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The presence of bromate in water is a well-known problem because of its toxic effects on human health, particularly its carcinogenic
potential. Photocatalytic reduction is an attractive process for bromate removal. F- and Fe-codoped TiO2 (F-Fe-TiO2) with a
{001} facet was successfully prepared, and its bromate-removal activity under visible light was examined. The microstructure,
morphology, and chemical state of the doping elements and the optical property of the photocatalysts were examined using
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), electron paramagnetic resonance (EPR),
photoluminescence spectroscopy (PLS), and UV-Vis diffuse reflectance spectra (DRS). The results indicate that the optical
properties of F-Fe-TiO2 with the {001} facet and cuboid morphology were obviously improved and its photocatalytic activity was
significantly enhanced. The bromate solution of 100 𝜇g/L was thoroughly removed with 0.5 g/L dosage of 1.0% F- and 0.08% Fe-
codoped TiO2 composite within 1 hour under visible light.

1. Introduction

As a disinfection byproduct, bromate generally originates
from bromide-containing water during the ozonation or
chlorination process [1, 2]. As an International Agency
for Research on Cancer (IARC) classified group B-2 sub-
stance [3], bromate is limited to the maximum contaminant
level (MCL) of 10 𝜇g/L by the World Health Organiza-
tion (WHO) and United States Environmental Protection
Agency (USEPA) [2]. Appropriate technologies are immi-
nently required for bromate removal to ensure the safety
of water. The current alternatives to remove bromate are
physical adsorption methods [4], biological treatment [5],
catalytic reduction [6–9], electrochemical reduction [10], and
photocatalysis [11, 12].

Compared to other methods, photocatalysis has advan-
tages in terms of high efficiency and stability without sec-
ondary pollution [13]. Because of its photochemical stability,
nontoxicity, and low cost, titanium dioxide has been widely
investigated in water treatment and air pollution control as
a photocatalyst [14]. However, the unfavourable photocat-
alytic efficiency and limitation of visible-light usage hinder

the practical application of titanium dioxide. The key to
overcoming these limitations is to improve the band gap,
which is responsible for the optical response and separation of
photogenerated electrons and holes [15]. Several methods are
available for enhancing the photocatalytic efficiency of TiO2,
such as surface sensitization [16], noble-metal deposition
[17], composite semiconduction [18], andmetal or non-metal
element doping [19].

Codoped TiO2 has been demonstrated as an outstanding
method to satisfy practical requirements because of its
synergistic effects. Similar to the photocatalyst codoped with
metallic and nonmetallic elements, the optical properties are
significantly improved because of the respective contribu-
tions and collaborative strengthening from the two types
of elements. Therefore, the key is to find suitable metallic
and nonmetallic elements. Xin et al. [20] prepared Fe3+-
doped TiO2, which performed much better than Degussa
P25. Fe3+ can capture the photoinduced electrons, inhibit
the recombination of photoinduced electron-hole pairs, and
narrow the band gap. Yang and coworkers [21] prepared TiO2
with a high percentage of the {001} crystal phase using HF as
the crystal control agent. The surface free energy of the {001}
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crystal phase is relatively high in anatase TiO2. Higher surface
free energy of the crystal surface corresponds to higher
photocatalytic activity, improving the optical performance of
the photocatalyst. Considering the improved light response
range and inhibition of electron-hole pair recombination as a
result of Fe doping and the enhanced photocatalytic activity
as a result of F doping, F- and Fe-codoped TiO2 may be a
promising material for bromate removal.

A series of F- and Fe-codoped TiO2 samples were pre-
pared and characterized in this study. The photocatalytic
reduction activities of the samples for bromate removal were
examined. The mechanism of the photocatalytic reaction is
also discussed.

