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Facile one-pot synthesis of lepidocrocite (c-FeOOH)
nanoflakes for water treatment

Yong Jia,ab Tao Luo,a Xin-Yao Yu,a Zhen Jin,a Bai Sun,a Jin-Huai Liua and
Xing-Jiu Huang*a

Lepidocrocite (g-FeOOH) nanoflakes were synthesized using a simple ethylene glycol (EG) mediated

solution method. The obtained g-FeOOH were characterized by X-ray diffraction, X-ray photoelectron

spectroscopy, field emission scanning electron microscopy, transmission electron microscopy, and

nitrogen adsorption–desorption isotherms. The absoption properties of the as-prepared g-FeOOH nano-

flakes towards toxic As(V) and Cr(VI) ions were investigated. The effects of anions such as Cl�, SO4
2�,

NO3
�, HCO3

�, CO3
2�, and PO4

3� on As(V) removal were also investigated. The results indicated that

phosphate was the greatest competitor with As(V) for adsorptive sites. The presence of Cl�, SO4
2�, and

NO3
� had no effect on As(V) removal.

Introduction

Recently, the removal of arsenic from drinking water has
attracted great attention because of its toxicity.1 An adsorption
method has been proven to be a promising technology for water
purification, owing to its high efficiency and ease of operation.
For the adsorbent, metal oxides are very important because of
their remarkable advantages, such as low cost and easy pre-
paration. So, various metal oxide adsorbents have been synthe-
sized for arsenic removal, for example, CeO2,2 CuO,3 Al2O3,4

Fe3O4,5 and MgFe2O4,6 Fe3O4–NiO,7 Fe3O4–MnO2
8 hybrid oxi-

des. In particular, iron oxyhydroxides have attracted great
attention owing to their low cost, natural abundance, excellent
adsorption and photocatalytic properties for environmental
applications.9–12 Among them is g-FeOOH, although it appears
to be thermodynamically metastable with respect to other ferric
oxyhydroxides,13,14 and it has been proved to be an important
functional material in photocatalytic processes.15–19 Further-
more, g-FeOOH has exhibited a good adsorption performance
towards selenate.20 Recently, the adsorption properties of
g-FeOOH towards arsenic were investigated,21 but the prepara-
tion process of it was complicated and required some toxic
reagents.

Several methods have been reported for the synthesis of
g-FeOOH, such as the oxidation of Fe(II) ions13,21–24 or Fe(II)
complexes,14,17,18,20 electrodeposition of Fe(III) ions,25,26 and
the controlled hydrolysis of Fe(III) ions.27 However, these
reported methods are complex and require some special ancil-
lary facilities or oxidizing/reducing agents. In our previous
work, we reported the synthesis of some inorganic nano-
structures using a simple solution strategy,28–30 including
Fe3O4/a-FeOOH microspheres.10 Herein, based on a similar
method, three-dimensional (3D) g-FeOOH nanoflakes with a
high surface area of 132.8 m2 g�1 were synthesized using a
simple ethylene glycol (EG) mediated solution method at 100 1C
for the first time. The obtained g-FeOOH nanoflakes present
good removal properties towards toxic As(V) and Cr(VI) ions.

Experimental
Materials and adsorbent preparation

All the chemicals used were of analytical grade and were
purchased from Shanghai Chemical Reagents Company and
used without further purification. In a typical synthesis pro-
cess, 4.04 g of Fe(NO3)3�9H2O was dissolved in a mixed solution
of 50 mL deionized water and 50 mL EG at room temperature.
After that, 2.4 g of urea was added to the solution. After stirring
for 10 minutes, the solution was transferred into a conical flask
with a stopper, and then heated at 100 1C for 12 h and allowed to
cool to room temperature naturally. The resulting deep-orange
precipitates were collected by centrifugation and washed with
deionized water repeatedly until a neutral pH was achieved. The
obtained precipitates were then dried at 60 1C.
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Characterization

The as-prepared product was characterized by field emission
scanning electron microscopy (FEI Sirion 200 FEG, operated at
10 kV), transmission electron microscopy (JEOL-2010, operated
at 200 kV), X-ray diffraction (X’Pert ProMPD, Cu-Ka radiation,
wavelength 1.5418 Å), and X-ray photoelectron spectroscopy
(VG ESCALAB MKII spectrometer, Mg KR X-ray source, 1253.6 eV,
120 W) analyses. The specific surface area and gas adsorption
isotherms of the adsorbent was tested on a Coulter Omnisorp
100CX Brunauer–Emmett–Teller (BET) using nitrogen adsorp-
tion with a degassing temperature of 80 1C.

