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Abstract

The micron grade multi-metal oxide bismuth silicate (Bi;,Si0,y, BSO) was prepared by the chemical solution decomposition
technique. Photocatalytic degradation of pentachlorophenol (PCP) was investigated in the presence of BSO under xenon lamp
irradiation. The reaction kinetics followed pseudo first-order and the degradation ratio achieved 99.1% after 120 min at an initial PCP
concentration of 2.0 mg/L. The pH decreased from 6.2 to 4.6 and the dechlorination ratio was 68.4% after 120 min at an initial PCP
concentration of 8.0 mg/L. The results of electron spin resonance showed that superoxide radical (O, ™) was largely responsible for the
photocatalytic degradation of PCP. Interestingly, this result was different from that of previous photocatalytic reactions where valence
band holes or hydroxyl radicals played the role of major oxidants. Some aromatic compounds and aliphatic carboxylic acids were
determined by GC/MS as the reaction intermediates, which indicated that O, ~ can attack the bond between the carbon and chlorine
atoms to form less chlorinated aromatic compounds. The aromatic compounds were further oxidized by O, ~ to generate aliphatic
carboxylic acids which can be finally mineralized to CO, and H,O.
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Introduction

Pentachlorophenol (PCP) has been extensively used as
wood preservative, herbicide or biocide throughout the
world (Orton et al., 2009). Because of its high toxicity and
chemical stability, it has been listed as priority pollutants
by US EPA (Meunier, 2002). What is more, it can be trans-
formed into more toxic polychlorinated dibenzo-p-dioxins
(PCDDs) and polychlorinated dibenzofurans (PCDFs) (Ho
et al., 2010). Therefore, it is of great importance to develop
environmentally friendly techniques to eliminate PCP in
the environment.

Photocatalytic degradation has received considerable
attention because of its efficiency in the elimination of
low concentrations of recalcitrant organic pollutants from
the aqueous solution (Zhang et al., 2009; Gonzélez et al.,
2010). It has been well established that this technology
mainly works on the generation of various reactive ac-
tive species such as hydroxyl radicals (-OH), superoxide
radicals (O,7), and valence band holes (A,) which can
undergo redox reactions with most persistent organic com-
pounds and convert them into less harmful compounds or
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completely mineralize them into CO, and H,O (Tang et al.,
2004; Ji and Chu, 2009; Jiang et al., 2009; Rao and Chu,
2009; Yang et al., 2009a).

The majority of publications reported -OH as the major
oxidants for the photocatalytic degradation (Gao et al.,
2007; Yang et al., 2009b; Fukushima and Tatsumi, 2001).
In these reactions, -OH can react with organic substances
by hydroxylation through -OH addition onto the organic
molecule, followed by further oxidation. However, there
was much debate with respect to the reactive active species
which played a decisive role during photocatalytic degra-
dation. For example, by examining TiO, photocatalytic
oxidation of arsenite system, Yoon and Lee (2005) con-
cluded that hjb was the major oxidant; Lee and Choi
(2002) proposed O, ~ as the dominant oxidant; while Dutta
et al. (2005) suggested -OH as the major reactive active
species. Several studies demonstrated that O, ~ could be
the major oxidant in photocatalytic reactions (Song et al.,

2007). However, no further information aHout the detailed
reaction mechanisms based on O, ~ was pfovided.
Bismuth silicate crystal is a conventiopal photorefrac-
tive, electro-optic material with good photdconductivity. In
2006, He and Gu (2006) firstly studied th¢ photocatalytic



http://www.jesc.ac.cn

1912 Journal of Environmental Sciences 2011, 23(11) 1911-1918 / Yang Li et al.

Vol. 23

activity of BSO. They found that the intrinsic oxygen
defects in BSO can act as photogenerated electron traps
and thus suppress the recombination of electron-hole pairs.
While notable photocatalytic activity was achieved, two
challenges remained: (1) to investigate the main active
radicals of the catalyst that induces the photocatalytic
degradation of organic compounds, and (2) to improve the
recovery rate of the catalyst when it is used for wastewater
treatment.

In this work, we prepared bismuth silicate (Bi;2SiOyg,
BSO) by the chemical solution decomposition (CSD) tech-
nique and further investigated its photocatalytic activity
for pentachlorophenol (PCP) under simulated sunlight
irradiation. The active species during the photocatalytic
degradation of PCP were examined and the possible pho-
tocatalytic degradation pathway was proposed.

