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Abstract

The effects of grafting the alumina species at the surface of silica support on the H3PW12O40 (HPW) immobilization capacity and
performance of loaded HPW in acid-catalyzed reactions were studied with regular silica-gel and ordered mesostructured silica SB
states of alumina and HPW, in terms of the acidity/basicity, material texture, and structure of adsorbed HPW species, were chara
XRD, XPS, NH3-TPD, UV–vis-, and FTIR-spectroscopy, as well as1H and31P MAS NMR, NH3- and CO2-TPD, and N2 adsorption. It
was demonstrated that grafting of silica with small alumina clusters at partial to full surface coverage produces isolated basic s
same strength as at the surface of pure alumina, but with a surface concentration that is an order of magnitude lower. These sites
molecular species of HPW, retaining their polyanion structure and acidity-catalytic activity patterns in several acid-catalyzed reac
reason for the low activity of HPW moieties immobilized at the surface of pure alumina is a polydentate adsorption of polyanions
a high extent of HPW acidity neutralization. The use of mesostructured SBA-15 as a support yielded catalysts with 30–70% high
compared with that based on regular silica gel. This is a result of higher surface area and surface concentration of silanols in SBA
makes it possible to immobilize more HPW as molecular species.
 2005 Elsevier Inc. All rights reserved.
Keywords: H PW O heteropolyacid; Alumina-grafted silica-gel; Alumina-grafted SBA-15;31P MAS NMR; Acidity; Basicity; Acidic catalysis
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1. Introduction

Environmental considerations and handling difficult
have led to sustained efforts in recent years to replace
mogeneous acid catalysts, both Brønsted and Lewis ty
with solid acid catalysts. Heteropolyacids, particularly
Keggin-type 12-tungstophosphoric acid (hereafter HP
exhibit high acidic strengths and have performed admira
in a wide variety of acid-catalyzed reactions[1,2]. However,
HPW suffers from drawbacks, such as very low surface a
(< 5 m2/g), which hinders accessibility to the strong acid
sites, whereas high affinity for polar media renders it solu
* Corresponding author. Fax: +972 8 6477 678.
E-mail address: mlandau@bgumail.bgu.ac.il(M.V. Landau).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.03.006
,

Attempts to overcome these drawbacks include partial n
tralization of protons in HPW by different cations, resulti
in the corresponding salts[2,3], embedding of HPW in sup
ports by direct synthesis[4,5], and support of HPW on hig
surface area oxides[6–12]. Exchanging part of the proton
of HPW with cations with higher ionic radii, like Cs+ and
NH4

+, for example, allowed its separation and recycli
However, the high extent of ion exchange of alkali catio
(> 80% of Cs) that was required to obtain full heterogeni
tion of HPW resulted in significant lowering of catalyst ac
ity. This is compensated by an increase in the accessib
to the remaining acid sites due to formation of a solid p

sessing both micropores and mesopores[13,14]. Yet these
salts tend to form colloidal suspensions in polar media, re-
sulting in difficulties in the catalyst separation[13]. On the

http://www.elsevier.com/locate/jcat
mailto:mlandau@bgumail.bgu.ac.il
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other hand, embedded systems that involve the additio
HPW to the mixture for silica-gel synthesis resulted in
rigid binding in the host matrix, thereby mitigating leachi
[15]. However, the high calcination temperature (723 K) e
ployed for the formation of matrix pore structure in this ca
caused structural damage to the Keggin anions[15].

Several supports, such as silica gel[7,12], alumina
[7–9], zirconia[15,16], carbon[7,17], and mesoporous silic
[5,10,18], have been used to enhance the dispersion of H
thereby increasing the accessibility to their acid sites w
lowering their solubility in polar media. Silica has be
widely favored as the supporting material for HPW, sin
it interacts weakly with the Keggin anions and thus p
serves their structure[7,10]. Yet in reactions that involve
polar media, true heterogenization of HPW could not
achieved on silica, and the acid leached out into the reac
mixture[4,10,12,19]. On the other hand, the strong intera
tion of HPW with the metal-oxide support (e.g., in the ca
of alumina) results in a decline of its acidity[20]. These
strong interactions were attributed to the high basicity of
support, which was derived from electronegativity calcu
tions for various oxides[8] or byn-butylamine thermometric
titration [8] and TPD of ammonia[21] for supported HPW
catalysts. The detrimental effect of such interactions on
alytic activity has also been well documented[7–9].

To summarize, it is difficult to immobilize HPW o
weakly interacting supports like silica, especially when po
reactants are used, whereas on strongly interacting sup
like alumina, HPW loses its acidity. Therefore we can exp
that a support with controlled strength and concentratio
surface basic sites can prevent HPW leaching without
stroying its acidity. Alumina is an amphotheric material w
an average surface basicity formed by the dehydroxyla
of its surface: (Al(OH)–O–Al(OH)→ Al (+)–O–Al–O(−) +
H2O [22,23]. Grafting of alumina species to the silica su
face can weaken the detrimental interaction between H
and alumina by diminishing the surface concentration of
sic sites and/or decreasing their basic strength. This c
provide an appropriate surface basicity to anchor HPW w
out losing its acidity. Based on this premise, we have
cently reported the successful immobilization of HPW
alumina-grafted silica gel support, containing 2 and 8 w
alumina with corresponding HPW loadings of 5 and 19 w
respectively[24]. Indeed, the HPW supported on alumin
grafted silica gel resisted leaching, unlike in silica-suppor
HPW catalysts. Catalytic activities comparable to those
pure acid, which acted homogeneously, were obtained
immobilization of HPW on alumina-grafted silica gel ma
rials in the dehydration of isopropanol and MTBE synthe
from t-butanol and methanol. These activities were s
pressed when the reactions were performed on pure alum
supported HPW.

It has been reported previously that a loading of∼ 9 wt%

alumina on silica gel by grafting yields full coverage, and
multistep grafting results in bulk alumina behavior[25].
Alumina grafted to the ordered mesostructured silica (OMS)
f Catalysis 232 (2005) 210–225 211
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MCM-41 forms mostly small alumina clusters on its surfa
at low loadings and exhibits bulk-like behavior at a loa
ing of 38 wt%[26,27]. It could be expected that employin
OMS, with a higher capacity for grafted alumina spec
than on regular silica gel, can immobilize much more HP
and thereby improve the catalysts performance.

In the present study we investigated the effects of alum
grafting at the surface of silica gel and OMS of the SBA-
type on the HPW immobilization capacity and performan
of loaded HPW in acid-catalyzed reactions. The state
alumina and HPW, in terms of the acidity/basicity, mate
texture, and structure of adsorbed HPW species, were c
acterized by XRD, XPS, UV–vis-, and FTIR-spectrosco
as well as1H and31P MAS NMR, NH3- and CO2-TPD, and
N2 adsorption. On the basis of characterization results
proposed a model of HPW adsorption on alumina-gra
silica supports that prevents its leaching in polar media
retains surface acidity and catalytic activity.

2. Experimental

2.1. Preparation of the catalysts

Commercial silica-gel (hereafter SG) (PQ Corp.; m
terial 2287, powder fraction 40–60 mesh) and alum
(Norton Corp.; material 6176, crushed pellets with a 4
60 mesh fraction, a surface area of 250 m2/g, and a
pore volume of 0.95 cm3/g) were used as supports. SB
15 was prepared according to the procedure presente
[28] by crystallization from acidic, aqueous solutions
poly(ethylene glycol)–block-poly(propylene glycol)–block-
poly(ethylene glycol) copolymer (Aldrich;Mavg. = 5800)
and TMOS (Aldrich).

