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Abstract

The layered photocatalyst KNb;Og was prepared using a solid-state reaction method. Scanning electron microscope (SEM) and X-ray diffrac-
tometer (XRD) were used to characterize the photocatalyst. The photocatalytic degradation of acid red G over the photocatalyst under UV irradiation
was studied. The influences of catalyst dosage, initial concentration of acid red G were determined as well. The kinetics of photocatalytic degra-
dation of acid red G follows first-order kinetics. The H*-exchanged KNb;Og was prepared and its photocatalytic activity is much lower than that
of the KNb;Og. The roles of the layered structure of the KNb;Og and the potassium ions between the layers in the photocatalytic reaction were

discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, problem of wastewater became very impor-
tant both for the sake of increasing amount and its variety. From
the environment protection point of view, the textile industry is
one of the special ones [ 1]. The wastewater of textile dye draining
into the river without treatment will bring out serious pollution of
water resource and threaten the ecology environment and human
health [2]. Colored waters have a strong impact in the popula-
tion and generate strong popular complaints [3]. Wastewaters
from the textile industry are characterized mainly by high color
resulting from considerable amounts of dyes [1]. The removal
of organic pollutants in wastewater is an important measure in
environmental protection. Dyestuffs and other commercial col-
orants have emerged as a focus of environmental remediation
efforts [4].

A variety of physical, chemical and biological methods are
presently available for treatment of textile wastewater. Bio-
logical treatment is a proven technology and is cost-effective.
However, it has been reported that the majority of dyes are only
adsorbed on the sludge and are not degraded. Physical meth-
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ods are ion-exchange, adsorption, air stripping, etc. [5]. One
difficulty with these methods is that they are not destructive
but only transfer the contamination from one phase to another,
therefore, a new and different kind of pollution is faced and fur-
ther treatments are necessary [6]. Photocatalytic methods, using
semiconductors, such as TiO», has attracted extensive attention,
because they provide a promising strategy for cleaning polluted
air or water [7]. Previous studies have shown that such semicon-
duction can degrade most kinds of persistent organic pollutant,
such as dyes, pesticide, detergents and volatile organic com-
pounds, under UV-light irradiation [7-10]. Owing to the semi-
conducting character of layered niobates such as K4NbgO17,
some oxide derivatives have been used to achieve the water split-
ting to H, production by photocatalysis in the some studies [11].
Layered compounds, such as K4NbgOj7 [12], Bi2InNbO7 [13],
SrpNbyO7 [14], Bi;WO4 [15], etc., have been attracting atten-
tion lately because they are much more active than the generally
used TiO; or SrTiO3 [16].

However, compared with other photocatalysts, the photocat-
alytic activity of niobate KNb3Og for oxidizing organic con-
taminants in water has been less reported. KNb3Og contains
octahedral [NbOg] units forming an anionic sheet disposed in
a stacking arrangement. The charge balance is maintained by
the presence of potassium ions between the layers. In an earlier
study, most of research works on KNb3zOg were focused on the
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luminescence property of the compound [17-21]. In this article,
the photocatalytic degradation of acid red G over KNb3zOg was
examined. The role of potassium ions between the layers in the
photocatalytic degradation of acid red G was study as well.

2. Experimental
2.1. Materials

The investigated acid red G (MW =505 nm) was industrial
dye and used without further purification. Other chemicals used
in this experiment were analytical grade or chemical grade.

2.2. Preparation of KNb3Og photocatalyst

Niobium pentoxide (NbyOs) and potassium carbonate
(K>CO3) were selected as starting materials for the preparation
of KNb3Og. Before calcining, grinding the mixture adequately
for 30 min was needed. KNb3zOg was prepared by solid-state
reaction through heating a stoichiometic mixture of Nb,O5 and
K>CO3 in Al;O3 crucible at 900 °C for 2h. Considering the
volatilization of potassium, 20% excessive potassium carbonate
was added. After calcining, it was also necessary to grind the
samples for 30 min again.

The calcined sample was washed with distilled water to
remove the excess carbonate. Then the H -exchanged catalyst
were obtained by suspending the prepared powder in a 5 mol/L
HNOj3 at room temperature for 2 days under continuous stirring
with the replacement of acid every 12 h.

