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ABSTRACT: Coral-like and nanowire (NW) iron oxide nanostruc-
tures were produced at 700 and 800 °C, respectively, through thermal
oxidation of iron foils in air- and water vapor-assisted conditions. Water
vapor-assisted thermal oxidation at 800 °C for 2 h resulted in the
formation of highly crystalline α-Fe2O3 NWs with good foil surface
coverage, and we propose that their formation was due to a stress-
driven surface diffusion mechanism. The Cr(VI) adsorption property
of an aqueous solution on α-Fe2O3 NWs was also evaluated after a
contact time of 90 min. The NWs had a removal efficiency of 97% in a
225 mg/L Cr(VI) solution (pH 2, 25 °C). The kinetic characteristic of
the adsorption was fitted to a pseudo-second-order kinetic model, and
isothermal studies indicated that the α-Fe2O3 NWs exhibited an
adsorption capacity of 66.26 mg/g. We also investigated and postulated
a mechanism of the Cr(VI) adsorption in an aqueous solution of α-Fe2O3 NWs.

1. INTRODUCTION

Chromium has oxidation states from (II) to (VI) but is the
most stable in its trivalent (III) [Cr(III)] and hexavalent (VI)
[Cr(VI)] forms; however, Cr(VI) rarely occurs naturally and
originates from anthropogenic sources. Unlike Cr(III), Cr(VI)
is toxic and carcinogenic.1,2 Excessive inhalation of Cr(VI) can
lead to lung cancer,3 direct skin contact with it may result in
dermatitis,4 and when ingested, it can cause organ damage.5

Cr(VI) compounds are, nonetheless, extremely important for
electroplating, steel manufacturing, leather tanning, and textile
production.6 Inevitably, wastewater from these processes
contains large amounts of Cr(VI), and unless properly treated,
it can enter surface waters, causing harm to aquatic life and
possibly entering the food chain. The World Health
Organization has recommended that Cr(VI) concentrations
in water should not exceed 0.05 mg/L;7 therefore, total
removal of Cr(VI) from industrial wastewater is crucial in
order to prevent surface water concentrations exceeding this
level.
There are several accepted methods for removing Cr(VI),

which typically exists as highly soluble and toxic chromate
anions (HCrO4

− or Cr2O7
2−), from industrial wastewater:

photocatalytic reduction,6,8−10 chemical precipitation,11 elec-
trokinetic remediation,12 membrane filtration,13,14 and adsorp-
tion.15−17 Among these methods, adsorption is especially
appealing, as it is very effective at removing Cr(VI).18 The

adsorption process requires a solid surface (i.e., an adsorbent)
with a large surface area for the species to be adsorbed (i.e., an
adsorbate) to attach to, either by physical or chemical
processes, for which in here, the use of a nanosized material
will be beneficial for providing the surface area. Nano-
structured materials can be defined as a material having an
internal nanostructure or a surface nanostructure and present
themselves as attractive large-surface-area adsorbents for this
purpose, of which one-dimensional nanostructures, such as
nanowires (NWs), are particularly effective.
Iron oxide is a compound material, largely found as hematite

(α-Fe2O3), magnetite (Fe3O4), wüstite (Fe1−xO), and
maghemite (γ-Fe2O3),

19 which has attracted attention as an
adsorbent due to its ability to remove various types of heavy-
metal ions.20−24 Recent studies have demonstrated that α-
Fe2O3 has a high adsorption capability, which occurs through a
chemisorption process involving the hydroxyl group on its
surface.25 Ren et al. investigated α-Fe2O3 in a fibrous form for

Received: August 10, 2021
Accepted: October 5, 2021
Published: October 15, 2021

Articlehttp://pubs.acs.org/journal/acsodf

© 2021 The Authors. Published by
American Chemical Society

28203
https://doi.org/10.1021/acsomega.1c04280

ACS Omega 2021, 6, 28203−28214

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Faisal+Budiman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wai+Kian+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Go+Kawamura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiroyuki+Muto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Atsunori+Matsuda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khairunisak+Abdul+Razak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khairunisak+Abdul+Razak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zainovia+Lockman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c04280&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04280?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04280?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04280?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04280?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/42?ref=pdf
https://pubs.acs.org/toc/acsodf/6/42?ref=pdf
https://pubs.acs.org/toc/acsodf/6/42?ref=pdf
https://pubs.acs.org/toc/acsodf/6/42?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c04280?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