Alumina-grafted SG (AGSG) and alumina-grafted SB
15 (AGSBA) supports were prepared by the treatmen
SG or SBA-15 with a Al(O–sec-Bu)3 (Aldrich) solution
in anhydrous toluene (Aldrich) in the presence of triet
lamine (Riedel–de-Haen) followed by hydrolysis and ca
nation at 773 K, according to a procedure described e
where [26]. The alumina content in the grafted silica-g
samples was controlled with the use of a Al(O–sec-Bu)3
concentration of 5 and 50 g/l in toluene at the grafting sta
The alumina concentrations in AGSG after calcination w
2.1 wt% (AGSG-2) and 8.3 wt% (AGSG-8), respective
In the second case the alumina content corresponds t
full adsorption capacity of silica gel. Repetition of the gra
ing procedure (with a 50 g/l solution) on AGSG-8 yield
a 16.1 wt% alumina-grafted AGSG (AGSG-16). Treatm
of SBA-15 with Al(O–sec-Bu)3-toluene solutions of 70 an
120 g/l yielded AGSBA samples with 8.6 wt% (AGSBA-9
and 16.9 wt% (AGSBA-17) grafted alumina, respective
Repetition of the grafting procedure on AGSBA-17 (w

a 120 g/l solution) yielded AGSBA-27 (with 27.4 wt%
Al2O3) and, after an additional grafting step, AGSBA-38
(with 37.8 wt% Al2O3).
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We inserted HPW by stirring 1 g of the support (S
Al2O3, AGSG, or AGSBA) in a 10-ml methanolic solutio
containing 0.5 mmol of H3PW12O40 · 6H2O (Aldrich) for
3 h at 298 K. The solid material was separated by fil
tion, washed with 250 cm3 methanol, and dried overnigh
at 373 K.

2.2. Characterization methods

The HPW loading and the alumina content of the graf
silica samples were measured by energy-dispersive X
spectroscopy (EDS) with a JEOL JEM 5600 scanning e
tron microscope.

The surface area of the supports and the HPW cata
and their pore size distributions were derived from nitrog
adsorption isotherms measured with a NOVA-2000 (Qu
tachrome, Version 7.02) instrument, with the use of BET
BJH methods, respectively. The samples were pretreat
373 K under vacuum.

The small-angle X-ray scattering patterns of pure SB
15- and SBA-15-based materials were measured as
scribed in[26]. The conventional wide-angle XRD patter
were obtained on a Guinier G 670 camera (Cu-Kα1 radia-
tion) connected to a rotating-anode X-ray source that
operated at 40 kV and 100 mA. The data were collec
in the range of 2θ = 3◦–70◦ with a step size of 0.005◦.
The exposition time was 30 min, and the average siz
the crystal domains was determined with Scherrer’s eq
tion, h = Kλ/[(B2 − β2)0.5 cos(2θ/2)], whereK = 1.000
is the shape factor,λ = 0.154 nm, andβ is the instrumen-
tal broadening correction. We determined the peak posit
and the instrumental peak broadening by fitting each diff
tion peak by means of APD computer software.

UV–visible spectra were recorded in the wavelen
range of 200–300 nm on a V-560 spectrometer (JAS
Corp.) with a sensitivity that made it possible to detect 2 p
of HPW. The infrared spectra of the supports and catal
were recorded with a Nicolet Impact 460 spectrometer, w
the use of KBr pellets (0.005 g sample and 0.1 g KBr), w
32 sample scans and a resolution of 1 cm−1. The data were
treated with OMNIC software. X-ray photoelectron spec
were acquired with a PHI 549 SAM/AES/XPS ultra-hig
vacuum (10−9 Torr) apparatus with a double-cylindrical mi
ror analyzer (CMA) and a Mg-Kα (1253.6 eV) X-ray source
Powder samples of the catalysts were pressed on the ind
plated grid to a thin layer. We found the spectral compon
of the O signal by fitting a sum of single-component lin
to the experimental data by means of nonlinear least-squ
curve-fitting. The single-component lines were assume
have the shape of a sum of a Cauchy and a Gaussian
shape, and the deconvolution was done according to[29].
The peak positions were calibrated relative to the carbo
peak positioned at 284.6 eV.

31 1
P and H room-temperature NMR experiments were
performed on a 300-MHz spectrometer at frequencies of
121.49 and 300.13 MHz, respectively. A BL 4-mm Bruker
f Catalysis 232 (2005) 210–225
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MAS probe was employed. The31P MAS NMR spectra
were measured with the use of a singleπ/2 pulse, with a
pulse duration of 5 µs and a repetition time of 10 s. Hi
power proton decoupling was employed with the TPP
scheme at a spinning speed of 5 kHz. Up to 6000 t
sients were accumulated, and the chemical shift scale
referenced to H3PO4 (85%). 1H MAS NMR spectra were
recorded with a Hahn echo sequence (τ 100 µs) with a pulse
length of 5, 10 µs, a repetition time of 0.5 ms, and at a s
ning frequency of 10 kHz. Four transients were accumula
and the1H chemical shift scale was referenced to TMS. T
samples were heated in air at 473 K for 2 h before their lo
ing in the zirconium rotors.

Temperature-programmed desorption (TPD) of CO2 was
carried out on samples not containing HPW, with the
of an AMI-100 Catalyst Characterization System (Zeto
Altamira) equipped with a TCD detector and a mass sp
trometer for identification of the outlet components (Ame
1000). Approximately 0.35 g of sample was weighed a
loaded into the reaction cell, heated in a helium atmosp
to 600◦C, and then cooled to 25◦C. A gaseous mixture, con
sisting of 5 vol% CO2 in He, was passed over the sample
a rate of 25 cm3/min for 1 h, followed by flushing with He
for 0.5 h. Then the temperature was increased from amb
temperature to 600◦C at 10◦C/min−1 in a flow of helium,
and the desorbed CO2 was analyzed quantitatively.

TPD experiments with ammonia were performed on
supported HPW catalysts with the same setup. Appr
mately 0.4 g of catalyst was loaded into the sample hol
heated to 200◦C in argon, and subsequently cooled to 25◦C.
After dosing with a 5 vol% ammonia:argon mixture f
30 min, the system was purged with argon for 1 h at
same temperature. The temperature was increased to 6◦C
at a rate of 10◦C/min in a flow of argon, and the outlet gas
were analyzed by mass spectrometry.

2.3. Testing of the catalysts

The immobilized HPW catalysts and the pure HP
acid were tested in three acid-catalyzed reactions:
propanol (IP) dehydration, MTBE synthesis by condensa
of t-butanol with methanol, andtert-butylation of catecho
(Fig. 1). All of the HPW-containing catalysts were expos
for 2 h at 473 K to a nitrogen flow before the catalytic tes
The supports, alumina-grafted silicas and pure alum
were activated at 773 K for 2 h in air. All reactions were c
ried out in the liquid phase in a Teflon-coated stainless-s
batch reactor under continuous stirring. In a typical IP de
dration reaction, 16 g of isopropanol (Frutarom) and 60
of catalyst were loaded into the reactor and stirred at 47
for 2 h. The products were analyzed after their separa
from the catalysts, with the use of a HP 5890 gas chrom
graph (Series II) fitted with a capillary column HP-1.
The synthesis of MTBE was carried out in the liquid
phase as follows: 1.4 g of both methanol (Frutarom) and
t-butanol (Aldrich) was loaded into a reactor, which was fol-
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(a) Synthesis of MTBE
CH3

CH3 C OH+ CH3OH→
CH3

CH3

CH3 C O–CH3 + H2O

CH3
tert-butanol methanol methyl tertiary butyl

ether (MTBE)
(b) Isopropanol dehydration
(CH3)2CHOH→ CH3=CH–CH2 + H2O

isopropanol propylene

2(CH3)2CHOH→ (CH3)2–CH–O–CH–(CH3)2 + H2O
isopropanol diisopropyl ether (DIPE)

(c) Alkylation of catechol withtert-butanol

t-BuOH−−−−→ + +

catechol 4-tert-butyl 3-TBC 3,5-di-tert butyl
catechol (4-TBC) catechol (DTBC)

Fig. 1. The schemes of acid-catalyzed reactions selected for testin
H3PW12O1240-based catalytic materials.

lowed by the addition of 30 mg of freshly activated cataly
The reaction was carried out at 383 K for 2 h with contin
ous stirring. The products after separation from the catal
were analyzed as in the case of the IP decomposition.
mation of isobutylene was negligible[11].