1 Experimental section

1.1 Preparation of the catalyst

The precursor materials of BSO crystal was prepared
by the CSD technique. The compounds, Bi(NO3);-5H,0
and Si(OC,Hs)s, were selected as the bismuth and
silicon source, respectively. Glacial acetic acid (HAC;
99.7%) was used as a solvent. Poly(alkylene oxide) block
copolymers, HO(CH,CH,0)2,-(CH,CH-(CH3)0O)56-
(CH,CH,0)1,H (Pluronic F-108; BASF), were used
as pore-forming agents. Firstly, Bi(NO;3);-5H,0 was
dissolved in CH3COOH, then Si(OC,Hs); was added
dropwise to the above solution with constant stirring.
The solution was aged with stirring for 12 hr at 30°C .
Prior to calcination, the resultant solution was added to
stainless steel autoclaves with a teflon liner. After being
sealed, the autoclaves were heated in a convection oven at
150°C for 24 hr and allowed to cool to room temperature
afterwards. The resulting products were filtered off,
washed with deionized water several times and then dried
at 120°C for 4 hr to remove the solvent. The obtained
precursor powders were calcinated at 550°C for 3 hr in air,
and then ground into fine powders in an agate mortar.

1.2 Characterization of BSO

X-ray diffraction (XRD) analysis was recorded using a
diffractometer with CuKa radiation (X’ Pert PRO MPD;
PW3040/60, Holland). The accelerating voltage and the
scan rate were 40 kV and 2 min~!, respectively.

Diffuse reflectance absorption spectra (DRS) of the
catalyst was recorded on a UV-Visible spectrophotometer
(Specord 200; Analytik Jena, Germany) equipped with an
integrated sphere attachment.

Electron spin resonance spectrometry (ESR; Bruker
ESP-300E, Germany) was employed to determine the pho-
tosensitized reactive oxygen species (ROS). The setting of
the ESR spectrometer was as follows: center field 3480.00
G; microwave power 10 mW; receiver gain 1.00x10°;
modulation frequency 100.00 kHz; modulation amplitude
2.071 G; conversion 40.96 msec; sweep width 100.00 G;
sweep time 41.943 sec.

1.3 Photocatalytic degradation of PCP

The photocatalytic activity of BSO for the degradation
of PCP in the aqueous solution was tested under a xenon
lamp (CHF-XM-500W; Trusttech, China) in the range of
300-800 nm. A weight of 50 mg powder was dispersed
in a 200-mL solution containing PCP at an appropriate
concentration (2.0, 4.0, 6.0, 8.0, or 10.0 mg/L). Prior to
irradiation, the suspension of catalyst in the PCP solution
was firstly ultrasonicated for 15 min and then stirred
for 30 min in dark to achieve an adsorption-desorption
equilibrium. After 15 min, the ultrasonication exhibited
so minor effect on PCP removal ratio that it cannot be
detected. Suspension was then irradiated under the above
light source with constant stirring. The reaction temper-
ature was kept at (20 £ 2)°C by a constant-temperature
water bath. The distance between the liquid surface and
the light source was about 20 cm.

The stability of the catalysts was investigated by the cir-
cular photodegradation experiments that were carried out
under the same reaction conditions as above mentioned.
After evaluating the photocatalytic activity of BSO for the
first time, the aqueous solution was centrifuged to recycle
the BSO powders that were then washed with ethanol
and dried at room temperature before reuse. The recycling
period was set to 2 hr.

1.4 Analytical determination and product identification

High-performance liquid chromatography (HPLC; Wa-
ters, USA) was used to analyze the concentration of
PCP. First, a volume of 20 uL sample was injected into
the HPLC running on the mobile phase of 85:15 (V/V)
of methanol/ammonium acetate. The separation was per-
formed using an ODS-18 reversed phase column (5 pum,
150 mm X 4.6 mm) at the flow rate of 1 mL/min and
column temperature of (20 = 2)°C. A UV detector was
set at 312 nm. All samples were immediately analyzed to
avoid further reaction.

The concentration of CI~ was analyzed using an ion
chromatography (DX-600; Dionex, USA). The pH value
was measured by pH meter (PB-10; Sartorius, Germany).

Degradation intermediates were analyzed using gas
chromatograph-mass spectrometer (GC/MS; Varian,
USA). GC/MS analysis was performed on a GC
(3900N)/MS (4000) system equipped with a DB-5
column (J&W, USA). The injector temperature was set at
280°C. Helium served as the carrier gas at a constant flow
of 1.0 mL/min (He, 99.999%). The column temperature
was kept at 80°C for 6 min, linearly raised at 4°C/min to
180°C afterwards, and then remained at 180°C for 10 min.
Five libraries (MAINLIB, REPLIB, TUTORIAL, MS and
LL) were used to identify the intermediates and the results
were further confirmed by injection of standard solutions.

