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Abstract

A series of Fe-MCM41s with different iron content have been synthesized and characterized by XRD, BET, HRTEM, FT-IR, UV–vis
and ICP techniques. Their catalytic performances for the direct hydroxylation of phenol were also studied. Results indicated that the
mesoporous structure did not collapse until the Fe/Si molar ratio reached up to 0.20. The iron species were mainly in the framework
with isolated tetrahedral coordination as Fe/Si molar ratio was smaller than 0.091 and micro-crystals of Fe2O3 were detected when iron
content increased further. The prepared samples exhibited excellent catalytic activities for the direct hydroxylation of phenol by hydrogen
peroxide at room temperature, which increased with iron content in the framework of MCM41 and did not decline after being recycled 6
times. As Fe/Si molar ratio increased to more than 0.091, the catalytic activity decreased gradually with iron content due to the covering
of some active sites, i.e., the incorporated iron species with tetrahedral coordination, by the accumulated Fe2O3 on the surface of the
catalyst.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

As important chemical materials and intermediates,
hydroquinone and catechol have been widely used in pho-
tographic developer, polymerisation inhibitor, pharmaceu-
tical and flavour industries [1–4]. The currently used
processes for the manufacturing of hydroquinone and cat-
echol are based on various catalysts such as mineral acids,
water soluble metal ions, and metal complexes [5], which
have some disadvantages such as multi-steps, complicated
processes and serious pollutions. Direct hydroxylation of
phenol with H2O2 over a series of heterogeneous catalysts
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such as TS-1, TAPO-5, metal oxides, heteropoly com-
pounds have been studied from both fundamental and
industrial standpoints [6–8] due to the absence of by-prod-
ucts and easier separation of catalysts from the reaction
mixtures. However, their industrial applications were lim-
ited by higher prices and lower activities of the catalysts [9].

The mesoporous silicates exhibited potential catalytic
applications due to their high surface area, large pore vol-
ume, regular structure, uniform pore size distribution and
high thermal stability [10–13] since their discovery in
1992. Almost all kinds of transition metals and some main
group elements were introduced into mesoporous molecu-
lar sieves as the active sites to improve their catalytic activ-
ities by direct synthesis or impregnation [14–21] methods.
Among them, Fe-containing mesoporous silicates have
high activities in the selective oxidation of benzene or
alkane, alkylation of aromatic hydrocarbon [22,23], espe-
cially in the hydroxylation of phenol [24,25].
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However, the catalytic tests in the literatures were all at
higher temperature (>333 K) and the catalytic activities
were relatively low. Meanwhile, the recycling capabilities
of the catalysts were also dissatisfactory. For instance,
MFS-9 (Si/Fe = 104) as catalyst for the hydroxylation
reaction gave 14.3% conversion of phenol at 353 K [26],
and Fe-MCM41 (Si/Fe = 25) were reused for 3 times at
323 K [27]. It might be due to the lower iron content which
led to a less active site in the catalysts.

Most of the oxidation reactions are exothermic. From
the view of thermodynamics, the equilibrium constants of
these kinds of reactions under lower temperature must be
larger than those under higher temperature, despite the
reactive rates being limited. Increasing the amount of the
active sites in catalysts should accelerate the reaction at a
lower temperature, which may account for the enhanced
catalytic stabilities. In this paper, the Fe-MCM41s with
high iron contents were synthesized and characterized by
various physicochemical techniques. Their catalytic activi-
ties and stabilities in the direct hydroxylation of phenol
by hydroperoxide were studied, especially at the room
temperature.

