peaks for Fe 2p3/2 and Fe
2p1/2 were found to be 719 and 729 eV, respectively (Figure
3c). Surprisingly, a satellite peak at around 715 eV confirms the
existence of Fe(II); however, no primary peak for Fe(II) 2p3/2
was noticed. It is demonstrated that the crystal structure of
Fe2O3 contains Fe(II) sites, which could be originated via
electron hopping.53,54 The deconvoluted peaks of O 1s spectra
are shown at 530.6, 531.2, and 532 eV (Figure 3d), signifying
the lattice oxygen in Fe−O, surface oxygen defects, and oxygen
in adsorbed hydroxyl groups, respectively,45,55 with their
percentage abundance of 25.7, 36, and 38.3% for the
FENH24 sample. Figure S1 shows XPS spectra of FENH6
(6 h treated sample): (a) Fe 2p and (b) O 1s and FENH12
(12 h treated sample): (c) Fe 2p and (d) O 1s. The lattice
oxygen, surface oxygen defects, and oxygen in adsorbed
hydroxyl groups for FENH6 are 46.77, 25.05, and 28.17%,
respectively, whereas those for FENH12 samples are found to
be 48.08, 32.45, and 34.9%, respectively. It is worth
mentioning that surface oxygen defects and oxygen in adsorbed
hydroxyl groups are in increasing trend as FENH6 < FENH12
< FENH24. It could affect their adsorption efficiency for
As(V). However, the surface area values of the samples follow
as: FENH6 > FENH12 > FENH24, which demonstrate a

Figure 3. (a) BET isotherm, (b) BJH pore size distribution, and XPS spectra of α-Fe2O3: (c) Fe 2p and (d) O 1s of FENH24.
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pronounced effect on adsorption efficiency, superseding the
effects of surface oxygen defects and oxygen in adsorbed
hydroxyl groups.
Morphology of the synthesized products was examined by

FESEM and TEM. Figure 4a−c shows the FESEM micro-
structures obtained at 150 °C for different reaction times of 6,
12, and 24 h, respectively. It is noticed that for lower reaction

time (6 h), highly agglomerated particles are obtained.
However, with the increase in reaction time of 12 h,
nanoflake-like particles start growing. A complete nanoflake-
like assembly with the petal-like structure of α-Fe2O3 was
obtained for 24 h reaction time. During hydrothermal reaction
at 150 °C, dissolution of the agglomerated particles takes place,
rendering high entropy of the system. With the increasing

Figure 4. (a−c) FESEM images, (d−f) TEM images, and (g−i) HRTEM images of α-Fe2O3 particles.

Figure 5. Effect of (a) contact time, (b) initial As(V) concentration, (c) adsorbent dose, and (d) pH on the adsorption of As(V) ions by α-Fe2O3
particles.
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reaction time, the nascent nuclei start growing in a certain
crystallographic orientation, generating a flake-like structure
minimizing entropy of the system. The TEM image of the
sample is shown in Figure 4d−f for 6, 12, and 24 h reaction
time, respectively. It reveals the presence of nanopores in the
samples. Interestingly, with a close observation of TEM
microstructures, it is revealed that very tiny α-Fe2O3 particles
of size in the range of 2−5 nm assembled in a petal-shaped
particles, particularly for 24 h reaction time. The HRTEM
images of α-Fe2O3 particles are shown in Figure 4g−i for three
different reaction times of 6, 12, and 24 h, respectively. It
indicates the lattice fringes of the (110) plane corresponding to
the lattice spacing of 0.25 nm, which corroborated to the high
intensity peak of α-Fe2O3 obtained from the XRD pattern
(Figure 2a).

