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a b s t r a c t

The photocatalytic performance of sodium pentachlorophenate (PCP–Na) over NaBiO3 under visible light
irradiation was first investigated systematically. After 1 h of photocatalytic reaction, the degradation rate
of PCP–Na could reach to 90.5% in appropriate conditions. •OH is the dominant photooxidant rather than
O2

− based on the experiment results and density of states (DOS) analysis. The PCP–Na solution became
eywords:
aBiO3

hotocatalysis
odium pentachlorophenate (PCP–Na)

basic (pH value increased to ∼9) with the progress of photocatalytic reaction which may be attributed
to the PCP− oxidized to the pentachlorophenoxy radical by an attack on PCP− by •OH. The photocatalyic
reaction over NaBiO3 follows the rule of first-order reaction according to the Langmuir–Hinshelwood
model. The initial concentration of the PCP–Na, the initial pH value of PCP–Na aqueous solution and
the amount of NaBiO3 used have great influences on the photocatalytic performance. Three kinds of
photocatalytic systems (P25, Bi2O3 and P25–Bi2O3 heterojunction) exhibited relative lower photocatalytic

iO3 p
activity compared to NaB

. Introduction

Pentachlorophenol (PCP) and its salts, most notably sodium
entachlorophenate (PCP–Na), are widely used as biocides for the
rotection of timber and textiles all over the world [1]. PCP and

ts salts have attracted great attention worldwide owning to their
oxicity, endocrine disturbing effect, mutagenicity, carcinogenicity,
nd bioaccumulation. PCP has been listed as a priority pollutant by
he U.S. Environmental Protection Agency [2] and recently, many
tudies, which concern the endocrine system disrupting effects of
CP and its salts, were carried out [3,4].

Because of the various advantages, such as optical and elec-
ronic properties, low cost, high photocatalytic activity, chemical
tability and non-toxicity, TiO2 has been widely used as a popu-
ar catalyst [5–7]. However, a critical drawback of titania is that
t has a large band gap (3.2 eV), which is too large to allow effi-
ient absorption of most sunlight. Therefore, a lot of works have
een done to develop visible light sensitive photocatalysts. The
odification of TiO2 by doping with nonmetallic elements [8]
such as S, N etc.), establishment of the p–n heterojunction by two
emiconductor compounds with different energy band structures
9,10] and development of new materials are the main strategies to
evelop visible-light-sensitive photocatalysts. Bi-containing oxides

∗ Corresponding author. Tel.: +86 25 52112904; fax: +86 25 52112626.
E-mail address: gbji@nuaa.edu.cn (G. Ji).
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owder.
Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

such as Bi2Ti2O7 [11], Bi2WO6 [12,13] and BaBiO3 [14] have been
reported to be promising photocatalysts under visible light irradi-
ation.

NaBiO3 is another new efficient photocatalyst which was firstly
demonstrated by Tetsuya Kako et al. Their results show that NaBiO3
showed a higher photocatalytic activity towards methylene blue
compared to some other visible light sensitive semiconductor com-
pounds such as N doped TiO2 and BiVO4 [15]. To the best of our
knowledge, however, a systematic study based on photocatalytic
performance research of NaBiO3 has not been reported so far.
Herein, we first evaluate the photocatalytic performance of PCP–Na
over NaBiO3 under visible light irradiation and the initial catalytic
mechanism was discussed in this paper.