Adsorption experiments

The As(V) and Cr(VI) stock solutions were prepared with deion-
ized water using Na3AsO4�12H2O and K2CrO4, respectively. The
pH value of the As(V) solution was not adjusted. The pH value of
the Cr(VI) stock solutions were adjusted to 6.5 by the addition of
HNO3. The toxic ion working solutions were freshly prepared by
diluting the stock solutions with deionized water. The concen-
trations of the toxic ion species were given as elemental con-
centrations in this study.

Batch adsorption experiments were conducted to examine
the adsorption isotherms of the toxic ions. The adsorption
experiments were carried out in 15 mL polypropylene flasks
containing 10 mL of the arsenate solution and 0.01 g of the
adsorbent. The flasks were then shaken at 150 r min�1 in a
shaker at 25 1C for 24 h. After the adsorption experiments, the
adsorbent was separated from the solution by centrifugation
and the residual toxic ion concentration in solution was deter-
mined using an inductively coupled plasma atomic emission
spectrometer (Jarrell-Ash model ICAP 9000). In the kinetics
study, the initial As(V) and Cr(VI) concentrations were 5.20 mg L�1.
The adsorbent dose was 1.0 g L�1 in the kinetics study. The
suspension was placed into an air incubator at an agitation
speed of 150 r min�1 at 25 1C. About 6 mL suspension was
sampled using a pipette at different time intervals. After that
the sample was centrifuged and analyzed to determine the
concentration of the As(V) and Cr(VI).

Results and discussion
Structures of the c-FeOOH

Fig. 1a shows the XRD pattern of the obtained product. All
diffraction peaks can be indexed to orthorhombic phase
g-FeOOH (JCPDS 44-1415). Fig. 1b presents the XPS Fe 2p
spectrum of the as-prepared g-FeOOH. The binding energies
of the Fe 2p3/2 and Fe 2p1/2 peaks are located at 710.6 and
724.5 eV, respectively. The Fe 2p3/2 peak has an associated
satellite peak, which is located approximately 8.4 eV higher
than the main Fe 2p3/2 peak. Another satellite peak at 732.8 eV
is the satellite peak of Fe 2p1/2. The satellite peaks result from
the charge transfer screening, which can be solely attributed to
the presence of the Fe3+ ions of g-FeOOH.31,32

Fig. 2a and b present the typical SEM images of the obtained
g-FeOOH. Large amounts of flake-like products were obtained,

as shown in Fig. 2a. Furthermore, the thickness of these
nanoflakes was less than 50 nm, as shown in Fig. 2b. The
nanoflakes were assembled together to form 3D structures. In
the present work, g-FeOOH nanoflakes were prepared in a
mixture of EG and water. To reveal the role of EG, a control
experiment was performed. Fig. 2c and d presents the SEM
images of products synthesized in pure water. Only small
nanoparticles were obtained. Furthermore, the XRD pattern
shown in Fig. 3 suggests that the nanoparticles synthesized in

Fig. 1 XRD pattern (a) and XPS Fe 2p spectrum (b) of the obtained g-FeOOH.

Fig. 2 Low-magnification (a) and high-magnification (b) SEM images of the
obtained g-FeOOH synthesized with EG. SEM images (c, d) of the products
synthesized in pure water.

Fig. 3 XRD pattern of the product synthesized in pure water.
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pure water were a mixture of a-Fe2O3 and a-FeOOH. It is well
known that g-FeOOH is thermodynamically metastable with
respect to a-FeOOH.13,14 So, the formed a-FeOOH should be the
phase transformation product of g-FeOOH. The generated
a-Fe2O3 results from the decomposition of a-FeOOH.14 The
results suggest that the presence of EG successfully prevents
the phase transformation of g-FeOOH.

