
INTRODUCTION

Iron oxides (oxyhydroxides) (including α-Fe2O3 and
FeOOH) represent inexpensive, abundant and stable materials
for removal of heavy metal ions and solar energy conversion
applications1-3. Among them, hematite (α-Fe2O3) is the thermal
stable phase of iron oxides. It has been reported that α-Fe2O3

was a suitable adsorbent over natural pH (pH 6-9) at high
arsenic concentrations4,5. α-Fe2O3 could also adsorb surfactants
(SDS, Imbentin AGS/35, Triton X-100 and DDAB) from water
with a much lower amount of powder6. Generally, the adsor-
ption capacities are related to surface area7,8. A useful way to
increase the surface area is to prepare nanosize materials.
However, due to their small size, they are difficult to be separated
from the treated solution6. There are still great demands on
the synthesis of materials with high surface area and large
size for the application as adsorbents. Fabricating well defined
superstructures or complex architectures with small building
blocks is a smart method to improve its performance in removal
of heavy metal ions and electrochemical activity compared
with conventional adsorbents9. For example, α-FeOOH
microspheres composed by needles showed a fast adsorption
rate for As(V) and Pb(II) in water10. Amorphous Fe2O3/γ-Fe2O3

core-shell nanostructures showed a strong adsorption capability
for As(V)11.

To fabricate these complex architectures, building blocks
need enough time to grow or move to form these structures.
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α-Fe2O3 complex structures are relatively hard to synthesize,
owing to the rapid hydrolysis rate of Fe(III) in aqueous solution.
To circumvent these problems, hierarchical precursors were
prepared first by using different additives to control the
hydrolysis rate of Fe (III). α-FeOOH microspheres composed
of needles were prepared by using ethylene glycol to control
the reaction rate or the adsorption of glucose10,12. Cao et al.
reported the preparation of dendritic α-Fe2O3 micropines using
the weak dissociation of K3[Fe(CN)6] under hydrothermal
conditions13. Muruganandham et al.14 prepared α-Fe2O3

micromaterials with wormlike porous by the formation of
ferric oxalate complex. Tan et al.15 found that ascorbic acid
could selectively absorb on the (001) plane of γ-In2Se3 and
resulted in the formation of γ-In2Se3 microspheres assembled
by nanosheets. By using the reducing ability of ascorbic acid
and the planar structure and the bond angle of carbonate ions,
Liu et al. prepared FeCO3 lamellar structure16. In our experi-
ments, we used the chelate complex formed between ascorbic
acid and Fe3+ to control the reaction rate. α-Fe2O3 hierarchical
spheres composed of nanosheets were obtained by topotactic
phase change. The α-Fe2O3 hierarchical spheres were used as
adsorbent for removal of heavy metal ions present in water
and showed a strong Cr(VI) ions removal capacity. The exist-
ence of a large number of pores in the α-Fe2O3 structures was
extremely important for the improvement of adsorption ability.
The large size of α-Fe2O3 hierarchical spheres made it easier
to separate from water.
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EXPERIMENTAL

Ferric chloride, ascorbic acid, sodium carbonate, ethanol
and potassium dichromate were purchased from Sinopharm
Chemical Reagent Co. Ltd. and used as received without
further purification.

General procedure: Sample 1: FeCl3·6H2O (0.067 M),
Na2CO3 (0.200 M) and ascorbic acid (0.075 M) were added to
40 mL of deionized water to form a solution (dark black). The
solution was transferred into a 50 mL autoclave and maintained
at 180 °C for 10 h. After cooled down to room temperature,
the product was separated by centrifugation, washed with
absolute ethanol and vacuum-dried at 50 °C for 4 h. In order
to investigate the influence of hydrothermal treating time, we
also prepared samples at different times (0.5, 1.5, 3, 5, 8 h).
These samples were labeled as S1-0.5, S1-1.5, S1-3, S1-5,
S1-8, respectively. Sample 2 was obtained under the same
experimental conditions as sample 1 except without using
ascorbic acid. The samples obtained at different times (0.5,
5h) were labeled as S2-0.5 and S2-5. For the preparation of
α-Fe2O3, sample 1 and sample 2 was heated at 250 and 500 °C
in air for 2 h, respectively. The samples were labeled as S1-
T250, S1-T500, S2-T250, S2-T500.

