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Abstract

This study answers several pending questions about alumina-catalyzed epoxidation with aqueous 70 wt% H;O,. To evaluate the effect of
the water-to-aluminum tri-sec-butoxide molar ratio, this was systematically changed from 1 to 24. The xerogels were calcined at 450 °C and
gave different y-Al,O3’s with distinct textural and acidic properties. A combination of 27Al MAS NMR and TPD-NH3 results of calcined
aluminas allowed us to assign the type Ia AI-OH sites as the catalytic sites for epoxidation. The type Ib A1-OH sites have no function in catalytic
epoxidation, because ethyl acetate poisons these sites. The strong acid sites of types Ila, IIb, and III AI-OH groups are responsible for the undesired

H,0O; decomposition and decreased oxidant selectivity.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

New catalysts for sustainable and environmentally benign
chemical processes are mandatory for the chemical industry in
the 21st century to decrease significant risks of chemical pollu-
tion to the health of humans and wildlife on a universal scale
[1,2]. In this context, the sol-gel method is a very attractive
alternative way to synthesize solids with well-defined struc-
tural, textural, morphological, and chemical properties that are
extremely desirable for application in heterogeneous catalysis,
showing higher conversions, selectivities and lifetimes. Studies
of physical chemistry properties of these new catalysts can im-
prove understanding of the molecular aspects involved in the
catalysis promoted by these materials [3].

The sol-gel method is controlled by the relative rates of hy-
drolysis and condensation of the molecular precursors. Para-
meters that influence hydrolysis and condensation and that are
deliberately varied for use in materials design are (i) the kind
of precursor(s), (ii) the water-to-precursor molar ratio, (iii) the
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kind of catalyst in the sol-gel synthesis, (iv) the kind of solvent,
(v) the temperature, and (vi) the relative and absolute concen-
tration in the precursor mixtures [4]. Recently, several papers
have been published showing the applicability of sol-gel routes
for the synthesis of aluminas with special properties tailored for
catalytic applications [5-10]. Shimada et al. [11] have shown
that the hydrolysis ratio, H,O to aluminum tri-sec-butoxide, is
an important parameter for modifying the structural and acidic
properties of sol-gel-prepared alumina powders. Their results
reveal no relationship between the XRD patterns and the poros-
ity or acidity, which strongly suggests that these properties
likely arise from short-range structures and are not necessar-
ily related to the long-range structures of the aluminas.

Our interest in transition metal-free aluminas started with
a joint project with Professor Roger Sheldon (TU-Delft). Alu-
minas were shown to efficiently catalyze the epoxidation of
various nucleophilic alkenes, including terpenes [12,13] and
linear, cyclic, and functionalized olefins [12,14], using aque-
ous 70 wt% hydrogen peroxide or anhydrous 24 wt% hydro-
gen peroxide in ethyl acetate. Among the advantages of using
alumina as an epoxidation catalyst is that it is a nonpollut-
ing material and that it permits the use of the environmen-
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tally friendly oxidant hydrogen peroxide [15]. The y-Al,O3
obtained by the calcination of precursors synthesized by dif-
ferent sol-gel routes showed different catalytic activities in the
epoxidation of cyclohexene and (S)-limonene using anhydrous
H>0; in ethyl acetate. The y-Al,O3 prepared from aluminum
sec-butoxide, using oxalic acid as a gelation catalyst, showed a
significantly higher epoxidation activity than commercial alu-
mina [16]; however, different types of commercial chromato-
graphic aluminas (acidic, neutral, and basic) had similar cat-
alytic behaviors in the epoxidation of «-pinene [12]. In recent
studies [17,18], we discovered that surface hydrophilicity plays
a pivotal role in the catalytic activity of y-Al,O3 and that
the key factor responsible for the similar catalytic behavior of
commercial chromatographic aluminas is a similar hydrophilic-
ity [18]. However, it was not possible to distinguish what type
of Al-OH surface site is responsible for epoxidation, besides a
rough indication that the weak to moderate Brgnsted acid sites
could be the active sites for the alumina-catalyzed epoxidation,
because they could be easily replaced on the alumina surface
by hydrogen peroxide because of their high mobility [19,20],
creating hydroperoxy groups on the surface that, due to the po-
larizing effect of the AI(III) ions, can activate the O—O bond,
facilitating distal oxygen transfer to the nucleophilic olefin [17].