2. Experimental

2.1. Synthesis

Fe-MCM41s with Fe/Si molar ratio in the range of
0.00–0.20 were synthesized by sol–gel method followed
by hydrothermal treatment. The synthesis conditions such
as pH value, aging time, etc., were optimized so that the
maximum iron contents were in the framework of meso-
porous molecular sieves. A typical synthesis procedure
was as follows: 1.9 g sodium silicate and 1.4 g CTMAB
(cethyltrimethylammonium bromide) were dissolved in
15 g H2O. Then 5 ml solution with desired amount of
Fe(NO3)3 � 9H2O was added into the mixture. After stirring
the resultant for 2 h, 10.85 g TMAOH (tetramethylammo-
nium hydroxide) solution (25% TMAOH) was added. With
constant stirring, diluted sulfuric acid (1 mol L�1) was used
to regulate the pH value to 11. The resulting gel was trans-
ferred into a teflon bottle and kept in an oven at 373 K for
5 days. The product with Fe/Si molar ratio of x/100
(x = 0–20) in the gel was washed with distilled water and
ethanol for three times, respectively, and dried at room
temperature. The synthesized sample was calcined to
remove the template at 823 K for 5 h in dry air stream with
a heating rate of 1 K/min, and cooled down slowly to
obtain Fe-MCM41, which was designated as xFe. Fe-
impregnated MCM41 with Fe/Si molar ratio of 0.08 was
also prepared according to Ref. [28] for comparison
(denoted as 8Fe/MCM41).

2.2. Characterization

Powder X-ray diffraction (XRD) patterns were recorded
by a Philips PW 170 diffractometer equipped with Cu Ka
radiation (k = 0.154168 nm) and Ni filter and operated at
40 kV and 40 mA.

The nitrogen isotherms of the samples were obtained on
a Micromeritics ASAP-2020 analyzer. Specific surface area,
pore size distribution and pore volume were determined by
conventional BET (Brunauer–Emmett–Teller) and BJH
(Barrett–Joyner–Halenda) equations using adsorption
data.

FT-IR spectra were recorded with Bruker VECTOR22
FT-IR spectrometer in the range of 4000–400 cm�1.

UV–vis diffuse reflectance spectra were measured with a
Perkin–Elmer Lambda 35 spectrometer equipped with a
Praying-Mantis diffuse reflectance attachment. BaSO4 was
used as reference.

UHRTEM images were taken on a JEM-2010 UHR-
TEM (ultrahighresolution transmission electron micro-
scope) instrument at an acceleration voltage of 200 kV.

The iron contents were analyzed using ICP-AES after
being dissolved completely in hydrofluoric acid.

2.3. Catalytic tests

The hydroxylation of phenol was carried out in a two-
necked flask (250 ml) equipped with a magnetic stirrer
and a reflux condenser. The reaction mixture consisted of
1 g of phenol, 8.4 g of water, 0.05 g of catalyst, 30% aque-
ous solution of H2O2 (1/3 molar ratio in relation to phe-
nol). The product distributions were determined by an
Agilent 1100 HPLC equipped with a reversed phase C18
column. The molar ratio of hydroquinone and catechol
was near 1:1. The used catalyst was filtrated, dried and cal-
cined at 823 K before being recycled.

3. Results and discussions

3.1. Structure of the sample

The low angle XRD patterns of some calcined samples
and pure MCM41 are shown in Fig. 1. A high degree of
structural orderings could be deduced from the narrow
(10 0) peak at about 2h=2� together with two weak
(11 0), (200) peaks in the small angle range for the samples
with lower iron content (Fe/Si molar ratio smaller than
0.091). The (210) peak was too weak to be recognized
probably due to the incorporation of heteroatoms into
the framework of mesoporous molecular sieves and the
concomitant decrease of order in the mesoporous structure
[18,21]. The shift of diffraction peaks to lower angle with
iron content indicated the augment of d values due to Fe
incorporation. For the samples with higher iron content,
the increase of peak width and the decrease of peak inten-
sity indicated the reduction of hexagonal symmetry [29]. As
Fe/Si molar ratio reached to 0.20, the disappearance of
(10 0) peak indicated that the mesoporous structure was
not formed. In high angle XRD patterns (figures not
given), no characteristic peaks of Fe2O3 were found, which
suggested that iron species might be in the framework or



(100)

(f)

(e)

(d)

(c)

(b)

(a)

In
te

ns
ity

/a
.u

.

2θ /Deg

(210)(200)(110)

1 2 3 4 5 6 7 8 9

Fig. 1. XRD patterns of (a) MCM41, (b) 4Fe, (c) 8Fe, (d) 10Fe, (e) 14Fe
and (f) 20Fe.
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Fig. 2. Nitrogen adsorption/desorption isotherms and pore size distribu-
tions (below) of (a) 6Fe, (b) 8Fe and (c) 10Fe.

4000 3000 2000 1000

(1072)

(1074)

(1080)

(d)

(c)

(b)

T
ra

ns
m

itt
an

ce
/a

.u
.

