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bstract

Mesoporous materials containing aluminum and titanium were obtained by direct synthesis at room temperature, using a sol–gel method with
wo reaction steps (acid and alkaline hydrolysis). After solvent extraction and calcination (823 K), three solids, H-MCM-41, Al-MCM-41(10)
nd Ti-MCM-41(30) were obtained, where the numbers in parenthesis denote the Si/metal molar ratio. A hexagonal mesoporous silica containing
itanium, Ti-HMS(30), was also prepared, using n-dodecylamine as a template at pH 10. Characterization of samples was made by ICP-OES,
TR-FTIR, XRD, N2 adsorption at 77 K, XPS and ammonia TPD. The results indicate that the samples have low crystallinity, surface areas of
00–750 m2/g, high degree of isomorphic substitution and, in certain cases, higher acidity (Brönsted and Lewis) as compared to a commercial Y
eolite (Si/Al = 1.5). Catalytic studies of anthracene oxidation in liquid phase at 348 K, using tert-butylhydroperoxide as oxidant agent showed that
he Ti-HMS(30) sample is much more prone to produce 9,10-anthraquinone (yield >90%) than the other mesoporous samples. This performance
s directly related to parameters such as surface area, nature of the heteroatom introduced, Si/Ti molar ratio and strength and concentration of
cid sites. The reaction kinetic experiments show a great dependency of specific reaction rates with temperature (in the range 320–348 K) and an

ctivation energy value of 15.2 kcal/mol. A set of experiments performed under factorial design indicated that an optimal oxidant/aromatic ratio
s 5.5 and the optimal amount of catalyst is about 44.3 mg. In general, our results confirm that the synthesized materials are promising catalysts
redox and acid) for petrochemical applications.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Porous inorganic solids of the M41S family were first syn-
hesized by Beck et al. in 1992 [1]. Since then, they have shown
o be promising materials for industrial applications in adsorp-
ion and catalysis. Among the members of this class of materials,
hose known as MCM-41 have been most widely studied, mainly
ecause of its pseudo-crystalline and textural properties, such

s the hexagonal arrangement of one-dimensional channels [2],
ean pore diameters in the range of 20–100 Å and high surface

reas (>1000 m2/g). In general, the structural and textural char-

∗ Corresponding author. Tel.: +55 85 3287 4403; fax: +55 85 3366 9610.
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cteristics of such molecular sieves are directly related to the
ynthesis conditions under which they are prepared [3–8]: the
ature of the surfactant, pH, presence of electrolytes, temper-
ture, solvents, aging/preparation time, etc. On the other hand,
he incorporation of heteroatoms in the MCM-41 structure, tran-
ition metals or Al, promotes the appearance of active catalytic
ites (both acid or redox), which may suit them for interesting
pplications in heterogeneous catalysis involving voluminous
eactants. As a matter of fact, the conversion of these reactants
nd the use of oxidants other than H2O2, for example, are serious
imiting factors against the use of commercial zeolites in several
edox reactions, mainly due to intrinsic diffusional resistances

nd/or steric hindrances [9,10]. The incorporation of metals such
s Al, Cu, V, Cr, Ti, Fe, Ni, Mn and Zr within the MCM-41 matrix
as recently gained considerable interest. The iso and non-
somorphic substitutions usually enhance catalytic activity in

mailto:diana@gpsa.ufc.br
dx.doi.org/10.1016/j.molcata.2007.09.001
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rocesses of commercial interest such as: hydrocarbon catalytic
racking [11,12], isomerization [13,14], hydrodesulphurization
15,16], oxidation reactions, hydroxylation and epoxidation of
romatics, olefins and phenols [17–22], etc. Recently, isomor-
hously substituted metal ion (V, Ti, Cr, Mn, Fe, Co, Ni, Cu,
n) containing MCM-41 solids were found to be active for

iquid phase oxidation of anthracene to 9,10-anthraquinone at
53 K using benzene as a solvent and t-butylhydroperoxide as
xidant [23]. The order of selectivity to the mentioned quinone
as Cr > Mn > Co > Cu > Fe > V > Ni > Zn > Ti. The conversion
f anthracene was 79.5% and the selectivity towards the quinone
as 97.9% for the sample Cr-MCM-41 (0.46 wt% of Cr). Higher
ields to 9,10-anthraquinone, up to 93%, were obtained with Cr
mpregnated samples with Cr contents between 1 and 5 wt%.