In this work, we synthesized several y-Al,O3 by the calci-
nation at 450 °C of xerogels prepared using H,O to aluminum
tri-sec-butoxide molar ratios of 1-24 at room temperature. The
correlation of the acidic properties of these y-Al,O3 with the
catalytic activity for cis-cyclooctene epoxidation with aqueous
70 wt% H, O provided new insights into the nature of the acid
sites related to catalytic epoxidation and the accompanying un-
desired HyO, decomposition.

2. Experimental
2.1. Catalyst synthesis

The precursors were obtained by the hydrolysis of aluminum
sec-butoxide (Merck, 99.8%). In 125-mL round-bottomed
flasks, different amounts of ultrapure water (Milli-Q) were
added under vigorous stirring to 50.00 g of 50 wt% aluminum
sec-butoxide in sec-butanol (Merck, p.a.) to reach H,O to Al
molar ratios of 1, 2, 3, 4, 5, 6, 8, 12, and 24. (Caution: This re-
action is highly exothermic.) After vigorous stirring for 5 min,
the mixtures transformed into gelatinous slurries and were aged
under stirring for 24 h. These gels were placed into rectangu-
lar glass plates (17 x 28 cm) and dried at room temperature
for 24 h, producing the xerogels. About 3.0-4.0 g of the xero-
gels was calcined under a static air atmosphere at 100, 200,
300, and finally 450°C. Thus, the xerogels were heated at
1°Cmin~! until each temperature level was reached, which
was maintained for 3 h. For the final heating step at 450 °C,
the temperature was maintained for 24 h, giving the aluminas
herein denoted as A450-x, where x is the HyO-to-Al molar ra-
tio used in the xerogel synthesis. The calcined aluminas were
then stored in closed flasks in a desiccator over silica gel and a
3 A molecular sieve for subsequent characterization and use in
epoxidation reactions.

2.2. Catalyst characterization

2.2.1. X-ray power diffraction

Powder X-ray diffraction (XRD) patterns were determined
with a Shimadzu XD-3A diffractometer, using CuK « radiation
and 20 from 5° to 100°, with a step size of 0.02° and a counting
time of 3 s. The phase identification was done using the pro-
gram PCPDFWIN v. 2.0 and the crystallographic pattern files
[21-1307] and [47-1308] for boehmite and y-Al,O3, respec-
tively.

2.2.2. Surface area analysis

The nitrogen adsorption—desorption isotherms of the cal-
cined aluminas A450-1 to A450-24 samples were measured on
a Micrometrics ASAP 2010 device. The samples were degassed
at 120 °C under vacuum (1 pbar) for 3 h. The surface area was
determined by adsorption—desorption of nitrogen at 77 K. The
pore volume and average pore diameter were calculated using
the BET method.

2.2.3. Thermogravimetric analysis

Thermogravimetric analysis (TGA) of the calcined alumi-
nas A450-1 to A450-24 was carried out under an oxidative
atmosphere (synthetic air, 100 mL) using a TA Micromet-
rics 2950 TGA instrument with a heating rate of 20 °C in the
range of 30-900 °C. The analyses were performed in duplicate
for each sample.

2.2.4. Elemental analysis

Elemental analyses were carried out using a Perkin-Elmer
Series I CHN S/O Analyzer model 2400. Calcined alumina
samples (A450-1 to A450-24) were mixed with an oxidant mix-
ture (Pb304:NaF, 1:7), and the elemental analyses were per-
formed by combusting the samples at 925 °C. The analyses
were done in triplicate.

2.2.5. Temperature-programmed desorption of ammonia

Temperature-programmed desorption of ammonia curves
(TPD-NH3) of the calcined aluminas A450-1 to A450-24 were
measured on a TPDRO Thermo Finningan model 1100 device.
Before analysis, the samples (200.0 mg) were pretreated in situ
at 300 °C for 1 h under a nitrogen flow (20 mL min~!). The am-
monia adsorption (3%, v/v, 20 mL min—!) was done at 100°C
for 1 h. The ammonia excess was removed with a nitrogen flow
(20 mLmin~!) at 120°C for 3 h. The sample was cooled to
25 °C and kept under a helium flow (25 mL min—!) until a con-
stant baseline for the signal of the thermal conductivity detector
(TCD) was obtained. The TPD-NH3 analyses were started by
heating the sample from 25 to 800 °C under a helium flow
(25 mLmin™"). The flow of desorbed gas was passed through
a trap containing a fresh mixture of CaO/NaOH (Natron) to
remove any water or carbon dioxide traces evolved at higher
temperatures. The amount of desorbed ammonia was estimated
by the TCD response, previously calibrated with ammonia.
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2.2.6. *”Al NMR spectra

