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Abstract The influence of vanadium loading and calcination

temperature on the catalytic performance of vanadia/TiO2

(mixed-crystal) catalysts for the selective hydroxylation of

benzene was investigated. A series of VOx/TiO2 catalysts were

prepared using a range of vanadium loadings (2.27–9.06 wt %)

and calcination temperatures of 450–650 �C. The samples were

characterized using thermogravimetry–differential thermal

analysis, N2-adsorption, scanning electron microscopy, H2

temperature-programmed reduction, X-ray diffraction, trans-

mission electron microscopy, and X-ray photoelectron spec-

troscopy. It was found that vanadium exists as monomeric and

polymeric VOx and V2O5 crystal phases, depending on the

amount of vanadium, accompanied by transformation of the

TiO2 carrier from anatase to rutile. The influence of temperature

on the anatase to rutile transformation was strong, and only a

little anatase was transformed to rutile at temperatures below

550 �C. When the temperature was raised to 650 �C, rutile

became the main crystal phase. Monodisperse vanadia/TiO2

(mainly anatase) catalysts are highly active in benzene

hydroxylation to phenol, but aggregation of VOx and crystalline

V2O5 supported on a rutile carrier lowers the catalytic activity.

In addition, the catalytic performances of the various catalysts

in hydroxylation of benzene to phenol were investigated and

possible reaction mechanisms are discussed.
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1 Introduction

Phenol is an important industrial intermediate and is widely

used for the production of phenolic resins, bisphenol A,

epoxy resins, caprolactam, and aniline, for example. Phe-

nol is mostly produced using the well-known cumene

process. This process produces equimolar amounts of

acetone as a by-product, and its use depends on the market

price of acetone. The direct hydroxylation of benzene to

phenol has therefore attracted much attention as an envi-

ronmentally friendly and economically efficient process

[1]. Recently, much effort has been devoted to finding a

new synthetic route to phenol using a one-step process for

the hydroxylation of benzene to phenol under mild condi-

tions, for example, using nitrous oxide [2], molecular

oxygen [3, 4], or hydrogen peroxide [5, 6]. The direct

oxidation of benzene to phenol using H2O2 as an oxidant is

widely accepted as a green process, with water as the only

byproduct, and this may be one of the most useful pro-

cesses in the future. However, finding higher activity cat-

alysts, such as titanium–silica-based catalysts [7], Fe2O3/

multiwalled carbon nanotubes [8], Fe3?/MgO [9], FeSO4/

SiO2 [10], Fe3O4/CMK-3 [11], Cu-MCM-41 [12], and

CuAPO-11 [13], is challenging. Supported vanadia-based

catalysts have been used in the hydroxylation of benzene to

phenol [14–16]. Zhu et al. [17] have prepared VOx/SBA-16

catalysts using an impregnation method; VOx/SBA-16 with

7.3 wt % vanadium showed excellent activity for the

hydroxylation of benzene with H2O2, and a selectivity of

97.5 %, with a phenol yield and turnover number of 13.8,

and 32.4 %, respectively, in 4 h, were obtained. Feng et al.
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[6] prepared a series of vanadium-containing hexagonal

mesoporous silica (HMS) catalysts with different vanadium

contents, using a coprecipitation method, for the direct

hydroxylation of benzene to phenol with hydrogen perox-

ide, and a phenol yield of 11.1 % was obtained. Chen et al.

[18] investigated the catalytic performance of [(CH3)4N]4–

PMo11VO40 for the hydroxylation of benzene and, with

molecular oxygen as the oxidant, they found that 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO) enhanced the cat-

alytic performance, and the phenol yield reached 8.3 %

with a selectivity of 95 % in 1 h. In our laboratory, V-HMS

catalysts have been prepared and used for the direct

hydroxylation of benzene to phenol using 30 % H2O2 as

the oxidant; it was found that highly dispersed vanadium

species could enhance the catalytic activity, and the best

yield of phenol we obtained was 18.5 % with a selectivity

of nearly 100 % [19]. It is still a major challenge to prepare

catalysts with acceptable catalytic activity and selectivity

for direct hydroxylation of benzene to phenol.