For the alkylation of catechol witht-butyl alcohol,
1.28 g of catechol (Aldrich) and 0.176 g oft-butyl alcohol
(Aldrich) were added to 24 g of nitrobenzene (Aldrich). T
mixture was loaded into the reactor, and the reaction
performed at 373 K for 1 h with continuous stirring after t
addition of 80 mg of activated catalyst. The products, 3-
4-t-butyl catechol (3- and 4-TBC) and 3,5-di-t-butyl cate-
chol (3,5-DTBC), were analyzed with a gas chromatogr
(HP 5890 Series II) with a HP-5 column.

The operating conditions were selected so as to limit
conversion with supported HPW catalysts to 30% to ca
late the yield and turnover frequencies that reflect the int
sic reaction rate. In the run time ranges used, the con
sions increased proportionally, indicating that the reacti
were kinetically controlled. The performance of the ca
lysts was characterized quantitatively by the yields (%Y )
of the products and the product selectivities (%S) obtained
at the selected conditions and was calculated as follo
Y = (MP/MR) × 100; S = (MP/Mn) × 100, whereMP is
moles of desired product,Mn is moles of all products ob
tained, andMR is moles of loaded reagent (IP, methan
or catechol). The reaction turnover frequencies (TOFs, s−1)
were calculated as the number of moles of the corresp
ing reagents (t-BuOH, IP, or catechol) reacted (Mx ) in a
period of time per mol of HPW: TOF= Mx/MHPW · τ ,

whereMHPW is moles of HPW loaded into the reactor, and
τ is the reaction time in seconds. Constant conversion ob-
tained by variation of the speed of agitation in the range of
f Catalysis 232 (2005) 210–225 213

600–900 rpm for MTBE synthesis and 700–1000 rpm for
synthesis andt-butylation of catechol indicated the absen
of external mass transfer limitation. A speed of agitation
700 rpm for MTBE synthesis and 800 rpm for the other t
reactions were chosen. In the absence of external mass
fer resistance, the reaction rate is directly proportional to
alyst loading[30]. Varying the catalyst loading in the rang
of 50–80 mg for IP dehydration, 20–40 mg for MTBE sy
thesis, and 70–100 mg fort-butylation of catechol resulte
in linear changes in conversion, which indicated the abse
of external diffusion limitations. Further experiments we
carried out with catalyst loading as mentioned previou
The particle size variation in the range of 30–80 mesh
not affect the reaction rate, which indicates the exclus
of internal mass transfer limitations, and we chose the
60 mesh size for our measurements.

3. Results and discussion

3.1. Characterization of the HPW-alumina-grafted
materials

As previously mentioned[24], grafting of SG with alu-
mina made it possible to anchor HPW to the support with
leaching in polar media and with minimal reduction of a
tivity in acid-catalyzed reactions. However, the amount
alumina that can be grafted to SG is restricted, becaus
its limited surface area. Increasing the alumina content
yond 9 wt% by multistage grafting resulted in the format
of a bulk alumina phase. SBA-15 OMS with a higher surfa
area has the potential to increase the alumina content wit
the formation of alumina multilayers and hence to incre
the HPW loading. The textural characteristics of parent
Al-grafted silica matrices and their chemical compositio
(Si/Al ratios) are listed inTable 1. As can be seen from thi
table, the surface area and the pore volume of SG dec
with increasing alumina content (entries 1–4). This is c
sistent with the formation of an alumina layer, which do
not contribute to the surface of the sample but contribu
to the sample weight. The parent SBA-15 sample (entr
contained micropores (d < 2 nm) inside the mesopore wall

Table 1
Chemical composition and surface area of alumina-grafted silica supp

Entry Catalyst Al2O3
(wt%)

Surface
area
(m2/g)

Pore
volume
(m3/g)

Avg. pore
diameter
(nm)

1 SG − 362 1.3 13.7
2 AGSG-2 2.1 360 1.2 13.3
3 AGSG-8 8.3 348 1.2 13.7
4 AGSG-16 16.1 285 0.9 12.6
5 SBA-15 − 822 1.3 6.3
6 AGSBA-9 8.6 580 0.9 6.2
7 AGSBA-17 16.9 410 0.62 6.0

8 AGSBA-27 27.4 398 0.58 5.8
9 AGSBA-38 37.8 367 0.51 5.5
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whose contribution to the total surface area, estimated
the t-plot method, was 145 m2/g. The micropores disap
peared already after insertion of 9 wt% of alumina. T
explains the 30% decrease in the total surface area (
822 to 580 m2/g) due to blocking of the micropores wit
grafted alumina species. A further increase in alumina c
tent in SBA-15 produced an additional reduction in surf
area, reflecting mainly the increasing the sample weight
the extended formation of an alumina layer with minim
blocking of the mesopores. The pore diameter decrease
about 1 nm after repetitive grafting of both silicas (Table 1),
indicating an increase in the thickness of the alumina lay

The coverage of silica surface by grafted alumina w
designated as partial, monolayer, and multilayer, base
experimental data reported in the literature[25]. With an ex-
cess concentration of Alsec-butoxide in toluene solution
a maximum coverage of∼ 8 and ∼ 17 wt% of alumina
was achieved on SG and SBA-15 supports, respectiv
This was considered to be a monolayer coverage of s
surface with alumina. Accordingly, the alumina covera
in AGSG-2 and AGSBA-9 corresponding to lower alumi
loadings were designated as partial or submonolayer co
age. Multilayer coverage of silica with alumina was achie
by further grafting of AGSG-8 and AGSBA-17 with alu
mina to yield AGSG-16 and AGSBA-27, respectively. W
prepared the alumina-grafted SBA-15 material, AGSBA-
by repeating the grafting procedure on AGSBA-27.

Anchoring of HPW was done with the addition of va
ious supports to a methanolic solution of HPW. The HP
loading and the textural characteristics of the supported
terials are summarized inTable 2. As expected, pure silic
did not adsorb HPW from the methanolic solution. It w
removed from the pores at the washing stage of the s
ple preparation, leaving the matrices texture unchanged
tries 1 and 2). Fixation of HPW in the pure silica mat
could be achieved only by exclusion of the washing st
after impregnation. In the case of SG, a composite mat
with 19 wt% HPW was prepared, and it showed a redu
surface area and pore volume relative to the parent sup
(entry 3). HPW was strongly adsorbed to the pure alum

Table 2
Chemical composition and surface area of supported HPW catalysts

Entry Catalyst HPW
loading
(wt%)

Surface
area
(m2/g)

Pore
volume
(m3/g)

Avg. pore
diameter
(nm)

1 HPW/SG < 0.5 350 1.3 14.8
2 HPW/SBA < 0.5 830 1.3 6.3
3 HPW/SG 19 238 0.85 14.3
4 HPW/Al2O3 29 200 0.54 10.8
5 HPW/AGSG-2 5 242 0.78 13.2
6 HPW/AGSG-8 19 220 0.64 12.5
7 HPW/AGSG-16 21 211 0.64 12.1
8 HPW/AGSBA-9 21 480 0.77 6.4
9 HPW/AGSBA-17 29 370 0.55 5.9
10 HPW/AGSBA-27 31 316 0.44 5.5
11 HPW/AGSBA-38 35 269 0.36 5.3
f Catalysis 232 (2005) 210–225
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yielding a material with 29 wt% HPW, and the surface a
and pore volume were reduced according to the increa
the sample weight (Table 2, entry 4). Grafting of alumina to
both silica matrices resulted in a strong adsorption of H
from the methanolic solution that could not be removed
washing. The amount of HPW adsorbed from a metha
lic solution, containing an excess of the acid (enough
achieve a loading of 60 wt% HPW after adsorption),
creased with increasing alumina content, making it poss
to load AGSG in the range of 5–21 wt% and AGSBA
the range of 21–35 wt%. The adsorption of HPW chan
the textural parameters (surface area and pore volume
malized per gram of the material) of the alumina-graf
supports in a way that reflected only the matrix dilution w
HPW. This could be the result of strong adsorption of HP
in the form of isolated molecular species that do not bl
the pores and do not contribute to the surface area o
alumina-grafted supports.