The present work describes the synthesis of the mesoporous
olecular sieves Al-MCM-41, Ti-MCM-41 and Ti-HMS, that

s, using non-toxic metals ions unlike Cr or V, with pore diam-
ters smaller than 34 Å and suitable surface acidity to promote
igh conversions in the oxidation of anthracene. Experimen-
al evidence showed that the different coordination states of
he incorporated heteroatoms have a marked influence on the
atalytic activity of the synthesized solids, leading to the for-
ation of either the target product 9,10-anthraquinone (product

f the addition reaction) or a mixture of hydroxylated products
products of the substitution reactions). Among other uses, 9,10-
nthraquinone is an important intermediate for the production of
everal dyes of textile industry. It is also employed in the isomer-
zation of vegetable oils, in nickel electro-deposition, seed and
rain protection and in the production of stabilizing additives
24].

. Experimental

.1. Sample preparation

Mesoporous samples were prepared by the sol–gel method
n two reaction steps (acid and alkaline hydrolysis), as pro-
osed by Aguado et al. [25]. The typical experimental procedure
onsisted of dissolution of tetraethylorthosilicate (TEOS) and
luminum triisopropoxide (AlTIPO), for the aluminosilicates,
r titanium tetraisopropoxide (TiTIPO), for the titanosilicates,
n ethanol, under mild stirring, followed by the addition of n-
odecylammonium chloride (DDACl) hydro-alcoholic solution
reviously shaken at room temperature (298 K) for 10 min. The

ydro-alcoholic surfactant solution was prepared by dissolving
g dodecylamine in 20 mL ethanol. The pH was adjusted to
with dropwise addition of HCl (30 wt%). The molar com-

osition of the synthesis gel is summarized in Table 1 for

a
w
v
T

able 1
olar composition of synthesis gels and respective Si/Al and Si/Ti ratios

ample Gel molar composition

-MCM-41 1TEOS, 0.30 DDACl, 5.20 EtOH
l-MCM-41(10) 1TEOS, 0.10 Al, 0.30 DDACl, 5.
i-MCM-41(30) 1TEOS, 0.033 Ti, 0.30 DDACl, 5
i-HMS(30) 1TEOS, 0.033 Ti, 0.30 DDA, 5.2
lysis A: Chemical 281 (2008) 154–163 155

ach of the synthesized materials. Acid hydrolysis was car-
ied out for about 90 min, under mild stirring. After stirring
as ceased, pH was adjusted to 10 with aqueous ammonia

30 wt%) so as to favour the condensation of silicate groups
alkaline hydrolysis). Reaction thus proceeded for 75–90 min
nder vigorous stirring. Following the alkaline step, the synthe-
ized material was allowed to age for 20 h at room temperature
n its own synthesis liquor under static conditions. The pH was
ept at 10 by adding HCl 30 wt%), as required. The solids were
ltered, washed with deionised water and dried overnight at
78 K. Then, they underwent solvent extraction (ethanol/HNO3
.1 M) for 2–4 h, followed by calcination at 823 K (∼3 h).
or the sake of comparison, a pure siliceous sample was also
repared, by omitting the Al or Ti sources. The synthesized
amples were labeled as Al-MCM-41(10), Ti-MCM-41(30) and
-MCM-41.
An additional sample of Ti-HMS was also prepared by fol-

owing a neutral templating pathway (S0I0) using dodecylamine
DDA) as the organic template. The synthesis was thoroughly
onducted in alkaline medium at room temperature (298 K) and
2O2 30% (0.01 mol) was added to prevent Ti4+ ions from pre-

ipitating as TiO2 [26]. The molar composition was identical to
hat used in the preparation of the Ti-MCM-41 sample, by means
f an electrostatic pathway S+I−, with pH kept at 10 during the
hole reaction.

.2. Sample characterization

Elemental chemical composition was determined by ICP-
ES in a Perkin-Elmer optima 4300 spectrometer. Calcined

amples were previously dissolved and digested in a mix-
ure of HF 10%/HCl–HNO3 (1:3). XRD powder spectra
ere obtained in a Philips X’PERT MPD apparatus with Cu
� (λ = 1.5418 Å) as the radiation source in the range of
< 2θ < 10◦. The textural parameters of the solids were cal-
ulated from N2 adsorption/desorption isotherms measured at
7 K in an Autosorb-MP apparatus, from Quantachrome. Sam-
les were previously degassed for 2 h at 623 K under vacuum.
R absorbance measurements were performed in a BIO-RAD
X3000 spectrophotometer with a reflectance device (ATR).
-ray photoelectron spectra (XPS) were recorded on a Phys-

cal Electronics PHI 5700 spectrometer with Mg radiation
1235.6 eV) and a multi-channel detector. Calculations were
xecuted assuming the signal of adventitious carbon C (1 s),

t 284.8 eV, as reference. A PHI-ACESS ESCA V6.0F software
as used for data acquisition and handling. Samples were pre-
iously degassed for 12 h under high vacuum (<1.3 × 10−6 Pa).
he modified Auger parameter of Al (α′) was calculated using

Si/M ratio (M = Al or Ti)