Vanadium supported on titania is commonly used as a

catalyst for a number of industrially important reactions,

including selective oxidation reactions of o-xylene to

phthalic anhydride [20–22], ammoxidation of hydrocar-

bons [23, 24], and selective reduction of NOx with NH3 in

the presence of O2 [25–27]. The structural characteristics

and catalytic activity and selectivity of vanadium/TiO2

systems depend mainly on the method and conditions of

preparation, such as the crystal structure of the titania, the

vanadium loading, and the calcination temperature [28].

The dispersion of vanadia supported on TiO2 is one of the

main factors controlling catalytic performance [29]. The

results of recent studies [30] indicate that a two-dimen-

sional vanadia layer is the active phase in selective oxi-

dation of hydrocarbons and it shows a higher activity and

selectivity than bulk V2O5 crystallites. It is generally

agreed that anatase-phase TiO2 gives rise to epitaxial

growth of vanadia, exposing the (010) plane monolayer,

unlike rutile-phase TiO2 [29]. It is well known that anatase

TiO2-supported catalysts undergo an anatase–rutile phase

transformation at high temperatures, and a higher VOx

loading results in a higher surface density of nuclei for the

phase transition from anatase to rutile, because replace-

ment of Ti ions by vanadium ions, which are smaller,

results in formation of a rutile solid-solution in which VOx

is dissolved [21, 31].

Although the structure of V2O5/TiO2 and its catalytic

properties have been extensively studied for some reac-

tions, its direct use as a catalyst for the direct hydroxylation

of benzene to phenol has received little attention. In this

work, a series of TiO2-supported VOx catalysts with vari-

ous amounts of vanadium oxide were synthesized using a

hydrothermal synthesis method and used for hydroxylation

of benzene to phenol. In particular, the structural evolution

of VOx/TiO2 under the influence of thermal treatments,

vanadium loading, and the interaction of vanadium oxide

with titanium dioxide were studied using thermogravime-

try–differential thermal analysis (TG–DTA), N2 adsorp-

tion, scanning electron microscopy (SEM), transmission

electron microscopy (TEM), X-ray diffraction (XRD), H2

temperature-programmed reduction (H2-TPR), and X-ray

photoelectron spectroscopy (XPS). The results indicated

that composites with different vanadium loadings, and

produced using different calcination temperatures, had

different crystalline phases, and there was a strong inter-

action between the carrier and the vanadium species. The

relationship between the catalyst structure and catalytic

properties are discussed. The VOx/TiO2 catalyst calcined at

550 �C and with a vanadium loading of 4.30 wt % was a

mixture of anatase and rutile (12.6 wt %), and exhibited

excellent catalytic properties in the hydroxylation of ben-

zene to phenol at 60 �C with a high phenol yield of around

23.8 %, and a phenol selectivity of about 85 %. A possible

mechanism for the hydroxylation of benzene to phenol and

the catalytic performance are discussed.

2 Experimental

2.1 Catalyst Preparation

The VOx/TiO2 catalyst was prepared by hydrothermal

synthesis using laurylamine (DDA) (98 %, SCRC, Shang-

hai, China) as a template, tetrabutyl titanate (TBOT, 98 %,

SCRCs), isopropanol ([99 %, SCRC), and ammonium

metavanadate (NH4VO3, C99.0 %, SCRC) as precursors.

