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a b s t r a c t

The visible-light active silver vanadates with different types of crystallines (Ag4V2O7 and Ag3VO4 phases)
were synthesized by an environmentally friendly aqueous process. The parameters of hydrothermal
temperature and hydrothermal time were tuned to maximize the photocatalytic efficiency for the decom-
position of benzene vapor under visible-light irradiation. The quantum efficiencies of the photocatalysts
are compared on the basis of the crystalline phases, surface area, intensity of surface hydroxyl groups, and
Brönsted acid sites. From the results of DRIFTS studies, the photocatalytic activities strongly depend on
the intensities of the Brönsted acidity and hydroxyl groups presented on the silver vanadates. The sam-

◦

isible-light irradiation
RIFTS
enzene

ple synthesized at 140 C and 4 h (HM140) exhibits the best photocatalytic activity; it has a reaction rate
constant (kapp) of 1.42 min−1, much higher than that of P25 (kapp = 0.13 min−1). For an irradiation time of
720 min, the mineralization yields of benzene were 48% and 11% for HM140 and P25, respectively. Based
on the short-term decrease of benzene concentration and the long-term increase of CO2 concentration,
the photocatalytic ability of the HM140 sample is significantly superior to that of P25. The highest activity
can be attributed to the synergetic effects of the richest Brönsted acid sites, and a favorable crystalline

ndan
phase combined with abu

. Introduction

Ag-containing monoclinic and perovskite materials, such as
gTaO3 [1], AgNbO3 [1], AgInW2O8 [2], and Ag3VO4 [3], have been
roven to be good visible-light responsive photocatalysts in the
eld of the photocatalytic splitting of water into H2 and O2 but few
tudies have been conducted in the field of the photodecomposition
f organic compounds [4–6]. For these silver oxide photocatalysts,
he hybridization of the O 2p6 orbitals with Ag 4d10 results in the
ifting up of the potential of the valence band, leading to a smaller
and gap. Therefore, Ag-containing oxides are good for the use as
isible-light responsive photocatalysts. However, the preparation
rocedures required the high purity powders and 850 ◦C (or higher)
or 12 h, which restricted the development of solid-state reactions

or industrial production. To reduce energy consumption, low-cost

etal oxide catalysts with high visible-light photocatalytic activity
re desirable. The hydrothermal method is considered a relatively
imple and high yield process for growing various metal oxides
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aiwan. Tel.: +886 6 2050359; fax: +886 6 2050540.
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t surface hydroxyl groups.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

at low temperature (less than 200 ◦C). The powders are prepared
without high-temperature calcinations, leading to a reduction of
energy consumption [7–10]. Moreover, a wide range of operating
parameters, such as the concentrations of precursors, pH, synthe-
sis temperature, and synthesis time, is easily controlled. The use
of the hydrothermal method for the preparation of Ag3VO4 was
firstly reported by Hu et al. [6]. They studied the effects of the
ratio of silver to vanadium on the formation of Ag3VO4 and found
that Ag3VO4 prepared in excessive vanadium at 160 ◦C for 48 h
exhibited higher visible-light-driven activity than the sample pre-
pared in a stoichiometric ratio. Huang et al. [11] investigated the
effect of hydrothermal time on the hydrothermal-synthesis of sil-
ver vanadates and found that the powder synthesized at 140 ◦C for
4 h exhibited the highest photocatalytic activity.

Catalytic reactions generally occur on the surface of the catalyst;
therefore, the photocatalytic activity strongly depends on the avail-
ability of active sites, which is related to the crystalline structure,
specific surface area, and adsorption/desorption characteristics.

Although surface area affects adsorption capacity, the chemical
surface nature of a catalyst, such as the surface acidity/basicity,
is considered crucial not only in determining adsorption capacity
and reaction activity, but also in determining the reaction selec-
tivity. However, previous research on silver vanadates has been

ghts reserved.
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imited to correlating the nature of surface functional groups with
hotocatalytic kinetics.