, 23 H2O ∞
20 EtOH, 23 H2O 10
.20 EtOH, 23 H2O 30
0 EtOH, 23 H2O 30
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Fig. 1. Anthracene oxidation to 9,10-anthraquinone by peroxide reaction.

he following equation:

′ = 1253.6 + KE(AlKLL) − KE(Al 2p) (1)

here KE(AlKLL) is the kinetic energy of the Auger electron of
lKLL and KE(Al 2p), the kinetic energy of the photoelectron
l 2p.
Total surface acidity was assessed from temperature-

rogrammed desorption (NH3-TPD) of ammonia. Samples were
eated at 823 K under N2 flux in order to remove previously
dsorbed impurities, followed by adsorption of ammonia at
73 K. The system was kept at this temperature for about 30 min,
o ensure adsorption equilibrium (saturation) was reached.
he base was then desorbed by increasing the temperature

rom 373 to 823 K at a rate of 10 K/min and ammonia con-
entration was detected on line in a Shimadzu GC-14A gas
hromatograph using a thermal conductivity detector. The Lewis
cidity of the samples was also investigated using pyridine as a
robe molecule. IR spectra of the adsorbed pyridine (Py-FTIR)
ere recorded on a Schimadzu MPC 3100 spectrometer. Self-

upported wafers of the samples were placed in a glass cell
nder vacuum. The samples were evacuated at 623 K and let
tand under high vacuum overnight. Then they were exposed
o pyridine vapors at room temperature for 30 min, followed
y outgassing at 373 K. The concentration of the both types of
cid sites was estimated assuming the extinction coefficients
or the Brönsted and Lewis sites as 0.73 and 1.11 cm �mol−1,
espectively.

.3. Catalytic studies

The oxidation of anthracene (see Fig. 1) was used as a model
eaction in order to assess the catalytic activity of the synthe-
ized catalysts. For the sake of comparison, the reaction was also
onducted using a commercial zeolite Y (Si/Al = 1.5) as catalyst,
hich was kindly supplied by Degussa (Germany). Pore dimen-

ions of this zeolite are close to the dimensions of some aromatic
ompounds, including the smaller PAHs, such as anthracene, and
ts acid strength is suitable for catalytic applications; in fact, this
eolite is the usual catalyst employed in fluid catalytic cracking
f light naphtha streams.

Catalytic tests were performed at 348 K in a 100-mL three-
ecked round bottom flask, under mild stirring, by mixing 10 mL
olvent, 160 mg anthracene, 100 mg catalyst and the required
mount of oxidant (t-butylhydroperoxide, at a molar ratio of 8:1
ith respect to anthracene) as described by Srinivas et al. [23],

n order to avoid the non-selective thermal decomposition of the

xidant agent. The reacting mixture was allowed to stand in a
ilicon oil bath (348 K) for about 20 h, under magnetic stirring
nd reflux. The appearance of a brownish color, which is typical
f quinones, was the first strong evidence of appreciable reaction

i

a
a

lysis A: Chemical 281 (2008) 154–163

onversion. Qualitative and quantitative chemical analysis of
eactants and products was performed by liquid chromatography
HPLC) with UV/vis detector and/or by gas chromatography
oupled with a mass spectrometry detector (GC/MS).

At the end of each reaction batch, the reacting mixture was
llowed to cool at room temperature, after which it was dissolved
n 5 mL of toluene and filtered. The spent catalyst was solvent
xtracted in a micro-reflux apparatus (4 h) and the liquor thus
btained was added to the initial filtrate. HPLC analysis was
onducted in a Varian ProStar 150 chromatograph under iso-
ratic mode, using CH3CN–H2O 80/20 (v/v) as mobile phase at
flow rate of 1 mL/min, analytical column C18 Chrom Spher
and the UV/vis detector set at λ = 251 nm. GC analysis was

arried out in a Varian CP3800 chromatograph equipped with
flame ionization detector (FID) coupled to a mass spectrome-

er SATURN 2000 MS/MS. Analysis conditions were: capillary
olumn CP-Sil 8.25 m × 0.25 mm (0.12 �m), H2 as carrier gas,
njector temperature of 523 K and FID temperature of 623 K.

. Results and discussion

.1. Synthesis and characterization of catalysts

Some modifications were introduced into the synthesis pro-
edure described by Aguado et al. [25], such as a longer aging
ime of the solids in the synthesis liquor, the addition of a solvent
xtraction step and a shorter calcination time. These changes
llowed the preparation of mesoporous materials with a high
egree of isomorphic substitution and reduced occurrence of
ther crystalline structures (oxide and hydroxide phases) in the
ase of titanosilicates, which is evident from XPS results to be
hown and discussed later. Reaction yields (on a dry basis) were
ver 40%, which may be considered as quite promising for this
ind of methodology at room temperature. The fast hydrolysis
f the Al and Ti alkoxides may lead to the ready formation of
emplated micelles in the acid phase [27] and thus reduced tetra-
edral Al and Ti incorporated to the mesophase, Nevertheless,
t seems that condensation in alkaline media was very efficient
ince high levels of heteroatom substitution were achieved in
he synthesized mesoporous materials. ICP-OES elemental anal-
sis confirms this observation, showing very good agreement
etween molar compositions in the synthesis gels and in the
nal solids (see Table 2).