The 2’ Al NMR spectra were recorded for the calcined alumi-
nas A450-1 to A450-24 using a Varian INOVA 500 spectrome-
ter, operating at 130.26 MHz and equipped with a 4-mm high-
speed probe (Doty Scientific) at a spinning rate of 13 kHz. The
27 Al chemical shifts are referenced to a 1.0 molL~! AI(NO3)3
solution. The experimental conditions were acquisition time of
5 ms, pulse width of 2.4 ps (;r/2), recycle delay of 0.1 s, and
spectral width of 32.2 kHz. For each spectrum, 2400 scans were
acquired. The FIDs were processed using an exponential func-
tion with a line width of 1 Hz. The spectra were fitted using the
VNMR program v. 6.2 (Varian).

2.3. Catalytic reactions

The aqueous solution of hydrogen peroxide (70 wt%) was
supplied by Peréxidos do Brasil S.A. (Solvay) and used with-
out further treatment. The reaction mixture was prepared
to contain 1.00 molL~! of cis-cyclooctene (Acros; 95%)
and 0.500 molL~! of n-butylether (internal standard; Acros;
>99%) in ethyl acetate (Merck; p.a.).

In a two-necked round-bottomed flask were added 20.00 mL
of the reaction mixture (20.0 mmol of cyclooctene and
10.0 mmol of r-butylether) and 2.00 mL (56 mmol) of aqueous
70 wt% H,0O,. The mass of the reaction mixture was deter-
mined for calculation of the hydrogen peroxide content. This
mixture was heated to 80 °C with magnetic stirring. An ini-
tial aliquot (r = 0 h) was taken for gas chromatography (GC)
analysis, and the reaction was started by addition of the alu-
mina (200.0 mg). Aliquots (50 uL) were taken at 1, 3, 6, 12,
and 24 h; diluted in hexane (2 mL; Tedia; HPLC-grade); and
treated with a few milligrams of manganese dioxide to pro-
mote decomposition of the peroxides and then with anhydrous
sodium sulfate to remove residual water. These solutions were
analyzed using a Hewlett—Packard HP 5890 Series II gas chro-
matograph equipped with an Alltech AT-WAX capillary column
(20 m x 0.25 mm x 0.25 um film thickness) and a flame ioniza-
tion detector. The cis-cyclooctene epoxide was quantified using
a calibration curve obtained with a standard solution. Selectiv-
ity is always given with respect to converted cis-cyclooctene.

2.4. Determination of hydrogen peroxide

Into an Erlenmeyer flask were added 50 mL of aqueous
20 wt% acetic acid and 20 g of dry ice to deaerate the solu-
tion. After 2 min, ca. 2.0 g of potassium iodide (Synth; p.a.) and
3 drops of a 1 wt% ammonium molybdate solution (Vetec; p.a.)
were added. To this mixture, 200-mg aliquots of the reaction
mixture, collected at 0, 1, 3, 6, 12, and 24 h, were added. The
iodine formed was titrated with a 0.1000-mol L~! solution of
sodium thiosulfate (Synth; p.a.). Near the endpoint of the titra-
tion (pale brown color), 1.0 mL of a 1-wt% starch solution was
added. The endpoint was detected when the blue color disap-
peared. The amount of HyO,, in mmol, in the reaction mixture
was calculated by

C V.
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where C S,0%" is the concentration of the sodium thiosulfate so-
3

lution (molL~1), VSZOZ* is the volume of sodium thiosulfate
3

solution (L), Myeaction iS the mass of the reaction mixture (g),
and mgjiquot 18 the mass of the aliquot (g) taken after 0, 1, 3, 6,
12, and 24 h. To determine the H;O, content at 1, 3, 6, 12, and
24 h, the alumina mass was included in the mass of the reaction
mixture.