The obtained g-FeOOH 3D nanoflakes were further characteri-
zed by TEM, and the results are shown in Fig. 4. The framework
nanostructures were further confirmed by Fig. 4a and b. In addi-
tion, the nanoflakes were composed of several thin nanosheets.
These nanosheets were assembled together to form a parallel
structure, as shown in Fig. 4c. A lattice fringe, with an interplanar
spacing of 0.62 nm, was observed, corresponding to the spacing of
the (200) planes of g-FeOOH, as shown in Fig. 4d.

Fig. 5 shows the N2 adsorption–desorption isotherm and
BJH adsorption pore size distribution of the obtained g-FeOOH
products. The isotherm shown in Fig. 5a is type IV with a
H1 hysteresis loop, which is characteristic for mesoporous
materials.33,34 The steepness of the capillary condensation
step indicates the presence of mesopores, which is further
confirmed by the pore size distribution, as shown in Fig. 5b.

The BET surface area and the pore volume of the as-prepared
g-FeOOH were 132.8 m2 g�1 and 0.41 cm3 g�1, respectively, which
were much higher than that of the reported g-FeOOH.13,20,35

As(V) and Cr(VI) removal properties

Metal oxide adsorbents have been widely reported for toxic ion
removal from water. Herein, the adsorption properties of the
obtained g-FeOOH 3D nanoflakes towards As(V) and Cr(VI) were
investigated at room temperature. The adsorption isotherms
are shown in Fig. 6. The obtained adsorption data were well
fitted with the Langmuir adsorption model, which was used to
represent the relationship between the amount of toxic ions
adsorbed at equilibrium (qe, mg g�1) and the equilibrium
solute concentration (Ce, mg L�1).30,36 The mathematical
expression of the Langmuir isotherm is

Ce

qe
¼ 1

qmKL
þ Ce

qm

where qm (mg g�1) is the maximum adsorption capacity and KL

(L mg�1) is the empirical constant. The results suggest that the
experimental data could be well fitted with the Langmuir
adsorption model with a correlation coefficient value of 0.998
and 0.997, respectively. The Langmuir maximum adsorption
capacities of As(V) and Cr(VI) were 45.5 and 17.5 mg g�1, respec-
tively. The maximum adsorption capacity of As(V) was higher than
that of Al2O3,4 iron oxides,5,37,38 MgFe2O4,6 Fe3O4/MnO2,8 CeO2,39

CuO,40 and Mn3O4,41 and similar to nickel carbonate hydroxide,28

while it was lower than that of Fe3O4/NiO,7 Mg/Al layered double
hydroxide42,43 and MgO.30 A comparison of the toxic ions adsorp-
tion properties of various iron oxides is summarized in Table 1.
Accordingly, these results definitely show that the as-prepared
g-FeOOH achieved good adsorption properties.

The kinetics of the adsorption of As(V) and Cr(VI) onto the
g-FeOOH 3D nanoflakes are shown in Fig. 7. The experimental
evidence shows that the adsorption rate of As(V) is very fast.
Most of As(V) could be removed after one hour. In addition, the
adsorption kinetic experimental data can be fitted into a
pseudo-second-order rate kinetic model. The pseudo-second-
order model is presented as follows17

t

qt
¼ 1

k2qe2
þ 1

qe
t

where k2 is the rate constant of the pseudo-second-order model
of adsorption, qt is the amount of As(V) adsorbed on the surface

Fig. 4 Low-magnification (a, b) and high-magnification (c, d) TEM images of the
obtained g-FeOOH.

Fig. 5 Nitrogen adsorption–desorption isotherm (a) and the BJH pore-size
distribution curve (b) of the obtained g-FeOOH.

Fig. 6 Adsorption isotherms (a) and linearized Langmuir isotherms (b) obtained
from As(V) and Cr(VI) adsorption on g-FeOOH.
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of the adsorbent at time t, and qe is the equilibrium adsorption
capacity. For the pseudo-second-order model, the values of k2

and qe can be obtained by a plot of t/qt against t. The pseudo-
second-order kinetics plot for the adsorption of As(V) is also
shown in Fig. 7. The results suggest that the experimental data
could be well fitted with the linear form of the pseudo-second-
order model with a correlation coefficient value of 0.999,
suggesting that the pseudo-second-order model represents
the adsorption kinetics in the adsorbent systems. For Cr(VI)
adsorption, the pseudo-second-order model also represents the
adsorption kinetics. However, the adsorption rate was much
lower than that of As(V), as shown in Fig. 7b. In addition, the
g-FeOOH adsorbent after adsorption was also characterized by
XPS. Fig. 8 shows the As 3d and Cr 2p spectra of the adsorbent
after adsorption. The results also confirmed the presence of the
adsorbed toxic ions.

