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Abstract

A series of Ce and Fe incorporated SBA-15 mesoporous materials were synthesized through direct hydrothermal method and char-
acterized by using inductively coupling plasma atomic emission spectrometry (ICP-AES), powder X-ray diffraction (XRD), thermo gra-
vimetry and differential scanning calorimetry (TG/DSC), transmission electron microscopy (TEM), Fourier-transform infrared
spectroscopy (FT-IR), ultraviolet–visible diffuse reflectance spectra (UV–vis) and N2 adsorption–desorption isotherm techniques. The
results indicated that: (1) all the samples exhibited typical hexagonal arrangement of mesoporous structure with high surface area, (2)
the heteroatoms were, at least in some extent, incorporated into the framework of SBA-15, (3) high utilization of the Fe and Ce could
be achieved through the hydrothermal treatment, and (4) the incorporation of Fe could efficiently promote the incorporation/dispersion
behavior of Ce into the SBA-15. Catalytic performances of the obtained materials were evaluated in the hydroxylation of phenol with
H2O2. Catalytic tests showed the different selectivity with different incorporated Ce/Fe ratios, and the results suggest that an appropriate
Ce/Fe ratio would be the optimal catalyst for the reaction.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

During the past decades, a large amount of researches
have been devoted to mesoporous molecular sieves since
the Mobile Research and Development Corporation
reported the first synthesized sample of MCM-41 [1,2].
Due to their high surface area, large pore volume, regular
structure, uniform pore size distribution, and relative high
thermal stability, such materials have attracted much atten-
tion in the field of separation, adsorption and catalysis [1–
4]. However, pure silica porous material was rarely used as
catalyst because of its lack of sufficient acidity and redox
properties [5,6]. Many researches have indicated that the
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incorporation of heteroatoms into the framework of meso-
porous materials could create active sites and nearly all
kinds of translation metals have been incorporated into
mesoporous materials [7–10].

SBA-15 had better mechanical and hydrothermal stabil-
ities than MCM-41 [11], which suggested its wider and
more important potential applications. However, it was
very difficult to introduce other metal ions directly incorpo-
rated into the framework of SBA-15 because of the strong
acidic conditions for SBA-15 synthesis [11,12]. Recently,
several researchers reported the incorporation of heteroat-
oms such as Al, Fe, Cr and Ti [9,13–15] into the framework
of SBA-15 by simple adjustment of the pH values and/or
hydrothermal methods. Most of these reports were focused
on the incorporation of single metal ions, and the synthesis
and application of the binary and/or trinary heteroatoms
contained in SBA-15 have been relatively neglected.
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It has been known that multi-component incorporated
SBA-15 could create new active sites compared with
mono-heteroatom, hence display different catalytic activi-
ties and selectivities. For example, Calleja et al. [16]
reported the synthesis and catalytic performance of Cr/
Al-SBA-15, which presented almost four times more activ-
ity than a conventional Cr/SiO2 Phillips catalyst. Gutierrez
et al. [17] found that NiMo catalysts supported on Ti- and
Zr-containing SBA-15 showed high activity in 4,6-dim-
ethyldibenzothiophene hydrodesulfurization (HDS). Mele-
ro et al. [18] synthesized the SBA-15 containing crystalline
Fe2O3 and CuO particles prevented the leaching of iron
species and increases total organic carbon (TOC) degrada-
tion as compared with those materials containing only
crystalline Fe2O3 particles. However, most of these materi-
als were synthesized in post-synthetic grafting methods.