3.2. Immobilization of HPW on AGSG and AGSBA and its
catalytic performance

The catalysts listed inTable 2were used in three rep
resentative acid-catalyzed reactions (Fig. 1); the results of
the catalytic tests are presented inTable 3andFig. 2. First
we examined the effect of the amount of alumina loaded
grafting on both silica matrices on product yields (Fig. 2).
It was found that the activity of the HPW catalysts su
ported on AGSG and AGSBA in all three acid-catalyz
reactions passed through a maximum with increasing
mina content. These maxima at 8 wt% alumina in SG
at 17 wt% alumina in SBA-15 correspond to the maxim
amounts of alumina that can possibly be adsorbed in
step. This means that the activity increases with increa
alumina content, up to its full coverage of the silica surfa
Moreover, at higher alumina loadings, achieved by mu
stage grafting, although the HPW loading was increased
activities of the catalysts on both silica supports decrea
for all three reactions (Fig. 2). This can be explained by th

Table 3
Testing results of bulk and supported HPW catalysts

Entry Catalyst IP dehy-
drationa

DIPE yield
(%)

MTBE
synthesisb

MTBE yield
(%)

t-Butylation
of catecholc

4-TBC yield
(%)

1 HPW 33(3.6d) 77 (13.2d) 47 (20.7d)

2 HPW/Al2O3 4 (1.1d) 12 (5.5d) 1.3 (0.6d)

3 HPW/AGSG-8 9(2.6d) 24 (13.6d) 16 (11.3d)

4 HPW/AGSBA-17 12(2.8d) 35 (14d) 27 (11.3d)

a Reaction conditions: 16 g IP, 60 mg catalyst, 437 K, 2 h. The select
to propene was 20% for all the catalysts.

b Reaction conditions: 1.4 g methanol, 1.4 gt -butanol, 30 mg catalyst
383 K, 2 h.

c
 Reaction conditions: 24 g nitrobenzene, 1.28 g catechol, 0.176 gt -bu-
tanol, 80 mg catalyst, 373 K, 1 h.

d TOF (s−1).
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(a)

(b)

(c)

Fig. 2. Effect of alumina loading in silica-gel and mesostructured SBA
silica on the yields of products of catalytic reactions measured at stan
conditions with H3PW12O40 immobilized on these silicas: (a) condensati
of methanol witht -butanol; (b) dehydration of isopropanol; (c) alkylatio
of catechol witht -butanol.

formation of a bulk-like alumina phase that at high alum
loadings affects the acidity of HPW, as in the case of p
alumina. MTBE was the only product of thet-BuOH and
MeOH condensation reaction. The selectivity for DIPE in
dehydration was∼ 80%, and the selectivity for 4-TBC in th
t-butylation of catechol was∼ 75% for all of the catalysts

suggesting that it is determined only by the nature of active
HPW catalytic material. The yields of MTBE, DIPE, and
4-TBC measured under the same conditions with alumina-
f Catalysis 232 (2005) 210–225 215

grafted silica matrices in the absence of HPW at all alum
loadings were less than 0.5%. This allows us to attribute
activities of supported HPW catalysts exclusively to the
sorbed acid.

As expected, HPW/Al2O3 displayed the lowest yields o
products in all of the tested reactions (Table 3, entry 2)[24].
The reaction turnover numbers measured with the HPW
alyst supported on pure alumina were 2.5 to 19 times lo
than with HPW adsorbed to silicas grafted with alumina
nearly full coverage, depending on the testing reaction
the optimal alumina loading levels, similar reaction turno
numbers were measured with HPW supported on AGS
and AGSBA-17 (Table 3), and the yields of the produc
obtained over the HPW/AGSBA-17 were 1.3 to 1.7 hig
than over HPW/AGSG-8, depending on the testing react
Pure HPW that works as a homogeneous catalyst (Table 3,
entry 1) displayed reaction turnover numbers equal to
MTBE) or 1.3 times higher than (for IP dehydration)
1.8 times higher than (for catechol alkylation) HPW a
chored to alumina-grafted silicas (Table 3, entries 3 and 4)
Thus the specific activity of HPW in terms of TOF varies
the following order:

HPW� HPW/AGSG-8= HPW/AGSBA-17
� HPW/Al2O3.

Fig. 3. UV–vis spectra of methanol filtrate after washing the suppo
H3PW12O40 samples.
Fig. 4. UV–vis spectra of product mixtures after conducting MTBE synthe-
sis and isopropanol dehydration and catalyst separation.
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The leaching of the HPW from the various supports w
studied by UV–visible spectroscopy (Figs. 3 and 4). Mix-
ing of the catalysts, which were prepared by dispersion
HPW in alumina-free SG by evaporation (Table 2, entry 3),
in 20 cm3 of methanol at room temperature for 3 h resulted
a complete removal of HPW from the support. The evide
for this is the appearance of a strong signal in the UV–vis
spectra atλ = 267 nm, which is characteristic for HPW
in solution (Fig. 3). Similar treatments for HPW/AGSG-8
HPW/AGSBA-17, and HPW/Al2O3 catalysts, followed by
chemical analysis after the treatment and by recordin
UV–visible spectra for the methanol filtrate (Fig. 3), showed
no leaching of HPW from the catalysts. This confirms stro
immobilization of HPW on these supports. UV–visible sp
tra for the reaction mixtures, obtained after the MTBE s
thesis and IP dehydration experiments with HPW suppo
on alumina-free silica gel, AGSG-8, and AGSBA-17 af
catalyst separation, are shown inFig. 4. Under these reac
tion conditions, the HPW leached out completely from p
SG but remained immobilized on the alumina-grafted s
cas. This was also confirmed by chemical analysis of
spent catalysts. In conclusion, we can thus be certain
grafting the silica surface with alumina results in efficie
immobilization of HPW, which maintains its high activity i
acid-catalyzed reactions.

3.3. Characterization of the catalysts

As previously shown, HPW supported on both alumi
grafted silica and alumina supports was strongly immo
lized; however, the catalytic performances were differen
addition, grafting of alumina in multilayers to silica su
ports, before immobilization of HPW, also resulted in lo
catalytic activity of the corresponding catalysts. This co
be attributed to two different phenomena. Grafting could c
ate alumina surface sites with a basicity strength that is lo
than that of the sites of pure alumina or alumina multilay
hence increasing the surface acidity of the adsorbed H
Alternatively, different sizes of alumina particles could le
to differences in the acidity of HPW. Whereas the den
of available binding sites for HPW at the surface of p
alumina is high, because of the large-size alumina partic
the smaller clusters of grafted alumina yield a lower d
sity of basic sites at the silica surface, hence reducing
overall HPW binding. This can decrease the extent of n
tralization of the acid sites in the adsorbed Keggin spec
Apparently, the two phenomena could take place simu
neously. To clarify the effects of alumina grafting on t
basicity of the supports, the binding characteristics rela
to HPW, and the acidity of adsorbed HPW species, we
plied a set of analytic and spectroscopic techniques to a
the catalysts discussed above.
3.3.1. Silica and alumina grafted silica supports
It is generally accepted that the basic strength of the sites

located at the surface of metal oxides is determined by the
f Catalysis 232 (2005) 210–225

t

average charge on the oxygen atoms, which can be c
lated from Sanderson’s theory of electronegativity[31,32],
by the electronegativity equalization method[33–35]. It was
previously demonstrated that the temperature required
desorption of CO2 from basic surface sites (decarbonatio
increases linearly with the value of the negative charge
the oxygen atoms[35]. In addition, the binding energy o
O 1s electrons, measured by XPS, was found to decr
with increasing negative charge on the surface oxygens[36].
Therefore, to validate the nature of the grafted alumina ph
and verify whether the grafted alumina sites at the silica
face display lower basicity strength than that at the surfac
pure alumina, we applied FTIR, XPS, and CO2-TPD meth-
ods to our samples.