In the present study, photodecomposition of benzene was
elected as a model reaction to evaluate the photocatalytic perfor-
ance of silver vanadates since benzene is widely used as a solvent

n industrial processes. Benzene is also an in-door air pollutant
hich does not easily photo-decompose at relatively high concen-

rations. The reaction mechanism of the photodecomposition of
enzene by the catalysts was discovered by a diffuse reflectance

nfrared Fourier transform spectroscopy and mass spectrometry
DRIFTS-MS) system. DRIFTS is one of the useful tools to simultane-
usly examine the interactions between adsorbates and the catalyst
urface. Surface characterization combined with activity tests can
rovide insight into the effects of hydrothermal temperature and
ydrothermal time on the phase formation and subsequently on the
oles of surface hydroxyl groups and surface acidity in the reaction.

. Experimental procedure

.1. Synthesis

The hydrothermal synthesis of silver vanadates was performed
sing AgNO3 and NH4VO3 as the silver and vanadium precur-
ors, respectively. First, 0.006 mol AgNO3 was dissolved into 60 mL
f de-ionized water under stirring; 0.002 mol NH4VO3 was dis-
olved in hot de-ionized water (20 mL, 80 ◦C) to form a transparent
olution, which was then cooled to room temperature. The aque-
us AgNO3 solution was added dropwise to the NH4VO3 solution
nder vigorous stirring for 0.5 h to make silver vanadium oxide
uspension. The final pH value of the solution was adjusted to 7
sing ammonia solution, followed by additional stirring at room
emperature for 12 h. The as-obtained suspension was transferred
nto a Teflon liner autoclave, which was sealed and heated under
arious hydrothermal treatments (temperature: 120–180 ◦C, time:
–8 h). After hydrothermal crystallization, the resulting precipi-
ates were collected and washed repeatedly with de-ionized water
hree times, and then finally dried at 80 ◦C for 12 h.

.2. Sample characterization

The X-ray diffraction (XRD) patterns of the powders were
easured using an X-ray diffractometer (PANalytical X’Pert PRO)
ith Cu radiation (� = 0.15418 nm) in the 2�-range from 20◦ to

0◦. In situ DRIFTS was used to investigate the surface hydroxyl
roups and surface acidity of the catalysts. The measurements
ere performed using a PerkinElmer FTIR spectrometer (spectrum
X) and a praying mantis diffuse reflectance accessory (Harrick
cientific, DRP-PE9) with a controlled high-temperature and low-
ressure reaction cell (Harrick Scientific, HVC-DRP-3). The DRIFTS
ell (HVC-DRP-3) was equipped with an automatic temperature
ontroller (ATC-024-1). Prior to the IR measurements, the samples
ere heated under vacuum from room temperature to 250 ◦C at

0 ◦C min−1 in N2 flow (30 mL min−1), held at 250 ◦C for 30 min, and
hen cooled to 30 ◦C. DRIFT spectra were collected in the interval
f 2800–4000 cm−1 for surface hydroxyl groups and in the interval
f 1000–2000 cm−1 for surface acidity by averaging 64 scans with
resolution of 4 cm−1.

The chemisorption of ammonia was employed as a measure of
he surface acidity of catalysts. The catalyst was kept for 60 min
nder a flux of 5% (v/v) NH3/N2 (30 mL min−1). At the end of

he saturation process, the samples were flushed with N2 flow
30 mL min−1) for 10 min. Then, the samples were heated at a heat-
ng rate of 10 ◦C min−1 and DRIFT spectra were collected until the
amples were heated up to 250 ◦C; the samples were maintained at
50 ◦C for 30 min. The intensity of chemisorptions was determined
Fig. 1. The light spectra of the white fluorescent lamp used in this study. The major
peaks were observed at 435, 485, 545, 587, and 615 nm.

based on the irreversible adsorption of ammonia. Infrared spec-
troscopic spectra of ammonia adsorbed on sample surfaces were
subtracted from the reflectance spectra of the blank samples, which
were collected as background reference spectra.

UV–vis spectra were collected by a spectrophotometer (JASCO
V-500) equipped with an integrated sphere assembly over the
range of 400–700 nm. The specific surface areas of as-prepared
powders were measured by nitrogen adsorption/desorption using
the Barrett–Emmett–Teller (BET) method (Micromeritics ASAP
2020).

