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Well-crystalline iron oxide (a-Fe2O3) nanospindles have been prepared using a
simple hydrothermal process at temperature of 240�C for different durations
(24 h, 36 h, 48 h, and 60 h). The products were characterized by x-ray
diffraction analysis, scanning electron microscopy, transmission electron mi-
croscopy, energy-dispersive x-ray spectroscopy, and visible absorption mea-
surements. Detailed characterization of their structure and composition
confirmed formation of pure a-Fe2O3 with rhombohedral crystal structure. The
photocatalytic activity of the obtained a-Fe2O3 for demineralization of me-
thylene blue (MB) in aqueous solution under ultraviolet (UV) light irradiation
was evaluated. Ultraviolet–visible (UV–Vis) spectroscopy indicated a decrease
in the absorbance intensity and concentration of the dye. Mechanistic inves-
tigation revealed that �OH and �O radicals played a crucial role in the
degradation process of methylene blue. The a-Fe2O3 nanospindles presented
high photocatalytic activity towards MB with degradation efficiency of 78%
within 6 h of irradiation. These results demonstrate that a-Fe2O3 nanos-
pindles are suitable for treatment of wastewater.

Key words: a-Fe2O3 nanospindles, photocatalytic degradation, methylene
blue, hydrothermal treatment

INTRODUCTION

Environmental problems are mostly caused by
disposal of waste and pollutants that are toxic to
human health without proper treatment. In recent
years, the photocatalytic technique has attracted
significant interest for decreasing the concentration
of dyes in wastewater before discharge into the
environment. This method is capable, efficient,
environmentally friendly, economical, and simple,
offering complete degradation of dyes such as
methylene blue (MB) used in textile industries,

including the dyeing and printing industries. The
photocatalytic technique does not produce sec-
ondary waste products that require further process-
ing. Recently, there has been widespread interest in
synthesis of semiconductor metal-oxide photocata-
lysts such as zinc oxide (Co-doped ZnO,1 graphene
oxide/ZnO hybrid2), titanium oxide (TiO2

3), a-
Fe2O3/graphene oxide,4 graphene oxide/BiOBr,5

TiO2/ZrO2 composite,6 etc. for degradation of a
variety of organic pollutants under irradiation by
light of different wavelengths. Among photocat-
alytic materials, a-Fe2O3 is an effective photocata-
lyst due to its exceptional properties, such as high
chemical stability, high catalytic activity, low-cost
synthesis, biofriendly nature, and high resistance to
corrosion.4 Hematite (a-Fe2O3) is an n-type(Received October 18, 2018; accepted February 8, 2019;
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semiconductor (bandgap Eg = 2.1 eV7) that is widely
used in various applications, e.g., sensors,8 opto-
electronics,9 antibacterial treatment,10 energy stor-
age in lithium rechargeable batteries,11,12 magnetic
recording media and magnetic devices,13 heavy-
metal removal in water treatment applications,12,14

biomedical applications,15 and so on. Because of its
high electrical conductivity, sensitivity, and large
surface area, iron oxide nanomaterials with differ-
ent shapes such as nanoflowers,11 nanorods,16

nanoparticles,7 nanodisks,17 spindles,18 and hollow
spheres14 have been fabricated by various methods,
including solvothermal,4,19 hydrothermal,17,18 and
microwave-assisted methods14 for application as
photocatalysts with high photocatalytic perfor-
mance under UV irradiation. Additionally, their
high adsorption rate and light absorptivity lead to
efficient charge transport in the photocatalyst. The
focus of this work is synthesis of a-Fe2O3 nanospin-
dles with orthorhombic structure using a hydrother-
mal method and their potential photocatalytic
activity for removal of methylene blue (MB) dye
molecules under UV light irradiation. The mecha-
nisms behind the observed results are then dis-
cussed in detail. The nanospindles were
characterized in terms of their morphological, struc-
tural, compositional, and photocatalytic properties
using various experimental techniques. Besides, we
also highlight the promising applications of a-Fe2O3

nanospindles for elimination of pollution.