2. Experimental Section

2.1. Materials. Chemically pure tetrabutyl titanate (TBT) and
analytical grade iron(III) nitrate nonahydrate (Fe(NO3)3 ⋅
9H2O), ethyl alcohol (C2H5OH), and hydroflu-oric (HF)
acid were used to synthesize F- and Fe-codoped TiO2
nanoparticles. Sodium bromate (>99.7%) was used to
prepare the bromate solution. All chemicals were pur-
chased from the Sinopharm Chemical Reagent (Shanghai,
China).

2.2. Synthesis of F-Fe-TiO2. The codoped F-Fe-TiO2 parti-
cles were prepared using a one-step hydrothermal reaction
with TBT as the titanium source and hydrofluoric (HF)
acid as the crystal control agent. First, 15mL of TBT was
added to the Polytetrafluoroethylene (PTFE) linings of a
stainless-steel reaction vessel. Then, appropriate amounts of
HF and Fe(NO3)3⋅9H2O were added. The mixtures were
maintained for 24 h at 180∘C, and the hydrothermal reaction
occurred. After cooling to room temperature, the precur-
sors were washed several times with distilled water and
an ethanol solution. The white precipitates were completely
dried at 60∘C and ground into powders for future use.
The final powders were expressed as 𝑥F-𝑦Fe-TiO2, where
𝑥 and 𝑦 are the molar ratios of F : TiO2 (%) and Fe : TiO2
(%), respectively. Different molar ratios of 𝑥 (0.5–2.0%)
and 𝑦 (0.03–0.2%) were prepared for the experiments in
this work.

2.3. Characterization of Samples. The surface microstructure
andmorphology of the F-Fe-TiO2 sampleswere characterized
using an H-9500 transmission electron microscope (TEM,
Hitachi, Japan). The surface compositions and binding ener-
gies of the samples were determined using an Escalab X-
ray photoelectron spectroscope (XPS, VG, UK) and a Bruker
A300 electron paramagnetic resonance spectrometer (EPR,
Bruker, Germany). The combination of the photoinduced
electrons and holes was observed in the photoluminescence
spectra (PLS) using an FLS920 fluorescence spectrophotome-
ter (FLS, Edinburgh Instruments, UK) at room temperature
and an excitation wavelength 𝜆ex of 260 nm. The light
response capability of the photocatalysts was obtained from
the TU1901 UV-Vis diffuse reflectance spectra (DRS, Beijing
Purkinje, China).

Table 1: Analytical conditions for ion chromatograph to determine
anions.

Instrument Dionex-2000
Analytical column Dionex IonPac AS19 (4 × 250mm)
Guard column Dionex IonPac AG19 (4 × 250mm)
Detection Suppressed conductivity

Suppressor
Dionex Anion Self-Regenerating
Suppressor (Dionex ASRS 300 4mm),
AutoSuppression Recycle Mode

Eluent solution 20mM KOH
Carrier gas 1.0mL/min N2

2.4. Batch Experiments. Unless specifically mentioned,
0.5 g/L F-Fe-TiO2 samples were added to a double-glazing
reactor, which was filled with 400mL of 100 𝜇g/L bromate
solution. Before the photocatalytic reaction, the reactor was
stirred using a magnetic stirrer in the dark for 0.5 h to reach
adsorption equilibrium. The photoreaction of bromate was
performed under a 50W high-pressure mercury lamp for 1 h
with a UV cut-off filter (through 𝜆 > 420 nm) to ensure the
irradiation of visible light. At predetermined time intervals,
the samples were collected to determine the concentrations
of bromate and bromide with a Dionex ICS2000 ion
chromatograph, and the analytical conditions for ion
chromatograph can be seen in Table 1. Unless otherwise
specified, the experiments were conducted with 1.0F-0.08Fe-
TiO2, pH, temperature, and initial bromate concentration of
0.5 g/L, 4.3, 298K, and 100 𝜇g/L, respectively. All experiments
were performed in triplicate.