Iron-substituted mesoporous materials have received
much attention because of its redox properties and unusual
activity in alkylation and oxidation reactions [7,8,19,20].
Cerium, an early member of lanthanides, has great poten-
tial application for its excellent oxygen restoration and
release ability. But direct incorporation of Ce has not been
widely attempted for its relative weak interaction with sili-
cate in strong acidity circumstance. The simultaneous
incorporation of these two kinds of metal ions into SBA-
15 might enhance the catalytic performance. Herein, we
report the synthesis of Ce and Fe incorporated SBA-15
by directly adding in the (NH4)2Ce(NO3)6 and Fe(NO3)3.
A series of samples with different ratios of Ce and Fe have
been synthesized. The structures of these materials were
characterized by ICP, XRD, TG/DTA, N2-adsorption,
TEM, FT-IR and UV–vis techniques. Their catalytic per-
formance in the hydroxylation of phenol with H2O2 was
also evaluated.

2. Experimental

2.1. Sample synthesis

A typical synthesis procedure of Ce–Fe-SBA-15 was as
follows: 4 g triblock copolymer poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol)
(Pluronic P123, molecular weight = 5800, EO20PO70EO20)
was dissolved in 30 g of water and stirred for 4 h. Seventy
milliliters of 0.29 M HCl was added and the mixture stirred
for 2 h. After pH value was adjusted to 2.3, 9.0 g of tetra-
ethyl orthosilicate (TEOS) and the appropriate amount of
ferric nitrate and ammonium ceric nitrate were added
directly to the homogeneous solution with stirring for
24 h. The resulting gel was put into the Teflon autoclave
and maintained at 373 K for another 24 h and then cooled
to room temperature naturally. The resultant orange preci-
pitant was collected, washed thoroughly with distilled
water, absolute ethanol for several times and finally dried
in air at 343 K for 12 h. The as-prepared product then
was calcined in air at 823 K with the heating rate of
1 K min�1 to remove the template. The samples were
labeled Ce(x)–Fe(y)-SBA-15 where x and y denote the per-
cent mass content of Ce and Fe, respectively. For example,
the sample Ce(2)–Fe(5)-SBA-15 means the mass content of
Ce and Fe in the sample were 2% and 5%, respectively.
2.2. Sample characterization

The powder X-ray diffraction patterns of Ce–Fe-SBA-15
samples were collected on a Philips X’pert X-ray diffrac-
tometer with CuKa radiation (k = 0.15418 nm).

Nitrogen adsorption and desorption isotherms were
measured at 77 K using a Micromeritics ASAP 2020 sys-
tem. The samples were degassed for 160 min at 573 K in
the degas port of the adsorption analyzer. The Brunauer–
Emmett–Teller (BET) specific surface area was calculated
using adsorption data in the relative pressure range from
0.04 to 0.2. The total pore volume was determined from
amount adsorbed at a relative pressure of about 0.99.
The pore size distribution (PSD) curves were calculated
from the analysis of the adsorption branch of the isotherm
using the Barrett–Joyner–Halenda (BJH) algorithm.

Thermo gravimetry and differential scanning calorime-
try (TG/DSC) experiment was carried out on STA-499 C,
NETZSCH apparatus, and 5.66 mg sample was placed in
a ceramic crucible and heated from room temperature to
1123 K at 10 K min�1 in a stream of N2.

Chemical compositions were determined using a Jarrell-
Ash 1100 inductively coupling plasma (ICP) atomic emis-
sion spectrometer. The samples were completely dissolved
in suitable hot acid before analysis.

Transmission electron microscopy (TEM) images were
taken on a JEM-200CX instrument at an acceleration volt-
age of 200 kV. The samples were crushed in AR grade eth-
anol and the resulting suspension was allowed to dry on
carbon film supported on copper grids.

Fourier-transform infrared spectroscopy (FT-IR) was
carried out on a Nicolet 5700 FT-IR instrument running
at 2 cm�1 resolution.