Cr(VI) ion removal and reported that the porous fiber-like
morphology of α-Fe2O3 exhibited excellent adsorption of
Cr(VI) from water, with rapid adsorption kinetics, high
adsorption capacity, and good reusability.26 In view of these
results, we attempted to prepare α-Fe2O3 NWs through
thermal oxidation of iron foils and investigated the sample’s
ability to remove Cr(VI) from aqueous solutions.
Thermal oxidation can be used to produce thin-film oxides

composed of NWs.27 Although there are various other ways of
producing α-Fe2O3 NWs, such as electrospinning,28,29 hydro-
thermal,30 and nanocasting methods,31 which produce NWs
with a uniform diameter and length, they are known to be
time-consuming, and post-annealing treatments are required
for crystalline oxide formation. Thermal oxidation presents a
simpler approach to forming surface oxide layers, and through
careful control of the oxidation parameters, e.g., oxidation
temperature,32−35 unique nanostructures can be produced.
Apart from temperature, the oxidation time and environment
also affect the growth of NWs.36 Our previous work explored
the formation of iron oxide NWs by thermal oxidation in water
vapor-assisted conditions.33,35 The presence of water vapor
during oxidation was found to induce more densely packed
nanostructures with a uniform distribution compared with
those under dry-air conditions; however, this work was
performed at lower temperatures (400 −500 °C). Upon
oxidation of iron at high temperatures, oxide scales consisting
of multilayered oxides are formed. From the Fe−O phase
diagram, oxidation of iron at either below or above 570 °C
leads to the formation of different Fe oxide layers. Although
our previous studies reported the formation of one- (1D) and
two-dimensional iron oxide nanostructures, detailed inves-
tigations at higher temperature regimes (>570 °C) including
the formation mechanism and Cr(VI) removal properties are
not elucidated.
In this study, we investigated the formation of iron oxide

nanostructures by thermal oxidation under water vapor-
assisted conditions at high temperature regimes (i.e., 700 and
800 °C) and assessed the Cr(VI) removal capability of the
samples. The growth of iron oxide NWs at these temperature
regions under water vapor was systematically investigated, and
the formation mechanism of high-aspect-ratio 1D Fe2O3 NWs
and their Cr(VI) adsorption properties are reported. In regard
to Cr(VI) adsorption behavior, the kinetic and equilibrium
models were investigated, enabling the determination of the
dynamic adsorptive property and the loading capacity of the
formed Fe2O3 NWs. We found that the adsorptive behavior of
the NW sample follows the Langmuir and pseudo-second-
order kinetic models. Therefore, investigating these high-
temperature oxidations further may result in novel and
potentially useful nanostructures for various applications,
including adsorption of toxic pollutants from contaminated
water.

2. RESULTS AND DISCUSSION
2.1. Morphological Observations. FESEM images of the

surface morphologies of the foils oxidized in dry air and water
vapor at 700 and 800 °C are presented as Figure 1. It can be
observed that different oxidation temperatures resulted in
different morphologies, and it can be due to the dissimilarity of
created stresses when the oxidation temperature is different. At
700 °C, the surface oxidization exhibited a coral-like structure,
which was larger on the water vapor-oxidized sample than on
the air-oxidized sample as shown in Figure 1a,b, respectively.

Micrographs of the foils oxidized at 800 °C in dry air and water
vapor are presented in Figure 1c,d, respectively, and they show
that the NWs formed on these foils were finer and longer (up
to 20 μm) when oxidized in water vapor. This demonstrated
that water vapor-assisted thermal oxidation strongly influenced
the aspect ratio of the NWs.
To further investigate the effect of water vapor on the

growth of the NWs, various oxidation durations were applied
at 800 °C, and the resulting surface morphologies are
illustrated in Figure 2. Interestingly, the NWs were formed
after only 5 min of oxidation, as illustrated in Figure 2a, but the
areal density was initially low with only sparse NWs formed on
the foil surface. Here, areal density was defined as the number
of NWs per measured area in an FESEM image. Extending the
oxidation time to 15, 30, and 60 min increased the areal
density of the NWs, as illustrated in Figure 2b−d, respectively,
and oxidation for 120 min resulted in the formation of a dense,
homogeneous NW surface, as illustrated in Figure 2e;
therefore, we concluded that both the length and diameter
of the NWs increased with increasing oxidation time. A
summary of the morphological observations at 800 °C,
including those of the length, aspect ratio, and areal density
as a function of the oxidation time, is presented in Figure 3.
These results indicate that controlled formation of α-Fe2O3
NWs can be achieved by controlling the oxidation time during
water vapor-assisted thermal oxidation.
To gain an insight into the crystallinity of the NWs, we

performed HR-TEM observations of a single α-Fe2O3 NW
obtained through water vapor-assisted thermal oxidation at 800
°C for 2 h. The subsequent HR-TEM image is presented in
Figure 4a, which indicates that the diameters of the bottom
and tip of the nanowire were approximately 60 and 5 nm,
respectively. The image also shows that the measured d-
spacing was approximately 0.25 nm, which is in accordance
with the (110) plane of α-Fe2O3. The tapered structure of the
NWs was confirmed by the FESEM image in Figure 4b.