.1.1. XRD characterization
XRD powder patterns measured for the calcined (823 K)

olids are shown in Fig. 2. In general, all samples show a distinct
road peak at 2.2◦ < 2θ < 3.2◦, accounting for the Bragg plane
1 0 0), which is typical of the hexagonal structure of MCM-41
aterials. Another characteristic peak of mesoporous MCM-41
aterials may be observed at 4.2◦ < 2θ < 4.5◦; for these samples,

t is a rather flat peak, corresponding to the reflection (1 1 0). The
bsence of (2 0 0) and (2 1 0) Bragg planes indicates that there

s a somewhat disordered hexagonal arrangement.

Calculated values for d100 and a0 decreased for increasing
mounts of incorporated Al and Ti, as reported by several other
uthors [8,28,29]. This behavior suggests a lower degree of crys-
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Table 2
Physico-chemical characterization of MCM-41 and HMS calcined samples

Property Sample

H-MCM-41 Al-MCM-41(10) Ti-MCM-41(30) Ti-HMS(30)

(Si/metal)ICP-OES ∞ 10 40 30
d100 (Å) 37.3 28.9 30.4 38.4
a0 (Å) 43.1 33.4 35.2 44.3
BET surface area (m2/g) 544.8 569.3 657.3 745.7
dpore (Å) 41.4 32.4 31.1 28.1
Vpore (cm3/g) 0.56 0.46 0.51 0.52
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(mmol NH3/g) 0.08
(�mol Py/g) –

allinity for mesoporous materials containing heteroatoms and
ay be associated to such factors as: (a) poor condensation of

ilanol groups in pore walls, (b) strong interaction between sur-
actant and heteroatom and (c) formation of micelles of reduced
iameter [25].

.1.2. Textural characterization
Fig. 3 shows adsorption/desorption N2 isotherms at 77 K for

he synthesized and calcined samples. In all cases, they are type
V isotherms, as classified by IUPAC [31]. Three distinct adsorp-
ion regions may be observed in the isotherms: the first one,
.01 < P/P0 < 0.42, corresponds to the deposition of adsorbed
ayers on pore walls; the second one, 0.42 < P/P0 < 0.80, is
elated to capillary condensation of nitrogen in the pores
inflexion point between 0.35 and 0.40) and the third region,
/P0 > 0.80, stands for multilayer adsorption on the external
urface of the solid sample. No hysteresis is observed, which
enerally indicates the absence of other crystalline phases in
he channels and a uniform filling of the mesopores with no
indrances to N2 diffusion [32]. The surface areas of the cata-

ysts (SBET), as calculated from the BJH model, are relatively
ow for this type of materials (see Table 2). The inclusion
f metals (Al and Ti) in the MCM-41 mesoporous structure
aused a slight increase in surface area; on the other hand,

ig. 2. XRD powder patterns for MCM-41, Al-MCM-41(10), Ti-MCM-41(30)
nd Ti-HMS(30) after being calcined at 823 K.

h
i
w

F
4

0.19 0.40
21.2 15.4

ore diameter and pore volume decreased for increasing amount
f incorporated metal. This is common behavior in this type
f material since crystallinity reduces proportionally to the
egree of isomorphic substitution of silicon. Moreover, unlike
he hydrothermal route, the synthesis conditions thus employed
o not favor the formation of regular channels within the
olid matrix [33,34]. The main textural and physico-chemical
roperties of the synthesized samples are summarized in
able 2.

.1.3. FTIR characterization
ATR-FTIR spectra obtained for four of the synthesized sam-

les are extremely alike, mainly because the vibrations from
ymmetrical and asymmetrical stretching of Si–O–Si, Al–O–Si
nd Ti–O–Si bonds are detected in the same spectral region
35]. The broad band between 4000 and 3000 cm−1 is usually
ttributed to symmetrical and asymmetrical stretching vibra-
ions of water bonded to the external surface (3400 cm−1)
nd vibrations of OH group within the various silanol groups

−1 −1
ydrogen bonded-SiOH at 3540 cm−1). The band at 1630 cm−1

s commonly associated to the bending of H–O–H from adsorbed
ater, whereas the broad band between 1050 and 1250 cm−1

ig. 3. N2 adsorption isotherms at 77 K on samples of MCM-41, Al-MCM-
1(10), Ti-MCM-41(30) and Ti-HMS(30) after calcination.
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ig. 4. ATR-FTIR spectra of the samples: MCM-41, Al-MCM-41(10), Ti-
CM-41(30) and Ti-HMS(30) after calcination.