UV–vis diffuse reflectance spectra (UV–vis) profiles were
recorded in the range of 190–700 nm by a Shimadzu UV-
2401 spectrophotometer with BaSO4 as reference.
2.3. Catalytic tests

Phenol hydroxylation was carried out in a two-necked
flask (250 ml) equipped with a magnetic stirrer and a reflux
condenser. After reaction, the products were centrifuged to
remove the catalyst before analysis. Van der Pol et al. [21]
and Ma et al. [22] pointed out that HPLC was the preferred
technique to analyze the composition of products when
H2O2 was used as oxidant. Thus in the present experiments
an Agilent 1100 HPLC equipped with a reversed phase C18
column was used to determine the product distribution.
The reaction condition is as follows: the reaction tempera-
ture was 313 K; the molar ratio of phenol to H2O2 was 3:1
with 2.0 g phenol in 16.8 ml distilled water for the reaction;
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the mass of catalyst used once was 0.1 g; and each reaction
time was 2 h.

The conversion of phenol and the selectivity to dihy-
droxybenzene (catechol and hydroquinone) was defined
as follows:

The conversion of phenol : X phenol ¼
n0

phenol � nphenol

n0
phenol

The selectivity to catechol :

SCAT ¼
nCAT

nCAT þ nHQ þ nBQ þ others

The selectivity to hydroquinone :

SHQ ¼
nHQ

nCAT þ nHQ þ nBQ þ others

n0 and n denoted the initial mole number and the final mole
number. CAT, HQ and BQ represent catechol, hydroqui-
none and benzoquinone, respectively. Other products were
tar and oligomer acids.
3. Results and discussion

3.1. Characterization the structure of Ce(x)–Fe(y)-SBA-15

samples

Fig. 1 showed the powder small angle XRD patterns
(SAXRD) of Fe-SBA-15 samples before and after hydro-
thermal treatment. As displayed in Fig. 1, the relatively
well defined patterns were similar to Fe-SBA-15 materials
as described by Vinu et al. [13]. All three reflection peaks
(100), (11 0), and (200) were resolved and could be
indexed in the hexagonal space group p6mm. The (210)
peak was too weak to be recognized probably due to the
incorporation of heteroatoms into the framework of
SBA-15, which may cause the decrease of the ordered
structure [23]. From Fig. 1, it was also found that com-
pared to the sample without hydrothermal treatment
(Fig. 1a), all peaks of the sample after hydrothermal treat-
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Fig. 1. The small angle XRD powder patterns Fe-SBA-15 with different
synthesis methods: (a) non-hydrothermal treatment (according to Ref.
[13]), (b) after hydrothermal treatment.
ment have been intensified (Fig. 1b). It may indicate that
the pore structure was more regular after hydrothermal
treatment. Based on this consideration, all samples were
synthesized through the hydrothermal route.

Fig. 2 showed the XRD patterns of two series of sam-
ples, with y (ca. 1.8 in Fig. 2a–d) or x (ca. 3.5 in Fig. 2e–
h) nearly equalized respectively. An intense (100) peak at
about 2h = 1 together with an additional (110) peak and
a very weak (200) peak in the small angle range was
observed, which suggested the regular SBA-15-type hexag-
onal channel array of the mesoporous materials after the
introduction of Ce and Fe [11]. Fig. 2-1e–h showed that
as the contents of Fe increased, all the peaks of the calcined
sample moved to lower angles obviously, implying the dila-
tion of the structure of the materials. Considering the
radius of Ce4+ (Paulling radius = 103.4 pm) and Fe3+

(Paulling radius = 64 pm) were larger than Si4+ (Paulling
radius = 42 pm), it could be inferred that Ce and Fe species
may be incorporated into the framework of SBA-15. Com-
pared to the patterns of Fig. 2-1e–h, with the Ce content
increasing, the shift of 2h peaks moving to the lower angles
were nearly imperceptible (Fig. 2-1a–d), which indicated
that the added Ce was possibly highly dispersed on the sur-
face wall of the SBA-15. At a higher angle of XRD patterns
(Fig. 2-2), the trace of the characteristic peaks of crystalline
Fe2O3 or CeO2 could not be detected in all of the calcined
samples, which suggested the incorporation or high surface
dispersion of the Ce and Fe species have occurred.