2.3. Photocatalytic activity measurement

The degradation reaction of acid red G was carried out in
a 500mL Pyrex glass vessel with magnetic stirring at room
temperature. Light source was a 20 W UV lamp (A =253.7 nm).
Reaction suspension was prepared by adding a certain weight of
prepared sample into a 150mL of acid red G aqueous solu-
tion. Prior to irradiation, the suspensions were magnetically
stirred without UV irradiation for 15 min to establish adsorp-
tion/degradation equilibrium. The distance between the liquid
surface and the light source was about 8 cm. The light intensity
was 0.750 mW/cm? measured by using an UV radiometer. The
concentration of acid red G aqueous solution was determined
by measuring the absorbance at 505 nm with an UV-vis spec-
trophotometer (UV-2100). Our experimental result showed that
the linear relationship between the absorbance at 505 nm (A) and
the acid red G (C) (mg/L) can be represented approximately by
the equation:

A =0.01C —0.0003 ~ 0.01C 2.1
3. Result and discussion

3.1. Physical characterization of KNb3Og photocatalyst

D/MAX-RB X-ray diffractometer (XRD, Rigaku, Japan) was
used to record the KNb3Og powder XRD patterns within a 26
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Fig. 1. Powder X-ray diffraction pattern of KNb3Og synthesized at 900 °C for
2h.

range from 5° to 70°. Fig. 1 shows the XRD pattern of the as-
prepared KNb3Og powder at 900 °C for 2 h. The XRD pattern
can be identified and indexed using the standard XRD data for
the KNb3Og. XRD peaks of KNb3Og can nearly match up to the
Standard XRD peaks, which shows the prepared sample consists
of a nearly single phase of layered KNb3Og.

The crystal morphology of the as-prepared KNbzOg powder
was investigated by scanning electron microscopy (SEM). SEM
was performed on JSM-5610 LV scanning electron microscope.
As shown in Fig. 2, the average size of KNb3Og crystal particles
was estimated to be around 1.5 pm. The SEM photograph shows
that the size of potassium triniobate particle is more uniform.

3.2. Photocatalytic activity of KNb3Og photocatalyst

3.2.1. Comparative experiments

In order to confirm the photocatalytic activity of KNb3Og
for the degradation of acid red G under UV light, a series of
comparative experiments were carried out through using the

Fig. 2. SEM image of KNb3Og powder.
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Fig. 3. The degradation rate of acid red G at different experimental conditions:
(a) under UV light in the absence of KNb3Og; (b) KNb3Og catalyst in the dark;
(c) the same weight Nb,Os instead of KNb3Og under UV irradiation; (d) the
same weight stoichiometic mixture of NbyOs and K,COj3 instead of KNbzOg
under UV light; (¢) KNb3Og under UV light.

starting material Nb,Os or the stoichiometic mixture of NbyOs
and K,COj; instead of KNb3Og or in the absence of KNbzOg
under UV light and in the presence of KNb3Og catalyst in the
dark. The experiments were evaluated by the photocatalytic
degradation of 30 mg/L concentration acid red G. The catalyst
dosage was 1.0 g/L. Fig. 3 shows the result of comparative exper-
iments. The degradation rates of acid red G are very low and
negligible within the time of these experiments except when
using KNb3Og catalyst under UV irradiation, which illustrates
that the observed degradation of acid red G is attributed to the
photocatalytic effect of KNb3Og under UV irradiation. This is
neither the direct photodegradation of acid red G by UV light, the
photocatalytic degradation of acid red G by the starting mate-
rial NbyOs, nor the mixture of Nb,Os5 and K,CO3 under UV
irradiation.

3.2.2. Photocatalytic degradation of acid red G at different
concentration by KNb30Og

The degradation of acid red G at different concentrations
by KNb3Og was studied as well. The dosage of KNb3Og was
1.0 g/L. As it is shown in Fig. 4, although the degradation rate
of acid red G decreases with increasing of its initial concentra-
tion, the decreases are smaller. The photocatalytic degradation
rate of 10 mg/L acid red G by KNb3Og reached 100% under
UV irradiation for 60 min. After 120 min under UV irradia-
tion, 97.6 and 85.5% degradation rate could be reached when
the initial concentration of acid red G was 20 and 60 mg/L,
respectively.

3.2.3. Effect of catalyst dosage

It can be seen that the concentration of KNb3Og catalyst has
a great effect on the decomposition rate of acid red G from
Fig. 5. The degradation rate of 30 mg/L acid red G increases with
increasing of the catalyst dosage. When the catalyst KNb3Og
concentration was about 0.3 and 0.6 g/L, the degradation rate of
acid red G under UV irradiation for 120 min was about 81.6 and
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Fig. 4. The photocatalytic degradation rate of acid red G at different concen-
tration: (a) 10 mg/L; (b) 20mg/L; (c¢) 30 mg/L; (d) 40 mg/L; (e) 50 mg/L; (f)
60 mg/L.

97.22%, respectively. When the catalyst concentration reached
2.0 g/L, the degradation rate was 100%, which means the com-
plete degradation of acid red G.