efers to asymmetrical stretching of Si–O–Si within the meso-
orous structure. In addition, the flat band at 970–962 cm−1 is
ood evidence of the incorporation of metallic heteroatoms to the
urely siliceous MCM-41. This band is usually linked to stretch-
ng vibrations of –Si–O–Si– or –Si–O–M (M = Al, Zn, Ti, Zr,
tc.) and its magnitude increases with the increasing amount of
etal added to the structure due to superposition of bands [36].
he presence of bands at 3050–3120 cm−1 may be associated

o the stretching of –C–H from the surfactant, showing that very
table structures are left even after calcination, which are capable
f retaining templating molecules. The band at 800–820 cm−1
ccounts for asymmetrical stretching in SiO4 groups and its mag-
itude decreases for higher degrees of structural isomorphism
s shown in Fig. 4.

l
a
t

ig. 5. Thermodesorption curves of ammonia (a) and acidity histograms (b) for the
alcination.
lysis A: Chemical 281 (2008) 154–163

.1.4. Acidity characterization by TPD of ammonia and
y-FTIR

Total surface acidity may be estimated with this method for a
elatively wide range of temperatures, since ammonia (a strong
ase) may interact with most acid sites both on the external
urface and inside the pores of the sample. Fig. 5 shows the TPD-
H3 curves (a) and the acidity histograms (b) for the calcined

olids H-MCM-41, Al-MCM-41(10), Ti-MCM-41(30) and Ti-
MS(30).
The NH3-TPD curves show a broad desorption band between

93 and 543 K, which suggests that there is a heterogeneous
istribution of acid strength. Maximum desorption tempera-
ures lied between 433 and 443 K, which evidences moderate
o weak acid strength. It is clear that sample MCM-41 shows
early no surface acidity, whereas sample Al-MCM-41(10)
xhibits extremely acid properties (Table 2) and has the most
eterogeneous acidity distribution of all studied samples. For
he titanosilicates, the acidity of Ti-HMS(30) is considerably
igher than that of sample Ti-MCM-41(30), probably due to the
arger concentration of Brönsted and Lewis acid sites. In par-
icular, acidity for such materials is related to the presence of
solated silanol groups (Si-OH), acid groups Al–OH, Ti–OH,
l–O–Si–OH and Ti–O–Si–OH and to electronically unbal-

nced structures containing Al and Ti ions. At temperatures
bove 773 K, there is still some amount of ammonia that has
ot been desorbed, which may be explained by the presence of
ome extremely strong acid sites in all samples.

The infrared spectra (Py-FTIR, not shown) of the samples
ndicate that there are both Brönsted and Lewis acid sites for
ower for the Al-MCM-41(10) sample, for which nearly all of the
cid sites may be assigned as Brönsted sites. On the other hand,
he Ti-containing samples, Ti-MCM-41(30) and Ti-HMS(30),

samples: MCM-41, Al-MCM-41(10), Ti-MCM-41(30) and Ti-HMS(30) after
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how both Lewis and Brönsted sites. Lewis acidity values for
hese samples were found to be 15.4 and 21.1 �mol Py/g, respec-
ively. Such concentration of Lewis acid sites seems to be enough
o ensure the observed high catalytic activity for the experimen-
al conditions under study.

.1.5. XPS characterization
Selected XPS spectra of samples H-MCM-41, Ti-MCM-

1(30) and Ti-HMS(30) are shown in Fig. 6. The core level O
s spectrum in all studied samples shows an asymmetric signal,
hich can be decomposed into two peaks. The main peak, cen-

ered at 533.2 eV, is assigned to oxygen from silica. The absence
f a contribution at low binding energy, at about 530.2eV, from
iO2 or Al2O3, confirms the high isomorphic substitution for

itanium and aluminum in Al-MCM-41 and Ti-MCM-41 sam-

les. The other low intensity peak, which appears at a higher
inding energy (about 534.0 eV) is assigned to surface silanol
roups. For the titanosilicates, the core level Ti 2p3/2 signal at
60.0 eV is the same as that observed in titanosilicalite (TS-

b
a
o
s

Fig. 6. XPS spectra of samples MCM-41(a), T
lysis A: Chemical 281 (2008) 154–163 159