Fig. 3 was the TG–DSC patterns of the as-prepared
Ce(0.5)–Fe(3.8)-SBA-15 sample. The first mass-loss pro-
cess of the sample (started at 500–600 K) was caused by
the complete decomposition and combined combustion of
the organics. Large amounts of organic template were
removed from the inside of the pores leading to a strong
increase in temperature or heat between the walls and the
mesopores. The temperature of this decomposition process
was lower than that of the pure P123 decomposed (ca.
483 K) [11]. At the TG pattern, a peak appeared at
603 K might be caused by the dehydroxylation of Si–OH,
which released more water [24]. Another peak was
observed at ca. 754 K which might be caused by the con-
densation of silanol to form siloxane [25]. The total mass-
loss was lower than the previously reported values because
the sample had been washed by the distilled water and
absolute ethanol repeatedly to remove large amount of sur-
factant in advance [12,24]. It could be taken as an indirect
proof that the sample was the SBA-15-type material. The
figure also showed that when the temperature increased
above 773 K, there was little mass change, which indicated
the completeness of the heating process.

The incorporation of Fe or Ce into the framework of
SBA-15 had a significant influence on the specific surface
area and pore volume of the materials. The N2-adsorption
isotherms of samples were shown in Fig. 4. All isotherms
showed the type I character with an H1 broad hysteresis
loop at p/p0 = 0.6–0.85, which indicated typical mesopor-
ous materials according to the IUPAC classification [26].
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Fig. 2-1. The small angle XRD powder patterns of Ce(x)–Fe(ca. 3.5)-SBA-15(a–d) and Ce(ca. 1.8)–Fe(y)-SBA-15(e–h) samples: (a) Ce(0.25)–Fe(3.5)-
SBA-15, (b) Ce(0.5)–Fe(3.8)-SBA-15, (c) Ce(2.2)–Fe(3.4)-SBA-15, (d) Ce(4.7)–Fe(3.7)-SBA-15, (e) Ce(2.1)–Fe(0.7)-SBA-15, (f) Ce(1.4)–Fe(2.2)-SBA-15,
(g) Ce(1.8)–Fe(4.8)-SBA-15, (h) Ce(1.6)–Fe(5.5)-SBA-15.
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Fig. 2-2. The wide angle XRD powder patterns of Ce(x)–Fe(y)-SBA-15
samples: (a) Ce(2.1)–Fe(0.7)-SBA-15, (b) Ce(1.4)–Fe(2.2)-SBA-15, (c)
Ce(1.8)–Fe(4.8)-SBA-15, (d) Ce(1.6)–Fe(5.5)-SBA-15, (e) Ce(2.1)–
Fe(0.7)-SBA-15, (f) Ce(1.4)–Fe(2.2)-SBA-15, (g) Ce(1.8)–Fe(4.8)-SBA-
15, (h) Ce(1.6)–Fe(5.5)-SBA-15.

Fig. 3. The TG–DSC analysis of as-prepared Ce(0.5)–Fe(3.8)-SBA-15
sample.
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The pore distribution patterns were also exhibited (inserted
in Fig. 4), which correlated the p/p0 position of the inflec-
tion point. In general, the isotherms indicated that all the
samples possessed ordered mesoporous structure and a
narrow pore size distribution. The isotherms also suggested
that heteroatoms incorporation resulted in a shift to higher
pore size with Ce and Fe content. The pore size distribu-
tions became broader as the content of heteroatoms
increased, which indicated the decreasing structural order-
ing of sample.

The structure parameters of the samples were summa-
rized in Table 1, where a0, ABET, dp and d denoted the unit
cell parameter, specific surface area, average pore diame-
ters and thickness of pore wall, respectively. With the
increased Ce content in Ce(x)–Fe(3.5)-SBA-15 samples,
the pore volume decreased from 1.28 to 0.88 and the
change of a0 was not obvious. It could indicate that Ce
in Ce(x)–Fe(ca. 3.5)-SBA-15 samples may be mostly
dispersed on the wall surface. Oppositely, with the Fe con-
tent increased in Ce(ca. 1.8)–Fe(y)-SBA-15 samples, the
changes of pore parameters (Vp: from 0.74 to 1.3, a0: from
11.2 to 13.0, etc.) were obvious. The increase of a0 and dp

value could be taken as an indication of the incorporation
of the metals in the silica framework. Similar results were
reported by Kruk et al. [27].