Wavenumber/cm-1

(a)

(1082)

Fig. 3. FT-IR spectra of some samples (a) 4Fe, (b) 8Fe, (c) 10Fe and (d)
14Fe.
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highly dispersed on the surface of MCM41s. From the type
IV nitrogen adsorption isotherms in the IUPAC classifica-
tion and the narrow pore size distributions of some samples
(Fig. 2), the mesoporous structures were confirmed. The
sharp increases in the isotherms at a relative pressure in
the range of 0.2–0.4 were due to the capillary condensation
of N2 in the mesopores [30].

Infrared spectroscopy has been used extensively for the
characterization of transition-metal cation modified molec-
ular sieves. In the FT-IR spectra of the samples (Fig. 3), the
complete removal of template was confirmed by the disap-
pearance of C–H vibration bands (2921 cm�1 and
2852 cm�1). The slight red shifts with the increase of iron
contents were found for the band at about 1080 cm�1, cor-
responding to the stretching vibration of the tetrahedral
SiO4 units [19]. These shifts indicated that heteroatoms
were incorporated into the framework of MCM41s and
M–O–Si bonds were formed [14,15,17,31,32]. The bond
length of Fe–O was greater than that of Si–O, which led
to a decrease in the force constant (k) of the band. Mean-
while, since the atomic weight of iron is greater than that of
Si, reduced mass (l) was increased, hence the vibration fre-
quencies (m), which can be calculated from the formula
m ¼ 1

2pc

ffiffi
k
l

q
, decreased [21]. In contrast, this phenomenon

did not exist for the bands at ca. 460 cm�1, which corre-
sponded to the bending vibration of surface Si–O� [33].

The UV–vis diffuse reflectance spectra in the wavelength
range of 200-600 nm of some samples are shown in Fig. 4.
A broad band between 200 nm and 350 nm centered at
255 nm, assigned to the low-energy dP–pP charge-transfer
transitions between tetrahedral oxygen ligands and central
Fe3+ ion [34], was observed for all samples. Such a tetrahe-
dral environment was typical for framework Fe3+ ions in
Fe-substituted micro and mesoporous molecular sieves
[29,35]. Hence, this band demonstrated the formation of
Fe–O–Si band and the presence of atoms of iron in the
framework of MCM41. As Fe/Si molar ratio reached more
than 0.091, the bands between about 360 and 500 nm were
detected, which were corresponding to the Fe species in
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Fig. 5. HRTEM images and SAED patterns (inner) of (a) 4Fe, (b) 8Fe
and (c) 14Fe.
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octahedral coordination [36] and ‘‘bulk-like” Fe2O3 crys-
tallites species [37], respectively. This might be due to the
formation of nano-crystalloid Fe2O3, which could not be
detected by X-ray diffraction technique on the outer sur-
face of catalysts which had higher Fe content.

To obtain detailed information about the statuses of
iron species in the samples, UHRTEM images of selected
samples were taken (Fig. 5). The well-ordered pore
arrangements of 4Fe and 8Fe samples were clearly visible
and the pore diameters were in the range of 2.4–2.6 nm,
which were in good agreement with the average pore sizes
which were calculated by the BJH model from N2 adsorp-
tion data. Also, the selective area electron diffraction
(SAED) patterns demonstrated the typical hexagonal
MCM41 structure. As the Fe/Si molar ratio increased to
more than 0.091, some black points, which were not found
in the materials with lower iron content, were detected. The
number of black points was augmented with the iron con-
tent. The interplanar spacing value obtained from the
SAED patterns of the spots in the HRTEM image of
14Fe sample was about 0.18 nm, which corresponded to
that of (024) crystal plane of Fe2O3 (PDF card 84-0308,
d024 = 1.832 Å). The hexagonal structure became distorted
because of the presence of iron oxide. These results con-
firmed that all the iron species were in the framework of
MCM41 with lower iron content and that redundant iron
species appeared on the surface in the phase of Fe2O3when
Fe/Si molar ratio was greater than 0.091.

