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ABSTRACT

In this work, bismuth oxyiodide (BiOI) photocatalyst which is capable of responding to visi-
ble light was prepared and characterized by X-ray diffraction (XRD), Scanning electron
microscopy (SEM), Transmission electron microscopy (TEM), and UV-vis diffuse reflectance
spectroscopy (UV-vis DRS). Photocatalytic activity of this material was evaluated by using
reactive brilliant red X-3B as a representative dye wastewater. It was found that BiOI had a
strong visible light absorption, and the band gap energy was estimated to be 1.76eV. This
material exhibited good photocatalytic activity under visible light irradiation. For example,
the removal efficiency of reactive brilliant red X-3B by BiOI was as high as 95% within 2-h
visible light irradiation under the specific conditions: initial reactive brilliant red X-3B con-
centration of 10mgL ™", catalyst dosage of 2.0gL"", and initial solution pH of 7. The photo-
catalytic degradation of reactive brilliant red X-3B by BiOI under visible light irradiation was
found to follow the pseudo-second-order reaction. The results of the recycled experiments
indicated that the photocatalytic activity kept stable in the photocatalysis. Furthermore, it
was found that the degradation of methyl orange (MO) was also effective under visible light
irradiation. From the viewpoint of energy efficiency and conservation, BiOl is an efficient vis-
ible light-responsive photocatalyst for the degradation of azo dye wastewaters.
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1. Introduction

Reactive dyes are widely used in textile industry
in the recent years owing to their superior perfor-
mance, but they are environmentally hazardous and
difficult to treat effectively by classical methods

*Corresponding author.

because the textile wastewater is resistant to the con-
ventional biological treatment due to their stability
and toxicity. To resolve this problem, several methods
such as adsorption [1], nanofiltration [2], ozonation
[3], electrochemical [4], etc. were used to remove the
dyes from wastewater. In the meantime, photocataly-
sis for the purification of the dye-containing
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wastewater is attracting more and more attention as it
is cost-effective [5-7], and has been investigated as an
alternative to conventional methods. From the view-
point of energy efficiency and conservation, the devel-
opment of  efficient  visible light-induced
photocatalysts for the degradation of reactive dyes is
one of the most important issues in the field of photo-
catalytics.

Bismuth oxyhalides have been demonstrated excel-
lent photocatalytic activities as promising photocata-
lysts recently [8-14]. Among them, bismuth oxyiodide
(BiOI) has the smallest band gap and strong absorp-
tion in visible light region, thus it might have an
excellent photocatalytic performance under sunlight
irradiation [15]. Herein, we synthesized BiOl compos-
ite by a template-free method at room temperature
and investigated the photocatalytic performance of
reactive brilliant red X-3B over BiOI under visible
light irradiation, hoping to get some useful parameters
to direct practical application.

In this work, photocatalyst BiOl was synthesized
and characterized by X-ray diffraction (XRD), Scan-
ning electron microscopy (SEM), Transmission elec-
tron microscopy (TEM), and UV-vis diffuse
reflectance spectra (UV-vis DRS). Its degradation effi-
ciency was evaluated by using reactive brilliant red X-
3B as a representative reactive dye wastewater in
detail; various experimental parameters such as the
initial concentration of reactive brilliant red X-3B, ini-
tial solution pH, and catalyst dosage were optimized
systematically and the reaction dynamic model was
studied. In order to further evaluate the photocatalytic
properties of BiOl, the photocatalytic degradation effi-
ciency of methyl orange (MO) was also determined
under visible light irradiation. It was demonstrated
that BiOI exhibited an excellent visible light photocat-
alytic activity for the degradation of the reactive bril-
liant red X-3B and MO.

2. Materials and methods
2.1. BiOlI photocatalyst preparation and characterization

The BiOI powders were synthesized by a soft
chemical method similar to Ref. [16]. In brief, Bi
(NO3)3-5H,0 (AR, 99.0%) powders were slowly added
into an aqueous solution containing stoichiometric
amounts of KI (AR, 98.5%), then the mixtures were
adjusted to pH 3 by using diluted HNO; solution and
stirred vigorously for 20h. After the reaction was
complete, the resulting solid products BiOl were col-
lected by filtration, then washed several times with
deionized water, and dried at 80°C in a vacuum oven
before further characterizations and photocatalytic
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activity evaluations. All the reagents were purchased
from Sinopharm Chemical Reagent Co. (Shanghai,
China) and used without further purifications.