To obtain additional information of the pore structure
and size, the TEM images of sample Ce(4.7)–Fe(3.7)-
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Fig. 4. Nitrogen adsorption isotherm (adsorption: closed symbols; desorption: open symbols) and pore distribution patterns of Ce(x)–Fe(ca. 3.5)-SBA-15
(a–d) and Ce(ca. 1.8)–Fe(y)-SBA-15 (e–h) samples: (a) Ce(0.25)–Fe(3.5)-SBA-15, (b) Ce(0.5)–Fe(3.8)-SBA-15, (c) Ce(2.2)–Fe(3.4)-SBA-15, (d) Ce(4.7)–
Fe(3.7)-SBA-15, (e) Ce(2.1)–Fe(0.7)-SBA-15, (f) Ce(1.4)–Fe(2.2)-SBA-15, (g) Ce(1.8)–Fe(4.8)-SBA-15, (h) Ce(1.6)–Fe(5.5)-SBA-15.

Table 1
Texture properties of Ce(x)–Fe(y)-SBA-15 samples

Samples nSi/nCe nSi/nFe a0/nm ABET/±10m2/g dBJH/nm dp/nm Vp/cm3 g�1 W = a0 � dp

Gel Product Gel Product

Ce(0.25)–Fe(3.5)-SBA-15 100 800 20 25 12.3 940 6.3 10.6 0.97 1.7
Ce(0.5)–Fe(3.8)-SBA-15 70 380 20 23 12.6 1050 6.0 10.6 1.28 2
Ce(2.2)–Fe(3.4)-SBA-15 40 95 20 25 12.0 870 5.7 10.7 0.96 1.3
Ce(4.7)–Fe(3.7)-SBA-15 30 45 20 22 12.5 780 6.2 10.7 0.88 1.8

Ce(2.1)–Fe(0.7)-SBA-15 60 100 100 120 11.2 880 5.8 8.8 0.74 2.4
Ce(1.4)–Fe(2.2)-SBA-15 60 150 30 36 11.9 800 5.7 8.8 0.70 3.1
Ce(1.8)–Fe(4.8)-SBA-15 60 115 15 17 12.4 920 5.8 10.4 0.9 2.0
Ce(1.6)–Fe(5.5)-SBA-15 60 130 15 16 13.0 720 6.0 11.1 1.3 1.9

Ce(0.002)-SBA-15a 50 10000 – –

Fe-SBA-15(21) [13] – – 5 21

Fe-SBA-15(152) [13] – – 19 152

a Ce(0.002)-SBA-15 was synthesized by the same hydrothermal route as Ce–Fe-SBA-15 samples.
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SBA-15 and Ce(1.8)–Fe(4.8)-SBA-15, which have the
nearly highest Ce and Fe content, were depicted in
Fig. 5. The ordered hexagonal pore arrangements were
clearly visible. The pore sizes at about 10 nm estimated
matched well with the average pore sizes calculated by
BJH model from N2 adsorption isotherm (Table 1).