3.2. Arsenic Adsorption Study. 3.2.1. Effect of Contact
Time. The percentage adsorption of As(V) from aqueous
solution with contact time is shown in Figure 5a, keeping the
initial As(V) concentration of 2 mg/L (pH ∼ 6.8) with the
sample dose of 0.25 g/L at 30 °C. It is noticed that the %
adsorption of As(V) increased sharply up to 60 min of contact
time, reaching equilibrium at 120 min of adsorption with %
adsorption of 99, 96.6, and 92%, for the samples FENH6,
FENH12, and FENH24 prepared at reaction times of 6, 12,
and 24 h, respectively. Adsorption capacity (qt) with time of
the samples is shown in Figure S2a, which reaches maximum
values of 7.9, 7.7, and 7.4 (mg/g) for FENH6, FENH12, and
FENH24, respectively. It is demonstrated that the arsenic level
could be lowered down to 2−3 μg/L (<10 μg/L as per WHO’s
limit) with contaminated real water (64 μg/L) using 0.25 g/L
of sample dose within 5 min of adsorption. Figure S3 shows
that the samples FENH6, FENH12, and FENH24 showed 96,

95, and 94.4% adsorption within a short time of adsorption (5
min), respectively.

3.2.2. Effect of the Initial As(V) Concentration. Figure 5b
shows that the % adsorption is in decreasing trend with the
increasing As(V) concentration from 2 to 20 mg/L (pH ∼ 6.8
at 30 °C for 120 min contact time) using 0.50 g/L of sample
dosage. It is noteworthy that with the increasing As(V)
concentration, the adsorption sites are getting shielded with
the accumulation of contaminated ions, and co-ordination sites
are becoming saturated, resulting in lower adsorption.56,57 The
adsorption capacity (qe) is in increasing trend with the
increasing initial arsenic concentrations (Figure S2b, Support-
ing Information).

3.2.3. Effect of Sample Dose. Figure 5c shows that with the
increase in sample dose, the % adsorption is sharply increased
up to 0.4 g/L of sample dosage followed by slow increase up to
1.0 g/L of adsorbent using 5 mg/L of As(V) contaminated
water. With the increase in sample dose, there is abundance of
adsorption sites, which facilitates more amount of As(V)
adsorption uptake. However, the adsorption capacity (qe)
decreased with the increasing sample doses (Figure S2c,
Supporting Information).

3.2.4. Effect of pH. The role of pH in aqueous solution is
important for the adsorption of As(V) by the charged surface
(positively charged H+ ions and negatively charged OH− ions)
of the adsorbent sample.58 Figure 5d shows that using 2 mg/L
arsenic contaminated water with the sample dose of 0.25 g/L,
the adsorption (%) of As(V) remains almost constant (>96%)
up to pH 8.8 for all the samples FENH6, FENH12, and
FENH24, respectively. However, it falls sharply in alkaline pH
(9.9−11.7) and reaches to minimum values of 76, 72, and 67%
at pH 11.7 for the samples FENH6, FENH12, and FENH24,
respectively. Interestingly, the adsorption capacity (qe) of all

Figure 6. (a) Effect of temperature, (b) plot of ln Kd versus 1/T, (c) co-existing ions effect, and (d) recyclability study for the adsorption for As(V)
ions.
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the samples remains practically the same of about 7.8 mg/g
within a wide range of pH (1.5−8.8) followed by its sharp
decrease within the pH range of 9.9−11.7 (Figure S2d,
Supporting Information). To understand the effect of pH on
As(V) adsorption, the measurement of point of zero charge
(pHPZC) of the sample is necessary. The pHPZC of the samples
is found to be around 9.9 (Figure S4, Supporting Information).
It is clear that below pHPZC, there is abundance of the
positively charged surface of the adsorbent, which helps
facilitate to interact with the negatively charged species of
As(V) through electrostatic attraction, rendering higher %
adsorption and adsorption capacity. However, with increase in
pH above pHPZC (pH > pHPZC), the negatively charged surface
repels the negatively charged adsorbate, decreasing the
adsorption efficiency of the samples.