The crystallinity of the as-prepared sample was
characterized by powder XRD on a Brucker D8-
Advance (Germany) equipped with a rotating anode
with CuKa radiation in the range of 10-80° while the
voltage and electric current were held at 40kV and
40mA, respectively. SEM images were obtained on a
JSM-63,901 field emission scanning electron micro-
scope (Japan). TEM images were obtained on a JEM-
100SX electron microscope (Japan) at an accelerating
voltage of 80kV. UV-vis DRS was measured at room
temperature on a Hitachi U-3010 spectrophotometer
by using BaSO, as reference. Zeta potential (mV) of
BiOlI at different pH values was measured by a nano-
7590 zetasizer (England). The total organic carbon
(TOC) was measured by a Shimadzu 5000A-TOC ana-
lyzer (Japan).

2.2. Photocatalytic reactions

Photocatalytic activity of BiOl samples was evalu-
ated by the degradation of reactive brilliant red X-3B
and MO in water under visible light irradiation. Pho-
tocatalytic reactor (Fig. 1) consists of three parts, a
quartz cell with a circulating water jack, a 500 W

Fig. 1. Photocatalytic reaction device diagram: 1-xenon
long-arc lamp, 2-quartz cell, 3-reaction cell, 4-indicator, 5-
cooling water inlet, 6-sample connection, and 7-magnetic
stirrer.
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xenon long-arc lamp placed inside the quartz cell, and
a hardened glass reactor with a magnetic stirring
instrument in the bottom to keep the solution uni-
form. In all experiments, the reaction temperature was
kept at room temperature to prevent any thermal cata-
lytic effect by the circulating water jack. The volume
of initial reactive brilliant red X-3B solution, with the
concentration of 20mgL~', is 250mL. The powder
concentration in the reactive brilliant red X-3B aque-
ous solution ranges from 0.5 to 4.0gL~". Visible light
illumination was conducted after the suspension was
strongly magnetically stirred in the dark for 30 min to
reach the adsorption—desorption equilibrium of reac-
tive brilliant red X-3B or MO on catalyst surfaces.
During irradiation, about 5mL suspension was contin-
ually taken from the reaction cell at given time inter-
vals for subsequent reactive brilliant red X-3B
concentration analyzed by UV-vis spectrophotometer
(TU-1901 PGENERAL China) after filtering.

The photocatalytic degradation efficiency (1) could
be calculated as the following equation.

n= <1 (Cj;) x 100% (1)

where Cy and C; are the concentration of reactive bril-
liant red X-3B or MO at t=0 and t=t, respectively.

3. Results and discussion
3.1. BiOl photocatalyst Characterization

As the X-ray diffraction pattern shown in Fig. 2,
the sample BiOI was well crystallized, and no distinct
impurities signals were observed. All of the diffraction
peaks could be well indexed to JCPDS File No. 73—
2062.

7000

6000

5000

4000

3000

intensity

2000

1000 J

Pl y

04

Ll b T v T Y. T %, T ¥ T

10 20 30 40 50 60 70 80
2 theta / degree

Fig. 2. The XRD pattern of BiOl.
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The grain size, morphology, and structure of BiOI
are shown in Fig. 3. It can be seen from Fig. 3(a), the
morphology of BiOl is dominated by plate particle
sizes from 400 to 600nm and the thickness of the
plates is about 50 nm. Actually, this is determined by
its intrinsic layer structure [17], which can be seen
from Fig. 3(b). The layered structure is considered to
be favor of electronic transmission between the layers.
This contributes to charge separation so that excited
photo-formed electron and hole pairs can reduce and
oxidize chemical substances, which consequently
would help to enhance the photocatalytic activity of
the photocatalyst.

UV-vis DRS of the BiOl powders are shown in
Fig. 4(a). Clearly, BiOI powders have obvious absorp-
tion edges in the visible light region (400-650 nm).

The optical absorption of BiOI powders near the
band edge obeys the following formula [18]

ahv = A(hv — Eg)"* (2)

Fig. 3(a). The SEM image of BiOI.

Fig. 3(b). The TEM image of BiOl.
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in where o, v, A, and Eg are absorption coefficient,
light frequency, proportionality constant, and band
gap energies, respectively. In Eq. (2), n decides the
characteristics of the transition in a semiconductor; in
other words, a direct transition for n=1 and an indi-
rect transition for n=4. The Eg values of BiOI can be
determined from a plot of (#hv)'/? vs. photon energy
(hv) which is shown in Fig. 4(b). The estimated band
gap energies for BiOI was about 1.76 eV, which is close
to the values reported in the literatures [15,18] and is
smaller than the band gap of TiO, P25 (about 3.2eV).