The Fe and Ce content in the gel and product analyzed
by ICP were also exhibited in Table 1. For comparison, all
mass contents have been transformed into the molar ratio
of Si/Fe and Si/Ce. From the data displayed, through the
hydrothermal treatment route, the materials could capture
much more Fe species (nearly 80%) compared to the sam-
ples without hydrothermal treatment (nearly 20%). It could
also be found that compared to solely Ce substituted sam-
ples, which was synthesized in the same hydrothermal
route, bimetal incorporated samples have relatively higher
Ce content. Furthermore, the ratio of Ce remaining in
product aggrandized as the Ce content increased in gel
(from 100/800 to 30/45). These phenomena had a great
relationship with the hydrolyzation of Fe and Ce cations
in solutions. There might be three equations in the solution
at pH 2.3 [28,29]:

Ce4þ $
NO�3 ½CeðNO3Þ�

3þ $
NO�3 ½CeðNO3Þ2�

2þ � � �

$
NO�3 ½CeðNO3Þ6�

2- ð1Þ
FeðOHÞ2þ $ ½Fe2ðOHÞ2�

4þ ð2Þ

Ce speciesþ Fe species $electrostatic affinity

Ce–Fe species ð–OH containingÞ ð3Þ

Not like the hydrolyzation process of Fe3+, which could
form the polymeric cations ½FeðOHÞ2�

nþ
n or similar poly-

meric ferric-hydrate [28] at about 2.3 pH value, Ce4+ could



Fig. 5. TEM images of samples: (a) Ce(4.7)–Fe(3.7)-SBA-15, (b) Ce(1.8)–
Fe(4.8)-SBA-15.

Scheme 1. The simulated connection process of the M and Si in pH-
adjusted hydrothermal process.
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only form [Ce(NO3)6]2� in the solution because of its great
coordination ability with the anions (e.g. NO�3 , SO2�

4 , Cl�,
etc.) [29]. When the solution was at pH 2.3, higher than the
isoelectric point of SiO2 (2.0), the Si species showed nega-
tively charged in solution, which indicated the difficulty
of the interaction between Ce species and Si species because
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Ce(1.8)–Fe(4.8)-SBA-15, (i) Ce(1.6)–Fe(5.5)-SBA-15.
of electrostatic repulsion force. From Eq. (2), since through
hydrothermal route the materials could capture much more
Fe species, it might be indicated that besides the interaction
between the negative and positive electric charge, the dehy-
droxylation effect of M–OH and Si–OH to form M–O–Si
bond in hydrothermal circumstance is another reason for
the high contents of Fe and Ce in the final products. Rela-
tive phenomenon had been discussed by Wang et al. [30]
and Li et al. [31] and these two effects were simulated as
shown in Scheme 1. As [Ce(NO3)6]2� itself was same nega-
tively charged as Si species and did not have hydroxides,
the Eq. (3) indicated the only route Ce species could con-
nect to the Si species, that is, linking some cation like
[Fe2(OH)2]4+ first by electrostatic affinity, to form some
mixed species with positive charges and hydroxides. Then
this mixed species could react with the Si species. When
Ce species or Fe species were at a low concentration in
the solution, the Eq. (3) tended to shift to the left, which
led the low utility of the Ce species. As the concentration
of Ce species and Fe3+ increased at the starting solution,
all these three equations shifted to the right hand, which
led to the easier co-condensation of cerium and iron species
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SBA-15, (c) Ce(2.2)–Fe(3.4)-SBA-15, (d) Ce(4.7)–Fe(3.7)-SBA-15, (e) Ce(2.1)–Fe(0.7)-SBA-15, (f) Ce(1.4)–Fe(2.2)-SBA-15, (g) Ce(1.8)–Fe(4.8)-SBA-15,
(h) Ce(1.6)–Fe(5.5)-SBA-15.

Table 2
Catalytic performances for phenol hydroxylation over Ce(x)–Fe(y)-SBA-
15 samples

Catalysts Phenol
conversion
(%)

Product distribution (%)

CAT HQ BQ Diphenol

Ce(0.25)–Fe(3.5)-SBA-15 10.62 30.75 32.70 1.42 63.45
Ce(2.2)–Fe(3.4)-SBA-15 10.60 46.60 38.57 1.50 85.17
Ce(4.7)–Fe(3.7)-SBA-15 9.55 46.01 53.94 – 99.95

Ce(1.4)–Fe(2.2)-SBA-15 15.73 39.81 58.52 1.30 98.33
Ce(1.8)–Fe(4.8)-SBA-15 9.24 44.63 53.65 1.29 98.28
Ce(1.6)–Fe(5.5)-SBA-15 9.00 48.90 45.78 0.79 94.68

TS-1 [40] 6–8

H2O2 2 OH

2 OH+ OH

OH

OH +

OH

OH

+

O

O
2 OH H2O + 0.5O2

(1)

(2)

(3)

Scheme 2-1. Proposed common reaction mechanism for the formation of
diphenol in phenol hydroxylation.
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with Si species and Ce content in final product could be
raised.