2. Experimental

2.1. Materials

The following chemicals were used as received: PCP–Na,
tert-butanol, hydrochloric acid and sodium hydroxide are of ana-
lytical reagent grade, methanol (HPLC grade, Dikma Pure, >99.9%),
TiO2 (product name P25, particle diameter 30 nm, surface area

50 m2 g−1) is commercially supported by Degussa Corporation.
NaBiO3 was prepared according to the previous report [16]. Bi2O3
and Bi2O3–TiO2 semiconductor heterojunctions, which were used
as a reference photocatalysts, were fabricated according to the ref-
erence [10].

ghts reserved.
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.2. Photocatalytic process

The photocatalytic reactor consists of two parts: a 250 ml quartz
lass reactor and a 500 W Xe lamp, which was positioned parallel to
he quartz glass reactor. 2 M NaNO2 aqueous solution was used to
emove the radiation below 400 nm and to ensure the irradiation
f the photocatalytic system occurred only by visible-light wave-
engths [17]. The photocatalytic reaction temperature was kept at
oom temperature by a water cooler machine (Lab Tech Company).

In a typical photocatalytic process, 100 mg NaBiO3 powders
ere added into 150 ml PCP–Na solution (50 ppm). The suspen-

ions were magnetically stirred in dark for 1 h to ensure an
dsorption–desorption equilibrium before the irradiation. Then,
he suspensions containing PCP–Na and photocatalysts were irra-
iated using the Xenon lamp with continuous stirring. The slurry
f reaction mixture was taken out and filtered to remove NaBiO3
ample at certain intervals.

.3. Chemical analysis

Determination of PCP–Na solutions was performed by HPLC Shi-
adzu model LC-9A equipped with UV detector at 249 nm, and

-18 phenomenex column. The mobile phase was 80% methanol
n phosphate buffer (pH 2) with the flow rate of 0.5 ml min−1. The
V spectra of PCP–Na solutions were measured on UV–visible spec-

roscopy (DR 5000, HACH Corporation). Chloride ion concentrations
ere monitored by ion chromatography system (ICS-1000, Dionex
orporation). Digital pH meter was used to measure the pH value
f the solution.

. Results and discussion

.1. Photodegradation and catalyst durability

Fig. 1(a) presents the irradiation time dependence of PCP–Na
egradation in the presence of NaBiO3, and meanwhile, PCP–Na
hich was only photolyzed and bleached in the dark was also

tudied as comparison. The result shows that PCP–Na cannot be
fficiently decomposed only by photolysis, and NaBiO3 powders
ad limited adsorption capability for PCP–Na (the adsorption rate
as less than 10% after stirring in the dark for 1 h). However, NaBiO3

xhibited high photocatalytic activity for PCP–Na under the visible
ight irradiation and the removal rate can reach to 90.5% after 1 h
rradiation.

The UV spectral changes taking place during the photodegrada-
ion of PCP–Na over NaBiO3 were displayed in Fig. 1(b). PCP–Na
hows a major absorption peak at 320 nm, which is attributed
o the conjugated structure. The absorption value at 320 nm was
ecreased with the photocatalytic process and the absorption peak
as not obvious after 1 h reaction. On the other hand, this result
as further confirmed by HPLC measurement. From Fig. 2, it can
e seen clearly that the signal intensity of the peak decreased after
he photocatalytic process, indicating PCP–Na was degraded rather
han simply bleached. In the meantime, the HPLC result also indi-
ates that the destruction of the conjugated structure leads to the
ormation of some other new molecules in the PCP–Na solution
ecause some other weak chromatographic signals with different
etention times (e.g. 9.372 min) could be observed from Fig. 2b. And
he detailed degradation products and pathway are being further
nvestigated.
As a kind of heterogeneous photocatalyst, NaBiO3 can be easily
ecycled by simple filtration and its photocatalytic activity did not
hange even after 6 cycles of photodegradation (Fig. 3). However,
t is found that such catalyst was not stable under the strong acidic
ondition; when the initial pH value of PCP–Na solution was set
Fig. 1. PCP–Na was only photolyzed (�), bleached in the dark (�) and photocatalyt-
ically degraded (�) over NaBiO3 (a) and UV spectral changes of PCP–Na in NaBiO3

dispersions as a function of irradiation time (b).

to less than 3, the yellow colored NaBiO3 turned into white colored
powder (it should be further detected via X-ray diffraction method)
and the photocatalytic activity was extremely low (less than 8%),
indicating that NaBiO3 was not chemically stable under the high H+

concentration.