2 Results and discussion

2.1 Characterization of BSO

The XRD pattern of the prepared catalydt is presented.in
Fig. 1. The sharp and well defined signals were in_good
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Fig. 1 XRD pattern of the prepared catalyst calcined at 550°C for 3 hr. Wavelength (nm)

agreement with the already known profile of crystalline
cubic silicate (BSO) (Inorganic Crystal Structure Database
(ICSD), National Institute of Standards and Technology
Ref. No. 01-080-0627), except for several weak signals
matching with the anorthic oxide (Bi;O3) (ICSD, National
Institute of Standards and Technology Ref. No. 00-050-
1088). The low intensity and small amounts of such signals
suggested that part of the Bi element was incorporated into
the dominant structure but the amount of the anorthic phase
was negligible. The single sharp peak with high intensity
at around 28° showed a high degree of crystallinity of the
prepared catalyst (He and Gu, 2006).

The average crystal size (D) of BSO was calculated
according to the Debye-Scherrer equation as the following
(Yao et al., 2004):

0.9
" BcosH

where, A is the incident wavelength of X-ray light, B
and 0 are peak half-width and semi-angle of diffraction
corresponding to the most intensive diffraction peak, re-
spectively. The size calculated was about 400 nm.

The BET specific surface area of BSO was 3.6 m?/g,
whereas BiFeO; was 1.2 mz/g (Gao et al., 2007) and
CaBi,04 was 0.6 mz/g (Tang et al., 2004). The results
indicated that BSO molecules could load more organic
contaminants because of its high surface area, facilitating
PCP molecules access to the reactive sites on the surface
of BSO and thus enhancing the degradation efficiency of
PCP (Iskanda et al., 2007).

DRS analysis was used to evaluate the photoabsorp-
tion capacity of photocatalyst. Figure 2 illustrates the
UV-Visible diffuse reflectance spectroscopy of BSO. The
results indicated that the BSO powder could absorb visible
light in the range of 400-550 nm, which was in agreement
with the yellow colour of the synthesized samples.

2.2 Photocatalytic degradation of PCP in the presence
of BSO

Photocatalytic degradation results of PCP at different
initial concentrations are presented in Fig. 3. After 120
min, the photocatalytic degradation ratios of PCP at initial

Fig. 2 UV-Visible diffuse reflectance absorption spectra of BSO calcined
at 550°C for 3 hr.
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Fig. 3 Photocatalytic degradation kinetics of PCP in BSO suspension at
different initial concentrations. Line a: 2.0 mg/L; line b: 4.0 mg/L; line c:
6.0 mg/L; line d: 8.0 mg/L; line e: 10.0 mg/L. Inset: change of pH and
evolution of the C1” ion during the photocatalytic degradation of PCP at
an initial concentration of 8.0 mg/L. The reactions were done at pH = 6.1,
BSO loading 250.0 mg/L.

concentrations of 2.0, 4.0, 6.0, 8.0, and 10.0 mg/L. were
99.1%, 95.2%, 88.0%, 80.6%, and 72.7%, respectively.
The lower the initial concentration of PCP was, the higher
the degradation efficiency was. We also proved that at the
same initial PCP concentration of 10.0 mg/L, increasing
the catalyst loading from 250.0 to 500.0 mg/L could
increase the degradation ratio of PCP. These phenomena
were explained by the fact that at the same catalyst loading
the number of the generated active radical species was
identical. At lower initial concentrations, PCP molecules
were more liable to the attack of reactive species due to the
higher ratio of reactive species to PCP, resulting in higher
degradation efficiency.

The linear correlation between InC;/Cy and time sug-

gested that the photocatalytic degradation ¢f PCP followed
pseudo first-order kinetics. Meanwhile, the photolysis of
PCP at initial concentration of 10.0 mg/L [was unapparent
and the concentration decreased to 9.3 mg/L in 120 min(
After 120 min, the PCP removal ratio of BSO under dark
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condition at initial concentration of 10.0 mg/L was 7.1%,
indicating that BSO could hardly initiate PCP degradation
without light irradiation.

Variations of pH and formation of chloride ions in
the reaction solution are displayed in the inset in Fig. 3.
The pH values of the solution decreased from 6.2 to
4.6 in 120 min, which was probably attributed to the
generation of aliphatic carboxylic acids. After 120 min,
about 68.4% of the organic chlorine was released into the
reaction solution in the form of inorganic ions, suggest-
ing that the degradation of PCP was accompanied with
a dechlorination process. Similar phenomena were also
reported by Gunlazuardi and Lindu (2005), who found that
the photocatalytic degradation of PCP led to a complete
dechlorination over TiO, film.