Previous reports have demonstrated that the surface hydro-
xyl groups of the adsorbent play a key role in the removal
anions.2,4,10 To reveal the removal mechanism of the g-FeOOH
nanoflakes towards anions, in the process of the kinetics

experiment, the influence of the contact time on the pH value
was also investigated, and the results are shown in Fig. 9. The
initial concentration of the As(V) ions was 5.20 mg L�1, and
the pH value of the solution was 7.20. As can be seen in Fig. 9,
the pH value increased rapidly during the first hour, and then
gradually reaches a plateau. After 12 hours, the pH value was
7.53. The observed change in pH value was consistent with the
adsorption kinetics experimental data, which means that there
was an ion-exchange process between the surface hydroxyl
groups and the As(V) ions.4,28

Effect of coexisting anions on As(V) adsorption

It is well known that some coexisting anions such as Cl�, SO4
2�,

NO3
�, HCO3

�, CO3
2�, and PO4

3� are generally present in
groundwater, and could interfere in the adsorption process.38,44,45

To investigate the effect of the above coexisting ions on As(V)
removal, these anions were added at three concentration levels
(0.1, 1.0 and 10 mM) to the As(V) solutions, and the As(V)
removal rate was investigated. Fig. 10 presents the effects of
the competing anions on the adsorption of As(V). The experi-
mental evidence suggests that Cl�, SO4

2� and NO3
� have no

influence on As(V) adsorption. For HCO3
�, with a concentration

lower than 1 mM, the removal rate of As(V) was only slightly
decreased. When the concentration of HCO3

� was increased to
10 mM, the removal rate of As(V) decreased to 90%. The
influence of CO3

2� on As(V) adsorption was greater than the
ones of HCO3

�. However, the presence of PO4
3� has a great

influence on the removal of As(V). The removal rate markedly
decreased to about 30% when the concentration of PO4

3� was

Table 1 Comparison of the toxic ion adsorption properties of various iron
oxides

Adsorbents S (m2 g�1) As(V) (mg g�1) Cr(VI) (mg g�1) Ref.

Fe3O4 34 4.65 4.38 37
a-Fe2O3 40 5.31 4.47 37
Fe3O4 102 44.1 — 39
a-FeOOH 103 4.7 — 44
a-FeOOH 121 66.2 36
Fe3O4/a-FeOOH 41.3 30.2 26.5 10
g-FeOOH 103.9 32 — 21
g-FeOOH 132.8 45.5 17.5 This work

Fig. 7 Effects of contact time on the adsorption of As(V) (a) and Cr(VI) (b) onto
g-FeOOH. The insets present the pseudo-second-order kinetic plots for the
adsorption of As(V) and Cr(VI).

Fig. 8 XPS As 3d (a) and Cr 2p (b) spectra of the adsorbent after toxic ion
adsorption.

Fig. 9 Effects of contact time on the pH value of the solution.

Fig. 10 Effects of competing anions on the adsorption of As(V) (initial concen-
tration 9.97 mg L�1) onto g-FeOOH.
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increased to 10 mM. So, owing to its similar structure to As(V)
ions,44 PO4

3� caused the greatest percentage decrease in As(V)
removal at each concentration level, which was consistent with
the previous reports.38,44,45

Conclusions

A simple EG mediated solution method was demonstrated for
the synthesis of g-FeOOH nanoflakes with a high surface area of
132.8 m2 g�1. The presence of EG can avoid the phase trans-
formation of g-FeOOH to a-FeOOH. The removal properties of
the obtained g-FeOOH nanoflakes towards toxic As(V) and Cr(VI)
ions were investigated via a batch experiment. The adsorption
capacities for As(V) and Cr(VI) ions were 45.5 and 17.5 mg g�1,
respectively. The equilibrium adsorption data could be well
described by the pseudo-second-order kinetic model and the
Langmuir equation. The removal of As(V) ions was attributed to
ion-exchange, based on the surface hydroxyl groups. The
present work provides a new route to fabricate g-FeOOH nano-
flakes with good adsorption properties towards toxic anions.
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