Adsorption experiments of Cr(VI): Potassium dichromate
was vacuum-dried at 120 °C for 2 h. Then K2Cr2O7 was
dissolved in deionized water to form stock solution. In the
kinetics study of Cr(VI) adsorption, the initial Cr(VI) concen-
tration was 1.2 mg/L. Reaction suspensions were prepared by
adding samples (0.44 g/L) to 250 mL of Cr(VI) stock solution.
Analytical samples were drawn from the suspension by centri-
fugation and analyzed by ICP-AES. For the equilibrium
adsorption isotherm study, samples with a loading of 0.5 g/L
were added to 25 mL of Cr(VI) stock solutions with different
initial concentrations (5, 15, 25, 50, 100, 200 and 400 mg/L).
These solutions were stirred at room temperature for 24 h.
The Cr(VI) concentration in the remaining solution was measured
by ICP-AES. The amount of Cr(VI) adsorbed at equilibrium
(qe, mg/g) was calculated from formula: qe = (C0-Ce)V/m,
where C0 and Ce represent the concentration of Cr(VI) before
and after removal process, respectively. V is the solution volume
and m is the weight of the adsorbent.

Detection method: X-ray powder diffraction (XRD)
patterns were recorded using a D8 ADVANCE X-ray diffracto-
meter with high-intensity CuKα radiation (λ = 1.5406 Å). Scan-
ning electron microscopy (SEM) micrographs were recorded
on a FEI-Sirion 200 field emission scanning electron micro-
scope. Thermogravimetric analysis (TG) and differential
thermal analysis (DTA) were carried out on a NETZSCH STA
449 C thermal analyzer with a heating rate of 10 °C/min in air.
The concentration of Cr(VI)was analyzed on an induced
coupled plasma atomic emission spectrometer (PE Optima
2100DV ICP-AES). Fourier transform infrared (FTIR) spectro-
scopy was obtained on a Thermo Nicolet 5700.

RESULTS AND DISCUSSION

XRD and FTIR analysis were used to confirm the compo-
sition of samples. After adding ascorbic acid, sample 1 was
amorphous and no distinct diffraction peaks for iron oxide
were observed (Fig. 1a). The bands at 798  and 531 cm-1 (Fig. 1c,

sample 1) could be assigned to the stretching mode of α-
FeOOH17. Fig. 2a showed the absorbance spectrum of sample
1. According to the secondary derivative of Fig. 2b, the band
at 1676 cm-1 was composed of four peaks (at 1715, 1683, 1621
and 1560 cm-1, Fig. 1e). The bands centered at 1715, 1683
and 1067 cm-1 could be assigned to the C=O, C=C and C-O-C
stretching vibrations of ascorbic acid, respectively15,18. So
sample 1 was amorphous α-FeOOH adsorbed with ascorbic
acid. Sample 1 was spheres composed of many nanosheets.
The thickness of nanosheets was about 50 nm (Fig. 3a and
3b). Without using ascorbic acid, sample 2 showed some weak
diffraction peaks and could be assigned to the hexagonal
α-Fe2O3 phase (Fig. 1b, JCPDS file No. 89-0599). Two bands
at 568 cm-1 and 482 cm-1 were clearly visible, which could be
assigned to α-Fe2O3 phase (Fig. 1d)19. This also confirmed the
formation of α-Fe2O3. Sample 2 was nanoparticles with size
of 50 nm (Fig. 3c). Ascorbic acid affected both the phase and
the morphology of samples.
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Fig. 1. XRD patterns of (a) sample 1, (b) sample 2, FTIR spectra of (c)
sample 1, (d) sample 2, (e) S1-T500
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The thermal behaviours were also investigated and chose
the decomposition temperature by TG/DTA analysis (Fig. 4).
There were two exothermic peaks in DTA for sample 1 (Fig. 4a,
255.1 °C and 339.3 °C). The corresponding weight loss was
measured to be 61 % and nearly completed by 360 °C. Further
increasing the temperature, no distinct weight loss was observed.
The final product was confirmed to be α-Fe2O3 by XRD (S1-
T500, Fig. 5c). However, the DTA curve for sample 2 showed
a broad exothermal peak at 309.3 °C (Fig. 4b). The corres-
ponding weight loss was measured to be 3 % and completed
by 450 °C. According to the above XRD/FTIR analysis, the
large weight loss for sample 1 was due to the decomposition
of the adsorption ascorbic acid and α-FeOOH. We chose 500 °C
as the decomposition temperature of sample 1. This was confir-
med by identifying the phase formed at different temperatures
by FTIR and XRD studies (Fig. 1 and 5).