3.3.1.1. FTIR of alumina grafted silicas FTIR spectra for
SG, SBA-15, pure alumina, and the alumina-grafted si
supports in the region of 400–1400 cm−1 are shown in
Fig. 5. Bands centered at 1095, 807, and 470 cm−1 are at-
tributed to the asymmetric stretching, symmetric stretch
and bending modes of Si–O–Si, and the band at 967 c−1

in the case of SBA-15 and the shoulder in the same re
for SG are characteristic of the stretching vibration of
OH [37–40]. For alumina, all of the characteristic ban
in the 500–700 cm−1 region, assigned to AlO6 condensed
groups and complex AlO4 and AlO6 interactive vibration
symmetric stretching modes, are present[41]. The prepara-
tion procedure employed in this study envisages bindin
alumina species to the silica surface via the surface sila
Indeed, the intensity of the Si–OH vibration in silica su
ports became substantially lower after its grafting with a
mina. It can clearly be observed that the band at 967 cm−1,
present in the spectra of parent SBA-15, and the weak sh
der observed in this region in the spectra of SG are s
Fig. 5. FTIR spectra of silica-gel, alumina, SBA-15 and alumina-grafted
silica supports.
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pressed after grafting with alumina (in the AGSBA-17 a
AGSG-8 samples). This confirms that grafting of alum
at the silica surface indeed occurs via the silanol group
can also be observed that the vibration features of alum
in AGSBA-38 in the 500–800 cm−1 region become domi
nant because of the formation of a bulk-like alumina pha
On the other hand, identical vibration features in the sp
tra of the AGSG-8 and AGSBA-17 materials and of SG a
SBA-15, respectively, were observed in this spectral reg
This points to the presence of small isolated alumina clus
at partial and full coverage and the formation of a bulk-l
alumina phase inside the silica pores after multistage g
ing.

3.3.1.2. XPS of alumina-grafted silicas XPS spectra rep
resenting the core level of the O 1s region in pure alum
SG, and the two alumina-grafted supports, AGSG-8
AGSBA-17, are shown inFig. 6. The distribution of O 1s
BE of the electrons for alumina-grafted silicas in the ran
of 528–535 eV is substantially different from that measu
for pure silica and alumina (Fig. 6a). In contrast to the peak
centered at 532 eV for alumina-grafted silicas, the pe
of alumina and SG are centered at 531.4 and 532.5 eV
spectively, in agreement with the data obtained by Prad
al. [42]. This reflects a higher basicity of the surface oxyg
atoms on alumina relative to SG. Grafting of SG (Fig. 6b)
or SBA-15 (Fig. 6c) with alumina at nearly full coverag
shifted the position of the peak to lower BE values that co
reflect the increase in surface basicity. But deconvolu
of the spectra obtained with both AGSG-8 and AGSBA
composites yielded two peaks centered at the same pos
as in SG and pure alumina within the accuracy of the ins
ment. This is an indication of the formation of basic si
with the same basic strength on alumina-grafted silica
on the surface of pure alumina. The Al/Si ratios of the sur-
face layer of AGSG-8 and AGSBA-17 measured by X
were 0.37 and 0.58, respectively, versus 0.05 and 0.13
the bulk EDS analysis. This reveals high dispersion of
alumina phase and thus the location of most of the gra
alumina in the surface layer of the material after calci
tion at 773 K. Under such treatment conditions, diffusion
aluminum into the silica matrix is not feasible since it is
ported to occur at temperatures greater than 1000 K, f
the shift in O 1s BE[42].

3.3.1.3. CO2-TPD on alumina-grafted silicas The data
from CO2-TPD experiments were also consistent with
conclusion that the basicity of the sites at the silica surf
after grafting with alumina and the sites at the surface
pure alumina are similar (Fig. 7). Whereas pure silica sup
ports, SBA-15 and SG, do not bind CO2 at temperature
greater than 200◦C (not shown), insertion of alumina b
grafting creates basic sites retaining CO2 up to 550◦C. The

distributions of relative intensities of CO2 signals, normal-
ized per square meter of material, in a wide temperature
range of 100–550◦C (the shape of TPD spectra) are simi-
f Catalysis 232 (2005) 210–225 217

s

Fig. 6. XPS spectra of the core level of O 1s region recorded with pure
ica-gel and alumina (a), alumina-grafted silica-gel AGSG-8 (b) and alum
grafted SBA-15 AGSBA-17 (c).

lar for the alumina-grafted silicas and for pure Al2O3. This
implies a similarity between the distributions of surface
sic sites, in terms of their basic strength, in grafted sili
and pure alumina. The main difference lies in the surf
concentration (per square meter) of these basic sites, de
from the integrated intensities of the CO2 evolution peaks
in the range of 100–550◦C. This increased in the followin
order: AGSG-8< AGSBA-17 � Al2O3 at ratios 1:1.6:10
The higher concentration of basic sites in AGSBA-17 co
pared with AGSG-8 (inset inFig. 7) is consistent with the
substantially elevated intensity of the band at 967 cm−1 in

IR spectra. This is due to the enhanced concentration of
silanols in SBA-15 relative to that in SG, as measured by IR
(Fig. 5), with the higher Al/Si ratio in the surface layer of
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Fig. 7. The CO2-TPD spectra recorded with pure silica, alumina, a

AGSBA-17 than in AGSG-8, measured by XPS. This is
rectly connected with the higher surface concentration
square meter) of grafted alumina in AGSBA-17 relative
AGSG-8 (Table 1).

From TPD of CO2, XPS, and FTIR studies on alumin
grafted silicas it can be envisaged that the grafted alum
species exhibit basic sites with the strengths like those
served with bulk alumina. However, at nearly full covera
of alumina on silica surface in AGSG-8 and AGSBA-17 su
ports, the surface concentration of basic sites is∼ 10 times
lower than in bulk alumina. This means lower local conc
tration of basic sites in alumina-grafted silicas at partial
nearly complete alumina coverage, relative to the pure
mina phase.