2.3. Photocatalytic activity evaluation with mass spectrometry

Photocatalytic activities of the samples were determined using
the photodegradation of benzene under visible-light irradiation in
a closed photoreactor. 0.05 g of photocatalyst powder was evenly
dispersed in a thin film on an annular crystal tube [12]. Prior to the
experiments, the sample was pre-treated at 150 ◦C for 30 min in dry
N2 (flowing at 100 mL min−1), cooled to 30 ◦C, then exposed to O2
flow (30 mL min−1) for 60 min. Then, the inlet valve was closed and
an appropriate amount of liquid benzene was injected into the reac-
tor, producing the gaseous benzene concentration of 614 ppm. The
photocatalytic reaction was carried out using a white daylight lamp
(TFC, FL10W-EX) after the samples were kept in the dark for 60 min
to achieve gas–solid adsorption equilibrium. The wavelength dis-
tribution of the white fluorescent lamp was shown in Fig. 1. The
main emission band is occurred at 545 nm and the photon flux
was measured as 3.98 × 10−7 Einstein/s L. The compositions of the
gaseous products were monitored on-line with a quadrupole mass
spectrometer (SRS QMS300) at regular intervals.

3. Results and discussion

3.1. Effect of the hydrothermal temperature on structural,
textural, and photocatalytic properties of silver vanadates

The XRD patterns of silver vanadates prepared at various
hydrothermal temperatures for 4 h are shown in Fig. 2. Samples
HM120, HM140, HM160, and HM180 correspond to hydrother-
mal temperatures of 120, 140, 160, and 180 ◦C, respectively. The
diffraction peaks of silver vanadates prepared at various hydrother-
mal temperatures exhibit two sets of diffraction lines: one set of
diffraction lines can be indexed well to the �-Ag3VO4 structure
(JCPDS 43-0542), and the other weak diffraction lines are attributed
to Ag4V2O7 (JCPDS 77-0097). Therefore, the HM series samples
had mixed phases of Ag4V2O7 and �-Ag3VO4. The hydrothermal

temperature did not have an obvious effect on the formation of
silver vanadates. The corresponding crystallite sizes of HM120,
HM140, HM160, and HM180 based on Scherrer’s equation are
listed in Table 1. The crystallite size of the samples increased with
hydrothermal temperature, which implies that high hydrothermal
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Table 1
Crystalline phases and crystal sizes of as-prepared silver vanadates.

Sample HM120 HM140 HM160 HM180 HT2 HT6 HT8

Crystal phase Ag3VO4 Ag3VO4 Ag3VO4

Ag4V2O7 Ag4V2O7 Ag4V2O7

Crystal size (nm) 23.2 48.9 66.2
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Fig. 6a and b. All hydrothermal synthesis samples had an intense
ig. 2. XRD patterns of silver vanadates synthesized at various hydrothermal tem-
eratures for 4 h.

emperature favored grain growth according to the theory of ther-
odynamic nucleation and growth.
Fig. 3 shows the results of benzene photodegradation for

M120, HM140, HM160, and HM180. Higher hydrothermal tem-
eratures did not increase the benzene removal when the
emperature was over 160 ◦C. Since the HM140 sample showed the
ighest photoactivity, the optimum temperature for hydrothermal-
ynthesis of silver vanadates was set at 140 ◦C. The specific surface

reas of HM120, HM140, HM160, and HM180 are 6.9, 2.0, 1.3, and
.0 m2 g−1, respectively, indicating that the specific surface area of
M140 is not associated with the photocatalytic activity.

ig. 3. Degradation curves of gaseous benzene decomposed by silver vanadates
repared at various temperatures.
Ag3VO4 Ag3VO4 Ag3VO4 Ag3VO4