Some structure parameters of the samples are summa-
rized in Table 1, where a0, D, d denoted the unit cell param-
eter, average pore diameter and thickness of pore wall,
respectively. Fig. 6 shows the regular variations of the spe-
cific surface area, the a0, D and d values with the iron con-
tent in the mesoporous materials. When the Fe/Si molar
ratios were smaller than 0.091, the specific surface areas
and the average pore diameters were almost the same,
whereas the lattice parameters and thickness of pore wall
increased slightly with the metal content, which confirmed
that the atoms of metal were incorporated into the frame-
work of mesoporous molecular sieves due to the longer
bond length of Fe–O than that of Si–O [7,20]. When the
Fe/Si molar ratio increased to more than 0.091, the redun-
dant iron species migrated from the framework to the outer
surface in the phase of Fe2O3 after being calcined at 823 K



Table 1
Some structure parameters of the samples

Sample nFe/nSi BET surface area (m2/g) Pore volume (cm3/g) d0 (nm) a0 (nm) D (nm) d (nm)

Gel Product

2Fe 0.02 0.024 666 0.51 3.91 4.52 2.59 1.93
4Fe 0.04 0.045 668 0.65 3.94 4.56 2.55 2.01
6Fe 0.06 0.075 688 0.69 3.98 4.60 2.53 2.07
8Fe 0.08 0.091 655 0.58 4.05 4.68 2.51 2.17
10Fe 0.10 0.12 582 0.68 4.21 4.86 2.34 2.52
12Fe 0.12 0.15 534 0.67 4.29 4.95 2.26 2.69
14Fe 0.14 0.16 499 0.63 4.42 5.10 2.06 3.04
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for 5 h. This caused the sharp increase of the lattice param-
eters and the thicknesses of pore wall, and the decrease of
specific surface areas and average pore diameters.
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3.2. Catalytic activity for the hydroxylation of phenol

Several reports described the catalytic activities of het-
eroatom incorporated mesoporous materials for phenol
hydroxylation [26,38,39]. However, most of the reports
were talking catalytic activities at a temperature higher
than 333 K. Higher temperatures would limit the recycling
uses of the catalysts because of their poor hydrothermal
stabilities. In contrast, lower temperature would require
much less energy and produce fewer by-products. Espe-
cially, it would increase the stabilities of the catalysts.

Catalytic activities of all the samples for phenol hydrox-
ylation were investigated at room temperature. Neverthe-
less hydroperoxide was almost exhausted after being
reacted for half an hour and one hour. It was interesting
that the product distribution was slightly different from
others reported in the literature. Benzoquinone was almost
undetectable. We supposed that hydroquinone and cate-
chol were oxidized further to light alkanes or short-chain
carboxylates rather than benzoquinone at lower
temperature.
3.2.1. Effect of iron content

Fig. 7 shows the variations of catalytic activity for phe-
nol hydroxylation at 293 K with the iron content in the cat-
alysts. Both the conversion of phenol and the yield to
hydroquinone and catechol increased with the iron content
when the Fe/Si molar ratios were smaller than 0.091 and
both decreased when the iron content increased further.
In contrast, the selectivity to hydroquinone and catechol
decreased linearly with the iron content.

The hydroxylation of phenol by H2O2 is through a rad-
ical mechanism (Fig. 8) [5,40,41]:

The rate-determining step, step (1), was catalyzed by the
iron species in the materials and the concentration of �OH
multiplied with the increase of active sites. When adequate
number of active sites were added, it could yield proper
amount of �OH and increase the conversion of phenol.
However, extra high concentration of �OH would be
decomposed to oxygen through step (3) or led the further
oxidation of hydroquinone and catechol, which would
decrease the conversion of phenol and the selectivity to
hydroquinone and catechol. In fact, FeCl3 gave much
smaller conversion of phenol and selectivity to hydroqui-
none and catechol (9.2% conversion and 41.4% selectivity)
than those of 8Fe catalyst (25.3% conversion and 78.4%
selectivity) due to the high concentration of Fe3+ in the
homogeneous catalysis system. Although 8Fe/MCM41
prepared by impregnation method could give a 22.7% con-



Fig. 8. Radical mechanism of hydroxylation of phenol by H2O2.
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version, the selectivity was only 69.3% due to the existence
of micro-crystals of Fe2O3.