3.3.2. State of immobilized HPW
3.3.2.1. XRD of HPW-containing samples XRD patterns
of pure-HPW reference samples in hydrated (as recei
and anhydrous (after heating at 200◦C for 2 h in air) forms
and of HPW deposited on SG, alumina, and alumina-gra
silica supports are shown inFig. 8. The XRD pattern of the
dehydrated HPW sample corresponds to a cubic struc
(space group Pn3m no. 224) witha = 12.165± 0.001 Å,
in agreement with ICDD card no. 75-2125. The pattern
the diffractogram recorded for the hydrated HPW sam
was close to that given in ICDD card no. 50-655. This
characteristic for an orthorhombic structure with 21 wa
molecules per Keggin molecule. It includes three group
reflections centered at 2θ = 8◦ (d = 11.0 Å), 2θ = 19◦ (d =
4.7 Å), and 2θ = 28◦ (d = 3.2 Å). In both hydrated and
dehydrated HPW materials the widths of the reflections
dicate that the crystal domain sizes are large, greater
50 nm.
After deposition of HPW on SG by impregnation with-
out washing (Table 2, entry 3), the diffractogram displayed a
wide peak at 2θ = 23◦, corresponding to amorphous silica,
a-grafted silica-gel (AGSG-8) and alumina-grafted SBA-15 (AGSBA-1

Fig. 8. XRD patterns of bulk and supported H3PW12O40 materials.

a series of relatively narrow reflections in the range 10.◦–
57.8◦, matching the patterns of the dehydrated cubic H
phase with a crystal domain size of 20 nm, and a wide pea
2θ = 8◦ (d = 11.0 Å). The last reflection could be attribute
to the X-ray scattering by nonordered hydrated polyani
of HPW that are present at the surface as isolated mole
moieties or small clusters containing few Keggin units w

crystal domain sizes of 2.3 nm measured from the broaden-
ing of this peak. The absence of visible reflections at higher
angles that could be attributed to hydrated HPW structures
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indicates a deficiency of the short-range order in these c
ters. Although the number of water molecules in such c
ters is not known, it could be supposed that a cluster wi
diameter of 2.2–2.5 nm that contains less than 5 Keggin u
can include more hydrogen-bonded water molecules per
relative to bulk HPW. This is due to the higher accessibi
of HPW protons in such clusters and corresponds to sub
tially higher Keggin hydration. Deposition of HPW on pu
alumina (Table 2, entry 4) yielded a XRD pattern that e
hibits reflections from the alumina phase corresponding
d spacing of 4.6, 2.4, 1.97, and 1.40 Å and one wide p
centered at 2θ = 8◦. It is a result of a strong interaction o
the HPW with the basic sites present at high concentra
at the surface of alumina that stabilizes the HPW phase
in the form of hydrated surface molecular species. We
served a similar picture by recording XRD patterns of HP
adsorbed on alumina-grafted silicas with an alumina con
corresponding to nearly full coverage (Fig. 8).

Thus the XRD data offer evidence for the existence
HPW adsorbed to pure alumina and to the alumina-gra
silicas in the form of hydrated surface molecular spec
or small clusters containing few Keggin units with high
hydration levels than in the bulk HPW. However, no info
mation can be gained from XRD about their molecular str
ture. To clarify the structural integrity of the Keggin aft
the adsorption/deposition on supports, and to ascertain
immobilization affected the acidity of HPW, we conduct
additional FTIR, MAS NMR, and NH3-TPD investigations.

3.3.2.2. FTIR of HPW-containing samples FTIR spectra
for hydrated bulk HPW and HPW supported on alumi
grafted silicas are shown inFig. 9. The bands of the bulk
HPW sample appearing at 1082, 983, 886, 793, 595 (we
and 521 (weak) cm−1 can be assigned to the characteris
Keggin anion vibrations ofνas(P–O), terminalνas(W=O),
νas(W–Ob–W), νas(W–Oc–W), δ(O–P–O), andνs(W–O–
W), respectively[7,43–46]. The subscripts b and c indica
corner-sharing and edge-sharing oxygen, respectively,
the W–O–W bridges belong to the WO6 octahedra. In al
of the samples containing HPW supported on silica,
bands 1082, 983, and 793 cm−1 characteristic for HPW
were masked by matching bands of silica supports[5,37,
46,47]. The weak bands attributed to HPW at< 600 cm−1

fail to appear, because of low concentration of HPW d
to its dilution by silica. A broad shoulder in the regio
of 886 cm−1 that is observed for HPW deposited in
alumina-grafted silica supports is a characteristic vibra
mode,νas(W–Ob–W), of HPW. The absence of promine
shift in the position of this peak, relative to the bulk HP
suggests that HPW retains its Keggin structure after
mobilization at the surface of alumina-grafted silicas.
HPW/Al2O3 the characteristic peaks of HPW between 7
and 1000 cm−1 that are more sensitive to interactions w

the support surface were not observed, because of intens
absorption by alumina in this region[7]. Thus no informa-
tion can be gained from this spectral region on the structure
f Catalysis 232 (2005) 210–225 219

-

Fig. 9. FTIR spectra of bulk and supported H3PW12O40 materials.

of Keggins strongly interacting with the basic sites of p
alumina. A broad band centered at 1082 cm−1 and assigned
to the symmetric vibration of P–O indicates that HPW
tains the Keggin structure on alumina, since the appear
of a lacunary (defect) Keggin anions causes this band to
into two components at 1087 and 1055 cm−1 [19,48]. How-
ever, the peak broadening and tailing suggest a degre
structural distortion of the Keggin.

It is well known that HPW undergoes partial decomp
sition to form lacunary and/or dimeric species during ca
lyst preparation and pretreatment[7,11,19,43,48–50]. Partial
decomposition of HPW occurs in aqueous solution w
the pH exceeds 1.8, and it has been shown that the l
ing concentration of HPW, below which it undergoes par
decomposition, is∼ 7 wt% for water and∼ 1 wt% for meth-
anol [49]. We have used a methanol solution of HPW w
a concentration of 18 wt% that retained the HPW Keg
structure during our catalyst preparation. Lacunary an
dimeric species of HPW can also form at the surface of

esupport as a result of the Keggin’s thermal degradation dur-
ing pretreatment at temperatures equal to above 350◦C [11,
48,49]. The catalysts in our study were pretreated at 200◦C,
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thus ruling out the possibility of thermal decomposition
the Keggin structure.

3.3.2.3. NMR of HPW containing catalysts In the sup-
ported HPW systems employed in this study, two types
protons can be envisaged, namely, “free” (or acidic) p
tons delocalized among the Keggins and “bound” prot
that are localized between the Keggins and the suppor
cause of strong interaction with the surface basic sites1H
and31P MAS NMR studies were carried out to obtain info
mation about the structure and mode of binding of adsor
HPW species to the basic sites of the support and to cha
terize the “free” protons as their Brønsted acidic sites.

The1H MAS NMR chemical shifts of highly acidic pro
tons are more positive and have been observed in zeo
wherein the OH groups are visualized as being static[51].
However, in HPW-based materials the relationship betw
acidic strength and proton chemical shifts is not straight
ward, because of the high mobility of protons arising a
result of hydrogen bonding with water molecules[52,53].
From the temperature dependency of line-widths and ch
ical shifts in a1H MAS NMR study on a reduced silve
salt of HPW in the presence of hydrogen, protonic chem
shifts observed at 6.4 and 9.3 ppm were ascribed to “mob
and “non-mobile” protons, respectively[53]. The protonic
chemical shifts of supported HPW move upfield relative
the bulk HPW to the position at∼ 5 ppm at low loadings
(< 40 wt%), whereas at higher loadings the peaks shi
downfield to a position of∼ 8 ppm, similar to the bulk HPW
[54–56]. However, free and bound protons of the acid h
not been distinguished. This could be due to the presen
different kinds of proton sources, such as surface hydrox
structural and free water, and acidic protons accompa
by fast exchange of protons among them. Similar to the
reported in the literature, it was impossible to distinguish
tween “free” and “bound” protons in the small clusters
supported HPW materials prepared in this study based o
1H MAS NMR spectra recorded at room temperature (
shown) for reasons that are outlined above.