2.2. Crystal Phase of the α-Fe2O3 NWs. Figure 5a
presents the XRD patterns of the iron foils oxidized at 800 °C
for 2 h in air and water vapor. The XRD results indicated that
the NWs consisted of crystalline structures with peaks indexed
to hematite (α-Fe2O3) (ICDD no. 98-001-2733) and magnet-
ite (Fe3O4) (ICDD no. 98-001-7319). It has been previously
reported that following the thermal oxidation of iron, the
outermost oxide layer is α-Fe2O3, and the underlying oxide is

Figure 1. FESEM images of iron foils oxidized for 2 h in (a) 700 °C
air, (b) 700 °C water vapor, (c) 800 °C air, and (d) 800 °C water
vapor.
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Fe3O4.
38 To verify this, we performed Raman spectroscopy.

The Raman results are presented in Figure 5b and include

bands at 227, 245, 293, 412, 499, and 612 cm−1, which

correspond to the α-Fe2O3 phase.39 Owing to the low

penetration depth of a Raman laser compared with XRD, we

concluded that the outermost oxide layer was α-Fe2O3. Also,

although the water vapor-assisted oxidation resulted in a

Figure 2. FESEM images of the oxidized iron at 800 °C in water vapor for (a) 5, (b) 15, (c) 30, (d) 60, and (e) 120 min.

Figure 3. Quantitative analysis of (a) length, (b) aspect ratio, and areal density of the iron foils oxidized at 800 °C in water vapor for 5−120 min.

Figure 4. (a) HR-TEM image of a single α-Fe2O3 NW and (b) FESEM image of iron foil oxidized at 800 °C for 2 h in water vapor.
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denser formation of NWs, the outer α-Fe2O3 phase oxide layer
was observed in the air-oxidized samples.
The surface elemental compositions of the foils oxidized at

800 °C for 2 h in water vapor were confirmed using XPS
measurements. The obtained XPS spectrum is presented in
Figure 6 and indicates the presence of Fe, O, and C in the α-
Fe2O3 NWs, as shown in the wide-scan spectrum in Figure 6a.
Figure 6b presents a high-resolution spectrum of Fe 2p,
including two peaks at 724.4 and 709.9 eV, which correspond
to Fe 2p1/2 and Fe 2p3/2, respectively. A binding energy
difference of 14.5 eV and the absence of a peak at 719.0 eV
suggested a predominant Fe3+ oxidation state, which further
verified the presence of the α-Fe2O3 phase.

40 The O 1s peak,
shown in Figure 6c, with a binding energy of 530 eV
corresponds to the O2−oxidation state in the oxide, and the
second broad peak at 531.5 eV corresponds to the adsorbed
oxygen or hydroxyl ions.40 These XPS results further indicated
that the outermost layer generated on the surface of the
oxidized foils consisted of α-Fe2O3.
2.3. Growth Mechanism of the NWs. 2.3.1. Initial

Oxidation Stage. During dry-air thermal oxidation, the
diffusion process is initiated by the chemisorption of oxygen
onto the surface of the iron foil, forming a chemisorbed layer,
which is then followed by the ionization of oxygen, forming
O2− (eq 1). The ionization of oxygen generates an electric field
on the surface of the foil and triggers the oxidation of Fe (eq
2). Overall, the reciprocal diffusion of oxygen and iron

promotes the buildup of the oxide layer and forms a thin layer
of iron oxide.

→ → = +

→ +

− •

− •

O (g) O (ads) 2O(ads) 2O (chem) 2h

2O (latt) 4h
2 2

2 (1)

→ ++ −Fe Fe 2e2 (2)

During water vapor-assisted thermal oxidation, the pre-
viously stable,41 adsorbed water molecule dissociates as vapor
(eqs 3 and 4).

→H O(g) H O(ads)2 2 (3)

→ +H O H
1
2

O2 2 2 (4)

It has been reported that oxidation under water vapor
conditions is accelerated compared with that in dry air, which
may be due to the incorporation of a proton, accompanied by
electrons, within the oxide scale during oxide growth. Fujii and
Meussner reported that during oxidation in water vapor, the
desorption of hydrogen from the oxide surface occurred (eq
5); this resulted in partial dissolution in the oxide42 (eq 6).
The small ionic radius of H atoms compared with those of Fe
and O43 means that H can interstitially bind with O as OHo in
the oxide. The creation of such defects, compensated by
electron deficiency, metal vacancies, and oxygen interstitials,

Figure 5. (a) XRD patterns and (b) Raman spectra of the iron foils oxidized at 800 °C for 2 h in air and water vapor.