3.2. Photocatalytic degradation mechanism

In order to further study the catalytic process, a comparison of
the photocatalytic activity in the presence of dissolved oxygen, con-
tinuous saturated N2 and 1 ml tert-butanol was carried out. The
result is displayed in Fig. 4(a). The photocatalytic activity was not
decreased under the existence of continuous saturated N2 after 1 h
irradiation. This observation suggests the presence of dissolved oxy-
gen and nitrogen has no effect on the photocatalytic performance
over NaBiO3, indicating that O2

− was not the dominant photooxi-
dant during the photocatalysis.

tert-Butanol has the reaction rate constant of 5.0 × 108 M−1 s−1

with •OH, as a stronger radical scavenger, it can react with •OH and
then generates inert intermediates, which do not predominantly
produce the HO2

− and O2
− radicals, thus causing the termination
of the radical chain reaction [18]. The results from Fig. 4(a) also
indicate that the addition of tert-butanol has a negative influ-
ence on the degradation efficiency of PCP–Na, indicating that
tert-butanol can consume •OH in aqueous solution to block the
photocatalytic reaction. The results also suggest that •OH was the
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ig. 2. HPLC chromatograms of the sample solutions without photocatalysis (a) and
fter photocatalysis for 1 h (b).

ominant photooxidant during the photocatalytic process. Then

e try to explain the photocatalytic mechanism through the band

nd electronic structure of NaBiO3. It is noted that the composition
f NaBiO3 valance band is very different from other Bi-containing
emiconductor compounds, such as Bi2WO6 [19] and BaBiO3 [14].

ig. 3. Durability of NaBiO3 photocatalysis from the repeatable degradation of
CP–Na under visible light irradiation.
Fig. 4. (a) Photocatalytic degradation of PCP–Na over NaBiO3 in the presence of
dissolved oxygen (�), continuous saturated N2 (�) and 1 ml tert-butanol (�); (b)
Schematic band structures of NaBiO3 and the possible photocatalytic reaction pro-
cess.

According to the density of states (DOS) analysis of NaBiO3 [15],
broad valence band (VB) was mainly composed of the O 2p orbital
owning to the empty Bi 6 s and Na 3 s orbitals. For the reaction [20]:

O(g) + 2H+ + 2e � H2O E0
1 = 2.421 V

•OH + e � OH− E0
2 = 2.02 V

and the standard reduction potential of O (g)/H2O (O/O2
−) was

more positive than that of •OH/OH− (+2.02 V), suggesting that the
hole photogenerated on the surface of NaBiO3 could easily react
with OH−/H2O to form ·OH.

In addition, the band edge of NaBiO3 semiconductor at the point
of zero charge was calculated by the equation as follows:

ECB = X − Ec − 1
2

Eg
where X is the absolute electronegativity of the semiconductor; Ec

is the energy of free electrons on hydrogen scale (≈4.5 eV) and Eg

is the band gap of the semiconductor. The predicted band edge
through the above equation of NaBiO3 was shown in Table 1. The CB
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Table 1
Absolute electronegativity, estimated band gap, calculated conduction band (CB) edge and valance band (VB) edge of NaBiO3.

S and gap (Eg) Calculated CB edge (ECB) Calculated VB edge (EVB)

N −0.15421 eV 2.14579 eV
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0.04981 min , 0.04473 min and 0.03638 min for initial con-
emiconductor Absolute electronegativity (X) Estimated b

aBiO3 5.49579 eV 2.3 eV

ottom of NaBiO3 semiconductors is close to H+/H2 (0 eV vs SHE)
nd O2/O2

− (−0.046 eV vs SHE). Thus, we deduce that such small
ver-potential could suppress reducing O2 to O2

−. Following the
iscussion above, we have reason to consider that the degradation
f PCP–Na over NaBiO3 may be the contribution of ·OH radicals,
ather than O2

−. Fig. 4b gives a schematic band structure of NaBiO3
nd the possible photocatalytic reaction procedures.