When sample 1 was heated in air at 250 °C for 2 h, S1-
T250 with poor crystallinity (Fig. 5a), consistent with the
analysis of TG/DTA (Fig. 4a). When sample 2 was heated
under the same conditions as that of S1-T250, S2-T250 showed
several weak diffraction peaks for α-Fe2O3 (JCPDS File No.
89-0599, Fig. 5b). As the calcination temperature increased to
500 °C, both samples were in red color and well-crystallized
hexagonal α-Fe2O3 was obtained (S1-T500 and S2-T500, Figs.
5c and 5d). Compared with that of S1-T500, the crystallinity
of S2-T500 improved. The shape and size of all samples did
not change distinctly after calcination (Fig. 6). After calcined
at 500 °C, S1-T500 was spheres composed of nanosheets (Fig.
6a). From the standing nanosheets in Fig. 6b, the thickness of
α-Fe2O3 nanosheets was less than 50 nm. The thickness of
nanosheets decreased slightly after calcined. S2-T500 was
nanoparticles. The size of S2-T500 was increased compared
with that of sample 2 (Figs. 6c and 6d). We noted that the XRD
results were in agreement with FTIR measurements (Fig. 5).
After calcination at 500 °C (S1-T500, Fig. 1e), the bands between
2000-1000 cm-1, which were attributed to the absorbed ascorbic
acid, disappeared. Two new bands at 548 cm-1 and 467 cm-1

were clearly visible, which could be assigned to α-Fe2O3

phase19. But it is shifted to lower wavenumber compared with
that of sample 2. It has been reported that the shape, size and
crystallization of α-Fe2O3 particles influenced the correspon-
ding FTIR spectrum12,19. S1-T500 was α-Fe2O3 microspheres
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Fig. 4. TG/DTG/DTA curves of (a) sample 1, (b) sample 2

composed of sheets and sample 2 was α-Fe2O3 particles. The
difference in structures and shapes between them resulted in
the shift of peaks.

Based on the SEM/XRD studies of samples, we found
that ascorbic acid played a crucial role in the formation of
α-Fe2O3 hierarchical spheres. It has been reported that α-Fe2O3

microspheres were prepared in the presence of ascorbic acid16.
They found that Fe3+ was reduced by ascorbic acid and FeCO3

was obtained. The formation of FeCO3 lamellar structure was
due to the planar structure and the bond angle of carbonate
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Fig. 3. SEM images of (a) and (b) sample 1, (c) sample 2
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Fig. 5 XRD patterns of (a) S1-T250, (b) S2-T250, (c) S1-T500, (d) S2T500.