Figure 6. (a) Wide-scan, (b) Fe 2p, and (c) O 1s XPS spectra of iron foils oxidized at 800 °C in water vapor for 2 h.
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may in turn increase the oxidation rate, resulting in the
increased rate of NW formation observed in this study.

+ →• −2H 2e Hi 2 (5)

→ ′ + •H O(ads) OH Hi2 o (6)

2.3.2. Formation of the Oxide Scale. The interaction of
iron with reactive oxidative gases at high temperatures resulted
in the formation of an oxide scale on the foil surface, as
illustrated in the cross-sectional FESEM image in Figure 7.

This scale was composed of multiple layers of oxides, an outer
layer of α-Fe2O3 and an inner layer of Fe1−xO and Fe3O4,
depending on the oxidization temperature. Fe1−xO is
thermodynamically unstable below 570 °C; thus, it was likely
to be present during oxidation at the temperatures used in this
study. The cross-sectional FESEM image in Figure 7 indicates
that the Fe1−xO layer was thicker than the Fe3O4 and α-Fe2O3
layers after oxidation at 800 °C for 2 h under water vapor-
assisted conditions. Fe1−xO is a nonstoichiometric compound
with rich metal vacancies, which, through phase trans-
formation, aids the growth of other phases during oxidation.
Phase formation is thought to follow eq 7, with Fe1−xO being
transformed first to Fe3O4 and then to α-Fe2O3. The phase
transformations during oxidation in dry air and water vapor are
presented in Table 1.

α→ → → ‐Fe FeO Fe O Fe O3 4 2 3 (7)

2.3.3. Oxidation Growth Stress. The cross-sectional
FESEM images in Figure 7 indicate that the surface region
of the iron was composed of layered oxides in various phases,
the presence of which generated stress within the oxide scale.
During oxidation, thermal expansion leads to an increase in
volume, which also contributes to oxide growth; however, this
expansion resulted in a volume discrepancy of the iron and
iron oxide, which induced a stress region at the metal−oxide
interface. This caused the surface scale to be either in high

compressive or tensile stress, especially at the interface regions;
if the expansion of the outer oxide layer is larger than that of
the oxide layer underneath, then a compressive stress develops
(Pilling−Bedworth ratio > 1) in the upper oxide and a tensile
stress develops in the underlying oxide. This discrepancy alters
the diffusion rate of the growing species, leading to preferential
growth of the oxide at the oxide−air interface in the c-axis
direction.38

The relaxation of the generated stresses resulted in the
growth of NWs at the surface by a mechanism illustrated in
Figure 8. During the thermal oxidation process, Fe species
diffuse and are accelerated across the oxide layer before
nucleating on α-Fe2O3 grains through surface diffusion. This
continuous and fast diffusion led to NW growth along the c-
axis, which generated elongated oxide nanostructures, i.e.,
NWs. Observations under FESEM evidenced this phenomen-
on, with the nucleation and surface diffusion processes clearly
seen in Figure 9a,b, respectively.

2.4. Evaluation of Cr(VI) Adsorption Using the α-
Fe2O3 NWs. We then evaluated the Cr(VI) adsorption
properties of the NWs using the α-Fe2O3 NWs obtained
after thermal oxidation at 800 °C, both in air and water vapor.
Pure iron foil was also assessed as a control sample. As shown
in Figure 10a, the removal efficiency of Cr(VI) with an initial
concentration at 200 mg/L was 13.5, 71, and 95% for pure iron
and the samples oxidized in air and in water vapor
atmospheres, respectively. These results indicate that the
presence of water vapor promoted the formation of NWs with
a larger surface area in comparison to those generated in air.
Moreover, further assessment of the samples obtained after

water vapor-assisted thermal oxidation at 800 °C with various
concentrations of Cr(VI) between 225 and 300 mg/L was
conducted at room temperature. The results obtained are
shown in Figure 10b, exhibiting a high Cr(VI) removal
efficiency of >90% for each concentration. Here, we varied the
concentration of the adsorbate according to the adsorption
limit of the sample for evaluating the kinetic and equilibrium
behavior. An equilibrium was reached after 90 min of contact
between the NWs and the Cr(VI) solution. The adsorption
profiles exhibited similar patterns across the various Cr(VI)
solutions.
A unique amphoteric property of metal oxide offers the

flexibility on shifting the surface charge of iron oxide, hence
allowing either anion or cation adsorption from aqueous
environments. The mechanism of those adsorptions is based
on electrostatic attraction,44 and it is pH-dependent.14,45 The
nature of Cr(VI) species is mostly found as a negative ion.46

Such anion adsorption is preferred if performed in acidic

Figure 7. Cross-sectional FESEM image of iron foils oxidized at 800
°C in water vapor for 2 h.