3.2.5. Effect of Temperature. For the temperature effect on
As(V) adsorption, the initial As(V) concentration was kept at
2 mg/L with the sample dose of 0.25 g/L for 60 min of contact
time at pH 6.8. Figure 6a shows that As(V) adsorption in
aqueous solution increases with rise in temperature. Interest-
ingly, the increasing trend was more significant for the sample
FENH24 (synthesized for 24 h reaction time at 150 °C).
Figure S2e (Supporting Information) also reveals that
adsorption capacity increased with the rise in temperature. It
is worth noting that the increase of As(V) adsorption efficiency
with temperature signifies the endothermic process of
adsorption, resulting in higher efficiency of As(V) adsorption.

3.2.6. Thermodynamic Investigation. The thermodynamic
study on the As(V) adsorption process was carried out at
different temperatures at 303, 313, 323, 333, and 343 K. The
thermodynamic parameters like enthalpy (ΔH0), entropy
(ΔS0), and Gibbs free energy (ΔG0) were derived as follows

K C C C( )/eq
0

0 e e= (2)

K S R Hln / /RTeq
0 0 0= (3)

G RT Kln0
eq
0= (4)

where Keq0 is the equilibrium constant, T (K) is the
temperature, and R is the universal gas constant (8.314 J
mol−1 K−1).
By plotting ln Keq0 vs 1/T from eq 3, the values of ΔH0 and

ΔS0 can be obtained from the slope and intercept of the plot,
respectively (Figure 6b). Table 1 shows the thermodynamic
parameter values of ΔH0, ΔS0, and ΔG0 for all the samples.
The endothermic nature of the As(V) adsorption process was
confirmed by positive values of ΔH0. Furthermore, the positive
values of ΔS0 demonstrate that there prevails randomness at
the solid−liquid interface during the adsorption process. The
spontaneity of the adsorption process was confirmed by the
negative values of ΔG0. It is to be noted that with the increase
in temperature, ΔG0 values are becoming more and more
negative, indicating favorable adsorption of As(V) with
temperature,59 and it is chemisorption rather than phys-
isorption. It is to be noted that for the samples prepared at
different temperatures, the values of ΔS0 are comparable for
the samples FENH12 and FENH24, while it is increased for
the sample FENH6. However, −ΔG0 values are in the
decreasing trend as FENH6 > FENH12 > FENH24. It
indicates that with the increasing reaction time, the adsorption
process by the sample is becoming less favorable due to lower
ΔS0 and −ΔG0 values, particularly for FENH24.

3.2.7. Effect of Co-existing Anions. In natural underground
water, various co-existing ions may be present, which have
susceptibility to compete with the arsenic at the active surface
of the adsorbent. In this study, the effect of common co-
existing ions such as chloride (Cl−), nitrate (NO3

−), phosphate
(PO4

3−), and sulfate (SO4
2−) has been evaluated on the

adsorption of As(V) using each contaminant concentration
and sample dose of 5 mg/L and 1 g/L, respectively. Figure 6c
shows that in the presence of the above co-existing anions, the
% adsorptions for As(V) were 97.5, 92.3, and 89.9%, for the
samples FENH6, FENH12, and FENH24, respectively, along
with % removal of Cl−, NO3

−, PO4
3−, and SO4

2− as 30−34,
47−50, 93−96, and 87−90%, respectively. It is noticed that the
adsorption affinity for different anions with the adsorbent
follows in the order of As(V) > PO4

3− > SO4
2− > NO3

− > Cl−.
Here, PO4

3− ions due to their same chemical nature with
arsenate have a strong competitive effect with As(V) for
adsorption sites of the adsorbent, inhibiting As(V) adsorption.
The order of hydrated ionic radius of anions is SO4

2− > NO3
−

> Cl−. Therefore, SO4
2− ions due to their larger ionic radius

form outer-sphere complexes with Fe(III) of the adsorbent
through long-range electrostatic force compared to NO3

− and
Cl− ions.