The FT-IR spectra of different Ce and Fe containing
SBA-15 were shown in Fig. 6. In the framework region
(400–1300 cm�1), the vibration band at ca. 1085 cm�1

and ca. 802 cm�1, assigned to vas (Si–O–Si) and vs (tetrahe-
dron Si–O) respectively [32], could be detected in all sam-
ples. The band at ca. 960 cm�1, which could be detected
in all heteroatoms substituted SBA-15, was attributed to
a stretching vibration mode of a [SiO4] unit bonded to het-
eroatoms [33]. The band at ca. 970 cm�1, caused by the Si–
O stretching vibrations of Si–OH groups [34], was only
detected in pure SBA-15. These results suggested the incor-
poration of metal into the SBA-15 framework or high dis-
persion on the surface.

UV–vis spectroscopy had been used extensively to char-
acterize the coordination circumstance of Fe3+ and Ce4+

ions in mesoporous materials [35,36]. In Ce(x)–Fe(3.5)-
SBA-15 sample series (Fig. 7a–d), a broad absorption band
centered at about 270 nm, attributed to the charge-transfer
translations involving isolated framework Fe3+ in (FeO4)
tetrahedral geometry [34], were detected in all the samples.
The bands at 270 nm and 280 nm were also assigned to the
bonds O2�? Ce3+, O2�? Ce4+, respectively [37,38].
When Ce was at a low concentration, only 270–280 nm
broad band could be found in Ce(0.25)–Fe(ca. 3.5)-SBA-
15 sample. As Ce content increased in Ce(x)–Fe(ca. 3.5)-
SBA-15 series, both the bands at ca. 380 nm and ca.
530 nm intensified, which were assigned to the presence
of cerium nanocrystallites although the nanocrystallites
escaped the XRD detection [37,39]. It might indicate that
the Ce4+ may be as ceria crystalline species dispersed on
the surface of SBA-15. In Ce(ca. 1.8)–Fe(y)-SBA-15 series
(Fig. 7e–h), as the Ce content was stable, the intensity at
380 nm and 530 nm did not change obviously (only the
band at 270 nm intensified with the Fe contents increasing),
it could be taken as another evidence that the change of the
two bands were caused by dispersion of Ce content.



Ce O O H
H

OH Ce O
H

OH
HO

+

Ce
OH
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+ HO OH (2)

Ce OH
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Scheme 2-2. Possible reaction mechanisms for the formation of hydroquinone in phenol hydroxylation.
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3.2. Catalytic activity of Ce(x)–Fe(y)-SBA-15 samples in
phenol hydroxylation

Catalytic activities of the materials with different Ce and
Fe contents in phenol hydroxylation were given in Table 2.
For comparison, the activities of some catalysts reported in
the literature also presented [40]. Although the reaction
temperature (313 K) was much lower than reported TS-1
(373 K), the commonly used catalyst in this reaction, it
could be found that Fe–Ce-SBA-15 samples had a better
activity. Because the temperature influence has been dis-
cussed by Jiang et al. [41], it could be predicted that the
activity could increase greatly when temperature rose. Fur-
thermore, in most reported works [41,42], the proportion
of catechol (CAT) in the product was higher than the
hydroquinone (HQ) content. In this work, after the Ce
was introduced, first the diphenol distribution in product
was raised, and then, the ratio of HQ also increased.