3.2. Photocatalytic degradation experiments of brilliant red
X-3B

3.2.1. Photocatalytic degradation of reactive brilliant
red X-3B

BiOl exhibited a high photocatalytic activity to
remove reactive brilliant red X-3B (initial concentra-
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Fig. 4(a). UV-vis absorption spectrum of BiOL
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Fig. 4(b). Plots of (ahv)'/? vs. photon energy (hv) for BiOL
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tion of 20mgL™') under visible light irradiation
(Fig. 5(a)). After 120min of photocatalysis, the degra-
dation efficiency over BiOIl reached to 75%, while the
degradation efficiency over TiO, P25 was only 26%. It
suggested that the as-prepared BiOI showed much
higher photoactivities for reactive brilliant red X-3B
degradation than that of TiO, P25. At the meantime, it
was found that the photolysis by Xenon lamp irradia-
tion and adsorption on BiOI under dark condition
was unapparent and could almost be neglected. The
UV-vis spectral variations taking place during the pho-
tocatalysis over BiOl is given in Fig. 5(b). And, the
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Fig. 5(a). Photocatalytic efficiency of reactive brilliant red
X-3B at 20mgL~"' of initial reactive brilliant red X-3B
concentration, 2.0g L~ of catalyst dosage, and initial pH 7.
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Fig. 5(b). UV-vis spectra evolution of reactive brilliant red
X-3B during the photocatalytic reaction at 20 mg L~ initial
reactive brilliant red X-3B concentration, 2.0gL "' catalyst
dosage, and initial pH 7 (the molecular structure of
reactive brilliant red X-3B inserted).
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Fig. 5(c). Temporal change in reactive brilliant red X-3B
and TOC removal during the photocatalytic reaction at
20mg L7! initial reactive brilliant red X-3B concentration,
2.0gL " catalyst dosage, and initial pH 7.

molecular structure of reactive brilliant red X-3B is
also included. From Fig. 5(b), the reactive brilliant red
X-3B aqueous solution shows three major absorption
peaks at 286, 332, and 540 nm, which are attributed to
the benzene ring, naphthalene ring, and azo bond (-
N=N-), respectively. The specific peaks become
smoother gradually during the degradation processes,
which indicated that the catalyst not only destroyed
the chromophore of reactive brilliant red X-3B but also
decomposed the benzene ring and naphthalene ring
partly. Additionally, 40.6% of TOC was removed from
the reaction system (the initial concentration of X-3B
was 20mgL ™', pH was 7) after 60-min reaction with
BiOI under visible light irradiation while 60.9% was
removed in 180 min (Fig. 5(c)), suggesting that part of
the reactive brilliant red X-3B was mineralized after
180-min visible light irradiation.

3.2.2. Effect of solution pH

The effect of pH on the degradation of reactive
brilliant red X-3B was investigated by keeping all
other experimental conditions constant and varying
the initial pH of the reactive brilliant red X-3B solu-
tion from 3 to 11. The experimental results (Fig. 6)
reveal that photodegradation efficiency under neutral
and acid conditions is significantly higher than that
under alkaline condition. The pH-dependent photode-
composition can be mainly attributed to the variation
of surface charge properties of the photocatalyst at
different pH values, which consequently changes the
absorption behavior of a dye on a catalyst surface.
Zeta potential (mV) of BiOl determinated are: pH 3,
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Fig. 6. Effect of solution pH on the photocatalytic
degradation efficiency of reactive brilliant red X-3B at
20mgL " of initial reactive brilliant red X-3B concentration
and 2.0gL " of catalyst dosage.

-29.1;, pH 5, —-32.1; pH 7, —32.4; pH 9, —-35.5; pH 11,
—52.3 eV, respectively. Lower potential values equate
to more negative charges on a catalyst surface. Reac-
tive brilliant red X-3B is an anionic dye. Thus, in the
alkaline (pH 9 and 11) solution, the electrostatic repul-
sion between the catalyst surface and dye molecules is
higher than that in the acidic solution, resulting in the
reduction of reactive brilliant red X-3B adsorption on
the catalyst surface, and in turn, the decrease of the
removal efficiency of reactive brilliant red X-3B. But,
the degradation efficiency at the lowest pH value (pH
3) is worse than that at pH 5, we deduced that it is
probable because it is disadvantageous to the produc-
tion of hydroxyl radicals on the BiOl surface. It is
noted that both the lower and higher pH values are
not propitious for the degradation of dyes on the cata-
lyst and the degradation efficiency was higher for the
pH value in the range of 5-7. As the pH range is close
to the pH range of natural water, the BiOI photocata-
lyst could be used in wastewater systems directly
without adjusting pH, resulting in the reduction for
the costs of wastewater disposals.