In contrast to this, in31P MAS NMR spectra, the inter
pretation of which does not suffer from the limitations me
tioned above, the effects of “free” and “bound” protons
the 31P chemical shifts of the Keggin should be significa
yielding information about the structure and bonding mo
of HPW moieties. The results of the singleπ/2 pulse31P
MAS NMR experiments on hydrated pure-HPW and s
ported HPW catalysts are shown inFig. 10. Only the center
band regions of the spectra are shown, since the sideb
were generally very weak. All spectra could be character
in terms of three spectral bands with varying relative inte
ties. The sensitivity of the central-31P chemical shift value
of the Keggin units to changes in the HPW structure has b
discussed extensively in the literature[54,57,58]. Different

hydration levels of HPW resulted in distinct changes in the
NMR spectra. Chemical shift values between−16 ppm and
−11 ppm were reported in a variety of studies and correlated
f Catalysis 232 (2005) 210–225
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Fig. 10.31P MAS NMR spectra of bulk and supported H3PW12O40 mate-
rials.

to the positively charged{H+kH2O} (k = 0,1,2) moieties
connecting the(PW12O40)

3− anions in crystalline materi
als. Whereas for a hydrated sample withk = 2 a chemical
shift of about−15.5 ppm was found, the anhydrous samp
with k = 0 showed a line around−11 ppm[7,11,37,50,59].
Thus the source of the changes in the chemical shift a
center nucleus of the Keggin anions is correlated to the a
age proximity of their compensating charges. One isotro
line in a31P MAS spectrum of a HPW powder sample in
cated that, over a certain time scale, all phosphorous n
experience the same averaged chemical environment,
sumably due to proton exchange. On the other hand, w
Keggin units are located close to crystal surfaces or def
one would expect that their chemical shift values are dif
ent from the bulk value.

Inspection of the31P spectrum of our hydrated bulk-HPW
sample (prepared by recrystallization from water and
cined at 473 K for 2 h in air) revealed that the spectral b
around−16 ppm is composed of several lines. Deconvo
tion of this band, assuming Lorentzian line shapes, resul
three resonances, at−15.5 ppm (65%),−16.1 ppm (22%),
and −16.6 ppm (13%), where relative integrated inten
ties are given in parentheses (Fig. 10a). The most intens
line must be assigned, according to the literature, to hex

drated HPW withk = 2, wherein the protons are delocalized
among the Keggins. The other high-field shifted lines could
be attributed to Keggins that experience a distortion in their
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hexahydrated coordination due to defects or surface eff
The relative intensities of the three lines are then an ind
tion of the size of the crystalline particles. No efforts we
made to improve the homogeneity or size of the crystal
material by recrystallization, since the supported HPW s
ples were treated in a similar manner.

In the spectra of HPW supported on AGSG-8 a
AGSBA-17, the31P band is shifted to a lower field an
the relative intensities of the three components are sig
cantly different from the lines in the bulk-HPW band. T
HPW/AGSG-8 sample gave a spectrum consisting of th
components positioned at−12.8 ppm (2%),−13.2 ppm
(61%), and−13.8 ppm (37%), and the HPW/AGSBA-1
sample showed lines at−12.8 ppm (19%),−13.2 ppm
(39%), and−13.8 ppm (34%), again with relative intensitie
given in parentheses. These samples were dried at 473
2 h before the measurement.

The downfield shifts to−10 to−14 ppm of the31P MAS
NMR signal in supported HPW materials relative to t
bulk have been attributed to three types of species: (a)
cies [(SiOH2)+(H2PW12O40)−] arising from interaction of
HPW with the support surface[48–50]; (b) lacunary and/o
dimeric species arising as a result of partial decompos
of HPW[7,48–50]; and (c) HPW species differing in hydra
tion levels[37,43,60]. In the studies attributing the downfie
shifts to lacunary and/or dimeric species of HPW, it is m
often the case that the partial decomposition of HPW
occurred at the preparation stage, in solution at low H
concentrations and/or because of the thermal degradati
high pretreatment temperature[7,48–50]. As discussed ear
lier, the preparation and pretreatment conditions emplo
in our study ensured the stability of the Keggin structu
The formation of species of types (a) and (c) results in
localization of protons, thereby increasing their proximity
the Keggin anion because of the decrease in proton mob

The position of the band around−13 ppm observed in
HPW supported on alumina-grafted silicas is similar to t
in the spectra obtained for a bulk HPW sample withk = 1
corresponding to a dihydrate of HPW[58]. The shift must
then be attributed to the interaction of adsorbed HPW
ticles with the grafted alumina, since FTIR spectra have
vealed the integrity of the Keggin structure of immobiliz
HPW. The protons of HPW interact with the basic sites
alumina, leading to their localization, and an increased
eraged proximity to the Keggins is achieved. This incre
in proximity causes a downfield movement of the31P NMR
chemical shifts. The relative line intensity distribution insi
the spectral bands of the HPW particles shows a sig
cant reduction of the line at−12.8 ppm characteristic fo
Keggins located in the bulk of the HPW crystals. This s
gests that the adsorbed HPW shows a much shorter cr
correlation than that in the bulk sample and therefore is c
posed of small HPW particles. This is in agreement with

XRD data wherein only long-range order was observed in
the supported HPW phase, revealing the molecular charac
ter of adsorbed HPW species.
f Catalysis 232 (2005) 210–225 221
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The HPW/Al2O3 sample showed two spectral ban
around−12.5 and−10.5 ppm. Both of these bands are
lower field than for the HPW supported on alumina-graf
silicas. The distinction between the−12.5 and−13.2 ppm
bands is significant, indicating that there is a difference
tween the modes of binding of HPW to pure alumina a
alumina grafted to a silica surface. The reason for this dif
ence can be explained by the increased basicity of the
alumina. The additional shift to−10.5 ppm shows the pres
ence of more binding options for the protons on an Al2O3
surface due to an increase in the concentration of the
sic sites. This causes the localization of more protons
hence their greater proximity to the Keggins, similar to
k = 0 state in dehydrated HPW, which is attributed to
increase in the number of protons localized on the K
gin [58]. Such a strong interaction of HPW with the alumi
surface is also additionally confirmed by the broad pea
1080 cm−1 in the FTIR spectra (Fig. 9), indicating structura
distortion of the Keggin. Thus the higher magnitude of
31P NMR downfield shifts in HPW/Al2O3 compared with
HPW supported on alumina-grafted silicas arises becau
the interaction of a larger number of protons with the ba
sites.

3.3.2.4. NH3-TPD of HPW-containing catalysts The NH3-
TPD spectra recorded for HPW/Al2O3 and the two HPW
catalysts supported on AGSG-8 and AGSBA-17 mater
are shown inFig. 11. The intensities of the m.s. signa
are normalized per gram of heteropolyacid in order to co
pare the intrinsic acidity of the catalytic phase. The T
spectra show similar amounts of ammonia desorbed
gram of molecular HPW species immobilized by graf
alumina species at the surfaces of SG (AGSG-8) and S
15 (AGSBA-17). These samples displayed similar dis
butions of the amount of base desorbed in the range
tween 250 and 600◦C, reflecting similar acidity strength
of the protonic sites. The HPW adsorbed on pure alum
retained half as much ammonia, estimated from the i
gral intensities of the NH3-TPD peaks in the temperatu
range of 250–550◦C. The HPW immobilized on the su
face of pure alumina exhibited a different distribution
acid sites according to their acidity strength: no amm
nia was retained by HPW/Al2O3 at T > 550◦C, whereas
a significant amount of base was withheld atT > 550◦C
by HPW/AGSBA-17 and HPW/AGSG-8 catalysts. Ana
gous trends, with integrated intensities and shapes o
TPD peaks close to those recorded with HPW/Al2O3, were
observed for the HPW/AGSG-16 and HPW/AGSBA-38 c
alysts (not shown), where HPW was immobilized at
surface of a bulk-like alumina layer. These NH3-TPD data
therefore show that the strong adsorption of HPW molec
at the surface of bulk alumina or bulk-like alumina laye
causes a significant neutralization of their acidity and t
-
a reduction in the number of available acid sites, especially
those with the highest acidity strength. It can be concluded
that HPW adsorbed on small alumina clusters grafted to a
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Fig. 11. NH3-TPD spectra recorded wit

silica surface preserves its acidity to a much higher ex
than it does when it is bound to the bulk alumina.