The hydroxylation of phenol by H2O2 was commonly
through a radical mechanism (Scheme 2-1) [43–46]. There
were two competitive reactions for OH�: decomposed (step
3) or reacted with phenol (step 2). High concentration of
OH� favored to step 3, in contrast, low concentration of
OH� availed to step 2. The concentration of OH� was deter-
mined by step 1, which was catalyzed by Fe in Ce–Fe-SBA-
15 [47].

It has been reported that both CAT and HQ could be
produced by tetracoordinated Fe in phenol hydroxylation
[45]. Not like Fe(III), which formed a Fe vacuum, the pos-
sible mechanism of tetra- or higher coordinated Ce might
follow the Scheme 2-2, which might be similar to Ti in
TS-1 [47]. The first step may be the most important step
to determine the product component. Ce was more like
to form peroxide, which tended to form HQ rather than
CAT (step 2).

According to the discussion above, Ce species played
two roles in this model reaction. First, as a widely used pro-
moter in redox reactions, the introduction of Ceria could
efficiently improve the diphenol distribution. Second,
although Ce was commonly not considered as a good cat-
alyst in phenol hydroxylation, the HQ in the final product
was raised.
4. Conclusions

SBA-15 incorporated with cerium and ferrum samples
were synthesized simultaneously and directly by a pH-
adjusted hydrothermal method. Characterization results
confirmed the typical hexagonal SBA-15 structure. Fe
atoms were most incorporated into the framework of
SBA-15 and Ce atoms were incorporated or highly dis-
persed on the surface of the samples. In this synthesis con-
dition, the slightly hydrolyzation of Fe3+ favored the
incorporation/dispersion of Ce. The catalytic activity of
this novel catalyst was investigated in the liquid-phase phe-
nol hydroxylation with H2O2. It suggested that samples
with an appropriate Ce/Fe ratio would be the optimal cat-
alyst for the reaction.
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(2003) 1.

[25] X.S. Zhao, C.Q. Lu, A.K. Whittaker, G.J. Millar, H.Y. Zhu, J. Phys.
Chem.: B 101 (2000) 6525.

[26] S. Brunaure, L.S. Deming, W.E. Deming, E. Teller, J. Am. Chem.
Soc. 62 (1940) 1723.

[27] M. Kruk, M. Jaroniec, A. Sayari, Langmuir 15 (1999) 5683.
[28] M.F. Charles Jr., Chem. Rev. 84 (1984) 31.
[29] C.F. Base, R.E. Mesmer, The Hydrolysis of Cation, Wiley, New

York, 1970.
[30] Y.M. Wang, Z.Y. Wu, L.Y. Shi, J.H. Zhu, Adv. Mater. 17 (2005) 323.
[31] Y. Li, Z. Feng, Y. Lian, K. Sun, L. Zhang, G. Jia, Q. Yang, C. Li,

Micropor. Mesopor. Mater. 84 (2005) 41.
[32] R. Takahashi, S. Sato, T. Sodesawa, M. Kawakita, K. Ogura, J. Phys.

Chem. B 104 (2000) 12184.
[33] Y. Shao, L. Wang, J. Zhang, M. Anpo, J. Phys. Chem. B 109 (2005)

20835.
[34] M. Decottiguies, J. Phalippou, J. Zarzycki, J. Mater. Sci. 13 (1978)

2605.
[35] M.R. Boccuti, K.M. Rao, A. Zecchina, G. Leofanti, G. Petrini, Stud.

Surf. Sci. Catal. 48 (1989) 133.
[36] M.N. Timofeeva, S.H. Jhung, Y.K. Hwang, D.K. Kim, V.N.

Panchenko, M.S. Melgunov, Yu.A. Chesalov, J.-S. Chang, Appl.
Catal. A: Gen. 317 (2007) 1.

[37] A. Bensalem, J.C. Muller, F. Bozon-Verduraz, J. Chem. Soc. Faraday
Trans. 88 (1992) 153.
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