EXPERIMENTAL PROCEDURES

All reagents were of analytical grade and used as
received without further purification. Ferric chlo-
ride hexahydrate (FeCl3Æ6H2O) was taken as pre-
cursor salt for Fe2O3, and sodium dihydrogen
phosphate (NaH2PO4) was used as precipitating
reagent. All chemicals were purchased from Merck
(Germany). Double-distilled water (DDW) was used
throughout the experiments. The synthesis process
is described as follows: First, 0.5 g FeCl3Æ6H2O was
dissolved in 50 ml deionized water under magnetic
stirring to form FeCl3 solution. Likewise, 0.012 g
NaH2PO4 powder was separately dissolved in 50 ml
distilled water using a magnetic stirrer to obtain
NaH2PO4 solution. Then, NaH2PO4 solution was
dropped slowly into FeCl3 solution under continu-
ous stirring for 30 min at room temperature to form
a transparent system and complete the reaction.
After that, the homogeneous mixture was trans-
ferred into a 100-ml Teflon-lined stainless-steel
autoclave and heated at temperature of 240�C for
24 h, 36 h, 48 h, or 60 h. After reaction completion,
the autoclave was allowed to attain room tempera-
ture. The red-colored precipitate was collected by
filtration, repeatedly rinsed with ethanol followed
by DDW, and finally dried at 80�C for 24 h in a hot
air oven. The synthesized material was used as
photocatalyst for photodegradation of methylene
blue.

The crystal structure of the obtained samples was
characterized by x-ray diffraction (XRD) analysis
(D8 Advance; Bruker, Germany) using Cu Ka radi-
ation (wavelength k = 1.5406 Å) in the 2h angle
range of 10� to 70� at rate of 3�/min. The morphology
and microstructure of the samples were examined
by field-emission scanning electron microscopy
(FESEM, Hitachi S4800, Japan) at accelerating
voltage of 10 kV. Transmission electron microscopy
(TEM) images were obtained using a Philips CM-
200 operated at 80 kV. The elemental composition of
the synthesized samples was analyzed by energy-
dispersive x-ray spectroscopy (EDS, Oxford JEOL
5410 LV, Japan) operating at 15 kV.

The photocatalytic activity of the obtained a-
Fe2O3 samples was investigated in photodegrada-
tion of methylene blue (MB) under UV light irradi-
ation at room temperature. Before the irradiation
process, 50 mg a-Fe2O3 powder was dispersed in
100 ml aqueous solution of methylene blue (MB) dye
with initial concentration C0 = 10 mg/l, and the
mixture was magnetically stirred in the dark for
30 min to establish adsorption–desorption equilib-
rium. After stirring, the solution was exposed to UV
light (k = 365 nm) using a 125-W mercury lamp as
the light source at 25 cm away from the liquid level
of the MB aqueous solution. After each 1-h interval,
aliquots were withdrawn from the mixture solution
and the MB concentration analyzed by UV–Vis
spectrophotometry in in the wavelength range of
400 nm to 800 nm. The concentration C of the
treated dye was determined by measuring the
absorbance of the solution by UV–Vis absorption
spectroscopy (Shimadzu UV-1800) in the range of
400 nm to 800 nm to calculate the degradation
efficiency. The rate of degradation for the decompo-
sition of MB (decrease in absorption intensity
versus irradiation time) was estimated by evaluat-
ing the change in absorbance in the observed UV–
Vis spectra.

RESULTS AND DISCUSSION

When NaH2PO4 was added into FeCl3 solution,
Fe(OH)3 precipitate formed as follows:

FeCl3 þ NaH2PO3 þ 3H2O
! FeðOHÞ3 þ NaCl þ H3PO4 þ 2HCl ð1Þ

During the hydrothermal process, Fe(OH)3 was
transferred into the intermediate phase FeOOH
then terminated as Fe2O3 according to the following
reactions:

FeðOHÞ3 ! b-FeOOH þ H2O ð2Þ

2b-FeOOH ! a-Fe2O3 þ H2O ð3Þ

The reactions were conducted in a sealed auto-
clave, where the phase transformation reaction
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proceeded under the self-generated pressure. A
possible mechanism for the nanospindle formation
is proposed as follows: First, a-Fe2O3 molecules
crystallize to form nanoparticles, then self-assem-
bled into nanospindles.

Figure 1a–d shows the characterization results
for the iron oxide (a-Fe2O3) product obtained at
hydrothermal temperature of 240�C for 48 h. Fig-
ure 1a reveals relatively uniform spindle-like parti-
cles with narrow size distribution; most the of
spindles are 150 nm to 200 nm in length and about
75 nm in diameter. The spindles have a relatively
rough surface and consist of smaller nanoparticles
approximately 10 nm in size. The corresponding
TEM image (Fig. 1b) indicates that they had solid
structure, because of the lack of contrast between
the edge and center of the spindle. The preferential
growth direction of spindle hematite is [001], called
the revolution axis. Oriented attachment of
nanocrystals along the [211] zone axis is the main
reason for the spindle-shape structure.20

The elemental composition of synthesized nanos-
pindles was examined by energy-dispersive spec-
troscopy (Fig. 1c). The typical EDS spectrum of a-
Fe2O3 obtained by hydrothermal treatment at
240�C for 48 h shows well-defined peaks for iron
(Fe) and oxygen (O) corresponding to the

composition of iron oxide with atomic ratio of Fe to
O of 1:1.7, in good agreement with the stoichiometry
of Fe2O3. Additionally, no peaks corresponding to
other elements were observed in the spectrum,
confirming the highly pure state of the prepared
hematite.