ions. Although using ascorbic acid, we found the formation
of α-Fe2O3 hierarchical spheres in our experiments followed
the different mechanism. No FeCO3 was observed and amor-
phous α-FeOOH formed. Ascorbic acid could reduce Fe3+ in
aqueous solutions below pH 6.2, but above pH 6.8, ascorbic
acid was not an effective reducing agent for Fe3+ 20. Ascorbic
acid could form soluble chelate complex with Fe3+ 21. The
chelate complex was unstable and decomposed with increasing
temperature, which could gradually release Fe3+ and retard
the hydrolysis rate of Fe3+ during the hydrothermal process22.
In present experiments, the pH value of solution was about
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Fig. 6. SEM images of (a) and (b) S1-T500, (c) and (d) S2-T500

8.2 with ascorbic acid. No precipitation appeared at room tempe-
rature and only uniform solution was obtained. After hydro-
thermal reaction for 0.5 h (S1-0.5), irregular particles appeared
(Fig. 7a). From the magnified image (Fig. 7b), we could see
that the boundary between particles was unobvious. And it
seemed that many particles grew from one point (indicated as
an arrow in Fig. 7b). Upon prolonging the reaction time to
1.5 h, the size of particles increased and some irregular sheets
appeared near the particles (S1-1.5, indicated as an arrow in
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Fig. 7. SEM images of (a) and (b) S1-0.5, (c) S1-1.5, (d) S1-3, (e) S1-5, (f) S1-8, (g) S2-0.5, and (h) S2-5
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Fig. 7c). In general, small particles dissolve easier than large
particles. After the small particles dissolved, some ions released
and recrystallized. The presence of un-dissolved particles could
lower the nucleation energy and secondary nucleation occurred
around the un-dissolved particles, followed by the branched
structures23,24. The slow supply of ions caused a relatively low
Fe3+ concentration in the solution, which promoted 2D growth
and favored the generation of nanosheets 25,26. Then the nano-
units surrounding nuclei grew in the form of sheets and hierar-
chical spheres composed of nanosheets were formed. It could
be confirmed by SEM results that the particles were wrapped
by sheets and then the amount of particles decreased and lots
of spheres composed of nanosheets appeared with longer
reaction time (S1-3, S1-5, S1-8, Figs. 7d-7f). After calcined,
it transformed into α-Fe2O3 with the similar morphology.

Without ascorbic acid, red color precipitation was obtained
at room temperature. The presence of CO3

2- caused the quick
formation of Fe(OH)3 by the reaction between Fe3+ and CO3

2-

(function 1). The hydrothermal reaction resulted in the decom-
position of Fe(OH)3 to form α-Fe2O3 (function 2). After hydro-
thermal reaction for 0.5 h, particles with size of 50 nm were
obtained (S2-0.5, Fig. 7g). Upon prolonging the reaction time
to 5 h (S2-5), the phase was the same as that of S2-0.5, but the
size of the particles increased (Fig. 7h).

2Fe3+ + 3CO3
2– + 3H2O → 2Fe(OH)3 + 3CO2↑ (1)

2Fe(OH)3 → α – Fe2O3+3H2O  (2)
According to the speciation diagram of Cr(VI), the major

form was HCrO4
- at pH below 4 while CrO4

2– at pH above 9.
Increasing pH from 6 to10, the molar fraction of the HCrO4

–

was diminished from 77 % to 0.003 %27. In our experiments,
the pH value was about 7.5 for the adsorption experiments.
The predominant Cr(VI) species were CrO4

2- and Cr(VI) was
mainly adsorbed as CrO4

2-. The kinetics of Cr(VI) adsorption
onto α-Fe2O3 hierarchical spheres (S1-T500) and particles (S2-
T500) were shown in Fig. 8. The adsorption of Cr(VI) was
rapid at first and then slowed (Fig. 8a). In our experimental
conditions, most of Cr(VI) could be removed after 3 h. The
adsorption kinetic experimental data could be best fitted into
a pseudo-second-order rate kinetic model: t/qt = 1/k2q2

e + t/qe.
Where k2 is the rate constant of the pseudo-second-order model
of adsorption [g/(mg min)], qt is the amount of Cr(VI) adsorbed
at time t and qe is the equilibrium adsorption capacity. The
values of k2 and qe were obtained by a plot of t/qt against t
(Fig. 8b and Table-1), which showed that the pseudo-second-
order model best represented the adsorption kinetics in our
adsorbent systems. The value of calculated qe was very close
to that of experimental qe.