) and is associated to tetrahedral Ti4+. No peak was observed
t 458.8 eV for the sample Ti-MCM-41, thus confirming the
bsence of TiO2 [37–39]. These findings are consistent with
egular dispersion of Ti4+ throughout the mesoporous matrix.
or the sample Ti-HMS, a small shoulder at 458.1 eV indicates

he possible formation of titanium oxide, and hence the pres-
nce of octahedrally coordinated Ti. The Si/Ti atomic ratio was
stimated for the samples of titanosilicates. For Ti-HMS(30),
his Si/Ti atomic ratio was found to be 28.6, which is very close
o that found by ICP-OES. For Ti-MCM-41(30), however, the
ound Si/Ti atomic ratio was 89.5. This relatively low amount
f Ti, as compared to the results from ICP-OES, suggests that
itanium may be preferentially located in the interior of the solid
nd is more scarcely distributed at the solid surface. On the other
and, for sample Ti-HMS(30), titanium was evenly distributed

oth in the surface and in the interior of the solid. This fact had
lso been reported by Stakheef et al. [40] for low concentrations
f this metal (lower than 5%) in the TiO2–SiO2 mixed oxide
ystems.

i-MCM-41(30) (b) and Ti-HMS(30) (c).
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Table 3
Conversions and selectivities for 9,10-anthraquinone measured for the reaction
of anthracene in liquid phase at 348 K catalyzed by the synthesized materials
and Y zeolite

Catalyst Conversion of
anthracene (%)

Selectivity for
9,10-anthraquinone (%)

Others
(%)

H-MCM-41 9.6 31.3 68.7
Al-MCM-41(10) 92.4 23.2 76.8
Ti-MCM-41(30) 71.2 72.5 27.5
Ti-HMS(30) 93.9 96.8 3.2
Y
N

3
m

s
b
T
T
Y
m
o
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For the sample Al-MCM-41(10), the Si/Al molar ratio is 13.3,
igher than that observed for the bulk, 10.3. This fact may be
ue to presence of Al inside the pores, non-detectable by XPS.
he binding energy values for Si 2p (103.2 eV), and O 1 s (mean
omponent at 532.5 eV, and a low intensity at 533.8 eV) are sim-
lar to those found for other mesoporous silica; and the observed
alue for Al 2p at 73.7 eV corresponds to the presence of Al3+.
t is well documented that the Al 2p binding energy does not
ive information to distinguish tetrahedral from octahedral Al
41,42], but it is possible to use the modified Auger parameter
α′) to perform this distinction. In aluminosilicates, the Al α′
alues depends on the polarizability of the near neighbouring
xygen atoms, i.e. on the coordination. Thus, α′ values higher
han 1461.0 eV are characteristic of octahedral Al, whereas tetra-
edral Al exhibits α′ values lower than 1460.4 eV. In Fig. 7, the
l KLL spectra for sample Al-MCM-41(10) and for a com-
ercial �-Al2O3 are shown. The Al KLL spectrum of sample
l-MCM-41(10) shows two peaks, but with different intensi-

ies; a low intensity one with a α′ value of 1459.1 eV assigned
o framework tetrahedral Al, and a high intensity one with an
′ of 1461.3 eV, very similar to that observed in the case of �-
l2O3. It is clear that there is an excess of Al as Al2O3 on the

urface. This fact can explain the lower observed surface area
f sample Al-MCM-41(10) in comparison with the titanium-

ontaining silica due to the presence of surface Al2O3 blocking
ome of the pores. The sample MCM-41 shows the Si 2p signal
entered at about 104.0 eV, assigned to Si from silica.

Fig. 7. AlKLL Auger signal for samples �-Al2O3 and Al-MCM-41(10).
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zeolite 33.3 28.3 71.7
one 2.2 0.9 –

.2. Catalytic (redox) activity on MCM-41 and HMS
aterials

Table 3 summarizes the results for conversion and
electivity obtained for the oxidation of anthracene with tert-
utylhydroperoxide using the synthesized materials as catalysts.
he data show high conversions for materials Al-MCM-41(10),
i-MCM-41(30) and Ti-HMS(30), low conversion for zeolite
and a very low conversion of 9.6% for the purely siliceous

aterial (MCM-41) with a selectivity to 9,10-anthraquinone
f 31.3%. These values are very similar to those observed by
rinivas et al. [23] with a pure MCM-41 operating at 353 K.
n the absence of catalyst, no appreciable hydroxylation of
nthracene was observed and only traces of the target product,
,10-anthraquinone, were formed.