In a typical synthesis, about 2.5 g of DDA, 21 g of absolute

ethanol, 36 g of deionized water, and a given amount of

NH4VO3 were first mixed. After vigorous stirring at 30 �C

for 30 min, a mixture of 17 g of TBOT and 6.0 g of iso-

propanol was slowly added under vigorous stirring; a buff

sediment was immediately formed. The molar ratio of the

mixture was 1.0 TiO2:x NH4VO3:0.27 DDA:9.0 etha-

nol:2.0 isopropanol:40 H2O. After stirring for 24 h, the

mixture was aged without stirring at 30 �C for 24 h. The

resulting mixture was filtered and the precipitate was

washed once with deionized water (200 mL) and then five

times with absolute ethanol (50 mL). The precipitate was

dried at 80 �C overnight and calcined at different temper-

atures (450–650 �C), with a heating rate of 2 �C min-1, for

6 h to remove the organic species. The obtained sample

was denoted by TiV(T)-n (T represents the calcination

temperature, T = 450, 500, 550, 600, 650 �C, and n rep-

resents the weight percentage of vanadium, n = 2.27, 3.36,

4.30, 6.93, and 9.06 wt %).
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2.2 Catalysts Characterization

Thermogravimetric analysis (TG/DTA) was carried out in

air atmosphere with a Mettler TC-10 thermo balance

(Diamond TG/DTA, Perkin Elmer) from room temperature

to 900 �C at a heating rate of 20 �C min-1. Powder X-ray

diffraction (XRD) patterns were recorded on a Germany

Bruker D8 Advance diffractometer using Cu Ka radiation

(k = 1.5418 Å). Nitrogen adsorption isotherms were

measured at -196 �C on Quantachrome NOVA2000e. The

samples were degassed at 300 �C for 3 h before the mea-

surement under vacuum (10-3 Torr). The specific surface

areas were determined according to the Brunauer–Emmett–

Teller (BET) method in the relative pressure range of

0.05–0.3. The pore volumes were calculated from the

nitrogen volume adsorbed at the relative pressure of 0.99.

Pore size distribution (PSD) curve was derived from the

Barrett–Joyner–Halenda (BJH) method using the adsorp-

tion branch. The pore size was estimated from the maxi-

mum position of the BJH–PSD curve. Morphology of the

samples was observed with scanning electron microscope

(SEM) on a Rigaku S-4300 spectrometer coupled with an

energy dispersive spectroscopy (EDS). The microscopic

feature of the samples was observed with transmission

electron microscope (TEM) on a Rigaku H-7650 scan-

transmission electron microscope with 100 kV. H2-TPR

measurement was performed in a quartz tubular microre-

actor on Quantachrome Chem-BET3000. Catalyst sample

(50 mg) was placed in the reactor and subjected to a gas

flow of pure Ar (120 mL/min) at 500 �C for 1 h, followed

by cooling down to 50 �C in pure Ar flow. After that, the

sample was heated in H2–Ar flow (80 mL/min, containing

10 mol% H2/Ar) from 50 to 800 �C at the rate of

10 �C min-1. The amount of H2-consumption during the

heating for reduction was measured by a thermal conduc-

tivity detector (TCD). The surface chemical composition of

the catalysts was determined by X-ray photoelectron

spectroscopy (XPS) on a VG ESCALAB 250 spectrometer

(Thermo Electron, UK), using a non-monochromatized Al

Ka X-ray source (1486 eV).

2.3 Catalytic Test and Analytic Procedure

The liquid-phase oxidation of benzene to phenol was car-

ried out in a three-necked round-bottomed flask (50 mL)

with a magnetic stirrer. In a typical reaction, the required

amount of calcined catalyst powder was fully dispersed in

5.0 mL acetonitrile (CH3CN, A. R.) followed by the

addition of 2.3 g (0.03 mol) benzene (A.R.). After stabil-

ization of the temperature, the required amount of H2O2

(30 wt % in H2O, A.R.) was added in one lot and the

benzene hydroxylation process was kept going with mag-

netic stirring for a period of time. After that, the reaction

solution was cooled to ambient temperature, and the solid

catalyst was separated by centrifugation. The liquid prod-

uct was analyzed using a gas chromatograph equipped with

a flame ionization detector [Cotrun GC9800(N)] and fitted

with a KB-17 (30 m 9 0.25 mm 9 0.25 lm) capillary

column. The temperatures of the sample injector and

detector were 250 and 280 �C, respectively. The tempera-

ture program for the product analysis was as follows: the

initial temperature, 50 �C, was maintained for 4 min, and

increased at a rate of 15 �C min-1 to the final temperature

of 200 �C; methylbenzene was used as the internal stan-

dard. Under the employ conditions, only benzoquinone was

detected as the by-product. Conversion and selectivity were

calculated by comparing with relative area of each of

authentic samples, which is proportional to the concentra-

tion of the substance.