TABLE -1  
KINETICS PARAMETERS OF Cr(VI)  

ADSORPTION ONTO SAMPLES 

Sample 
No. 

K2 (g/(mg 
min)) 

qe (mg/g) R2 Experimental 
qe (mg/g) 

S1-T500 0.1896 0.7347 0.9996 0.7248 
S2-T500 0.0677 0.6660 0.9967 0.6421 

 
To evaluate the Cr(VI) adsorption capacity of samples,

the adsorption isotherm was conducted, as shown by the dots
in Figs. 8c and 8d. It could be seen that the amount of Cr(VI)

adsorbed at equilibrium (qe) was increased with the increasing
of Ce. The Langmuir adsorption model qe = qmbCe/(1 + bCe)
and Freundlich adsorption model ln qe = ln Ce/n + ln KF were
used to calculate the maximal adsorption capacity, where qm

(mg g-1) is the maximal adsorption capacity. The experimental
data fitted well to the Freundlich adsorption model rather than
the Langmuir adsorption model. The regression coefficient
(R2) for the Freundlich adsorption model was 0.97, higher than
that of Langmuir adsorption model (0.96). This suggested that
the Cr(VI) adsorption behavior could be regarded as a multi-
layer adsorption process. Compared with that of S2-T500,
α-Fe2O3 hierarchical spheres (S1-T500) showed better adsor-
ption ability. The maximal Cr(VI) removal capacity (qm) for
S1-T500 was 148.5714 mg/g while 30.0875 mg/g for S2-T500
within our experimental range. The maximal Cr(VI) removal
capacity (qm) for S1-T500 was much higher than those
reported for the Cr(VI) removal28-30. Table-2 showed that α-Fe2O3

nanoparticles exhibited a lower qm than α-Fe2O3 microspheres.
Compared with S2-T500, S1-T500 showed higher diffusion
rate and more adsorption amount. It was due to the structure
of S1-T500. For S1-T500, Cr(VI) was initially adsorbed on
the exterior surface of the microspheres. When the adsorption
at the exterior surface reached the saturation level, Cr(VI)
began to move into the interior of microspheres. When Cr(VI)
diffused into the interior of microspheres, the diffusion resis-
tance was increased, which in turn led to a decrease in diffusion
rate. Fabricating α-Fe2O3 hierarchical spheres composed of
nanosheets was demonstrated to be an effective method to
improve their adsorption properties.

TABLE-2 
EQUILIBRIUM ADSORPTION ISOTHERMS  

FITTING PARAMETERS FOR Cr(VI) 

Langmuir Freundlich Sample 
No. qe (mg/g) b R2 n KF R2 

S1-T500 148.5714 0.0123 0.9601 1.6693 5.2059 0.9747 
S2-T500 30.0875 0.0101 0.9677 1.6497 1.0932 0.9712 
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Fig. 8. (a) Effects of contact time on the adsorption of Cr(VI), (b) pseudo-
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Conclusion

α-Fe2O3 hierarchical spheres composed of nanosheets
were synthesized via a hydrothermal synthesis method, based
on controlling the concentration and hydrolysis rate of iron
ions. The soluble chelate complexes between ascorbic acid
and Fe(III) reduced the hydrolysis rate and concentration of
Fe(III), which favored the formation of hierarchical spheres
composed of nanosheets. Without ascorbic acid, only α-Fe2O3

nanoparticles were obtained. The obtained α-Fe2O3 had abun-
dant holes and large size and thus possessed high surface areas
and dramatically improved Cr(VI) adsorption performance.
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