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A B S T R A C T

In this work, d-FeOOH nanoparticles were synthesized by a simple co-precipitation method and used as a
photocatalyst in the presence of H2O2 for the oxidation of Rhodamine B (RhB) dye under artificial light.
The d-FeOOH was characterized by powder X-ray diffraction, 57Fe Mössbauer spectroscopy, N2

adsorption/desorption and UV–vis diffuse reflectance measurements. The d-FeOOH nanoparticles have
high specific surface area (101 m2g�1) and optical bandgap energy of 2.02 eV. Under artificial light, only
59% of RhB (100 mL; 20 mg L�1) was photocatalytically degraded by d-FeOOH in 60 min reaction.
However, after adding H2O2, the photocatalytic activity of d-FeOOH was significantly improved, reaching
87% of dye removal. Tests using scavengers of reactive species and EPR analysis revealed that h+ and �OH
are the main species in this system. Based on the experimental results, the mechanism of RhB
photodegradation in the presence of d-FeOOH and H2O2 was proposed. By this mechanism, the �OH can
be formed by direct water oxidation or by H2O2 reduction, as the electron transfer from the conduction
band of d-FeOOH to H2O2 is thermodynamically favorable. Moreover, the H2O2 retards the electron-hole
recombination in d-FeOOH, thus increasing its photocatalytic activity. Given its high efficiency for
degrading RhB in water, d-FeOOH revealed to be a promising photocatalyst to be tested in the oxidation of
emerging pollutants for the environmental decontamination.

ã 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The effluents from textile industries are increasingly becoming
an environmental problem because of the toxicity of the dyes used
in the dyeing process [1]. Conventional wastewater treatment
technologies have proven to be markedly ineffective for handling
wastewater of synthetic textile dyes because of the chemical
stability of these pollutants [2]. Therefore, several advanced
oxidation processes (AOPs), including ozonation, Fenton, photo-
Fenton, and photocatalytic oxidation, have been proposed as
interesting alternatives to other more conventional treatments
[3–11]. Among these AOPs, the photocatalysis has attracted
considerable attention due to its effectiveness for degrading
pollutants under light irradiation [12].
* Corresponding author.
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Photocatalysis involves the activation of a semiconductor
material by light. A semiconductor is characterized by its bandgap
energy, which is the difference between the energies of the valence
and conduction bands. The absorption of photons by a semicon-
ductor with energy higher than its bandgap energy promotes the
excitation of electrons (e�) from the valence band to the
conduction band, thus generating an electronic hole (h+) in the
valence band of the semiconductor. These photogenerated
electrons and holes can then react with the substrates on the
photocatalyst surface for producing reduced and oxidized species,
respectively [13,14].

Iron-based materials have been reported to be promising for the
photocatalytic oxidation of organic contaminants in wastewater
due to its high ability to generate hydroxyl radicals (�OH), which
are strongly oxidant and non-selective species [15]. Recently, Lima
et al. [16] reported the use of d-FeOOH nanoparticles as a
photocatalyst for the oxidation of dyes in water. However, the
single d-FeOOH exhibited too low photocatalytic activity under
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Fig. 1. Powder X-ray diffraction pattern of d-FeOOH sample.
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UVA light, probably because of the fast bulk and surface e�/h+

recombination. To solve this drawback, an attractive strategy to
decrease or eliminate the surface recombination consists in using a
redox couple with more negative reduction potential than that of
water. The reduction potential of the �OH/H2O2 couple
E> ¼ þ0:87 V vs: NHE
� �

[17] is more negative than that of the
�OH/H2O couple ððE> ¼ þ2:80 V vs: NHEÞ, meaning that the H2O2

molecule may be more readily oxidized than water. Thus, if the
energy level of the valence band of a semiconductor is more
positive than the reduction potential of H2O2, the holes in the
valence band of the semiconductor could oxidize H2O2 to produce
superoxide radicals O

��
2 as follows (Eq. (1)) [18]:

H2O2 þ hþ
VB ! O

��
2 þ 2Hþ ð1Þ

On the other hand, if the energy level of the conduction band of
a semiconductor is more negative than the reduction potential of
H2O2, it could reduce the H2O2 to form �OH radicals (Eq. (2)) [19]:

H2O2 þ e�CB ! �
OH þ �OH ð2Þ

With this in mind, we report in this work a simple strategy to
minimize the fast electron-hole recombination in d-FeOOH
nanoparticles by using H2O2 as an electron acceptor in order to
enhance the photocatalytic activity of d-FeOOH for the degradation
of Rhodamine B (RhB) dye in water.