Table 1. Oxidation Reactions of Iron in Dry and Water Vapor-Assisted Conditions
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conditions, as the adsorbent will be protonated due to the
existence of H+ ions. By considering that the lowest pH of the
chromate ions as the HCrO4

− ion is at pH 246 and the point of
zero charge (pHzpc) of α-Fe2O3 has also been reported to be
between pH 7.2 and pH 9.5,47 the condition at pH 2 is
reported to be the optimum pH for effective removal of
Cr(VI).48−54 Therefore, pH 2 was chosen for the Cr(VI)
adsorption test in this study.
The mechanism of the Cr(VI) removal is described as

follows: Upon the immersion of the Fe2O3 sample into Cr (VI)
solution, hydroxylation of the surface (S) occurs generating an
oxide surface that is covered with hydroxyl ions (OH−),
forming S−OH. In acidic Cr(VI) solution that is rich with H+

ions, sorption of H+ (protonation process) then leads to the
formation of a positive surface charge at the iron oxide|solution
interface as indicated in eq 8. The positively charged surface of
Fe2O3 acts as an adsorbent to attract the negatively charged
Cr(VI) species through electrostatic attraction, as shown in eq
955,56 and as illustrated in Figure 11a.

− + −+ +FS OH H S OH2 (8)

+ ++ − + −FSOH HCrO (SOH )HCrO H O2 4 2 4 2 (9)

We also observed precipitates on the oxidized foil as shown
in the inset of Figure 11b. There is a possibility that these
precipitates are composed of Fe,Cr(OH)3 as there is also a
possibility of reduction occurring on the surface of the iron
oxide. This is in accordance with Richard and Bourg whereby
reduction of Cr(VI) is possible and the formation of
Fe,Cr(OH)3 precipitates can lead to the removal of Cr(III)
completely.57 In order to confirm the adsorption of Cr further,
XPS was conducted. Figure 11b shows the spectra of Cr 2p
with corresponding peaks on α-Fe2O3 NWs before and after
the Cr(VI) adsorption process. The spectrum indicated the
presence of Cr on the α-Fe2O3 NWs, at 585 and 575 eV after
the adsorption process. The peaks correspond to the binding
energies of Cr 2p1/2 and Cr 2p3/2, respectively.
Although the protonation of iron oxide is necessary for

adsorption of the negatively charged Cr(VI) adsorption, this
process also triggers Fe dissolution to occur.15 The dissolution
reaction is initiated by single-proton adsorption at a neutral
surface OH/OH2 pair, thus converting it into Fe(OH2)

2+.
Then, continuous adsorption of two protons at the same time
would weaken the Fe−O bond, causing the dissolution of Fe
from the oxide surface. However, this dissolution step is rate-
limiting, as the activation energy is higher for dissolution to
occur, compared to the protonation process.15 Therefore in
our case, the dissolved Fe ions further reacted with Cr(VI)
species, reducing them to Cr(III) followed by precipitation.
This indicates that there could be (minor) iron oxide

Figure 8. Schematic illustration of the NW growth mechanism through thermal oxidation on an iron foil.

Figure 9. FESEM image showing (a) initial growth of NWs on α-
Fe2O3 grains and (b) formation of NWs through surface diffusion.

Figure 10. Cr(VI) adsorption profiles from Cr(VI) solution: (a) using the α-Fe2O3 NW samples synthesized at 800 °C in air and water vapor and
(b) varying concentrations between 225 and 300 mg/L using α-Fe2O3 NWs obtained from thermal oxidation at 800 °C in water vapor.
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dissolution in acidic solution. Therefore, we deduce that our
sample is more suitable to be used for single removal use.
However, in terms of reproducibility, the Cr(VI) removal
results shown in Figure 10b indicated a rather consistent
removal property.
2.5. Determination of Adsorption Kinetics. Kinetic

adsorption describes the rate of the adsorption process by
monitoring the change of adsorbate concentration against
time; thus, the dynamic movement of the adsorbate to the
adsorbent can be predicted. By knowing the rate of adsorption,

we were able to investigate an appropriate kinetic model by
fitting the data to several kinetic adsorption models: (1)
pseudo-first-order, (2) pseudo-second-order, and (3) intra-
particle diffusion, which are illustrated in Figure 12. The
validity of the predicted models with the experimental data was
determined using values of R2, which are presented in Table 2
along with the corresponding correlation coefficients; the
closer the value of R2 to 1, the better the model fitted the
adsorption kinetics of Cr(VI) in the tested system. The details
of the fitting of each model are described below.