Ag4V2O7 Ag4V2O7

77.3 41.2 58.0 66.2

3.2. Effect of the hydrothermal time on structural, textural, and
photocatalytic properties of silver vanadate

To further investigate the formation process of silver vanadates,
another series of samples was prepared at 140 ◦C for hydrothermal
times of 2, 6, and 8 h; the samples were denoted as HT2, HT6, and
HT8, respectively. The silver vanadates prepared at 140 ◦C for 4 h
were the same as those for the HM140 sample. Fig. 4 shows the
XRD patterns of silver vanadates obtained at various hydrothermal
times at 140 ◦C. The HT2 samples had mixed phases of Ag4V2O7
and �-Ag3VO4. However, at the hydrothermal time of 6 h, all the
peaks attributed to Ag4V2O7 disappeared and pure �-Ag3VO4 was
obtained. At the hydrothermal time of 8 h, the HT8 sample had
enhanced diffraction intensities of the �-Ag3VO4 crystal. The cor-
responding crystallite sizes of HT2, HM140, HT6, and HT8 are also
listed in Table 1. The data show that the hydrothermal time had less
influence on the crystal size than did the hydrothermal tempera-
ture. The specific surface areas of HT2, HM140, HT6, and HT8 are
3.2, 2.0, 1.7, and 1.4 m2 g−1, respectively. The photocatalytic activ-
ity of Degussa P25 was also studied for comparison with those of
HT2, HM140, HT6, and HT8. The results are shown in Fig. 5. After
10 min of illumination, the HT2, HM140, HT6, and HT8 samples
had much higher percentages of benzene removal than that of P25
(for example, 100% benzene removal for HM140 vs. 58% benzene
removal for P25). The photocatalytic activity follows the sequence:
HM140 > HT6 > HT8 > HT2 � P25.

3.3. UV–vis diffusion reflectance spectra (UV–vis DRS)

The DRS spectra of as-prepared silver vanadates are shown in
absorption in the visible-light range. The onset positions of absorp-
tion edges for the samples prepared at various temperatures are
similar, around 540 nm, which is equivalent to 2.3 eV, as shown in
Fig. 6a. Significant differences in the absorption edges of the sam-

Fig. 4. XRD patterns of the silver vanadates synthesized at 140 ◦C for various
hydrothermal times.
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Table 2
Apparent rate constants for the photodegradation of benzene.
ig. 5. Degradation curves of gaseous benzene decomposed by silver vanadates
repared at various hydrothermal times and by commercial TiO2 (P25).

les prepared at various hydrothermal times were observed. The

ifferences in absorption edge wavelength for the silver vanadates,
ig. 6b, clearly indicate that four samples had different band gaps,
hich was due to the difference of crystalline structure. The spectra
atterns of HT6 and HT8 were similar. Steep edges were observed

ig. 6. UV–vis diffuse reflectance spectra of (a) HM series samples and (b) HT series
amples.
Sample P25 HM120 HM140 HM160 HM180 HT2 HT6 HT8

kapp (min−1) 0.13 0.46 1.42 0.51 0.41 0.54 0.99 0.94
R2 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99

for samples synthesized for long times, reflecting the high crys-
tallinity of the �-Ag3VO4 crystal. The band gap absorption edge
of HT6 was determined to be 561 nm, equivalent to 2.2 eV of the
band gap energy, which is in good agreement with that reported
for Ag3VO4 [3].

3.4. Kinetic studies of the samples

The degradation data of benzene were fitted to a pseudo-first-
order model. The degradation rate was obtained through linear fits
of the expression: ln(C0/C) = kappt (where C0 and C are the concen-
tration of benzene at reaction times 0 and t, respectively, and kapp

is the apparent rate constant). The apparent rate constants and the
correlation coefficients (R2) of the fitting are shown in Table 2. The
R2 values are all close to 1.0, implying that the pseudo-first-order
kinetic model is suitable for the experimental data. Table 2 shows
that the samples prepared at 120, 160, and 180 ◦C were not as active
as the HM140 samples in terms of the degradation of benzene. Cat-
alysts prepared with various hydrothermal times at 140 ◦C have
higher photocatalytic activities than those of HM120, HM160, and
HM180. For the closed reactor, HM140 had the maximum apparent
rate constant, which was 11 times higher than that of P25.