Yield of phenol ¼ mol phenol= mol initial benzeneð Þ:

Conversion of benzene ¼ mol reacted benzene =

mol initial benzeneð Þ:

Selective of phenol ¼ yield of phenol =

conversion of benzeneð Þ:

3 Results and Discussion

3.1 TG–DTA, XRD, Pore Structure,

and Microstructure Analysis

The TG analysis results for the TiV-4.30 precursor are

shown in Fig. 1. In the TG curve, the sample showed a total

weight loss of *47 % on heating to 900 �C. The first effect,

below 180 �C, was attributed to the release of physically

absorbed water, the second was attributed to desorption and

decomposition of the DDA template between 200 and

550 �C [32, 33], and the third effect represents the trans-

formation of anatase to the rutile phase from 550 to 850 �C.

The DTA curve exhibited a large exothermic peak corre-

sponding to desorption and decomposition of surfactants

and the crystallization of mesoporous TiO2. There was no

mass loss from the composite above 850 �C.

The sample microstructures were examined using low-

angle XRD patterns of the TiV(T)-4.30 catalysts for dif-

ferent calcination temperatures, as shown in Fig. 2a. All

the catalysts contained a low single-angle diffraction peak,

characteristic of mesoporous materials, corresponding to

the (100) basal line. The intensity and degree order of the

patterns decreased slightly with increasing temperature.

The wide-angle XRD patterns are shown in Fig. 2b. It is

obvious that the main peaks at 2h = 25.5, 37.9, 48.1, 54.1,

and 62.6� were the (101), (004), (200), (105), and (204)

diffraction peaks of anatase-phase TiO2 (JCPDS 21-1272),
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for calcination temperature 450, 500, and 550 �C [34, 35].

A very weak peak appeared at 2h = 27.4�, which belonged

to the (110) diffraction peak of the rutile phase at 550 �C,

but the main diffraction peaks correspond to the anatase

phase. When the temperature was increased to 600 or

650 �C, the catalyst was transformed into almost pure rutile

TiO2, because the anatase phase, which is a metastable

phase, was transformed to the stable rutile phase at higher

temperatures [48]. This indicated that higher temperatures

were favorable for phase transformation [21].

The wide-angle XRD patterns of catalysts with different

vanadium contents (calcined at 550 �C) are shown in

Fig. 3a. It was found that the added V2O5 promotes the

anatase–rutile phase transformation in TiO2-supported cat-

alyst powders. Without vanadium doping, the sample was

mostly in the anatase phase. As the vanadium loading

increased from 2.27 to 9.06 wt %, the crystalline phase

changed significantly. When the powder mixture contained

a small amount of vanadium, there was a small amount of

the rutile phase. The relationship between percentage

composition of rutile and the vanadium loading is shown in

Fig. 3b. When the vanadium loading was 9.06 wt %, the

fraction of rutile was 92.4 wt %, which indicated that the

loading of the vanadia species could dramatically accelerate

transformation of anatase to rutile. In addition, the diffrac-

tion peaks at 2h = 20.23, 26.08, and 31.03� correspond to

the formation of bulk V2O5 on the composite surfaces. All of

these results are in agreement with the literature [17, 36].