Figure 11. (a) Photograph showing the solution before and after the Cr(VI) adsorption process with an illustration of the surface adsorption
mechanism (inset) and (b) XPS spectra of Cr 2p of the α-Fe2O3 NWs (before and after the Cr (VI) adsorption process).

Figure 12. Linear fit of α-Fe2O3 NW kinetics to (a) pseudo-first-order kinetic, (b) pseudo-second-order kinetic, and (c) intraparticle diffusion
models.
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2.5.1. Pseudo-First-Order Kinetic Model. The linear fit of
Cr(VI) adsorption on α-Fe2O3 NWs in accordance with a
pseudo-first-order kinetic model is presented in Figure 12a.
The pseudo-first-order model follows an adsorption process
according to eq 1058

= −
q

t
k q q

d

d
( )t

te (10)

By applying the initial condition, qt= 0 at t = 0 and qt = qt at t
= t, the integration of the pseudo-first-order model can be
expressed as eq 11

− = −q q q k tlog( ) log 0.434te e 1 (11)

where qe and qt are the total adsorbed Cr(VI) at equilibrium
and at time t (mg g−1), respectively, and k1 is the pseudo-first-
order kinetic constant (min−1). The R2 values for the pseudo-
first-order kinetic model in Table 2 are below 0.8, indicating
that the experimental data deviated from the theoretical data;
therefore, this model was unsuitable.
2.5.2. Pseudo-Second-Order Kinetic Model. The linear fit

of Cr(VI) adsorption on α-Fe2O3 NWs according to the
pseudo-second-order kinetic model is presented in Figure 12b.
The pseudo-second-order kinetic model follows an adsorption
process according to eq 12, which describes a kinetic rate
driven by chemisorption58

= −
q

t
k q q

d

d
( )t

t2 e
2

(12)

By applying the initial condition, qt = 0 at t = 0 and qt = qt at
t = t, the integration of the pseudo-second-order kinetic model
can be expressed by eq 13

= +t
q k q q

t
1 1

t 2 e
2

e (13)

where qe and qt are the total adsorbed chromium at equilibrium
and at time t (mg g−1), respectively. The value of k2 is the rate
constant of pseudo-second-order adsorption (g mg−1 min−1).
The R2 values obtained for all the concentrations investigated
were higher than 0.98 for the pseudo-second-order model, as
shown in Table 2, indicating that it is appropriate to describe
the dynamic behavior of Cr(VI) adsorption onto α-Fe2O3
NWs.

2.5.3. Intraparticle Diffusion Model. The linear fit of
Cr(VI) adsorption on α-Fe2O3 NWs according to the
intraparticle diffusion model is presented in Figure 12c. The
intraparticle diffusion model describes an adsorption process
that occurs in multiple stages.58 First, a sharp Cr(VI)
concentration reduction indicates a spontaneous adsorption
process. Second, a gradual adsorption is driven by a controlled
diffusion phenomenon. Finally, the low concentration of the
remaining adsorbate results in a slow adsorption process. The
intraparticle diffusion model can be expressed using eq 14

= +q k t c( )t id
1/2

(14)

where qt (mg g−1) is the amount of Cr(VI) adsorbed, kid is the
rate factor (mg/g/min1/2), and c (mg g−1) represents the
boundary layer thickness. The R2 values for the intraparticle
diffusion model, presented in Table 2, are close to 0.9, which
are even lower than the values obtained for the pseudo-second-
order kinetic model. This indicated that the intraparticle
diffusion model was unsuitable.

2.6. Investigation on the Adsorption Equilibrium. To
determine the loading capacity of the adsorbent, we continued
investigating the equilibrium. The adsorption data were fitted
to the Langmuir and Freundlich models, and the obtained
plots are presented in Figure 13. Similarly, in the kinetic study,
the validity was determined by R2 values, i.e., the closer the R2

Table 2. Comparison of the Kinetic Models Fitted for
Cr(VI) Adsorption

method sample R2 kinetic rate constant

pseudo-first order 225 mg/L 0.77800 k1 = 0.03576
250 mg/L 0.88960 k1 = 0.03304
275 mg/L 0.80328 k1 = 0.03719
300 mg/L 0.78220 k1 = 0.00443

pseudo-second order 225 mg/L 0.99159 k2 = 0.00214
250 mg/L 0.98664 k2 = 0.00111
275 mg/L 0.99300 k2 = 0.00194
300 mg/L 0.99692 k2 = 0.00027

intraparticle diffusion 225 mg/L 0.93541 kid = 2.25689
250 mg/L 0.91151 kid = 3.50526
275 mg/L 0.92915 kid = 2.49014
300 mg/L 0.91090 kid = 1.91565

Figure 13. Linear fit of Cr(VI) adsorption equilibrium to (a) Langmuir and (b) Freundlich models.
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was to 1, the better the fit of the model was. The correlation
coefficient and the R2 value for each model are presented in
Table 3. Each model is described below.