The crystalline structure of the a-Fe2O3 nanos-
pindles obtained by treatment for 48 h with corre-
sponding 2h values and crystalline planes are shown
by the XRD pattern in Fig. 1d. The sharp peaks
confirm that the product is well crystallized in
nature, matching well with the standard pattern for
pure hematite phase a-Fe2O3 in Joint Committee on
Powder Diffraction Standards (JCPDS) card no. 33-
0664 with rhombohedral structure and primitive
cell space group R3c. According to the interplanar
spacing of (113) and (110) planes, the lattice con-
stants were calculated as approximately a =
b = 0.50356 nm, c ¼ 1:37489 nm, a ¼ b ¼ 90�, and
c ¼ 120�. Except for those corresponding to the
rhombohedral a-Fe2O3 structure, no other diffrac-
tion reflections were seen in the pattern, revealing
that the synthesized product was pure a-Fe2O3. The
perceptible broadening of the characteristic diffrac-
tion peaks indicates nanosized crystalline domains.
The mean crystalline size was estimated from the

Fig. 1. FESEM (a), TEM image (b), EDS spectrum (c), and XRD pattern (d) of spindle-like hematite prepared by hydrothermal processing at
240�C for 48 h.
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main reflection peak (113) at 2h ¼ 33:14� using the
Debye–Scherrer formula1:

D ¼ kk
B cos h

; ð4Þ

where D is the crystalline size, k is the x-ray
wavelength, k is the shape factor or Scherrer
constant (k = 0.94), B (rad) is the full-width at
half-maximum (FWHM), and h is the diffraction
angle. The crystalline size was calculated as approx-
imately 33 nm using the values k ¼ 0:15406 nm,
B ¼ 0:27�, and h ¼ 16:57�. This result is inconsistent
with the FESEM image, because the major mor-
phology of the nanocrystals is not completely spher-
ical. The lack of other peaks in the spectrum shows
that the synthesized sample was phase pure. Even
though sodium chloride (NaCl) is a byproduct in the
reaction solution, no diffraction peaks for NaCl were
observed by XRD due to the small amount of
residual NaCl in the as-prepared a-Fe2O3 sample.

Figure 2a–c shows FESEM images of a-Fe2O3

products prepared by hydrothermal treatment at
240�C for different durations of 24 h, 36 h, and 60 h,
respectively. When the reaction time differed from
48 h, the size distribution also became wider. The
obtained products show a series of distinct struc-
tures: nanospindles, amorphous nanoparticles, and
pseudospheres. Variation of the reaction time did
not influence the morphology but evidently changed
the size distribution of the a-Fe2O3 nanospindles.
When the reaction time was 24 h, the initial product

emerged as pseudospherical a-Fe2O3 particles with
diameter of about 50 nm to 75 nm (Fig. 2a). When
the reaction time was prolonged to 36 h, short
spindles grew out of these pseudospherical parti-
cles, indicating the occurrence of self-assembly
(Fig. 2b). The length and width of these spindles
were about 100 nm to 150 nm and 50 nm to 70 nm,
respectively. When the reaction time was increased
to 60 h, the spindles coarsened and became nonuni-
form in structure (Fig. 2c). It is expected that
globular shape would be unfavorable in terms of
the photodegradation performance.17

Methylene blue (MB), a common organic pollutant
resulting from industrial production of dyes, was
adopted in this study to evaluate the photocatalytic
activity of the synthesized a-Fe2O3 samples. To exam-
ine the activityofa-Fe2O3 inthe degradationofMB,we
carried out a blank experiment, i.e., without addition
of a-Fe2O3 photocatalyst; No significant degradation
was observed, even though the sample was exposed to
UV illumination (Fig. 3a), revealing that MB is very
stable in aqueous medium under ultraviolet light in
the absence of a-Fe2O3. However, when a-Fe2O3

nanospindles were present in the solution under UV
illumination, the intensity of the main absorbance
peak of MB at 665 nm decreased over time, revealing
that the a-Fe2O3 catalyst could effectively degrade MB
dye molecules. It is expected that nanospindles pre-
pared using different durations will possess slightly
different morphologies.20 Therefore, it is anticipated
that the different photocatalytic activities of the