Conclusively, BSO exhibited high photocatalytic ac-
tivity to remove PCP from aqueous solution. These
phenomena were explained by the fact that the intrinsic
oxygen vacancies in the crystal lattice of BSO could
favor the interfacial electron transfer, preventing the re-
combination of electron-hole pairs (Wang et al., 2008).
Moreover, the valence band of the multi-metal oxides
mainly originated from the hybridization of the O 2p and
Bi 6s orbits. The hybrid orbit formed a widely dispersed
valence band, which was beneficial to the mobility of the
holes and increased the probability of holes reaching the
reaction sites on the surface of the catalyst. In the present
study, the XRD results showed that BSO photocatalyst
had a high degree of crystallinity which could create more
possible reactive sites on the surface of BSO.

2.3 Active species to attack PCP

ESR spin trap technique was conducted to investigate
the reactive radicals generated by BSO. The compound,
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was used as
the spin trapping chemical (Yu et al., 2005; Hu et al,,
2006). As shown in Fig. 4, six characteristic peaks of
the DMPO-O, ~ spin adducts could be found under light
irradiation while no such signal was detected without
direct light irradiation (Fig. 4a, b). Moreover, no DMPO-
-OH signal was detected with or without light irradiation
(Fig. 4c, d). These results suggested that O, ~ was
produced on the catalyst surface and may govern the
photocatalytic oxidation of PCP.

To ascertain the presence of O, ~, comparison ex-
periments of Nj-purged condition and scavenger-loaded
condition were undertaken. Three radical scavengers were
utilized during the photocatalytic degradation of PCP,
including azide (NaN3), 1,4-benzoquinone (C¢H40,) and
potassium iodide (KI). NaN3 is an 'O, quencher but
may also interact with -OH (Xu et al., 2008), C¢H40;
selectively quenches O, ~ (Zhang et al., 2009) and KI
reacts with both positive holes (Ay,") and -OH on catalyst
surface (Yang et al., 2009a).

As shown in Fig. 5, the notable result was that the
photocatalytic degradation ratio in the air equilibrium
condition was 87.0%, clearly higher than that in the
N, condition which was only about 17.4%. Under the
N,-purged conditions, dissolved or adsorbed O, might

| . | . | . | . | .
3440 3460 3480 3500 3520 3540

Magnetic field (G)
Fig.4 ESR spectra recorded at ambient temperature for DMPO-O, ~
under irradiation of 355 nm (a), DMPO-O, ~ without direct irradiation
(b), DMPO--OH under irradiation of 355 nm (c), and DMPO--OH without
direct irradiation (d).
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—4— 2 mmol/L KI
1.04 —>— N, bubble
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—<+— 40 mmol/L C,H,0,
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Time (min)

Fig. 5 Effect of radical scavenger on photocatalytic [degradation of PCP
at pH = 6.1, BSO loading 250.0 mg/L and initial PQP concentration 4.0
mg/L.

be sufficient to degrade PCP at the early stage but the
degradation stopped after O, was used up, indicating O
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was the main source of the active species.

The effects of radical scavengers on PCP photocatalytic
degradation are shown in Fig. 5. It was observed that the
addition of 2 mmol/L NaNj and KI caused slight change in
the photocatalytic degradation rate of PCP, indicating that
h;’b, 10, and -OH were not the main active species involved
in the photocatalytic degradation process. At least, the
concentrations of hjb, 10, and -OH were too low to oxidize
PCP. However, a concentration of 2 mmol/L C¢H4O,
caused reduction in the PCP removal, which decreased
from 87.0% to 50.6% after 120 min. Furthermore, a strong
suppressing effect on PCP degradation was observed after
the addition of 40 mmol/L of C¢H40,. The removal ratio
decreased from 87.0% to 18.5% after 120 min using the
quencher, indicating that O, ~ played a predominant role in
PCP photocatalytic degradation, which was in agreement
with the ESR results. Furthermore, our previous research
also detected O, ~ during the photocatalytic degradation
of PCP by Ti-doped Bi,O3 under visible light irradiation
(Yin et al., 2010a).