Due to the complex mechanism of the photocatalytic reac-
tion, the initial rate of photocatalytic reaction is usually used for
the kinetic modeling of the photocatalytic process. Therefore, the
Langmuir–Hinshelwood (L–H) model was chosen in this study; it
is expressed as follows [13]:

r0 = kKC0

1 + KC0
or

1
r0

= 1
k

+ 1
kK

1
C0

(1)

where r0 is the initial photocatalytic degradation rate of the reac-
tant; C0 is the initial reaction concentration of the reactant, k is the
reaction rate constant, and K is the adsorption constant. k and K
can be obtained by transforming the L–H equation into its inverse
function as a linear relationship with an intercept of k−1 and a slope
(kK)−1.

Since HM140 and HT2 had the maximum and minimum appar-
ent rate constants, respectively, the analysis of the L–H model was
applied to these samples. The kinetic parameters, such as reaction
rate constant, adsorption constant, and correlation coefficient, are
shown in Table 3. The correlation coefficients of HM2 and HM140
show that the photocatalytic degradation of benzene on silver
vanadates matches the L–H model. According to the L–H model, the
adsorption constant (K) reflects the adsorption affinity of adsorbate
molecules with the adsorbent. It is generally accepted that a higher
surface area of the catalyst leads to a higher reactant adsorption

capacity. However, although P25 has the highest specific surface
area (49.0 m2 g−1), its adsorption constant was much lower than
that of HM140, which had the highest adsorption capacity for ben-
zene. The adsorption constant of HM140 was about 7 times higher
than that of P25.

Table 3
Reaction rate constant (k) and adsorption equilibrium constant (K) of benzene for
HT2, HM140, HT6, and P25.

Sample P25 HT2 HM140 HT6

k (�M × min−1) 0.23 0.50 0.79 0.64
K (�M−1) 0.44 0.82 3.11 1.26
R2 0.95 0.99 0.99 0.98
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3425 and 3687 cm−1 can be assigned to hydrogen bonded O–H
stretching vibration [28] and linear �(OH) [29], respectively. The
amounts of various OH groups on the HT series samples could be
obtained by integrating the three individual curves, as shown in

Table 4
Various OH peaks in the IR spectrum, 2800–4000 cm−1, calculated for HT series
samples at 250 ◦C.

Sample Isolated-OH Total area

OH group chemically
adsorbed at
3200 cm−1

H bonded O–H
stretching vibration
at 3425 cm−1

�(OH) linear at
3687 cm−1
ig. 7. DRIFT spectra of NH3 species adsorbed on HT series samples and P25 samples
eated at 250 ◦C.

.5. Role of surface acidity

The equilibrium adsorption amount of volatile organic chem-
cals (VOC) in the dark provides a qualitative indication of the
dsorption affinity between VOC and the photocatalyst. As shown
n Fig. 5, the adsorption capacities of benzene on the samples, at
he beginning of the photocatalytic reaction, decreased in the fol-
owing sequence: HM140 > HT6 > HT8 > HT2 > P25. It is well known
hat either the adsorption process or the surface reaction is the
ate-determining step for catalytic reactions; therefore, the pho-
ocatalytic reaction strongly depends on the crystalline structure,
pecific surface area, and adsorption/desorption characteristics.
ang et al. [14] reported that photocatalytic oxidation always
egins with the adsorption process, which is the dye pre-adsorbed
n TiO2 for aqueous systems. However, in this study, the trends
n the specific areas of the samples cannot explain the trends in
enzene adsorption. Therefore, parameters other than surface area
eed to be investigated. The most important of them is the surface
hemistry of the adsorbents used. A series of papers [15–18] has
eported the Brönsted acidity of the catalysts is beneficial to the
dsorption kinetics with adsorbates, which accelerates the reac-
ions such as benzene hydrogenation, the oxidation of benzene,
nd alkylation of benzene.

To determine whether the surface chemistry of the catalysts
ffects the adsorption of benzene, ammonia adsorption on the pho-
ocatalysts surface was studied. A literature survey indicates that
dsorption centers of NH3 can be used to determine the presence
f Brönsted and Lewis acid sites using DRIFT experiments [19–21].
efore the DRIFT measurements, the samples were saturated with
H3/N2, flushed with N2 flow to remove the physical adsorption
f ammonia, and then heated from 30 to 250 ◦C. The intensity of
hemisorptions was determined based on the irreversible adsorp-
ion of ammonia. Fig. 7 shows the infrared spectra of ammonia
dsorbed on HT series samples and P25 samples, which were heated
t 250 ◦C for 30 min. The existence of NH4