3.2.8. Recyclability Study. For minimizing the cost of water
treatment and reusing the adsorbent materials after adsorption
of As(V) contaminant water, the regeneration study is of
utmost important. In this regard, the used adsorbent is treated
with alkaline solution to exchange negatively charged arsenate
(As(V)) with hydroxyl ions. Figure 6d shows the recyclability
study of three different samples FENH6, FENH12, and
FENH24. It illustrates that up to the third cycle, the adsorption
is >90% followed by gradual fall of As(V) adsorption up to the
fifth cycle, indicating the % adsorption of >60%. It is to be
noted that after some cycles, the adsorption efficiency becomes
lower because the adsorbed exchangeable hydroxide ions start
trapping within the pore structure of the adsorbent, which are
difficult to wash out with water. Therefore, adsorption is
hindered due to electrostatic repulsion between negatively
charged hydroxide and arsenate ions.

3.3. Adsorption Kinetics. For the kinetics study of
adsorption, the experimental data were fitted with pseudo-
first order and pseudo-second order models. The mathematical

Table 1. Thermodynamic Parameters of Arsenic (V)
Adsorption for Different Samples with Fixed Adsorbent
Doses (0.25 g/L)

sample ID ΔH0 (kJ/mol) ΔS0 (J/mol K) ΔG0 (kJ/mol)

FENH6 +12.2698 +63.5189 −6.9947 at 303 K
−7.6337 at 313 K
−8.2727 at 323 K
−8.9117 at 333 K
−9.5577 at 343 K

FENH12 +12.6331 +59.8693 −5.265 at 303 K
−5.855 at 313 K
−6.445 at 323 K
−7.035 at 333 K
−7.625 at 343 K

FENH24 +12.6364 +58.0982 −4.9376 at 303 K
−5.5176 at 313 K
−6.0976 at 323 K
−6.6776 at 333 K
−7.2576 at 343 K
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expression of the two models is shown in Table S2. From the
pseudo-first order kinetics model, by plotting ln(qe − qt) vs t,
the adsorption capacity at equilibrium (qe) and rate constant
(k1) is evaluated from the intercept and slope, respectively. On
the other hand, for pseudo-second order kinetics, the
equilibrium adsorption capacity (qe) and second order rate
constant (k2) are determined from the intercept and slope,
respectively, by plotting t/qt vs t. Figure S5a,b shows the linear
fitting curves for pseudo-first-order and pseudo-second-order
models, respectively. The relevant parameters obtained from
pseudo-first order and pseudo-second order kinetics models
are presented in Table S2. The correlation co-efficient (R2) for
the pseudo-second-order model approaches 1 with a high
degree of linearity (best fitting curve), which signifies the
chemisorption process for As(V) adsorption. The equilibrium
adsorption capacity (qe) was around 8 mg/g for three samples
FENH6, FENH12, and FENH24 with a nominal decrease in
values with the increase in reaction time for the preparation of
adsorbent materials.

3.3.1. Adsorption Isotherms. To assess the adsorption
performance of arsenic at the solid−liquid interface, Langmuir
and Freundlich isotherm models were used. The linear
expression of the two models is shown in Table S2. From
Langmuir isotherm, by plotting Ce/qe vs Ce, the maximum
adsorption capacity [qm (mg/g)] and Langmuir adsorption
constant (KL) are obtained from the slope and intercept,
respectively (Figure 7a). By plotting log qe vs log Ce, in
Freundlich isotherm, the adsorption intensity (nF) and KF
(Freundlich constant) can be obtained from the slope and
intercept, respectively (Figure 7b). The Langmuir isotherm
illustrates that the adsorption process is uniform with
monolayer formation, whereas Freundlich isotherm is consid-
ered for multilayer non-uniform and reversible adsorption. The
relevant parameters determined from Langmuir and Freund-
lich isotherms are revealed in Table S3. The correlation
coefficient R2 (≥0.98) obtained from Langmuir isotherm
indicates best fittings for As(V) adsorption as compared to
Freundlich isotherm. It is noticed that the maximum
adsorption capacity values calculated from Langmuir isotherm
were found to be 41.1, 36.8, and 32 mg/g for the samples
FENH6, FENH12, and FENH24, respectively, which were
higher than those obtained from humic acid-grafted magnetic
nanoparticles.60 However, a study regarding the adsorption
capacity compared to other adsorbent materials has also been
done, which is represented in Table S4, exhibiting better
adsorptivity of the synthesized α-Fe2O3.