.3. Effect of initial pH value

Fig. 5 displays the changes of pH value as a function of irradia-
ion time. From the pH value variation of PCP–Na solution, it can be
ound that the pH value increased from ∼6.0 to ∼9.0 after 1 h pho-
ocatalytic reaction. The PCP–Na solution became basic with the
rogress of photocatalytic reaction which may be attributed to the
CP− oxidized to the pentachlorophenoxy radical by an attack on
CP− by •OH (see the inset of Fig. 5) [21,22]. On the other hand,
he process of OH− forming during the photocatalysis indicates the
eaction could be suppressed when the pH value of PCP–Na solution
s under basic condition. What is more, the change of Cl− concen-
ration was also detected. During the 1 h photocatalytic process, the
echlorination rate reached to 87.3%, demonstrating the cleavage of

Cl bond during the photocatalytic degradation.
Fig. 6 shows the influence of pH value on the photocatalytic

egradation (C/C0) after 1 h and adsorption of PCP–Na on the surface
f NaBiO3. The initial pH value of PCP–Na solution was adjusted by
ydrochloric acid and sodium hydroxide aqueous solution. When
he initial pH value of PCP–Na solution was around 6.5, the photo-
atalytic degradation rate could reach to 90.5% after 1 h irradiation.
oreover, the degradation rate was more than 90.5% when the ini-

ial pH value of PCP–Na solution was adjusted to the range of 7.5–9.3
nd the degradation rate was 96.4% when pH value was equal to 8.4.
he photocatalytic activity enhancement may be due to increas-
ng the OH− concentration, which would facilitate the formation
f much more •OH. However, with increasing pH value, the photo-

atalytic activity was decreased very quickly and degradation rate
as only about 26% when the initial pH value was set to 12.6. The

ow photocatalytic activity may be caused by (1) the restraining of
he reaction under high concentration of OH− (see Fig. 5) and (2)

Fig. 5. Variation of pH value as a function of irradiation time.
Fig. 6. Influence of initial pH value of PCP–Na solution on the photocatalytic degra-
dation (C/C0) after 1 h and adsorption of PCP–Na on the surface of NaBiO3.

the weakening of the adsorption performance over NaBiO3 powders
when the initial pH value of PCP–Na solution was over 9. From Fig. 6
we can find easily that there was almost no adsorbed interaction
when pH was 12.6.

3.4. Effect of initial concentration and catalyst content

Fig. 7 shows the linear relationship between ln(C/C0) and irra-
diation time during the photocatalytic reaction. The photocatalytic
degradation of PCP–Na over NaBiO3 was apparent first-order kinet-
ics of the Langmuir–Hinshelwood model, and the influence of
the initial PCP–Na concentration on the photocatalytic reaction
rate was also discussed. The reaction rate was determined to be

−1 −1 −1
centrations of PCP–Na of 50 ppm, 40 ppm and 26 ppm. Thus the
initial concentration is critical to the photocatalytic reaction rate.
The degradation rate was increased when decreasing the initial
concentration of PCP–Na.

Fig. 7. The first order reaction kinetics of PCP–Na (26–50 ppm) degradation under
visible light irradiation.
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ig. 8. Influence of catalyst content on the photocatalytic degradation (C/C0) after
h.

The catalyst content can also affect the photocatalytic perfor-
ance (Fig. 8). It is considered that there was a suitable amount of
aBiO3 powder during the photocatalysis. When 100 mg of NaBiO3
as used, the photocatalytic degradation rate could reach to 90.5%

fter 1 h irradiation. However, the smaller amount of NaBiO3 pow-
ers exhibited lower catalytic activity because not enough catalytic
ctive sites were supplied during the photocatalytic process, and
t is not difficult to understand. If more amount of catalyst was
dopted, the photocatalytic degradation rate would not increase
nd the light utility efficiency from the Xenon lamp would be
ecreased because NaBiO3 powder could absorb parts of the light
rom the lamp.