Fig. 2. FESEM images of a-Fe2O3 prepared by hydrothermal processing at 240�C for 24 h (a), 36 h (b), and 60 h (c).
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samples synthesized with different durations will
vary because the absorption and electron transfer
strongly depend on the surface structure of the

nanocrystal.17 Figure 3b–e shows the photocatalytic
efficiency and reaction constant of the a-Fe2O3

nanospindle samples obtained by hydrothermal

Fig. 3. Absorption spectra during MB dye degradation without photocatalyst (a) and with a-Fe2O3 nanospindles prepared through hydrothermal
method at 240�C for 24 h (b), 36 h (c), 48 h (d), and 60 h (e) as photocatalyst under ultraviolet (UV) light irradiation (k = 365 nm) for different
irradiation times (0 h to 6 h); (f) the decrease of MB concentration with respect to time without and with a-Fe2O3 prepared by hydrothermal
processing for different durations, (g) pseudo-first-order kinetic plot between ln(C0/C) and irradiation time; (h) plot between C/C0 and
hydrothermal time at different irradiation times, where zero hydrothermal time means without photocatalyst.
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processing for various durations, after exposure to UV
irradiation at regular time intervals (0 h to 6 h). The
degradationefficiency isdefinedasC/C0, whereC0 and
C are the initial and postirradiation concentrations of
MB at a specific time, respectively.17 Figure 3f shows
the concentration change C/C0 versus time for pho-
todegradation of MB without and with a-Fe2O3

obtained by hydrothermal processing with different
durations. The maximum MB removal capacity for the
noncatalyst sample reached only 9% after UV irradi-
ation for 6 h. However, the MB removal capacity
reached about 27% after 6 h when using the a-Fe2O3

treated for 24 h as photocatalyst. The irradiation time
and hydrothermal time are crucial factors that influ-
ence the photocatalytic activity of a-Fe2O3. It was
found that, among the four samples, the a-Fe2O3

nanospindles synthesized for 48 h showed superior
photocatalytic activity; the MB degradation efficiency
could reach about 78% for this sample after 6 h of UV
irradiation, while the efficiency for the samples syn-
thesized for 36 h and 60 h was 34% and 43%, respec-
tively. It is reasonable to attribute that this high
photocatalytic activity of the a-Fe2O3 sample synthe-
sized for 48 h to its high specific surface area, good
crystallinity, and uniform morphology. Another key
factor contributing to this enhanced photocatalytic
activity for MB degradation is adsorption of MB on
nanostructured a-Fe2O3. The adsorption performance
of the nanostructures isgreatly improved by enlarging
the surface area. As mentioned in previous work,17 the
occurrenceofaggregationduringannealing treatment
results in a decrease in active reaction sites and the
photocatalytic activity of the annealed sample. Con-
sequently, we used the as-synthesized a-Fe2O3 pro-
duct without annealing treatment to investigate its
degradation performance.

The photocatalytic degradation of MB follows the
pseudo-first-order kinetic model6:

� ln
C

C0
¼ jt; ð5Þ

where j is the first-order kinetic constant, C0 is the
initial concentration of MB, and C is the residual
concentration at irradiation time t. The kinetic
reaction rate can be calculated as1

R ¼ �dC

dt
¼ jKC

1 þ KC
; ð6Þ

where K is the adsorption constant of MB on the
photocatalyst. When the concentration of MB
becomes very low (KC > 1),

ln
Co

C
� jKt ¼ Kobst; ð7Þ

where Kobs is the observed rate constant of the
photodegradation reaction.

Figure 3g shows the dependence of ln(C0/C) on
the irradiation time for MB solution in both cases,

i.e., absence and presence of catalyst. It is seen that
the degradation rate of MB increases with increas-
ing hydrothermal processing time. Additionally, the
results show that the a-Fe2O3 treated for 48 h
showed the greatest ability to mineralize the dye.
The reaction rate constant j was calculated accord-
ing to Eq. 5. The calculated results show that the a-
Fe2O3 nanospindles treated for 48 h showed the