3.2.3. Effect of catalyst dosage

Experiments were performed to study the varia-
tions in the rate of degradation at different catalyst
dosage ranging from 0.5 to 4.0gL™'. It is observed
from Fig. 7 that the degradation efficiency increases
sharply with the catalyst concentration up to 4.0gL™".
This is probably due to an increased number of avail-
able adsorption and catalytic sites on the surface of
BiOIl catalyst. Because a further increase in catalyst
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Fig. 7. Effect of catalyst dosage on the photocatalytic
degradation efficiency of reactive brilliant red X-3B at
20mgL " initial reactive brilliant red X-3B concentration
and initial pH 7.

concentration may cause light scattering and screening
effect and thus reduce the specific activity of the cata-
lyst [19], the optimum catalyst dosage of BiOI for deg-
radation is 4.0gL ™"

3.2.4. Effect of initial reactive brilliant red X-3B con-
centration and the relevant degradation kinetics

The effect of reactive brilliant red X-3B concentra-
tion on degradation efficiency was investigated by
varying the concentration from 10 to 40 mg L~ under
180-min irradiation with a fixed pH (pH=7) and cata-
lyst dosage (20gL™"). The results are depicted in
Fig. 8(a). It is clear that the degradation efficiency
decreases with the increasing concentration of reactive
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Fig. 8(a). Effect of initial concentrations of reactive brilliant
red X-3B on the photocatalytic degradation efficiency at
2.0gL ! catalyst dosage and initial pH 7.
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brilliant red X-3B from 10 to 40mgL~". The pseudo-
first-order kinetic equation and pseudo-second-order
kinetic equation were, respectively, used to explore
the photocatalytic degradation of reactive brilliant red
X-3B.

On the basis of the chemical reaction kinetics the-
ory, the pseudo-first-order kinetics can be expressed
as

—dC/dt = kC (3)

Integration of the above equation will lead to the
following expected relation:

In(C,/Cy) = —kt (4)

where k and ¢ are the apparent reaction rate constant
and time, respectively. C; and Cy are the reactant con-
centration at time t=t and t=0. According to Eq. (4),
the plot of In(C;/Cp) vs. t is showed in Fig. 8(b). It can
be seen that the curves were almost linear at the ini-
tial stage for the reactive brilliant red X-3B solutions
with different concentration. However, with the
increasing of reaction time, the slopes tended to
decrease and the curves began to depart from the
straight line.

In this study, the absorbing efficiency of light
energy by BiOI was very high at the beginning of the
reaction. The excited photo-formed electron and hole
pairs were so sufficient that the collision frequency of
reactive brilliant red X-3B molecules with e~ and h*
depended mainly on the dye concentration. With the
reaction going on, excited e~ and h" in the system
decreased gradually, thus the collision frequency of
reactive brilliant red X-3B molecules with excited e~
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Fig. 8(b). Pseudo-first-order linear plots of In(C;/Cy) vs.
irradiation time for the degradation kinetics at 2.0gL™"
catalyst dosage and initial pH 7.
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and h” began to depend on the quantity of excited e~
and h™. Pseudo-first-order kinetic equation was met if
the rate of the reaction was controlled only by the dye
concentration while having nothing to do with the
other reactants. So, the whole process of the visible
light-induced photocatalytic of reactive brilliant red X-
3B over BiOI could not be well fitted using pseudo-
first-order kinetic equation.

On the basis of the chemical reaction kinetics the-

ory, the pseudo-second-order kinetics can be
expressed as
—dC/dt = kC? (5)

Integration of the above equation will lead to the
following expected relation:

1/Cy =kt +1/Co (6)

where k and t are the apparent reaction rate constant
and time, respectively. C; and Cy are the reactant con-
centration at time t=t and t=0. According to Eq. (6),
a plot of 1/C; vs. t will yield a slope (k). The results
are displayed in Fig. 8(b). The linearity of the plot
suggests that the photodegradation reaction approxi-
mately obeys the pseudo-second-order kinetics
(Related coefficient>0.96); with (k) as 2.70E—4,
9.18E—4, and 7.25E—3min~! in the reactive brilliant
red X-3B concentration of 10, 20, and 40mg LY,
respectively. The apparent reaction rate constant
decreased with an increase in the concentration of
reactive brilliant red X-3B. The presumed reason is
that a mass of visible light may be absorbed by the
reactive brilliant red X-3B molecules in aqueous solu-
tion rather than the catalyst particles for high reactive
brilliant red X-3B concentration, which can reduce the
efficiency of the catalytic reaction. Another possible
reason is that the intermediate products formed upon
photocatalytic degradation of reactive brilliant red X-
3B may compete with the reactive brilliant red X-3B
molecules for the limited adsorption and catalytic sites
on the surface of catalyst particles, and thus inhibit
the degradation of reactive brilliant red X-3B to a cer-
tain extent (Fig. 8(c)).

3.2.5. Recyclability of the photocatalyst

The photocatalytic stability of the BiOI catalyst
was also evaluated by recycled experiments. After
every 120min of photodegradation, the separated
photocatalysts were washed with deionized water and
dried. The decrease of reactive brilliant red X-3B in
every run is shown in Fig. 9(a). After three recycled
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Fig. 8(c). Pseudo-second-order linear plots of 1/C; vs.
irradiation time for the degradation kinetics at 2.0gL™"
catalyst dosage and initial pH 7.
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Fig. 9(a). Cycling runs in photocatalytic degradation of
reactive brilliant red X-3B.

experiments, the photocatalytic activity of BiOl cata-
lyst decreased slightly. These results also suggest that
the catalyst does not decompose or dissolve into aque-
ous solutions; otherwise, the photocatalytic efficiency
would decrease sharply. In addition, from the XRD
graphs (Fig. 9(b)) of BiOI before and after the photo-
catalytic reactions, it was found that the peaks were
identical on the whole, indicating that the system was
stable. All the results indicated that the photocatalyst
kept stable in the photocatalysis.

3.3. Photocatalytic degradation of MO

In order to further study the photocatalytic proper-
ties of the as-prepared BiOl catalyst, the degradation
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Fig. 9(b). The XRD patterns of BiOI: (i) the fresh sample,
(ii) the first cycle, and (iii) the second cycle.

of MO was also investigated under visible light irradi-
ation in this work.

Fig. 10 shows the decrease of the MO concentra-
tion under visible light in the presence of BiOIl. Both
the photolysis of MO under visible light and the
adsorption of MO on the BiOl sample in the dark
were checked. It can be seen from Fig. 10 that the deg-
radation efficiency of MO is negligible in the absence
of catalyst or light irradiation, and the degradation
efficiency in the presence of BiOlI catalyst is found to
be 72.7% after 120-min irradiation. This indicates that
MO degradation is mainly attributed to photocatalysis
and the photocatalytic activity of BiOl to degrade MO
under visible light irradiation is high. In order to eval-
uate the mineralization degree of MO in water, TOC
was monitored before and after the reactions. It is
found that about 64.7% of TOC was removed from
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Fig. 10. Photocatalytic efficiency of MO at 10mgL™"' of
initial MO concentration, 2.0gL71 of catalyst dosage, and
initial pH 7.
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the reaction system (the initial concentration of MO
was 10mgL~', pH was natural) after 180-min degra-
dation under visible light irradiation, suggesting more
than half of MO was mineralized.

4. Conclusions

In the present work, visible light-responding BiOI
nanoplates photocatalyst was synthesized, character-
ized, and used to degrade azo dye wastewater simu-
lated by aqueous reactive brilliant red X-3B solutions
under visible light irradiation. The photocatalytic deg-
radation efficiency of MO was also determined under
visible light irradiation. It can be concluded that: (1)
the synthesis method used in this work is simple, and
the chemical property of the catalyst is stable; (2) the
catalyst prepared is effective in the decolorization of
reactive brilliant red X-3B under visible light irradia-
tion, and the photodegradation efficiency is as high as
95% after 120-min irradiation at mild reaction condi-
tion (pH 7, catalyst dosage 2.0gL ", reactive brilliant
red X-3B concentration 10mgL™"); (3) The photocata-
lytic degradation of reactive brilliant red X-3B obeys
pseudo-second-order kinetics; (4) the catalyst can be
reused for the degradation and its recovery is easy;
(5) the BiOI material also exhibits good photocatalytic
activity for the degradation of MO under visible light
irradiation. It is expected that the BiOI material devel-
oped here is a potentially effective photocatalyst for
the degradation of reactive dye wastewaters under
simulated solar light irradiation.
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