3. Results and Discussion

3.1. Morphology Characterization. Figure 1 shows the TEM
images of doped TiO2. In addition to circular particles, cubic
1.0F-0.08Fe-TiO2 with edges and corners were observed. The
cubic morphology originates from the F doping [21] because
1.0F-TiO2 also has a cube structure, whereas 0.08Fe-TiO2 is
only spherical. Because F was added in trace amount, the
morphology control of the photocatalyst was not complete.
The size of cubic 1.0F-0.08Fe-TiO2 was 10–30 nm along the
diagonal of the cubes, which is smaller than that of the
other two samples. Moreover, lattice spacing of 0.235 nm
was revealed from the high-resolution transmission electron
microscopy (HRTEM) image in Figure 1(b). This result
indicates the existence of {001} crystal [22] and further
confirms the successful control of the crystal surface.

3.2. Existing Forms of F and Fe. The XPS result (Figure 2)
shows the elemental composition of F-Fe-TiO2. The major
peaks are F1s, O1s, Ti2s, Ti2p, and Ti3p. The C1s peak may
be derived from the hydrothermal products of the TBT
structure [23]. Meanwhile, a clear peak at approximately
685 eV suggests the presence of F, which corresponds to the
peak of the Ti-F bond that formed on the surface. Hence,
F was successfully doped onto the TiO2 particle, which is
consistent with the TEM results in Figure 1. No Fe peak was
found possibly because of the low Fe amount.
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Figure 1: TEM images of (a) 1.0F-0.08Fe-TiO2, (c) 1.0F-TiO2, and (d) 0.08Fe-TiO2; (b) HRTEM image of 1.0F-0.08Fe-TiO2.
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Figure 2: XPS of F-Fe-TiO2.

EPR spectroscopy was used to study the existing forms
of Fe. EPR is a highly sensitive technique to examine param-
agnetic species, even when the Fe levels are less than 0.01%.
Compared to TiO2 and 1.0F-TiO2 (Figure 3), there is an
obvious signal of paramagnetic species at 𝑔 = 1.998 in the
Fe-TiO2 and F-Fe-TiO2 samples, which can be ascribed to
Fe3+-substituted Ti4+ in the TiO2 lattice [24, 25]. Moreover,
the Fe peak in F-Fe-TiO2 is broadened and has a higher
intensity than Fe-TiO2. The reason for this occurrence may
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Figure 3: EPR spectra of TiO2 anddopedTiO2 at room temperature.

be the increase in relative intensity of the EPR signal with
the decrease in sample size, which is consistent with the
results that some smaller particles are found in the TEM
characterization of F-Fe-TiO2.

3.3. Characterization of Optical Properties. The effect of F
and Fe codoping on the recombination of photogenerated
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Figure 4: PLS of TiO2 and doped TiO2 excited by monochromatic
light (260 nm) at room temperature.

electron-hole pairs of TiO2 was measured based on the PLS.
As shown in Figure 4, the PL intensities of Fe-TiO2 and F-
Fe-TiO2 are lower than that of TiO2, particularly F-Fe-doped
TiO2. Thus, the recombination of the electron-hole pairs is
effectively restrained because of the synergistic effects of F
and Fe.

To identify the light absorption of the composites, UV-
Vis diffuse reflectance spectra, as shown in Figure 5, were
analysed. With the doping of F or Fe, the absorption values
increase at wavelengths longer than 400 nm. As estimated
in Figure 5(b), the band gap energy of Fe-TiO2 and F-Fe-
TiO2 is approximately 2.55 eV, which is much narrower than
that of F-TiO2 and TiO2 (2.92 eV). Hence, the visible-light
photoresponse was enhanced and the band gap energy was
narrowed as a result of Fe doping; F-Fe-TiO2 can work in the
visible range [26].

As previously mentioned, the results indicate that the
optical properties of F-Fe-TiO2 are significantly enhanced
and may be favourable for the improvement of its photocat-
alytic activity, which is subsequently discussed.