N2-physisorption isotherms of all the TiV(T)-4.30 sam-

ples, calcined at various temperatures, are shown in

Fig. 4a. All the N2-physisorption isotherms were classical

type IV, with a typical H2 hysteresis loop between the

adsorption and the desorption curves, indicating the exis-

tence of pores with narrow entrances and large cavities [37,

38]. When the calcination temperature was 650 �C, the

hysteresis loop of a given sample shifted to the high

pressure P/P0 range and its slope became gentler; this may

be a result of crystallization of the sample, subsequent

crystal growth, and collapse of the mesoporous structure

[32]. The pore size distribution of the TiV(T)-4.30 samples

are shown in Fig. 4b, estimated using the Barrett–Joyner–

Halenda (BJH) method from the desorption branches. It

was obviously that all the samples had narrow pore size

distributions (3–5 nm) and uniform pore structures, and the

pore size distribution became narrower with increasing

calcination temperature, indicating that higher tempera-

tures caused structural changes in the catalyst; this is

consistent with the XRD analysis.

The detailed structural parameters of the TiV(T)-4.30

catalysts, calcined at various temperatures, are shown in

Table 1. As the calcination temperature increased, the

surface areas and average pore sizes of the materials

increased. The largest Brunauer–Emmett–Teller (BET)
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Fig. 1 TG–DTA curves recorded for the TiV-4.30 catalyst

Fig. 2 XRD patterns (a low angle; b wide angle) of TiV(T)-4.30

catalysts with different calcination temperatures: A 450 �C, B 500 �C,

C 550 �C, D 600 �C, and E 650 �C
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specific area, 83 m2/g, was obtained for the sample cal-

cined at 550 �C; the pore volume and pore size were

0.11 cm3/g and 3.8 nm, respectively. However, the size of

the particles increased from 16 to 54 nm for a calcination

temperature of 650 �C, and the surface area and pore

volume were 11 m2/g and 0.016 cm3/g, respectively,

indicating that the sample crystal type changed at higher

calcination temperatures [37]. These results are in agree-

ment with the XRD analysis.

The physicochemical properties of samples with dif-

ferent vanadium loadings, calcined at 550 �C, are listed in

Table 2. It can be seen that impregnation with vanadium

species increased from 0 to 4.30 wt %, there was a notable

increase of the sample surface area from 25 to 83 m2/g, and

the grain size decreased from 24 to 16 nm. The reason may

be that vanadium species hinder crystalloid growth [39].

With the loading amount of vanadium species reached

9.06 wt %, there were negligible decreases in the specific

area, pore volume, and pore diameter of the sample, but the

grain size increased from 16 to 29 nm, which may be

caused by the extra vanadium and the carrier TiO2 forming

a VxTi1-xO2 rutile-phase solid-solution [21].

Figure 5 shows the SEM and TEM images of the

TiV(550)-4.30 sample. The particles were spherical and the

crystal sizes were about 15 nm, close to the XRD result

(16.4 nm). Magnified TEM images of the material are

shown in Fig. 5b, c; it can be observed that discernible

pores were present at the surface of the mesoporous

TiV(550)-4.30 material, and the particle size was around

15 nm, corresponding to the SEM image results. The pore

properties were investigated using high-resolution TEM

(Fig. 5d). The pores can be seen as black spots, with an

ordered wormhole-like mesoporous structure on the sample

surface [37]. In large areas, the d-spacings of these nano-

crystals were 0.35 and 0.32 nm, related to (101) plane

anatase and (110) plane rutile, respectively [40, 41].

Fig. 3 XRD patterns (a) and the percentage compositions of rutile

and vanadium (b) of catalysts with different vanadium contents and

calcination temperature of 550 �C: A TiV-9.06, B TiV-6.91, C TiV-

4.30, D TiV-3.34, E TiV-2.27, and F TiO2
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Fig. 4 N2 adsorption–desorption isotherms (a) and pore size distri-

butions (b) of TiV(T)-30 catalysts for different calcination temper-

atures: A 450 �C, B 500 �C, C 550 �C, D 600 �C, and E 650 �C
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Table 1 Structural parameters of TiV(T)-4.30 samples calcined at various temperatures

Catalyst 2h (�) d101/d110

(nm)

SBET
a

(m2/g)