2.6.1. Langmuir Model. The linear fit of Cr(VI) adsorption
on α-Fe2O3 NWs according to the Langmuir model is
presented in Figure 13a. The Langmuir model describes an
adsorption process that occurs across a homogeneous
adsorbent surface,59 which can be described by eq 15

=
·

+ ·
C
q K q q

C
1 1e

e L m m
e

(15)

where KL (L mg−1) is the Langmuir equilibrium constant and
qm (mg g−1) is the monolayer capacity, which indicates the
available active sites per mass of the sample where Cr(VI)
could be adsorbed. The R2 value for the Langmuir model was
close to 0.99, indicating that it fitted the equilibrium behavior
of Cr(VI) adsorption onto α-Fe2O3 NWs well. The calculated
adsorption capacity of α-Fe2O3 NWs for Cr(VI) using the
Langmuir model was approximately 66.2690 mg/g.
2.6.2. Freundlich Model. The linear fit of Cr(VI) adsorption

on α-Fe2O3 NWs according to the Freundlich model is
presented in Figure 13b. The Freundlich model describes an
adsorption process that occurs across a heterogeneous
adsorbent surface,59 which can be described by eq 16

= + ·q K
n

Clog log
1

loge F e (16)

where KF (mg g−1) is the Freundlich constant, which describes
the adsorption capacity, and 1/n is the heterogeneity factor. It
can be seen from Table 3 that the R2 value for the Freundlich
model was below 0.95, indicating that the experimental data
deviated from the theoretical data; therefore, the Freundlich
model was unsuitable.
Finally, to demonstrate the impact of our findings, we

compiled and compared previously reported Cr(VI) adsorp-
tion properties of iron oxide, presented in Table 4. This
demonstrated that iron oxides can be used for Cr(VI)
adsorption but that their adsorption properties differ depend-
ing on their morphologies. As previously mentioned, the

adsorption capacity of Cr(VI) onto iron oxide is influenced by
the pH of the solution, with a low pH being preferable to
promote a higher adsorption capacity.48 Another factor that
affects Cr(VI) adsorption is the specific surface area that is
available for adsorption. Nalbandian et al. achieved an
improved adsorption capacity of 90.9 mg/g using small-
diameter (i.e., higher surface area) α-Fe2O3 nanofibers.

55 The
TEM and SEM images in Figures 2 and 4 allowed us to
estimate the surface area provided by one NW to be
approximately 204.28 × 10−15 m2. On a 1 cm × 1 cm oxidized
iron foil, we estimated there to be approximately 3 × 1010 NWs
on the surface, assuming a homogeneous distribution;
therefore, we consider our Cr(VI) adsorption capacity of
66.26 mg/g to be rather good. Although this is lower than the
90.9 mg/g values reported by Nalbandian et al.,55 the use of α-
Fe2O3 NWs on iron foils enables their simple removal from the
target solution. This indicates that the formation of α-Fe2O3
NWs by the water vapor-assisted surface oxidation of iron has
an excellent potential for the removal of harmful Cr(VI) from
wastewater.

3. CONCLUSIONS

We investigated the high-temperature (700 and 800 °C)
formation of iron oxide nanostructures through thermal
oxidation in dry-air- and water vapor-assisted conditions.
Oxidation at 700 °C led to the formation of coral-like
nanostructures, whereas α-Fe2O3 NWs were obtained from
oxidation at 800 °C. Water vapor-assisted thermal oxidation
resulted in an increased rate of oxide formation and larger or
denser coral-like or NW structures with high aspect ratios at
700 and 800 °C, respectively. Through systematically
observing the oxidation process, we were able to describe the
formation mechanism of the α-Fe2O3 NWs, which was a stress-
driven mechanism through surface diffusion. Notably, NWs
were produced after 5 min of oxidation, but the densest NWs
with the highest aspect ratios were obtained only after 120
min. We then evaluated the Cr(VI) adsorption property of α-
Fe2O3 NWs obtained from water vapor-assisted thermal
oxidation at 800 °C for 2 h. A removal efficiency of 97%
was achieved within 90 min using an aqueous Cr(VI) solution
with a concentration of 225 mg/L. Finally, we investigated the
adsorption equilibrium and kinetic models, which agreed with
the Langmuir and pseudo-second-order kinetic models,
respectively. The adsorption capacity of these α-Fe2O3 NWs
was calculated to be 66.26 mg/g. This simple methodology for
forming high-aspect-ratio α-Fe2O3 NWs through surface
oxidation has a great potential for producing large-surface-
area adsorbents to enable the simple removal of Cr ions from
aqueous systems. The findings of this study will be beneficial
and useful for the removal and mitigation of harmful Cr(VI)
ions from wastewater.