.5. Comparison of several photocatalytic systems

Compared to several common photocatalysis systems (P25,
i2O3, TiO2–Bi2O3 heterojunction), NaBiO3 exhibited highest pho-
ocatalytic activity under visible light irradiation. For Bi2O3,
iO2–Bi2O3 (m/m = 2:8) and TiO2–Bi2O3 (m/m = 5:5) heterojunc-

ion photocatalysts, their photocatalytic degradation for PCP–Na
as only about ∼11%, 32.5% and ∼53.8% after 1 h irradiation (Fig. 9).
nd the nanosized TiO2 (P25) shows little photocatalytic activity

photocatalytic degradation less than 5%) under the visible light

ig. 9. Photocatalytic degradation of PCP–Na by catalysts driven by visible light
rradiation.

[
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irradiation because of its only UV sensitive property. Furthermore,
NaBiO3 has a very interesting energy band structure [15]. The
hybridized sp orbital in the CB of NaBiO3 support a high mobil-
ity on the sp bands for the photoexcited electrons, which may lead
to suppression of the recombination of electron–hole pair and a
relatively higher photocatalytic activity of the material than that of
other photocatalysts.

4. Conclusions

In this work, the photocatalytic performance of PCP–Na over
NaBiO3 under visible light irradiation was studied systematically
and NaBiO3 photocatalyst exhibited excellent performance towards
the degradation of PCP–Na. In a typical experiment, the photocat-
alytic degradation rate and dechlorination rate for 1 h were 90.5%
and 87.3%, respectively. •OH was the dominant photooxidant dur-
ing the photocatalytic process. The photocatalyic procedure over
NaBiO3 followed the rule of first-order reaction. The initial con-
centration of the PCP–Na, the initial pH value of PCP–Na aqueous
solution and the amount of NaBiO3 used were critical factors on the
degradation performance of NaBiO3 catalytic process.

Acknowledgement

This work was supported by the Project No. 50701024 and
20507010 of National Natural Science Foundation of China.

References

[1] J. Muir, G. Eduljee, PCP in the freshwater and marine environment of the Euro-
pean Union, Sci. Total Environ. 236 (1999) 41–56.

[2] L.H. Keith, W.A. Telliard, ES&T special report: priority pollutants. I. A perspective
view, Environ. Sci. Technol. 13 (1979) 416–423.

[3] A.P. Beard, N.C. Rawlings, Reproductive effects in mink (Mustela vision) exposed
to the pesticides lindane, carbofuran and pentachlorophenol in a multigenera-
tion study, J. Peprod. Fertil. 113 (1998) 95–104.

[4] B.J. Danzo, Environmental xenobiotics may disrupt normal endocrine function
by interfering with the binding of physiological ligands to steroid receptors and
binding proteins, Environ. Health Perspect. 105 (1997) 294–301.

[5] W.F. Jardim, S.G. Moraes, M.M.K. Takiyama, Photocatalytic degradation of aro-
matic chlorinated compounds using TiO2: toxicity of intermediates, Water Res.
31 (1997) 1728–1732.

[6] G. Pecchi, P. Reyes, P. Sanhueza, J. Villasenor, Photocatalytic degradation of
pentachlorophenol on TiO2 sol–gel catalysts, Chemosphere 43 (2001) 141–
146.

[7] L. Zeng, J.W. McKinley, Degradation of pentachlorophenol in aqueous solu-
tion by audible-frequency sonolytic ozonation, J. Hazard. Mater. 135 (2006)
218–225.

[8] R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki, Y. Taga, Visible-light photocatalysis in
nitrogen-doped titanium oxides, Science 293 (2001) 269–271.