2. Materials and methods

2.1. Material preparation

The synthesis of d-FeOOH was carried out as described
elsewhere with some modifications [20–22]. Briefly, the d-FeOOH
nanoparticles were prepared by mixing 100 mL of a 2 M NaOH
solution with 100 mL of a solution containing 5.5604 g of Fe
(SO4)2(NH4)2�6H2O. After the formation of a green rust precipitat-
ed, 5 mL of 30% H2O2 was immediately added with stirring. The
precipitate turned reddish brown within a few seconds, indicating
the formation of d-FeOOH nanoparticles. The precipitate was
washed with distilled water several times and dried in a vacuum
desiccator at room temperature.

2.2. Characterization

Powder XRD data were obtained with an RIGAKU GEIGERFLEX
diffractometer equipped with a graphite diffracted beam mono-
chromator. Data were collected in a 2u range of 20–80� using Cu-
Ka radiation (l = 1.541838 Å) and a scanning speed of 2� min�1.
Silicon was used as an external standard. 57Fe Mössbauer spectrum
was collected using a CMTE spectrometer model MA250 in
constant acceleration transmission mode with a 5 mCi 57Co/Rh
gamma-ray source at room temperature. The data were stored in
1024 channels and fitted using the WinNormosTM for Igor. Isomer
shift values were quoted relatively to the a-Fe foil. The UV–vis
diffuse reflectance spectrum was taken on dry, ground powders
using a Varian Cary 5 spectrophotometer equipped with a diffuse
reflectance accessory. BaSO4 powder was used as a reference (100%
transmission). Nitrogen adsorption-desorption isotherms were
obtained on a Micromeritics ASAP-2000 instrument, and the
specific surface area was calculated using the BET model.

2.3. Reactions

The Fenton-like oxidation of RhB (20 mg L�1) with 0.30 mL of
H2O2 (30% v/v) at pH 6.0 was carried out with the dye in the total
volume of 100 mL and 100 mg of d-FeOOH catalyst. The photo-
catalytic activity of d-FeOOH (100 mL of 20 mg L�1 RhB + 100 mg
catalyst + light) was tested in a cylindrical batch photoreactor. A
high-pressure mercury lamp (HPK 125 W, Philips) with a water-
cooled filter served as a light source. The HPK lamp provides
maximum energy at 365 nm, with substantial radiation also at 435,
313, 253 and 404 nm. The intensity of the light reaching the reactor
was measured with a pyranometer separate sensor with a
handheld meter (APG-MP-200) and estimated to be 14 mW cm�2.
The catalytic activity of d-FeOOH in a combined system (photo-
catalysis + H2O2) was performed at the same conditions of photo-
catalysis, except by the addition of 0.3 mL of H2O2 (30% v/v). All the
reactions were monitored by UV–vis measurements after the
separation of the catalyst nanoparticles from the RhB aliquot by
centrifugation at 4000 rpm for 5 min. The reactions were carried
out in duplicates under a magnetic stirring in a recirculating
temperature controlled bath kept at 25 �1 �C.

The evaluation of the reactive species generated during the
photooxidation of RhB in the presence of H2O2 was based on the
use of different scavenger molecules (benzoquinone, isopropanol,
and ammonium oxalate to trap O

��
2 ,�OH and h+, respectively),

which were introduced into the reaction medium before the
addition of d-FeOOH. The dosage of these scavengers was 10 mM.

Hydroxyl radicals were determined by a DMPO spin-trapping
EPR method at room temperature on a Bruker ER200-D-SRC
spectrometer at X-band, equipped with a high-pressure mercury
lamp (125 W). Experiments were performed with a capillary Pyrex
glass tube under fixed conditions (100 mg catalyst, 0.3 mL H2O2

(30% v/v), and 200 mM DMPO), and the EPR spectra were recorded
after 60 min of light irradiation.

The Mott-Schottky measurement was carried out with an
AUTOLAB Potentiostat-Galvanostat PGSTAT 128N using a standard
three-electrode cell with an Ag/AgCl (3.0 M KCl) reference
electrode, a platinum wire as a counter electrode and d-FeOOH
as a working electrode with irradiation area of 0.5 cm2. A 0.5 M
Na2SO4 aqueous solution was used as an electrolyte, and the
frequency was in the range of 1–100 mHz.