It can be concluded from this present study that BSO
can absorb the photons at energies greater than the band
gap energies to generate electron-hole pairs. The photogen-
erated electrons of BSO conduction band were scavenged
by the dissolved or adsorbed O, on the surface of BSO to
produce O, ~, which could further form hydrogen peroxide
(H20,), hydroperoxy radical (HO,) and -OH (Jiang et al.,
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| —=—2,3,5,6-TcCP
—e—2,3,4,5-TeCP

- —A—2,3,5-TriCP

| —%—2,4,5-TriCP

4800 |-

6000

3600

Peak area

2400

1200

0 1 L 1 L 1 L 1 L 1

60 90 120 150
Time (min)
5400

180

| —#— Maleic acid
—@— Malonic acid

4500 - —A— Acetic acid

| —w— Formic acid

3600

2700

Peak area

1800

900 |

0 L 1 L 1 L 1

1
60 90 120

Time (min)

150

Fig. 6 Identified intermediates and variations of their peak area during photocatalytic degradation of PCP.

1
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2009). The active species could initiate a series of redox
reactions to mineralize adsorbed PCP molecules into CO,
and H,O (Huang et al., 2008).

2.4 Determination of PCP photocatalytic degradation
intermediates

To further understand the photocatalytic degradation
mechanisms of PCP, GC/MS was applied to identify
the intermediates. The formation and decay of several
intermediates are provided in Fig. 6. In the present study,
thirteen photocatalytic intermediates of PCP were inden-
tified. After 10 min, five kinds of aromatic intermediates
were detected by GC/MS, including tetrachlorophenols
(TeCP), trichlorophenols (TCP), dichlorophenols (DCP),
chlorophenols (CP), and phenol. The concentration of
these aromatic intermediates increased initially and then
decreased gradually and almost disappeared after irradi-
ation for 180 min. Aliphatic carboxylic acids (such as
malonic acid) increased in concentration throughout the
reaction (up to 180 min), implying the continual miner-
alization of aromatic intermediates.

On the basis of these intermediates and the correspond-
ing concentration change, the photocatalytic degradation
pathway for PCP was proposed (Fig. 7). Because chlo-
rine was an electron-withdrawn group, the carbon atoms
of the benzene ring were electropositive and were able
to attract electrons (Weavers et al., 2000; Luo et al.,

7800
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Fig. 7 Possible reaction pathways during photocatalytic degradation of PCP.

2008). Meanwhile, plenty of O, ~ radicals generated in the
solution were strongly nucleophilic to release electrons.
They could attack the carbon atoms to cleave the bond
between the carbon and chlorine atoms. Therefore, the
chlorine atoms in the PCP molecule could be gradually
cleaved to form a series of less chlorinated congeners
and phenol. In our previous experiments, TeCP was also
reported as the main intermediates of PCP photocatalytic
degradation (Yin et al., 2010b). Furthermore, O, ™ is a
moderate oxidant with reduction potential (E°(O, ~)/HO;")
= 1.7 V; E%0,7)/H,0,) = 1.7 V), which suffices to
oxidize organic compounds (Song et al., 2007). Phenol
was oxidized to form maleic acid. All these aromatic
intermediates generated would undergo further oxidation
to form aliphatic carboxylic acids (such as malonic acid).
As a result, a pH decrease was consistently observed
during our experiments. Similar results were also reported
by Lan et al. (2008). As the photocatalytic degradation
proceeded, the small aliphatic carboxylic acids could be
mineralized into carbon dioxide and water. This pathway
was consistent with previous report of PCP photocatalytic
degradation under UV light irradiation (Suegara et al.,
2005). Although quinones were reported as main photo-
catalytic degradation intermediates of PCP (Sivalingam et
al., 2004), they were not detected in the present study.

2.5 Stability of the photocatalyst

The stability of a photocatalyst is important for its prac-
tical application. During repeated degradation processes,
degeneration of catalytic activity may occur. Therefore, a
series of photocatalytic experiments with recycled BSO

1.O¢ Ist 2nd 3rd 4th

0 40 80 120 160 200 240 280 320 360 400 440 480
Time (min)

Fig. 8 PCP photocatalytic degradation with recycled BSO at pH = 6.1,

photocatalyst loading 250.0 mg/L and initial concentration 4.0 mg/L.

were carried out to investigate the stability of BSO. The
corresponding results are given in Fig. 8. After four times,
BSO did not exhibit obvious loss of activity compared
with that of the first time. The good photocatalytic stability
proved that BSO was stable for the photocatalytic degrada-
tion of PCP.

3 Conclusions

PCP could be effectively degraded by BSO photocata-
lyst in aqueous solution under xenon light irradiati
reaction followed pseudo first-order kinetjcs. The radical
scavenger and ESR technologies showed that O, ™ mainly
led to the photocatalytic degradation of HCP. The results
indicated that the photocatalytic degradation mechanisms
of PCP based on O, ~ were dechlorination and oxidation.
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After four times, BSO still exhibited good photocatalytic
activity compared with that of the first time.
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