3.4. Adsorption Mechanism. Surface property as well as
ligand binding ability of the adsorbent materials play a pivotal

role in the adsorption process. Iron oxide-based adsorbents are
found to be prone to arsenic adsorption mainly due to their
physico-chemical properties, which assists the adsorption of
arsenic over a wide pH range. Figure 8 shows a proposed

mechanism for the adsorption of As(V) ions by α-Fe2O3
particles. It is demonstrated that arsenic adsorption on iron
oxide-based materials occurs through the inner-sphere surface
complex via monodentate, bidentate, or tridentate ligands and
outer sphere surface complex. Inner sphere surface complex-
ation takes place over a wide range of pH, i.e., below or above
pHPZC.

61 The outer sphere complexation is governed by
electrostatic force of attraction between the negatively charged
arsenate ions and positive surface of the iron oxide-based
adsorbent. It is dominated at lower pH < pHPZC. The Fe(III)
in the Fe2O3 molecule can act as a Lewis acid because of the
vacant d orbital, while arsenate ions with filled p electrons of
oxygen behave as Lewis base. As a result, a dπ−pπ bonding
occurs between the adsorbent molecules of iron oxide and
binding ligands of arsenate during the formation of inner
sphere complexes. However, the arsenate ions could bind to
the adsorbent surface by the hydration layer with water
molecules forming outer sphere complexes, where electrostatic
interaction, van der Waals forces of attraction, hydrogen
bonding, and so forth could led to a significant role for
effective adsorption.62 It is mentioned that as per XRF results,
the alumina content in the synthesized product is less in

Figure 7. (a) Langmuir and (b) Freundlich isotherms for the adsorption for As(V) ions.

Figure 8. Proposed mechanism for the adsorption of As(V) ions by α-
Fe2O3 particles.
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quantity (14.29%) as compared to Fe2O3 (81.4%). It is
reported that in the presence of both iron oxide and aluminum
oxide as adsorbents, iron oxide preferably adsorbed As(V).63,64

During As(V) adsorption, iron oxide forms both the inner
sphere and outer sphere complexation with arsenate species
(HAsO4

2−), while alumina as positively charged aluminum
hydroxide species [Al(OH)3-2H]2+ interacts with arsenate
species via electrostatic interaction (outer sphere complex-
ation) only.65 In the present work, iron oxide with its high
concentration plays a more significant role for adsorption of
As(V), which could supersede the adsorption ability of
alumina. In order to comprehend the adsorption mechanism,
Figure S6 depicts the FTIR study of the sample (FENH6)
dose before and after As(V) adsorption. The emergence of a
new peak at 858 cm−1 indicates the formation of As−O bonds
during adsorption onto the Fe surface.66

4. CONCLUSIONS
We have prepared iron oxide nanoflakes from red mud extract
by hydrothermal reaction at low temperature (150 °C/6−24
h). The synthesized product was utilized for the adsorption of
As(V) from aqueous solution. For competitive ions effect, the
adsorption affinity for different anions with the adsorbent
follows in the order of As(V) > PO4

3− > SO4
2− > NO3

− > Cl−.
The spontaneity of the adsorption process was confirmed by
the negative values of ΔG0, favoring adsorption of As(V) via a
chemisorption process. The pseudo-second order kinetics and
Langmuir isotherm models exhibit the best fitting for the
adsorption of As(V). Arsenic adsorption on iron oxide-based
materials occurs through the inner-sphere surface complex via
monodentate, bidentate, or tridentate ligand and outer sphere
surface complex by electrostatic interaction, van der Waals
force of attraction, hydrogen bonding, and so forth. The
present study shows a direction for fabrication of iron oxide-
based nanoadsorbents using industrial wastes for effective
performance of de-arsenification of water.
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