[9] H. Xia, H. Zhuang, T. Zhang, D. Xiao, Photocatalytic degradation of Acid Blue
62 over CuO–SnO2 nanocomposite photocatalyst under simulated sunlight, J.
Environ. Sci. 19 (2007) 1141–1145.

[10] Y. Bessekhouad, D. Robert, J.V. Weber, Photocatalytic activity of Cu2O/TiO2,
Bi2O3/TiO2 and ZnMn2O4/TiO2 heterojunctions, Catal. Today 101 (2005)
315–321.

[11] W. Yao, H. Wang, X. Xu, J. Zhou, X. Yang, Y. Zhang, S. Shang, Photocat-
alytic property of bismuth titanate Bi2Ti2O7, Appl. Catal. A 259 (2004) 29–
33.

12] J. Tang, Z. Zou, J. Ye, Photocatalytic decomposition of organic contaminants by
Bi2WO6 under visible light irradiation, Catal. Lett. 92 (2004) 53–56.

[13] C. Zhang, Y. Zhu, Synthesis of square Bi2WO6 nanoplates as high-activity visible-
light-driven photocatalysts, Chem. Mater. 17 (2005) 3537–3545.

[14] J. Tang, Z. Zou, J. Ye, Efficient photocatalysis on BaBiO3 driven by visible light, J.
Phys. Chem. C 111 (2007) 12779–12785.

[15] T. Kako, Z. Zou, M. Katagiri, J. Ye, Decomposition of organic compounds
over NaBiO3 under visible light irradiation, Chem. Mater. 19 (2007) 198–
202.

[16] J. Pan, Y. Sun, P. Wan, Z. Wang, X. Liu, Preparation of NaBiO3 and the electro-
chemical characteristic of manganese dioxide doped with NaBiO3, Electrochim.
Acta 51 (2006) 3118–3124.
[17] C. Lettmann, K. Hildenbrand, H. Kisch, Visible light photodegradation of 4-
chlorophenol with a coke-containing titanium dioxide photocatalyst, Appl.
Catal. B: Environ. 32 (2001) 215–227.

[18] L. Zhao, J. Ma, Z. Sun, X. Zhai, Catalytic ozonation for the degradation of nitroben-
zene in aqueous solution by ceramic honeycomb-supported manganese, Appl.
Catal. B: Environ. 83 (2008) 256–264.



rdous

[

[
[

X. Chang et al. / Journal of Haza
19] H. Fu, C. Pan, W. Yao, Y. Zhu, Visible-light-induced degradation of Rhodamine B
by nanosized Bi2WO6, J. Phys. Chem. B 109 (2005) 22432–22439.

20] R.L. David, Handbook of Chemistry and Physics, CRC Press, 2006–2007.
21] R. Terzian, N. Serpone, R.B. Draper, M.A. Fox, E. Pelizetti, Pulse radiolytic studies

of the reaction of pentahalophenols with OH radicals: formation of penta-

[

Materials 166 (2009) 728–733 733
halophenoxyl, dihydroxypentahalocyclohexadienyl, and semiquinone radicals,
Langmuir 7 (1991) 3081–3089.

22] F. Masami, T. Kenji, Degradation pathways of pentachlorophenol by
photo—fenton systems in the presence of iron(III), humic acid, and hydrogen
peroxide, Environ. Sci. Technol. 35 (2001) 1771–1778.


	Rapid photocatalytic degradation of PCP-Na over NaBiO3 driven by visible light irradiation
	Introduction
	Experimental
	Materials
	Photocatalytic process
	Chemical analysis

	Results and discussion
	Photodegradation and catalyst durability
	Photocatalytic degradation mechanism
	Effect of initial pH value
	Effect of initial concentration and catalyst content
	Comparison of several photocatalytic systems

	Conclusions
	Acknowledgement
	References