3.2.4. Kinetics of photocatalytic degradation of acid red G
by KNb3Og

The photocatalytic degradation of many dyes always follows
Langmiur—Hinshelwood kinetics model (L-H model) [22-25],
which is described as Eq. (3.1):

dC _ kKC
dt ~ 1+ KC

3.1)

where r is reaction velocity, C the dye concentration, and k
and K are the surface reaction velocity and adsorption constant,
respectively. Clearly, the adsorption of dye on the catalyst is not
saturated and KC < 1 when the dye concentration is very low,
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Fig. 5. The degradation rates of acid red G by KNb3Og with different dosages:
(a) 0.3 ¢g/L; (b) 0.6 g/L; (c) 1.0 g/L; (d) 1.5 g/L; (e) 2.0 g/L.
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Fig. 6. Relationship between In(Co/C;) and treatment time. Initial concentration
of acid red G: (a) 20 mg/L; (b) 30 mg/L; (c) 40 mg/L; (d) 50 mg/L; (e) 60 mg/L.

the L-H model can be described as Eq. (3.2):

C
In <CO) — k(min~V)r +a

t

3.2)

where Cy is the initial concentration of dye and & is the apparent
reaction rate. The relation between In(Cy/C;) and ¢ is linear. The
In(Co/Cy) of acid red G is equal to its In(Ap/A;) according to the
linear Eq. (2.1). Fig. 6 shows the fitted plots of In(Cy/Cy) as a
function of UV irradiation time at different acid red G concentra-
tions. From the results, there is very well linear relation between
In(Co/C;) and t for the photocatalytic degradation of acid red G
by KNb3Og and the kinetics of the photodegradation reaction
follows first-order reaction. Parameters and first-order reaction
kinetic equations for different initial acid red G concentrations
are given in Table 1. It can be seen that the apparent reaction
rate constant k deceases with increasing of the acid red G initial
concentration.

3.2.5. UV-vis absorption spectra

Absorption spectra recorded during the photodegradation of
acid red G by KNb3Og are given in Fig. 7, and the initial con-
centration of acid red G was 30 mg/L. From the results, the
characteristic absorption peaks of acid red G decreased with
increasing of irradiation time, and finally disappeared and the
acid solution became colorless. The acid red G is with three
characteristic peaks in ultraviolet band. The peak at 215 nm is
attributed to the structure of benzene ring, and the peak around

Table 1
Parameters and first-order reaction kinetic equations for different initial
concentrations

Co (mg/L) First-order reaction kinetic equation k R

20 In(Co/C;)=0.031491+0.13658 0.03149 0.9934
30 In(Co/C;) =0.02975¢+0.08653 0.02975 0.99838
40 In(Co/C;)=0.02184¢+0.02705 0.02184 0.99836
50 In(Co/C;)=0.01721¢ — 0.0198 0.01721 0.99976
60 In(Co/C;)=0.01598¢ — 0.049 0.01598 0.99739

1.4

1.24

1.0

0.84

Abs

0.6

0.44

0.24

0.04

T i T ¥ T ¥ T 13 T . T 3
200 300 400 500 600 700 800
Wavelength (nm)

Fig. 7. UV-vis spectra changes during photocatalytic degradation of 30 mg/L
acid red G by KNb3Og at reaction time of 0, 20, 40, 60, 90 and 120 min, respec-
tively.

330 nm is related to the structure of naphthalene ring. The third
peak at 505 nm is the characteristic peak of acid red G. The
intensity of the peak at 505 nm decreased with increasing of
irradiation time, which means the chromophoric unsaturated
conjugated bond in the dye molecule was destroyed gradually.
The peak at 505 nm nearly disappeared after 60 min, and the
peak of benzene ring and naphthalene ring also disappeared
gradually. These results indicate that photocatalytic degradation
not only destroys the conjugate system (including -N=N-), but
also partly decomposes the benzene and naphthalene rings in
molecule.

The color of azo dyes is determined according to the azo
bonds and their associated chromophores and auxochromes [26].
Azo bands are the most active bonds in azo dye molecules, which
are liable to be oxidized by positive hole or hydroxyl radical
or reduced by electron in the conduction band [27-29]. The
reaction of azo bands lead to the decoloration of dyes.

3.3. The role of the potassium ions in the layered structure
of the KNb3Og

Fig. 8 shows the photocatalytic degradation of 20 mg/L acid
red G under UV irradiation over the H"-exchanged. The cata-
lyst dosage was 1.0 g/L. As a comparison, the photodegradation
of the 20mg/L acid red G over the KNb3Og was given too.
Usually, protonation can enhance the photocatalytic activity of
catalyst. Shimizu et al. found that the layered perovskite tantalate
with hydrated interlayer space, HySrTa; O7-nH,O shows higher
Hp formation rate than anhydrous layered tantalate Lip StTayO7
and high activity for overall splitting of water without load-
ing co-catalysts. The reaction over H, SrTa; O7-nH,O proceeded
steadily more than 70 h, demonstrating a high durability of the
catalyst [30]. Kudo et al. studied the photocatalytic activities of
triple-layered Aurivillius phases, BipA’NaNb3O1; (A’ =Sr, Ca)
and Bi;CaNaTa3O1,, and of protonated forms prepared from
these Aurivillius phases through selective leaching of bismuth
oxide sheets. The result showed that all the corresponding pro-
tonated forms show photocatalytic activities for Hy evolution
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Fig. 8. The photodegradation of 20 mg/L acid red G over KNb3Og (a) and the
H*-exchanged KNb3Og (b), respectively.