Vb (cm3/g) Dc(nm) Dcry.d (nm)

TiV(450)-4.30 25.35 0.35 60 0.10 3.7 14.4

TiV(500)-4.30 25.34 0.35 74 0.10 3.8 14.9

TiV(550)-4.30 25.33 0.35 83 0.11 3.9 16.4

TiV(600)-4.30 27.46 0.32 39 0.09 3.9 45.6

TiV(650)-4.30 27.46 0.32 11 0.02 4.1 54.6

a Surface area, derived from BET equation
b Pore volume, obtained from the volume of nitrogen adsorbed at the relative pressure of 0.99
c Pore size, derived from BJH method using adsorption branch
d Dcry., crystal particle size derived from XRD

Table 2 Structural parameters

of catalysts with different

vanadium contents at 550 �C

Catalyst 2h (�) d101 (nm) SBET (m2/g) V (cm3/g) D (nm) Dcry. (nm)

TiV(550)-9.06 27.52 0.33 31 0.07 3.1 29.6

TiV(550)-6.91 25.30 0.35 48 0.09 3.3 20.7

TiV(550)-4.30 25.33 0.35 83 0.11 3.9 16.4

TiV(550)-3.34 25.41 0.35 27 0.06 3.8 23.1

TiV(550)-2.27 25.36 0.35 27 0.06 3.9 23.9

TiV(550)-0 25.29 0.33 25 0.05 3.7 24.1

a b

c d

Fig. 5 SEM and TEM images of TiV(550)-4.30 sample
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3.2 Reducibility and XPS Analysis

To gain a better understanding of the high efficiency of the

active sites, the H2-TPR profiles of samples with different

vanadium loadings, calcined at 550 �C, were obtained

(Fig. 6). The pure TiO2 had no reduction peak, and the pure

V2O5 species exhibited two reduction peaks in the temper-

ature range 600–800 �C, corresponding to the consecutive

processes V2O5 ? 1/3V6O13 ? 2VO2; V6O13, which was

formed (reduction peak at 660 �C) as an intermediate

product, was not stable and was easily reduced to VO2 [42].

It was found that the reduction temperatures of the VOx/

TiO2 catalysts depended on the vanadium loadings. The

reduction peaks of the VOx species shifted to lower tem-

peratures for vanadium loadings less than 9.06 wt %), and

the TPR curves exhibited only one major reduction peak, at

around 550 �C, attributed to the reduction of monodisperse

vanadium species (VOx) on the carrier TiO2 surface. The

shift of the maximum of the H2 consumption peak to a lower

temperature suggested that there may be strong interactions

between the VOx species and the carrier [43]; the formation

of V–O–Ti bonds with significantly higher reducibility [44]

and the valence of the vanadium species will be further

discussed in the context of the XPS results. The monodis-

perse vanadium species was the main active species in the

selective oxidation reaction. As the vanadium loading

increased to 9.06 wt %, other reduction peaks appeared at

670 �C, corresponding to the first peak of crystalline V2O5,

attributed to reduction of large particles of aggregated VOx

species or crystalline V2O5 species on the TiO2 surface [45];

this indicated that the isolated VOx aggregates and crystal-

lized V2O5 formed with increasing vanadium loading. The

results are close to those obtained in the XRD analysis.

XPS is a good tool for investigating the surface element

compositions and metal oxidation states of solid materials.

The XPS results for the TiV(550)-4.30 catalyst are shown

in Fig. 7. As shown in Fig. 7a, two main peaks, at 465.6

and 460.0 eV, were observed in the Ti2p spectrum. These

peaks are related to the Ti2p1/2 and Ti2p3/2 states of TiO2

and show the ?4 valence state of Ti cations in TiO2 [46].

The XPS spectrum of V2p3/2 is shown in Fig. 7b; the

binding energies of 517.9 and 516.0 eV were attributed to

V5? and V4?, respectively, in the TiV(550)-4.30 sample

[47, 48]. It was considered that the vanadium species had

mixed ?4 and ?5 valence states on the catalyst surface. As

previously reported, calcination at high temperature resul-

ted in a specific reaction between dispersed V5? ions and

the matrix, resulting in the formation of V4? [42].