For Fe-MCM41s prepared by direct hydrothermal
method, the active sites were iron species with tetrahedral
coordination in the framework of MCM41. When catalysts
with only iron species in the framework were used, both the
conversion and the yield increased with the iron contents
(Fig. 7), but the selectivity to hydroquinone and catechol
decreased linearly. Further increase of iron content led to
the decrease of catalytic activity. The catalyst with Fe/Si
molar ratio of 0.091 gave the maximum conversion of phe-
nol and yield to hydroquinone and catechol. Considering
that the regular variations of catalytic activities were con-
sistent with those of structure parameters and that the
micro-crystal Fe2O3 began to be detected with Fe/Si molar
ratio higher than 0.091, the falling of catalytic activity must
be concerned with the accumulated Fe2O3on the surface of
the catalysts. When the iron content in the materials
exceeded the limitation, the deposited Fe2O3 covered some
of the iron species with tetrahedral coordination and ham-
pered the active sites, which led to the decrease of catalytic
activity.

3.2.2. Effect of reaction temperature

As shown in Fig. 9, the conversion of phenol over 8Fe
catalyst increased steadily at temperature lower than
313 K and almost unchangeable as temperature increased
further. However, the yield to hydroquinone and catechol
was reduced linearly due to the sharp decline of selectivity.
At 293 K, the yield and selectivity to hydroquinone and
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Fig. 9. Effect of temperature on the catalytic activity over 8Fe catalyst
phenol/hydrogen peroxide (30%) = 3:1(mol); time: 2 h.
catechol were 19.8% and 78.4%, respectively, and they
declined to 14.9% and 48.0% when the temperature
increased to 333 K. Similar observations were reported
[27] by Choi et al. With the increasing of temperature,
the selectivity to hydroquinone and catechol decreased.
We supposed that high temperature was profitable to the
H2O2 decomposition (step 1 in the radical mechanism)
and yielded high concentration of �OH, which led to the
sharp decline of selectivity. These results suggest that
MCM41 with high content of Fe in the framework gave
higher yield to hydroquinone and catechol at room temper-
ature comparing to Fe-MCM41 with low iron content
reported elsewhere [39].

As shown in Fig. 10, the reaction reached a steady state
immediately at higher temperature. Although the stable
time was longer, they were only 1 h and 1.5 h at 303 K
and 293 K, respectively. It was a remarkable advan-
tage when comparing to TS-1, which reacted at higher tem-
perature accompanied by longer reaction time (45%
conversion and 100% selectivity, phenol/hydrogen perox-
ide = 1:1, 343 K, 20 h) [27].
3.2.3. Catalyst recycling

Catalyst recycling test was conducted at different tem-
peratures and the results are shown in Fig. 11. 8Fe catalyst
could be reused for many times at room temperature and
its catalytic activity did not decline. The presence of the
intense (100) peak in the XRD pattern (Fig. 12b) indicated
that the mesoporous structure was still maintained after the
catalyst was recycled for 6 times, although the mesopore
shrunk slightly during the reaction process, where the peak
moved to higher angle compared to the original material.
In contrast, catalytic activity of 8Fe/MCM41 prepared
by impregnation method declined sharply, mostly due to
the active iron species on the surface of the catalyst being
easily removed by washing and filtration. Also, the cata-
lytic activity over 8Fe catalyst which reacted at 333 K
decreased only after being reused 4 times. Longer time in
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hot water solution led to the collapse of the mesoporous
structure because of the poor hydrothermal stability of
the material, which was confirmed by the disappearance
of (100) peak (Fig. 12c), and the decrease of catalytic
activity.

4. Conclusions

In conclusion, a series of Fe modified-MCM41 with dif-
ferent iron contents have been synthesized and were found
to be efficient catalysts in phenol hydroxylation at room
temperature.

1. All the iron species were incorporated into the frame-
work of MCM41s with the Fe/Si molar ratios smaller
than 0.091, and the redundant iron species were depos-
ited on the surface in the form of Fe2O3 when the Fe/
Si molar ratio increased further.

2. The prepared materials showed excellent catalytic activ-
ities for the hydroxylation of phenol by hydrogen perox-
ide under room temperature. Catalyst with Fe/Si molar
ratio of 0.091 gave 25.3% conversion and 78.4% selectiv-
ity at 293 K (phenol:H2O2 ratio of 3:1).
3. Iron species with tetrahedral coordination in the frame-
work of MCM41 were more effective as the active sites
than other type of iron species, and it is more difficult
for the tetrahedral coordination active species to lose
their activities.
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