highest reaction rate constant of 0:21 h�1. For
comparison, the values of the constant j corre-
sponding to a-Fe2O3 nanospindles treated for 24 h,
36 h, and 60 h were 0.04 h�1, 0.04 h�1, and
0.07 h�1, respectively. It is evident that the photo-
catalytic performance of a-Fe2O3 nanospindles is
comparable to that of a-Fe2O3 nanodisks.21 The
surface area is the principal parameter affecting the
catalytic efficiency of iron oxides in degradation of
MB. The morphology of the a-Fe2O3 nanodisks
consists of dense disk-like agglomerates. Conse-
quently, the interparticle spaces in the aggregate
are small.22 The reason why the a-Fe2O3 sample
treated for 48 h showed the most effective degrada-
tion is its high adsorption rate. Use of a proper
hydrothermal treatment duration for a-Fe2O3 facil-
itates the photocatalytic pathway and enhances the
charge-transfer efficiency, resulting in effective
degradation of MB. The enhanced photocatalytic
activity results from a decrease in the recombina-
tion rate and a higher adsorption rate due to the
hydrothermal treatment.

Detailed results regarding the ratio of the
methylene blue (MB) concentration before and after
irradiation with UV light are summarized in Table -
I, revealing that all four samples showed photocat-
alytic behavior, with the Fe2O3 sample treated for
48 h being the most effective. The C/C0 ratios for the
four a-Fe2O3 samples synthesized for 48 h, 24 h,
36 h, and 60 h after UV irradiation for 6 h were
0.22, 0.72, 0.66, and 0.56, respectively. The better
performance of the Fe2O3 sample treated for 48 h
can be attributed to its highly porous structure and
high surface area.

The photocatalytic reaction only involves a sur-
face charge-transfer process.17 Under UV irradia-
tion, a-Fe2O3 absorbs the photon energy to form a
hole and electron (Eq. 8), which participate in the
photooxidation process on the surface of the cata-
lyst. Holes can combine with water to form highly
reactive hydroxide radicals (�OH) (Eq. 9), which are
found to be the main active species in the degrada-
tion system.22 Photogenerated electrons can be
captured by dissolved oxygen in the dye solution to
form peroxide radicals or superoxide radical anions
(�O�

2 ) (Eq. 10). �OH and �O�
2 are usually reported to

be the probable oxidizing agents with the ability to
fragment dye molecules directly by reacting with
MB to form CO2 and H2O as degradation products
(Eqs. 11 and 12).5

a-Fe2O3 þ hm ! a-Fe2O þ hþ
VB þ e�CB ð8Þ
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hþ
VB þ H2O ! �OH þ Hþ ð9Þ

e�CB þ O2 ! �O�
2 ð10Þ

�OH þ MB ! CO2 þ H2O ð11Þ

�O�
2 þ MB ! CO2 þ H2O ð12Þ

Therefore, the active oxygen species �O�
2 gener-

ated during the irradiation process also contribute
to dye degradation. �O�

2 can also react with photo-
generated holes to form active �OH radicals and
peroxides, or react with hydrogen ion to form
peroxides and release oxygen according to the
following equations17:

�O�
2 þ 2H2O þ hþ

VB ! 2 � OH þ H2O2 ð13Þ

2 � O�
2 þ 2Hþ ! O2 þ H2O2 ð14Þ

The main active species is �OH, while �O�
2 only

partly contributes to MB degradation.17 For the
mechanism behind the photocatalytic degradation
of MB in presence of a-Fe2O3 nanospindle powder,
see Ref. 1.

CONCLUSIONS

Well-crystalline a-Fe2O3 nanospindles were syn-
thesized using a simple solvothermal approach at
temperature of 240�C and their morphological,
crystalline, chemical composition, and photocat-
alytic properties evaluated by FESEM, TEM, XRD
analysis, EDS, and UV–Vis measurements. The
results showed that the a-Fe2O3 nanospindles pos-
sessed high absorption capacity in the ultraviolet
light region. The hydrothermal treatment time had
a strong effect on the recombination rate and
adsorption capacity for methylene blue molecules.
The a-Fe2O3 nanospindles treated for 48 h showed
the highest photocatalytic activity and highest
degradation in comparison with the other a-Fe2O3

samples, in particular achieving more than 78%
photodegradation of MB in 6 h. In addition, analysis

of the photocatalytic mechanism indicated that �OH
radicals play an essential role in the photodegrada-
tion system, and other active oxygen species also
importantly contribute to the degradation of MB.
We anticipate that such hydrothermally synthe-
sized a-Fe2O3 nanospindle materials could be used
as effective and promising photocatalysts for large-
scale removal of methylene blue from wastewater
and in various environmental applications. The
photocatalytic performance for dye degradation
could be improved by addition of proper amounts
of Cu,1 Eu,23 CuO,24 Ag,25 Au,26 or Sn.27 Extensive
research on controlling metal dopants in a-Fe2O3

nanospindles to achieve the best performance is
currently ongoing.
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