3.3 Catalytic Activity Test

The activities of the TiV(T)-4.30 catalysts calcined at vari-

ous temperatures were assessed in the liquid-phase
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Fig. 6 H2–TPR curves of catalysts with different vanadium contents
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hydroxylation of benzene with H2O2 as the oxidant; the

results are plotted in Fig. 8. It is obvious that the yield of

phenol initially increased with increasing calcination tem-

perature. The highest activity for the hydroxylation of

benzene was obtained at a temperature of 550 �C; the phe-

nol yield was 23.7 %. As the temperature continued to

increase, there was a notable decrease in the phenol yield,

mostly because the samples were mainly rutile phase with a

dramatic decrease in the specific surface area. In addition,

the available amount of monodisperse vanadium on the

TiO2 support decreased. These data indicated that a calci-

nation temperature of 550 �C was the most favorable; the

amount of rutile phase in the mixed-crystal TiO2 carrier was

12.6 wt %, which suggested that a mixed-crystal TiO2

carrier with a low rutile content was most conductive to the

reaction.

Figure 9 shows the influences of catalysts with different

amounts of vanadium species and a calcination temperature

of 550 �C on the hydroxylation of benzene. It can be seen

from the figure that the yield and selectivity of phenol, and

the conversion rate of benzene, initially increased with

vanadium species loading, and the maximum phenol yield,

23.7 %, was obtained when the vanadium loadings was

4.30 wt %. The yield of phenol decreased slightly with

further increases in the vanadium species loading, because

the active VOx components would aggregate and easily

form a VxTi1-xO2 rutile-phase solid-solution with TiO2.

The formation of a solid solution would have an unfavor-

able effect on the total catalytic activity and on the oxi-

dation product. A vanadium loading of 4.3 wt % was

therefore considered to be suitable for hydroxylation of

benzene to phenol.

The effects of the various reaction conditions including

reaction temperature, reaction time and the amount of the

catalyst on the yield of phenol were also investigated over

TiV(550)-4.30 catalyst for hydroxylation of benzene. The

results are presented in Figs. 10, 11, and 12. Figure 10

shows a plot of benzene conversion and phenol selectivity as

a function of reaction time. It indicates that higher benzene

conversions may be achieved with prolonging reaction time.

However, prolonging reaction time results in a drop in

selectivity for phenol, due to the further oxidation of phenol.

The conversion of benzene reached 28 % with a high

selectivity of 85 % at 5 h. The effect of reaction temperature

on benzene hydroxylation is shown in Fig. 11. When the
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0.18 g TiV(T)-4.30, 5 mL acetonitrile, T = 60 �C, t = 5 h
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reaction temperature was raised to 60 �C, the phenol yield

was 23.7 % in the best case. And the conversion of benzene

decreased at higher temperatures because of the spontaneous

decomposition of H2O2 to O2 and H2O at high temperatures

and that some H2O2 vanish without being involved in the

catalysis. As for the selectivity, it follows a trend to descend

with the increase of reaction temperature. This might be due

to the further oxidation of phenol at high temperatures. As

shown in Fig. 12, the dependence on the TiV(550)-4.30

amount was investigated. With an amount of catalyst

increased from 0.09 to 0.18 g leads to the yield of phenol

from 15.2 to 23.7 % because of the formation of a large

amount of vanadium active species. Further increase in the

amount of TiV(550)-4.30 could not result in a higher yield

of phenol, meanwhile the selectivity of phenol has gradually

decreased, this could be attributed to the further oxidation of

phenol by excess vanadium active species.

From all the above results, it could get the optimum

reaction conditions: 0.18 g TiV(550)-4.30, reaction tem-

perature 60 �C, reaction time 5 h, and a fixed amount of

solvent (5 mL), benzene (0.03 mol) and 30 wt % H2O2

(0.06 mol). And the highest yield of phenol was 23.7 %,

with the phenol selectivity of about 85 %’’.