4. Photocatalytic Properties

Figure 6(a) shows the results of bromate reduction by
codoped TiO2 with various molar ratios of F : TiO2 and
Fe : TiO2 under visible light. The ordinate represents the
bromate-removal ratio. The bromate-removal ratio is obvi-
ously related to the molar ratios of F : TiO2 and Fe : TiO2. The
molar ratio of Fe : TiO2 has a stronger effect on the bromate-
removal ratio than that of F : TiO2. A possible reason for
this occurrence is that the doped Fe in TiO2 can effectively
capture the photoinduced electrons and narrow the band

Table 2: Bromine species during bromate reduction by F-Fe-TiO2.

Item 𝐶0 𝐶0.5 h 𝐶1 h 𝐶1.5 h 𝐶2 h 𝐶2.5 h
BrO3
− (𝜇mol/L) 0.78 0.21 0 0 0 0

Br− (𝜇mol/L) 0 0.32 0.57 0.68 0.71 0.71
Total (𝜇mol/L) 0.78 0.53 0.57 0.68 0.71 0.71

gap to expand the range of light response. However, the
introduction of F can control the generation of the {001}
facet, impel electrons to migrate to the {101} facet with lower
energy to join the bromate reduction, and cause the holes
to assemble on the {001} facet [22]. Therefore, codoped F
and Fe can inhibit recombination of the photoelectron-hole
pairs and induce more photogenerated electrons and holes to
participate in the photocatalytic reactions. Moreover, nearly
100% bromate removal in 1 h was observed for the 1.0F-
0.08Fe-TiO2 photocatalysis.

Figure 6(b) shows the photocatalytic bromate reduction
by TiO2 and doped TiO2, where 𝐶0 is the initial bromate
concentration (𝜇g/L) and 𝐶 is the concentration at time 𝑡
(𝜇g/L). This figure shows that nearly 100% of the bromate
(from an initial concentration of 0.78𝜇mol/L) was removed
by F-Fe TiO2 in 1 h, whereas only 56% and 27% removal
ratios were obtained for F-TiO2 and Fe-TiO2, respectively.
This result further verifies the synergy of F and Fe on
bromate reduction, which is consistent with the optical-
property characterization results.

Photocatalyst dosage plays an important role in the
absorption of light and bromate; thus, experiments on photo-
catalytic bromate reduction at different F-Fe-TiO2 doses were
performed; the results are shown in Figure 7. The optimal
removal efficiency was obtained with a dosage of 0.5 g/L,
likely because the light irradiation was hindered by the
excessive catalyst, which remained suspended in the solution
and affected the reaction.

To further explore the transformation process of bromate
removal, a bromine balance test was performed.The bromate
and bromide concentrations and the total bromine mass
are shown in Table 2. During the photocatalysis process,
the bromide (Br−) concentration increased when BrO3

− was
reduced. The bromate removal by F-Fe-TiO2 possibly occurs
by a two-step mechanism. First, bromate in the solution
adsorbs onto the photocatalyst surface. Then, bromate is
reduced by the electron from F-Fe-TiO2 to bromide. Because
the adsorption of bromine is approximately ten percent of
the ratio on the catalyst, bromide is the only reduced product
after 2 h of photocatalytic reaction.

5. Conclusions

F- and Fe-codoped TiO2 particles were successfully prepared
using a one-step hydrothermal method. The batch experi-
mental studies suggest that an initial bromate concentration
of 100 𝜇g/L can be completely removed by 0.5 g/L 1.0F-
0.08Fe-TiO2 nanoparticles under visible light in 1 h. Codop-
ing of F and Fe can significantly improve the catalytic prop-
erties of TiO2 because of the contributions of each element
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Figure 5: (a) UV-Vis DR spectra of TiO2 and doped TiO2 particles; (b) plot of the transformed Kubelka-Munk function versus light energy.
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and their synergism. The recombination of photoelectron-
hole pairs is remarkably inhibited by the generation of the
{001} facet as a result of the F doping and electron transfer
function of Fe.The band gap of 1.0F-0.08Fe-TiO2 is narrowed
from 2.92 to 2.55, which expands the range of light response.
Because of this notable performance enhancement, F-Fe-
TiO2 is a potential material for the removal of bromate from
water.
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