3. Results and discussion

3.1. Materials characterization

The X-ray diffraction pattern of d-FeOOH is shown in Fig. 1. It
was identified by its (100), (002), (102), (110), and (200) (hkl)
planes, according to the JCPDS File 13-87. The XRD pattern was
indexed on a hexagonal cell with parameters a = 2.940(3) Å and
c = 4.563(2) Å. The average crystallite size was estimated by the
Scherrer equation as being 14 � 2 nm.



Fig. 2. (a) 298 K Mössbauer spectrum of d-FeOOH nanoparticles and (b) hyperfine field distribution for the Fe3+ in the d-FeOOH.
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The Mössbauer spectrum at 298 K was fitted with a distribution
of magnetic hyperfine field (broad sextet, Fig. 2a and b) due to the
particle size distribution and a doublet (blue line; d = 0.38 mm s�1

and D = 0.76 mm s�1; Fig. 2a), which corresponds to smaller
d-FeOOH particles. The maximum hyperfine field was 39.1 T
(Fig. 2a), and the quadrupole shift was �0.10(2) mm s�1. The
isomer shift of 0.38(1) mm s�1 confirms that the Fe3+ ions are
located on octahedral sites in the d-FeOOH structure.

The UV–vis spectrum of d-FeOOH (Fig. 3a) revealed that it
absorbs light over a broad range of the UV and visible light spectra,
which may allow it to absorb a substantial amount of solar light.
The optical indirect band gap energy of d-FeOOH was calculated
using Eq. (3) [23]:

(ahn)1/2 = A(hn � Eg) (3)

where a = absorption coefficient, h = Planck’s constant, n = light
frequency, A = proportionality constant and Eg = optical band gap
energy. Thus, the optical band gap energy of d-FeOOH was
determined as being 2.02 eV (Fig. 3b).

The N2 adsorption-desorption curve of d-FeOOH is shown in
Fig. 4a, and the corresponding pore size distribution is presented in
Fig. 4b. The N2 adsorption-desorption curve exhibited a type IV
isotherm, which is characteristic of mesoporous materials (Fig. 4b),
with a type H3 hysteresis loop. The BET specific surface area was
Fig. 3. (a) UV–vis diffuse reflectance spectra of d-FeOOH na
101 m2g�1 and the pore diameter of d-FeOOH was in the range of
20–440 Å with a maximum probability centered at 24 Å.

3.2. Photocatalytic activity

The catalytic activity of d-FeOOH was evaluated through H2O2

reaction in the dark (Fenton-like reaction), photocatalysis under
artificial light, and photocatalysis + H2O2 combined process (Fig. 5).
RhB was used as a model of dye contaminant. Control experiments
based on dye adsorption in the dark, RhB + H2O2 in the dark, RhB
photolysis and RhB photolysis + H2O2 were performed because
these process may also contribute to the discoloration of the RhB
dye. At pH 6.6, the RhB adsorption by d-FeOOH in the absence of
light and H2O2 was only 13% after 60 min (Fig. 5). After the
adsorption equilibrium had been achieved (24 h adsorption under
stirring in the dark), only 16% of the RhB was removed from the
solution, indicating that the most of the adsorption takes place at
the first adsorption hour. The low RhB adsorption capacity of
d-FeOOH can be assigned to electrostatic repulsion between the
positively charged surface of d-FeOOH (pHpzc = 8.4) [24] and the
cationic dye at pH 6.6. In the presence of H2O2 in the dark
(heterogeneous Fenton-like reaction), approximately 11% of the
RhB color was removed after 60 min reaction (Fig. 5), suggesting
that in the dark the d-FeOOH was inactive towards H2O2 reaction.
noparticles. (b) Tauc’s plot for the bandgap calculation.



Fig. 4. (a) Nitrogen adsorption–desorption isotherm and (b) pore size distribution for the d-FeOOH nanoparticles.

Table 1
Rate constants of RhB discoloration on d-FeOOH under UV and visible light
irradiation at initial pH 6.6.