3. Results and discussion

In previous reports [16,18,21], oxalic acid was used in the
sol-gel syntheses to obtain nanocrystalline boehmite xerogels.
Oxalic acid acts as a moderator of hydrolysis and polyconden-
sation reactions of the molecular precursors in sol-gel syntheses
[3,4], creating the framework of aluminum (oxy-)hydroxides,
as the oxalate anions can coordinate to the Al(III) ions. In this
work, we did not use oxalic acid in the sol-gel synthesis of the
precursors, because it could disguise the HyO-to-Al molar ra-
tio effect on the properties of calcined aluminas. The xerogels
synthesized with HyO-to-Al ratios <3 (substoichiometric water
amount) were predominately amorphous; 3 < H,O to Al < 8
ratios gave a boehmite structure; and for H>O to Al > 12 ratios,
the xerogels crystallize as a mixture of boehmite [y-AIOOH]
and bayerite [B-Al(OH)3]. After calcination at 450 °C, the xe-
rogels lose their structures and were transformed into y-Al,Os.
Table 1 summarizes the textural and structural properties of the
calcined aluminas A450-1 to A450-24.

In the catalytic epoxidation of cis-cyclooctene with aqueous
70 wt% H;0,, using the activated aluminas prepared by calci-
nation at 450 °C of the xerogels synthesized with different H,O
to Al molar ratios, Fig. 1 shows that the aluminas A450-5 and
A450-6 gave higher yields of cycloctene oxide (around 70% af-
ter 24 h). The selectivity for epoxide after 24 h was in the range
of 95-98% for all calcined aluminas, with exception of A450-1,
which showed the lowest selectivity, around 90%. Based on
the average H>O, consumption per epoxide formed (oxidant
efficiency), the aluminas A450-5 and A450-6 were also more
efficient (Fig. 2). The H,O, efficiency for aluminas A450-5 and
A450-6 was around 3 mmol of oxidant per mmol of epoxide
formed. The reaction without catalyst yielded around 2 mmol of
epoxide (10%) after 24 h, using up 1.1 mmol of H,O; per mmol
of epoxide formed. Figs. 1 and 2 show that the aluminas with
higher epoxide yields have also lower HyO, consumptions.

With respect to the textural properties (Table 1), these alumi-
nas confirm the results already reported [17,18] that y-Al,O3
with nonstructural pores, that usually have larger pore diame-
ters, are better for this kind of reaction. We believe that these
characteristics avoid the entrapment of water in the porous sys-
tem, which would make the diffusion of the olefin to active
sites more difficult [18]. Furthermore, in the epoxidation of
highly reactive olefins, such as terpenes, aluminas with struc-
tural pores, usually ink-bottle shaped, are less selective because
the residence time inside these pores can be sufficiently long for
further oxidation or ring-opening reactions, resulting in the for-
mation of byproducts and decreasing the selectivity for epox-
ides [13].
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Table 1
Textural and structural properties of the calcined aluminas A450-1 to A450-2
Alumina H>O to Al ABET Average pore Pore volume Pore shape Crystalline
molar ratio (m2 /g) diameter (nm) (cm3 /8) structure
A450-1 1 197 10.7 0.53 Slits? y-Al,O3
A450-2 2 210 12.2 0.65 y-Al,O3 + boehmiteP
A450-3 3 265 12.6 0.85 y-AlLO3
A450-4 4 332 10.6 0.88 Interconnected y-Al,O3
cylinders®
A450-5 5 285 16.6 1.19 y-Al,O3
A450-6 6 288 16.4 1.19 y-Al,O3
A450-8 8 273 14.8 1.04 y-Al,O3
A450-12 12 254 9.1 0.59 Ink-bottle y-Al,O3 + boehmite®
A450-24 24 279 4.6 0.32 y-Al,O3 + boehmite
4 Non-structural pores.
> Low content of boehmite.
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Fig. 1. Profiles of cyclooctene oxide yields at different reaction times. Cata-
lyst: calcined aluminas A450-1 to A450-24. Reaction conditions: 20 mmol of
cis-cyclooctene, 10 mmol of di-n-butylether, 56 mmol of (70 wt%) H,O, and
200.0 mg of alumina; 7 = 80°C.
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Fig. 2. Profile of average H,O, consumption per mmol of epoxide formed for
calcined aluminas A450-1 to A450-24. The deviation bars indicate the observed
variation for aliquots taken at 1, 3, 6, 12 and 24 h.