4. EXPERIMENTAL PROCEDURES

The 1 × 1 cm iron foils (99.9%, Nilaco Corporation) were
polished with a 2000 grit silicon carbide paper, ultrasonically
cleaned in acetone, rinsed using deionized water, and then
dried. Then, they were placed in an alumina crucible and
positioned in the hot zone of a horizontal furnace. The furnace
was progressively heated by 5 °C/min until the desired
oxidation temperature was reached, which was either 700 or
800 °C. Once this temperature was reached, the furnace was
purged with water vapor generated using a nebulizer (Omron

Table 3. Summary of the Adsorption Equilibrium Modeling

Langmuir Freundlich

qm (mg/g) KL R2 n KF R2

66.2690 0.37048 0.99209 6.68851 36.86888 0.94082

Table 4. Iron Oxide Cr(VI) Adsorption Values from This
Study and the Literature

iron oxide adsorbent
material pH

T
(°C)

adsorption capacity
(mg/g) references

maghemite nanoparticles 2.5 25 19.2 49
3D hierarchical α-Fe2O3 3.0 25 34.4 50
α-Fe2O3 nanofibers 3.0 25 16.17 26
α-Fe2O3 nanoparticles 3.0 25 200 48
α-Fe2O3 nanofibers 6.0 25 90.9 55
Fe3+ oxide/hydroxide NP 4.0 25 31.5 51
flower-like α-Fe2O3 3.0 25 7.6 52
nanocrystalline iron oxide 2.0 25 2.29 53
α-Fe2O3 nanostructure 2.0 25 22.72 54
α-Fe2O3 nanowires 2.0 25 66.26 this study
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NE-C801). The evolution of the surface oxide was monitored
using a field-emission electron microscope (FESEM) (Zeiss
Supra 35 VP), and higher-magnification images were obtained
using a high-resolution transmission electron microscope (HR-
TEM) (Tecnai G2 20 S-TWIN). Crystal structures were
examined by taking X-ray diffraction (XRD) patterns (Bruker
D8 Advance diffractometer) with a Cu Kα radiation source (λ
= 0.154 nm) A Raman spectrometer (Renishaw RL633) was
used for phase identification, and an X-ray photoelectron
spectrophotometer (XPS) (Kratos Axis Ultra XPS Spectros-
copy) with an Al X-ray radiation source was used for surface
and elemental analysis.
To evaluate the Cr(VI) removal ability of the nanostruc-

tures, oxidized iron with α-Fe2O3 NWs was placed in Cr(VI)
solutions of various concentrations between 225 and 300 mg/
L, at room temperature. The pH of the solutions was adjusted
to pH 2 by adding H2SO4 (27%). The assessment of the
Cr(VI) content was performed using a diphenyl-carbazide
(DPC) colorimetry method. DPC solution was prepared by
diluting 0.25 g of 1,5-diphenylcarbazide in 50 mL of acetone,
and a droplet was added into the Cr(VI) solutions. A color
change in the solution to purple indicated the existence of
Cr(VI). UV−visible (UV−vis) measurements were taken with
a UV−vis spectrophotometer (PerkinElmer Lambda 35), and
absorption values were recorded at a wavelength of 540 nm to
detect Cr(VI).37 The adsorption study was divided into two
parts: equilibrium and kinetic. First, 50 mL solutions of Cr(VI)
with concentrations ranging from 225 to 300 mg/L were
prepared. The α-Fe2O3 NWs were then immersed in the
Cr(VI) solution. During this adsorption process, bubbles,
which were supplied by an air pump (Super X Classica) with
an output of 250 L/h, were used for stirring the Cr(VI)
solution. The amount of Cr(VI) adsorbed at the equilibrium
condition (qe) was calculated using eq 17

=
− ·

q
C C V

m
( )

e
o e

(17)

where Co and Ce are the initial and equilibrium concentrations
of Cr(VI) (mg/L), respectively, V is the volume of solution
used (L), and m is the mass of the adsorbent (g). For the
kinetic study, the amount of Cr(VI) adsorbed at time t (qt)
was calculated using eq 18

=
− ·

q
C C V

m
( )

t
to

(18)

where Ct is the concentration of Cr(VI) at time t.
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