Sample kUV (min�1) kvis (10�3min�1)

Photocatalysis 0.018 0.011
Photolysis + H2O2 0.023 0.002
Photocatalysis + H2O2 0.043 0.019

kUV and kvis are the constants measured under UV (high-pressure mercury lamp)
and visible light irradiation, respectively.
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Pinto et al. [25] reported that the d-FeOOH can react with H2O2 to
produce �OH, which can further attack the organic molecules to
form oxidized products. However, because the d-FeOOH is
constituted only by Fe3+ ions (according to Mössbauer measure-
ments), the kinetics of H2O2 activation is too slow, and therefore,
the color removal by the Fenton-like reaction in the presence of
d-FeOOH was negligible. The single H2O2 (in the dark) and the
photolysis (only light + dye) did not generate RhB oxidized
products (Fig. 5). On the other hand, in the presence of light
and H2O2, 64% of the total color of RhB was removed, indicating
that the light has a significant role in forming reactive species from
H2O2. The RhB color removal due to the photocatalysis (d-FeOOH +
light) was 59% after 60 min reaction. However, it is known that the
photocatalytic activity of d-FeOOH is limited by the fast electron-
hole recombination in that photocatalyst [16]. To minimize these
effects, H2O2 was used as an electron trap to improve the
photocatalytic activity of d-FeOOH. Consequently, the photo-
catalysis in the presence of H2O2 removed 87% of RhB after 60 min
reaction. The higher photocatalytic activity exhibited by the
d-FeOOH in the presence of H2O2 may be due to the combined
effects of H2O2+ light to form reactive species (e.g. �OH) and
improved photocatalysis due to the minimizing of the photo-
generated electron-hole recombination by using H2O2 as an
electron acceptor.

Under visible-light irradiation (White LED l > 450 nm, 5 mW
cm�2) the RhB degradation was very slow as compared to that
Fig. 5. Kinetics of RhB degradation by different processes in the presence of
d-FeOOH.
under UV irradiation (Table 1). This indicates that light-induced
RhB degradation mainly occurs through the ligand-to-metal

charge transfer transition (O2� ! Fe3þ) whereas the d � d excited
states of d-FeOOH (Fe3þ ! Fe3þ) are not important for photo-
catalytic degradation of dyes. A similar photocatalytic behavior for
various iron oxyhydroxides has been reported elsewhere [26].

3.3. Study of the reactive species

The reactive species in the oxidation of RhB in the presence of
d-FeOOH and H2O2 were monitored by employing different
scavengers, since the photocatalytic oxidation of RhB in the
presence of H2O2 may occur via different reactive species such as
h+, �OH and/or O

��
2 . It is very well known that ammonium oxalate,

isopropanol and benzoquinone can trap the h+, �OH, and O
��
2

species, respectively [27]. Thus, by adding scavengers before the
RhB photodegradation reaction, the corresponding reactive species
can be evaluated based on changes in the photocatalytic activity of
d-FeOOH.

Fig. 6 shows the photocatalytic activity of d-FeOOH in the
oxidation of RhB under different conditions. In the absence of
scavengers, the removal of RhB was 87% after 60 min reaction. By
adding benzoquinone to suppress O

��
2 , the oxidation efficiency of

RhB was not affected, indicating that the O
��
2 is not a significant

reactive species in this reaction. On the other hand, when
ammonium oxalate was used as a hole trap, the photodegradation
of RhB decreased to 60%, suggesting that the photogenerated holes
are crucial to the photodegradation process using d-FeOOH as a
catalyst. In the presence of isopropanol, the photodegradation
efficiency was significantly decreased to 48%. Based on these
results, it is evident that �OH and h+ are the main reactive species in
the photocatalytic reaction mediated by d-FeOOH in the presence
of H2O2.



Fig. 6. Kinetics of photodegradation of RhB in the presence of d-FeOOH, H2O2, and
different scavengers. [RhB] = 20 mg L�1, RhB volume = 100 mL, catalyst mass = 100
mg, H2O2 (30%v/v) volume = 0.3 mL, scavenger dosage = 10 mM, and light source =
high-pressure mercury lamp (14 mW cm�2).

Fig. 8. Mott-Schottky plot of d-FeOOH measured in 0.5 M Na2SO4 (pH = 6.6) at
10 Hz.
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In general, �OH can result from the H2O2 reduction (Eq. (2), H2O2

photolysis, and/or from water oxidation (Eq. (4)) [28]:

H2O þ hþ
VB ! �

OH þ Hþ ð4Þ
To verify the main source for �OH production, the reactions in

the presence of light were examined by a DMPO spin-trapping EPR
technique (Fig. 7). In the presence of d-FeOOH and light, small
signals of DMPO ��OH adducts were observed, indicating that �OH
can be produced by water oxidation according to Eq. (4). The
signals of DMPO ��OH adducts for H2O2 + light suggest that direct
photolysis of H2O2 into �OH has also occurred. Interestingly, the
signal intensity for the d-FeOOH + H2O2+ light was significantly
higher than that of H2O2 photolysis and water oxidation, thus
supporting our hypothesis that H2O2 can accept electrons from the
conduction band of d-FeOOH to produce �OH.