Higher yields for the target product, 9,10-anthraquinone,
ere obtained for Ti-MCM-41(30) and Ti-HMS(30) (51.6 and
0.9%, respectively), which have a considerable density of acid
ites of moderate strength. The observed yield in the case of
ample Ti-HMS(30) is very high and close to the highest value
eported in literature, with Cr-MCM-41 [23]. However, Srini-
as et al. [23] reported a very low conversion of anthracene
∼5%) for a Ti-MCM-41 (∼1 wt%) sample with a selectivity
owards the quinone of nearly 35%. The different synthesis
rocedure and the distinct content of Ti may be the reasons
or the observed discrepancy in the catalytic performance with
he Ti-containing samples. Ti-MCM-41(30) and Ti-HMS(30)
amples contain 3.4 and 3.5 wt% of Ti, a much higher con-
ent than that of sample Ti-MCM-41 (∼1 wt%) prepared by
rinivas et al. [23]. The acidity of our Ti-containing sample
ust be also higher if the Ti content is considered, but unfor-

unately, Srinivas et al. [23] did not report the acidity of their
olids for comparison. The better catalytic performance of sam-
le Ti-HMS(30) as compared to sample Ti-MCM41(30) can be
xplained by taking into account its higher surface area and acid-
ty. The higher acidity of sample Ti-HMS(30) may be a direct
onsequence of the lower Si/Ti molar ratio on the surface, as
ndicated by the XPS results. For the sample Al-MCM-41(10),
high conversion is obtained at the expense of low selectivity

or 9,10-anthraquinone, which shows the adverse effect of the

igh concentration of Brönsted acid sites in this kind of reac-
ion. According to Zhang et al. [43], Brönsted acid sites from
ilanol groups, isolated aluminum and bridging hydroxyl groups
ttributed to isomorphic aluminum in pore walls are the main
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Table 4
Experimental domain of studied variables in the reaction of oxidation of
anthracene over mesoporous catalyst Ti-HMS(30)

Type of design Coded factors (levels) Actual values

ROA Qcat (g/L)

Factorial −1.0 3.0 2.0
+1.0 8.0 5.0

Center point 0.0 5.5 3.5
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ources of active catalytic sites for the hydroxylation of benzene
nd other aromatics.

The lower values for both anthracene conversion and selectiv-
ty for 9,10-anthraquinone obtained with zeolite Y (dp = 7.4 Å)

ay be explained by the diffusional limitations and to adverse
hape selectivity for the chemical species involved in the
eaction. On the other hand, for the mesoporous titanates Ti-

CM-41 (dp = 31.1 Å) and Ti-HMS (dp = 28.1 Å), the relatively
arge pores and the polar nature of acid sites favor surface selec-
ivity towards polar molecules or those with a higher aromatic
olarizability, which enhances the adsorption of such molecules
nd subsequent reaction steps. The molecule of anthracene,
hich is rich in �-electrons, should be most likely attracted

o the catalyst surface by means of electrostatic interactions
ith Brönsted acid sites, followed by the chemical conver-

ion to 9,10-anthraquinone by means of Lewis acid sites. This
ypothesis is consistent with the reaction parameters obtained
or Al-MCM-41(10), which have practically only Brönsted acid
ites. In such case, adsorption and catalysis take place mainly
y means of hydroxyl groups and hence hydroxylation of the
romatic ring is the predominant reaction. The high concentra-
ion of hydroxylated products, detected by GC/MS, confirms
his assumption. In general, the presence of Ti outside the

esoporous framework (TiO2) and under other coordination
tates had little effect on the catalytic activity of the studied
aterials.
For the sample Ti-HMS, the catalyst with the best per-

ormance in the model-reaction, further kinetic studies were
onducted at 320, 335 and 348 K. Fig. 8 shows reaction con-
ersion as a function of time and it is clear that this parameter
s quite affected by temperature variations.

At 320 K, the reaction practically does not occur (maximum
onversion = 34.7%). On the other hand, a raise in temperature
o 335 and 348 K increases conversion to 55 and 95%, respec-

ively. At 348 K, conversions over 80% were reached within the
rst 10 h of reaction. The assumption of a pseudo-first-order
ate law for the oxidation reaction led to rate constants (k) of
.12 × 10−2, 3.97 × 10−2 and 13.91 × 10−2 h−1, for tempera-

ig. 8. Effect of temperature on the oxidation reaction of anthracene over cat-
lyst Ti-HMS(30). C0: 90 mmols/L, mass of catalyst: 80 mg, 10 mL benzene,
olar ratio t-BHP/anthracene = 50, total reaction time = 24 h.
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otatable −1.4 2.0 1.4
+1.4 9.0 5.6

ures of 320, 335 and 348 K, respectively. The activation energy
as calculated according to the Arrhenius law and it was found

o be approximately 15.2 kcal/mol. Smith and Notheisz [44] state
hat values of this order of magnitude evidence kinetic control by
eaction phenomena on the catalyst surface. Values lower than
kcal/mol are characteristic of reactions controlled by diffusion

n the fluid phase.
In addition, modeling and optimization of the oxidation reac-

ion at 348 K using the Ti-HMS sample was performed by means
f factorial design [45] for the variables oxidant/anthracene
olar ratio (ROA) and amount of catalyst (Qcat). Table 4