+ ions adsorbed onto
rönsted acid sites of the silver vanadate surfaces is supported by
he presence of a band at 1425 cm−1 due to the asymmetric defor-

ation mode. A weak band at 1670 cm−1 due to the symmetric
eformation mode was also detectable [22,23]. The infrared spec-
ra were obtained when the samples were heated at 250 ◦C for
0 min, indicating that the stability of the NH3 adsorbed species

as excellent and confirming the existence of Brönsted acidity of

ilver vanadates. On the other hand, no deformation modes regard-
ng the NH4

+ ions were observed for P25, indicating that P25 had
ew Brönsted acid sites. The intensity of Brönsted acid, detected at
Fig. 8. Infrared spectra of OH groups on HT series samples and P25 samples heated
at 250 ◦C.

1425 cm−1, follows the sequence: HM140 > HT6 > HT8 � HT2. Com-
paring Figs. 5 and 7, one can see that the adsorption capacity of
benzene on silver vanadates closely correlates to the intensity of
Brönsted acid of the samples. That is, a higher intensity of Brönsted
acid of the silver vanadates indicates a larger adsorption capac-
ity for benzene. As indicated in Table 3, the adsorption constant
strongly depends on the surface acidity of silver vanadates.

3.6. Role of surface hydroxyl groups

In photocatalysis reactions, surface adsorbed water or the sur-
face hydroxyl group acts as the trap for the photogenerated hole,
forming oxidative hydroxyl radicals and subsequently oxidizing
the adsorbed molecules on the substrate surface. Numerous stud-
ies have revealed that the nature and distribution of surface OH
groups is the determining factor of the photocatalytic activity of
TiO2 [24–26]. Thus, FTIR studies were performed to characterize the
distribution of hydroxyl groups present on HT series samples and
to investigate whether hydroxyl groups were also responsible for
the degradation ability of the silver vanadates. Before DRIFTS mea-
surements, the samples were heated to 250 ◦C to remove adsorbed
water. As shown in Fig. 8, two broad strong bands, ranging from
3700 to 3100 cm−1, were observed for HM140, while a very weak
band in the same range was observed for P25. The peaks in the
range of 3700–3100 cm−1 may be due to the overlapping of vari-
ous OH groups. The deconvolution of the peak was conducted using
several Gaussian curves based on the IR assignments of OH groups
(at 3200, 3425, and 3687 cm−1) reported in the literature.

The peak at 3200 cm−1 is the typical OH group chemically
adsorbed on the surface of the photocatalyst [27]. The peaks at
HT 2 101.08 22.74 2.30 126.12
HM140 357.08 460.47 19.23 836.78
HT 6 142.96 90.89 5.02 238.87
HT 8 104.45 18.13 2.35 124.93



L.-C. Chen et al. / Journal of Hazardous Materials 178 (2010) 644–651 649

Table 5
Mineralization yield for various samples.

Sample Mineralization yield (%)

P25 11

T
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HM140 48
HT6 19
CTAB-SVO 7

able 4. A comparison of Tables 3 and 4 indicates that the amount
f OH groups increases in the order of HT2 < HT6 < HM140, which
grees well with the rate constant results. Generally speaking, pho-
ocatalytic activity is related to the crystalline phase. Konta et al.
3] reported that �-Ag3VO4 showed stronger photocatalytic activ-
ty than those of �-AgVO3 and Ag4V2O7 for O2 evolution from an
queous silver nitrate solution under visible-light irradiation. For
he HT series, it was observed that the HM140 sample, with mixed
hases of Ag4V2O7 and �-Ag3VO4, exhibits the highest photocat-
lytic activity, whereas HT6 shows low activity even though it has

high crystallinity of �-Ag3VO4. An increasing number of studies
ave indicated that a bicrystalline framework of anatase and rutile
how much better photocatalytic activity than that of pure anatase
iO2 [30–33]. Since nitrogen-doped TiO2 has higher rutile con-

ig. 9. Time-dependent concentrations for (a) phenol as main intermediate; (b) CO2

s final product under visible-light irradiation.
Fig. 10. XRD patterns of the fresh and used HM140 photocatalysts.

tent, it has more surface defects, which generate favorable active
sites for trapping photogenerated holes. The holes are consequently
transferred to hydroxyl groups to form hydroxyl radicals, result-
ing in higher photocatalytic efficiency. Apparently, the appropriate
framework of Ag4V2O7 and �-Ag3VO4 accompanied with abundant
surface hydroxyl groups is vital for the photocatalytic efficiency of
silver vanadates photocatalysts.