3.4. Proposed RhB photodegradation mechanism

To understand the origin of the highest photocatalytic activity
exhibited by d-FeOOH in the presence of H2O2, it is useful to
determine the potential energy diagram of d-FeOOH. To determine
the relative band position of d-FeOOH, we first measured its
flatband potential according to the Mott-Schottky equation
Fig. 7. EPR spectra of DMPO ��OH adducts recorded with d-FeOOH under a high-
pressure mercury lamp in the presence and the absence of H2O2.
(Eq. (5)) [29].

1

C2 ¼ 2
eee0ND

� �
E � EFB � kT

e

� �
ð5Þ

where C is the space charge capacitance (F cm�2), e is the electron
charge (C), e is the dielectric constant of the semiconductor, e0 is
the permittivity of free space, ND is the carrier density (cm�3), E is
the applied potential (V), EFB is the flatband potential (V), k is the
Boltzmann constant, and T represents the temperature in K. Thus,
the flatband potential can be obtained from the x-intercept of the
tangent line of the Mott-Schottky plot versus the potential axis.
From Fig. 8, it can be noted that the d-FeOOH synthesized in this
work exhibited an n-type behavior, as verified by the positive slope
of the Mott-Schottky plot. The flatband potential of d-FeOOH at pH
6.6 was determined as being about 0.30 V vs. NHE (Fig. 8).
Assuming the gap between the flatband potential and the bottom
edge of the conduction band is negligible for n-type semi-
conductors, that flatband potential value reflects the conduction
band level of d-FeOOH at pH 6.6.

Based on the determined values of flatband potential and
optical bandgap energies, we estimated the valence band energy
(EVB = Eg + ECB) and built the potential energy diagram for the
d-FeOOH (Fig. 9). Thus, according to the proposed mechanism of
RhB photooxidation, first the d-FeOOH absorbs radiation with
energy superior to 2.02 eV to promote electrons from the valence
band to the conduction band of d-FeOOH. Consequently, electronic
holes are produced in the valence band of the photocatalyst. Once
these charges are generated and separated, they can react with
Fig. 9. Schematic energy diagram for the d-FeOOH and the proposed mechanism of
the RhB photodegradation.
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water, RhB, H2O2 or O2. Our experimental data showed that the RhB
was not degraded by the artificial light and, therefore, the direct
electron transfer from the dye to the d-FeOOH may not be the
primary mechanism of RhB oxidation. Moreover, based on the
energy diagram of d-FeOOH, the electron transfer from the
conduction band of d-FeOOH to O2 to form superoxide radical is
thermodynamically unfavorable. In fact, the experiments using a
scavenger for superoxide radical showed that the kinetics of RhB
photodegradation was not affected, which suggests that O

��
2 is not

important to the dye oxidation. On the other hand, tests with
ammonium oxalate and isopropanol and EPR data revealed that
the mechanism of RhB photodegradation takes place via h+ and
�OH. Therefore, we propose that the h+ in the valence band of
d-FeOOH may oxidize water to produce the reactive �OH, whereas
the electrons in the conduction band of d-FeOOH can be
transferred to H2O2 to form �OH. Hence, the photocatalytic activity
of d-FeOOH is improved by the addition of H2O2, which exerts two
main roles: (i) to trap the electrons in the conduction band of
d-FeOOH, thus retarding the electron-hole recombination. Conse-
quently, the h+ in the valence band can react with water to produce
the �OH and (ii) to increase the number of hydroxyl radicals
through the reduction of H2O2. Finally, the �OH can attack the RhB
molecules to form colorless products.

4. Conclusions

In this work, we showed that the photocatalytic activity of
d-FeOOH under artificial light can be improved by using H2O2 as an
electron trap. Because the energy level of the conduction band of
d-FeOOH is more negative than the reduction potential of H2O2, the
transfer of electron from the conduction band of d-FeOOH to the
H2O2 was thermodynamically possible. The H2O2 takes place a
fundamental role in the photocatalytic process by retarding the
electron-hole recombination in d-FeOOH, and increasing the
formation of �OH. The h+ and �OH play a significant role in the
RhB photodegradation. Finally, the photocatalytic system devel-
oped in this study is promising to be tested in the photo-
degradation of emerging contaminants, which are difficult to
degrade by conventional methods.
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