hows the experimental domain associated to the dependent and
ndependent variables under study in the oxidation reaction of
nthracene. Eleven experiments were designed (including three
eplicates at the central point) and performed according to this
esign, which are shown in Table 5. For these experiments, ini-
ial concentration of polyaromatic was 90 mmols/L, benzene
as used as solvent (10 mL) and tert-butylhydroperoxide as
xidant, at 348 K with a reaction time of 24 h. Independent
ariables were oxidant/anthracene molar ratio (ROA = x1) and
mount of catalyst (Qcat = x2). Dependent variables or experi-
ental responses were chosen as percent anthracene conversion
Y1) and percent 9,10-anthraquinone yield (Y2). Table 5 also
ncludes the results of Y1 and Y2 obtained for each of the per-
ormed experiments. The generic model used to correlate x1 and
2 to each of the studied experimental responses is expressed by

able 5
xperimental matrix and respective experimental responses for the oxidation

eaction of anthracene over mesoporous catalyst Ti-HMS(30) at 348 K

xperiment Variables Response averages

x1 x2 Y1 (%) Y2 (%)

1 −1.000 −1.000 66.18 77.72
2 −1.000 1.000 78.37 95.12
3 1.000 −1.000 84.82 80.84
4 1.000 1.000 86.81 93.32
5 −1.414 0.000 60.55 90.13
6 1.414 0.000 85.52 85.85
7 0.000 −1.414 66.69 73.33
8 0.000 1.414 87.26 90.55
9 0.000 0.000 90.01 96.88
0 0.000 0.000 88.12 94.04
1 0.000 0.000 89.89 94.99

1, experimental response for percent conversion (average from duplicates); Y2,
xperimental response for percent selectivity (average from duplicates).
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ig. 9. Values predicted by model Eq. (3) as compared to experimentally mea-
ured values for the percent conversion of the reaction of oxidation of anthracene
n liquid phase at 348 K.

q. (2).

= b0 + b1x1 + b2x2 + b11x
2
1 + b2x

2
2 + b12x1x2 (2)

here b0 represents the model independent term and bij

re the model coefficients to be determined by regres-
ion procedures. For the set of 11 experiments performed,
he best regression for percent conversion and percent
electivity, respectively, is expressed by Eqs. (3) and (4).
ross-interaction between the two studied independent vari-
bles (term b12x1x2) was found to be negligible in both
ases.

1 = 89.34 + 8.549x1 + 6.159x2 − 6.767x2
1 − 4.797x2

2 (3)

2 = 94.637 + 7.154x2 − 2.689x2
1 − 5.714x2

2 (4)

In general, the regression expressions (Eqs. (3) and (4))
atisfactorily represent the relations between dependent and

ndependent variables under study. Correlation coefficients for
he responses percent conversion (Y1) and percent selectiv-
ty (Y2) were found to be 0.9418 and 0.9616, respectively. In
igs. 9 and 10, obtained experimental values are compared to

ig. 10. Values predicted by model Eq. (4) as compared to experimentally
easured values for the percent selectivity towards 9,10-anthraquinone in the

eaction of oxidation of anthracene in liquid phase at 348 K.
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hose calculated from the model equations for conversion and
electivity, respectively.

For the range of the variables under study, ROA between 3
nd 8 and amount of catalyst (Qcat) between 20 and 100 mg, the
tatistical analysis employed indicated optimal molar ratio of
.5 (oxidant/aromatic ratio) and a mass of catalyst of 44.3 mg,
oth leading to anthracene conversion and selectivity for 9,10-
nthraquinone higher than 91%.

. Conclusions

Mesoporous sı́lica of MCM-41 type containing heteroatoms
uch as Ti or Al are very active catalysts in the oxidation of
nthracene in liquid phase at 348 K, using benzene as solvent
nd tert-butylhydroperoxide as oxidant agent. The conversion
f anthracene and the selectivity to 9,10-anthraquinone are very
ffected by the nature and concentration of the surface acid
ites. When the Brönsted acidity is very high, sample Al-MCM-
1(10), a low selectivity to 9,10-anthraquinone, and a high
roportion of secondary hydroxylated products are observed. In
he case of sample Ti-HMS, an excellent catalytic performance is
bserved with a conversion of anthracene and selectivity to 9,10-
nthraquinone higher than 90%. This may be due to a balanced
istribution of Brönsted and Lewis acid sites, which should
e further investigated in future work. These non-containing
oxic ion metal catalysts merit for separation processes or in
eterogeneous catalysis of bulky aromatics from liquid organic
treams.
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65.
28] W. Zhang, M. Froba, J. Wang, J. Wong, P.T. Tanev, T.J. Pinnavaia, J. Am.

Chem. Soc. 118 (1996) 9164.
29] A. Corma, V. Fornés, M.T. Navarro, J. Pérez-Pariente, J. Catal. 148 (1994)
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