3.7. Intermediate, mineralization efficiency, and stability
evaluation

As shown in Fig. 4, the XRD patterns of the samples synthe-
sized at 140 ◦C for various durations consisted of pure �-Ag3VO4 or
mixed phases of Ag4V2O7 and �-Ag3VO4. The CTAB-SVO samples,
prepared by the addition of cetyltrimethylammonium bromide
(CTAB, C19H49BrN), were characterized to be the pure Ag4V2O7
crystalline [34]. The GC/MS was used to investigate the intermedi-
ates or byproducts occurred during the photocatalytic oxidation of

benzene. As observed in Fig. 9, phenol was detected to be the major
by-product at the first 7 min of the photo-irradiation and it dimin-
ished to a very low concentration level after 60 min. Accordingly,
the concentration of benzene dropped significantly at the same

Fig. 11. XRD patterns of the fresh and used HT6 photocatalysts.
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ig. 12. Absorption and PL spectra for (a) fresh and used-HM140 catalysts; (b) fresh
nd used HT6 photocatalysts.

ime when the formation of phenol was pronounced. Consistently,
he carbon dioxide as the final product was found to be notice-
ble after 60 min of reaction. Similar results were also observed
n the works of Wang and Ku [35]. Additionally, d’Hennezel et al.
36] reported that phenol was the major by-product, accompanied
ith very small amounts of hydroquinone and 1,4-benzoquinone as
etected by GC/MS. Other researchers [37,38] reported that no gas-
hase intermediates were detected by direct GC/FID analysis. For a
00% mineralization, six moles of carbon dioxide are formed from
ach mole of benzene. The results of mineralization yield under
isible-light illumination are listed in Table 5. For an irradiation
ime of 720 min, the mineralization yields of benzene were 48%
nd 11% for HM140 and P25, respectively.

Since the benzene can be decomposed completely at the reac-
ion run over 12 h, the reaction duration of 12 h is selected in the
tability evaluation experiments. At the end of photocatalytic reac-
ion, the photocatalyst was dehydrated at 120 ◦C for 6 h and then
rradiated at UV light for 6 h. After the complete removal of the
esiduals on photocatalysts, the samples were reused again for
hotodegradation of benzene. After five times runs of reaction,
he apparent rate constant and mineralization performance of the

−1
sed HM140 under 720 min of irradiation were 1.41 min and
5%, respectively. Figs. 10–12 show the crystal structures, optical
bsorption, and photoluminescence spectra of the fresh and used
M140 and HT6. It can be seen that the crystal structure, optical
bsorption, photoluminescence spectra, and activity of the fresh

[

[
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and used silver vanadates are remained the same, indicating that
these materials are quite stable.

4. Conclusions

Environmentally friendly silver vanadate photocatalysts were
synthesized using hydrothermal synthesis without a high-
temperature calcination process. Phenol as the by-product and the
carbon dioxide as the final product were detected by GC/MS anal-
ysis during the oxidation of benzene. Based on the apparent rate
constant for the initial photodegradation of benzene and CO2 pro-
duction after long-term light irradiation, the HM140 samples had
high visible-light photocatalytic activity. HM140 has the richest
Brönsted acid sites, which is advantageous for the adsorption of
benzene, and because a favorable crystalline phase combined with
abundant surface hydroxyl groups of HM140 increases the reaction
rate. HT8 showed much lower activity even though it has the high-
est crystallinity of �-Ag3VO4. In this study, the densities of Brönsted
acid and OH groups had more influence on photocatalytic activity
than did the crystalline structure. The results provide experimental
evidence of the effects of crystal phases and surface chemistry on
photocatalytic activity of visible-light active photocatalysts.
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