3.4. Mechanism of HPW immobilization at an Al-grafted
silica surface

Based on the information that was collected about
state and the basicity/acidity of the supports and the H
catalytic phase, a distinct mechanism of HPW immobili
tion at the pure alumina and alumina-grafted silica surfa
is proposed. The high surface concentration of basic site
Al2O3 and alumina-grafted silicas covered with a bulk-li
alumina layer (CO2-TPD) resulted in a high level of he
eropolyanions distortion (31P MAS NMR, FTIR) and sub-
stantially low acidity and the disappearance of acid s
of high acidity strength in the corresponding HPW/supp
materials (1H MAS NMR, NH3-TPD). It also caused a re
atively low specific catalytic activity of HPW/Al2O3 and
HPW/alumina-grafted silicas covered with a bulk-like a
mina layer in the three selected testing reactions (Table 3).
Fig. 12illustrates the amounts of HPW adsorbed per squ
meter of support on all of the alumina-grafted silica ma
rials used (which corresponds to the HPW surface capa
of alumina-grafted materials) versus the aluminum surf
concentration (µmolAl /m2) in these supports. For aluminu

2
surface concentrations smaller than 10 µmolAl /m , corre-
sponding to partial and nearly full alumina coverages, the
support HPW surface capacity increased proportionally to
12O40 immobilized at different supports.

the alumina content reflected in the constant HPW/Al mo-
lar ratio. This could arise from the presence of a dist
amount of sites for anchoring the molecular HPW moie
that possess small alumina clusters present at the silica
face at partial coverage. Increasing the amount of gra
alumina in this partial coverage range enhances the total
centration of these sites but does not change their na
and HPW adsorption mode. Moreover, the linear incre
in HPW adsorption capacity with the increase in Al surfa
concentration on the silica surface and leveling of this cap
ity at higher Al surface concentrations are consistent with
earlier designation of silica coverage with grafted alumina
partial, monolayer, or multilayer.

Thus, the state of adsorbed HPW moieties at partial
monolayer coverages of a silica surface with alumina
mains unchanged and maintains constant specific acidity
TOF in MTBE synthesis. However, it is lower than for h
mogeneous pure HPW for IP dehydration andt-butylation of
catechol (Table 3). The change in overall charge caused
the interaction of protons with the support and their con
quent localization could be a source for the apparently lo
specific catalytic activity of adsorbed HPW relative to bu
HPW.

The possible adsorption mechanism of HPW for t
case is illustrated inFig. 13, left. It includes dehydrox

ylation of surface alumina atoms, Al(OH)–O–Al(OH)→
Al (+)–O–Al–O(−) + H2O, which creates a pair of basic
(electron-donating, Al–O(−)) and acidic (electron acceptor,
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Fig. 12. Effect of aluminum surface concentration in alumina-grafted

Al (+)) sites[23,61,62]. They probably play the role of an
choring sites at the support surface according to the ch
adsorption mechanism. Binding of delocalized protons a
surface of HPW polyanions by interaction with surface
sic site creates an excess negative charge(δ−) at the Keggin
unit that causes its additional electrostatic binding by
Lewis acid site. It yields a monodentate (using only one p
ton) chelation of polyanions. The supposed bonding m
of polyanions also explains the distortion of their struct
(31P MAS NMR) compared with that of the bulk heteropo
acid.

In the model proposed for the immobilization of HPW
an alumina-grafted silica surface, HPW is anchored to
support surface via one of the protons compensating fo
negative charge of the heteropolyacid polyanion. It allo
at least two of the remaining protons to remain delocali
and interact with the reactant molecules in catalytic cyc
This should lead to a decrease in the number of active a
protons per adsorbed Keggin unit relative to that in the p
HPW that must be reflected by a decrease in measured
Such a decrease was observed in IP dehydration and cat
alkylation witht-butanol (Table 3). The fact that the TOFs in
MTBE synthesis measured with HPW adsorbed to alum
grafted silicas were comparable to that measured with
pure HPW can be evidence of good accessibility to reac
molecules of “binding” protons that retain acidic prop
ties. These “binding” protons exhibit lower acidic streng
relative to the free protons of the pure HPW acid due
a decrease in mobility, as found from NMR data. But
reactions catalyzed by weak acid sites, such as MTBE
thesis [63], the TOFs measured with HPW supported

alumina-grafted silicas are comparable to that measured with
the bulk HPW. In the case of HPW supported on bulk alu-
mina, binding of Keggins by two or even three protons to
-gel and SBA-15 on H3PW12O40 adsorption capacity of corresponding silicas

.
ol

the support surface should decrease the strength of a
sites relative to HPW anchored to alumina-grafted silicas
cause of lower proton mobility and shielding of the prot
charge by the high-density basic surface oxygens of the
port. It also can cause steric hindrance for the interac
of weakly acidic “binding” protons with reacting molecule
decreasing the effective concentration of acid sites. Th
reflected in the NH3-TPD data (Fig. 11) and is consisten
with the distortion of adsorbed Keggin units observed
FTIR and NMR methods. Hence the TOFs measured fo
three reactions with HPW/Al2O3 catalyst were the lowes
The line intensities in the downfield band in HPW/Al2O3
31P MAS NMR spectra (Fig. 10) show a possible increas
in the crystal sizes of HPW, which in turn can be cor
lated with the lowering of the catalytic activity of this samp
(Fig. 2).

Formation of a bulk-like alumina phase at the surfa
of silica supports after multistep alumina grafting decrea
the amount of adsorbed HPW per micromole of added
minum, making it close to that measured on pure Al2O3
(Fig. 12). This at least partially reflects the higher number
surface basic sites involved in the immobilization of HP
species per Keggin unit. It could cause a bi- and even trid
tate adsorption of molecular HPW moieties by a chela
mechanism as shown inFig. 13, right, through the use o
two or even all three strongly acidic protons belonging
HPW polyanions. An order of magnitude higher density
basic sites at the surface of bulk alumina phase relativ
alumina-grafted silicas below and up to their full covera
with alumina changes the HPW adsorption mode as sh
in Fig. 13. It decreased the catalyst activity of HPW immo

lized on the silica supports covered with alumina multilayers
in all of the testing reactions (Fig. 2), for the same reason as
on the surface of pure alumina.
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4. Conclusions

The strong polydentate adsorption of molecular HP
species that retain their structure at the pure alumina
face causes low catalytic activity in acid-catalyzed re
tions. It seems that the adsorption of HPW proceeds
a chelating mechanism that involves interactions betw
acidic protons—Keggin polyanions and the pairs of ba

Lewis acid sites formed at the alumina surface as a result
of dehydroxylation. Silica does not adsorb HPW and can-
not immobilize it against leaching in polar reaction media.
silica at partial and upto full surface coverage with alumina (left) an

Grafting of silica (regular silica gel or mesostructured SB
15) with small alumina clusters at partial to full covera
produces isolated basic sites with the same strength as f
at the surface of pure alumina, but at a surface conce
tion that is an order of magnitude lower (site density)
affords a monodentate adsorption of molecular HPW m
eties. This causes a strong enough immobilization of H
at the solid surface to prevent its leaching in polar reac

solutions while retaining its high acidity and catalytic ac-
tivity in different catalytic reactions. The HPW adsorption
capacity per mole of grafted alumina and catalytic activity of
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supported HPW materials passes through a maximum
increasing amount of alumina inserted into the silica s
port by grafting. Using mesostructured SBA-15 as a sup
yields optimized catalysts with 30–70% higher activity co
pared with that based on regular silica gel. This is a re
of higher surface area and surface concentration of sila
in SBA-15. The latter makes it possible to load more ac
HPW phase into the optimized catalyst relative to silica
and to obtain a more active catalytic material.
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