According to the structural characterization of catalysts

and the results shown in Figs. 8, 9, 10, 11, and 12, the activity

of the catalyst greatly depended on the decentralized state of

vanadium and the crystal phase of the carrier. Vanadium had

two valences (?4 and ?5) on the sample surface. As previ-

ously reported, the essential role of anatase TiO2 is to enable

formation of a VOx monolayer to provide essentially com-

plete dispersion of the vanadium on a support, with an ade-

quate but not excessive surface area [43]. The condition for

stability of the supported oxides is that the two cations should

have similar electronegativities; Ti–O (anatase) and V–O

bonds have similar polarities, but rutile is not so suitable [37].

In this study, it was clearly shown that the catalyst had high

activity when it contained a small amount (12.6 wt %) of

rutile phase, so maybe a small number of V4? ions migrated

toward the TiO2 matrix and became magnetically isolated by

forming a VxTi1-xO2 rutile-phase solid-solution structure

[30, 42], but the mixed-valence V4? and V5? were the active

centers and were highly dispersed on the mixed-crystal sur-

face. Too high a vanadium content would cause aggregation

on the catalyst surface, and formation of a VxTi1-xO2 rutile-

phase solid-solution with TiO2 would be easy. This change in

the catalyst structure would decrease the catalytic activity.

So, too high or too low vanadium contents were disadvan-

tageous to the reaction, and the TiV(550)-4.30 catalyst

exhibited excellent catalytic performance for the hydroxyl-

ation of benzene to phenol.

In hydroxylation reactions of aromatic compounds using

H2O2 as the oxidant, different peroxide intermediates can

be formed with various metal oxides, and the metal and the

H2O2 can form a metal-peroxo transition state [49]. In this

study, a vanadium(?4) species first interacted with H2O2

and was rapidly transformed into a relatively stable vana-

dium(?5) species [16, 50]. Then the vanadium(?5) species

and H2O2 formed a vanadium(?5)-peroxo intermediate

species, which combined with benzene, after losing a water

molecule, to complete the hydroxylation reaction[51–54].

A possible reaction mechanism is shown in Scheme 1.

Alekar et al. [55] investigated monovanadium-substi-

tuted heteropolymolybdates for catalysis of the hydroxyl-

ation of benzene to phenol. They discovered that a

vanadium(?5)-peroxo intermediate species was formed

during the reactions. Hari Prasad Rao and Ramaswamy

also envisaged the formation of a vanadium-peroxo species
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by chemisorption of H2O2 on isolated vanadium species

[56, 57]; the above results are in line with their reports.

4 Conclusion

In summary, mesoporous VOx/TiO2 catalysts were pre-

pared by hydrothermal synthesis and were characterized

using various instrumental techniques. Vanadium species

could be highly dispersed on the mixed-crystal carrier

surface at low vanadium contents. When the vanadium

loadings was 4.30 wt %, the vanadium species existed in

the form of VOx with two valences, ?4 and ?5, and the

isolated VOx was highly dispersed on the mixed-crystal

carrier surface. The TiV(550)-4.30 catalyst exhibited high

catalytic activity for hydroxylation of benzene to phenol.

With further increases in the vanadium loading, the high

vanadium content resulted in aggregation of vanadium

species and formation of a VxTi1-xO2 rutile-phase solid-

solution with TiO2. This caused changes in the catalyst

structure and reduced the amount of active component.

For liquid-phase H2O2 hydroxylation of benzene to phe-

nol, the activity of the TiV(550)-4.30 catalyst was higher

than those of the other catalysts, and achieved a phenol yield

of around 23.8 % and phenol selectivity of about 85 %.

XRD, H2-TPR, and XPS studies showed not only that the

VOx species were highly dispersed, but also that the mixed-

crystal carrier interacted strongly with the vanadium species.
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