[31]. However, our result on the photodegradation of acid G
over KNb3Og shows that the degradation rate of acid red G over
the H*-exchanged KNb3Og under UV irradiating for 120 min is
only 27.35%, which is much lower than the 97.57% degradation
rate of acid red G over the KNb3Og markedly.

The structure of the KNb3Og is very important for pho-
todegradating the acid red G. The KNb3Og is a kind of
perovskite-type compound with layered structure. The layered
materials use their interlayer space as reaction sites for water
splitting, where electron—hole recombination process could be
retarded by physical separation of electron and hole pairs gen-
erated by photoabsorption. These high activities resulted from
their layered structure and the high concentration of donor level
compared with bulk-type perovskite photocatalysts [30,32,33].
The photocatalytic activity of the layered compound is sensitive
to its interlayer cations [34]. Morawski et al. [35] found that the
photocatalytic activity of pure TiO; is much lower than K-TiO»
in the photoreaction of phenol decomposition. They thought that
the layered perovskite structure of the K, TigOg in the K-TiO,
offers the possibility of decomposition of phenol and products of
phenol. The presence of potassium in the K-TiO, material prob-
ably accelerates the electron—hole creation. The efficiency of K-
modified titanium dioxide nanoparticles, which were prepared
by impregnation, is better than that of TiO,-P25 and the doped-
TiO, can be considered as promising materials for organic pol-
lutants degradation [36]. Electro-pumping of K to the surfaces of
metal catalyst films can lead to very large and reversible changes
in catalytic activity. Potassium-containing vanadium catalysts
revealed significant higher performance compared to vanadium
phosphate solids [37]. The alkali added to the Cu-Na-ZSM-5
zeolite was thus found to selectively promote catalytic activ-
ity for the partial oxidation of benzyl alcohol and prevent the
deactivation of the Cu-Na-ZSM-5 zeolite [38]. Zhu and Lu [39]
investigated catalytic conversion of N>O to N, with potassium
catalysts supported on activated carbon (K/AC). Their results
showed that potassium is much more active and stable than
either copper or cobalt, and the catalytic role of potassium is also
attributed to its effective participation in an oxidation-reduction
(redox) cycle. The excellent activity of K/AC catalysts indi-

cates that not only is the potassium catalyst an easy acceptor of
oxygen but it also possesses a strong ability for oxygen transfer.
Shangguan et al. [40] proved that potassium is the most effective
dopant and the most popular promoter to CuFe,O,. Potassium
was found to be the most effective additive for CozO4 catalysts
and the addition of potassium increased not only the surface
area but also the specific activity per unit surface area as well
[41]. The TiO2/KOH photocatalyst appeared to be more active
in the reaction of photocatalytic decomposition of oil than TiO»
[42]. In fact, Owing to their exceptionally low ionization poten-
tials, alkali metals can act as electronic promoters modifying
simultaneously the acid-base function of the surface. From our
results, the photocatalytic efficiency of the KNb3Og is much
higher than that of the H*-exchanged KNb3Os. In the processes
of photodegradating acid red G, the holes created by the catalyst
under UV irradiation can react with OH™ or H,O to form *OH
radicals which can also oxidize the dye, while photogenerated
electron can react with the pre-adsorbed oxygen [29]. Firstly, the
interlayer spaces of the KNb3Og promote the generation and the
separation of the charge carriers and are beneficial to the transfer
of electrons to the surface of the photocatalyst along the layered
network, where electron—hole recombination process could be
retarded by physical separation of electron and hole pairs gen-
erated by photoabsorption [30,32,33,43]. Secondly, potassium
ions between the perovskite layers of the KNb3Og are effective
electronic promoter and accelerate the electron—hole creation.
Thirdly, potassium is not only an easy acceptor of oxygen but
it also possesses a strong ability for oxygen transfer. So, potas-
sium ions can increase the photocatalytic activity of the KNb3Og
largely.

4. Conclusion

The layered perovskite KNb3Og was prepared by a solid-state
reaction method. The degradation rate of acid red G decreases
with increasing of acid red G concentration and increases with
increasing of the catalyst dosage. The kinetics of photocatalytic
degradation of acid red G follows first-order kinetics equation.
The photocatalytic efficiency of the KNb3Og is much higher
than that of the H"-exchanged KNb3Og. The layered structure
of the KNb3 Og and the potassium ions between the layers play an
important role on the photocatalytic degradation of acid red G.
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