The trends shown in Figs. 1 and 2 are quite thought-
provoking, because these aluminas calcined at 450 °C have
mostly y-Al,Oj3 structure, which strongly suggests that the cat-
alytic behaviors arise from short-range structures, that is, from
the acidity and hydrophilicity of these aluminas. y-Al,O3 has

Fig. 3. Idealized hydroxyl configurations on the alumina surface proposed in
the Knozinger and Ratnasamy model [24]. The values in parentheses are the
global charge on the hydroxyl groups.

many types of Brgnsted acid sites on the surface. Analyzing
the trends of Figs. 1 and 2 from this standpoint, these results
suggest that some sites are responsible for the epoxidation and
others for H,O; decomposition [17].

The H>O; activation on the alumina surface is proposed
to occur by the reaction of Brgnsted acid sites, AI-OH, with
H,0,, giving superficial hydroperoxides, AI-OOH, which are
responsible for oxygen transfer to the olefin [22]. The presence
of Lewis acid sites (—O—AI>*T—0-) is not expected, since the
oxidant is in aqueous solution and promotes water production
during the reaction. Some new insights into hydroxyls on the
y-Al,O3 surface have been proposed using DFT calculations
[23], but no apparent contradiction with the earlier empirical
Knozinger and Ratnasamy model [24] for alumina surface ex-
ists. Therefore, this empirical model is a useful tool and the
easiest way to rationalize the different AI-OH groups on the
surface. The Knozinger and Ratnasamy model proposes that the
(111), (110), and (100) faces are covered by hydroxyl and that
five configurations can be present (Fig. 3). The hydroxyls at
the terminal configurations of the surface (types Ia and Ib) are
the less acidic and more labile groups, whereas the hydroxyls
in the bridged configurations (types Ila, IIb, and III) are slug-
gish and prone to act as proton donors [19,20]. According to
the global charge on each hydroxyl type, the acidity order for
the Al1-OH groups is proposed to be Ib < [a < Ila < IIb < III
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Table 2
Idealized density of Brgnsted acid sites on the y-Al, O3 surface calculated from
Ref. [24]

Brgnsted acid site Hydroxyl density Related AlOy sites
(1015 cm=2) 1015 cm=2)
<|3H
Ia 2.18 2.18 (AIO
) ﬁ'\ (AlOy)
OH
Ib NP 0.83 0.83 (AlOg)
OALL
8
Ia Al/ N 1.55 3.10 (AlOg)
ZAIL I
| AL
8
IIb | 1.08 1.08 (AlOg)
j,?\lx/ \,/AI— 6
1.08 (AIO,)
8
| I
I SAC A 0.36 1.08 (AlOg)
I CAIL I

[24]. Using this classification, it is not easy to rationalize the
large differences of acidic strength between the sites of type Ia
and type III, but an estimation indicates that this difference is of
the order of 10%, considering a liquid—solid interface commonly
found in aqueous suspensions of y-Al,O3 [25]. The hydroxyls
of type Ia and Ib are the most labile. Therefore, it is expected
that at these sites the ligand exchange of —OH by —OOH should
be kinetically faster. On the other hand, sites Ila, IIb, and III be-
have mainly as proton donors, and for this reason are likely to
acid-catalyze HyO, decomposition to H,O and dioxygen [21].
Indeed, Lefler and Miller [26] reported that the adsorption of
organic peroxides on the alumina surface creates at least two
populations of superficial hydroperoxides, AI-OOH, which be-
have differently with respect to kinetic stability for the decom-
position into dioxygen.

The Knozinger and Ratnasamy model [24] proposes an ide-
alized y-Al, O3 surface covered by hydroxyls in a perfect termi-
nation of the bulk structure in the (111), (110), and (100) faces.
In this way, the population of tetrahedral (AlO4) and octahedral
(AlOg) sites in the bulk structure can be apparently related to
the several hydroxyl populations on the surface (Fig. 3). Con-
sidering the ideal values for lattice site densities on the (111),
(110), and (100) y-Al,O3 faces, calculated by Knézinger and
Ratnasamy [24], we correlated the total density of each hy-
droxyl type with the equivalent number of AlO, sites in the
bulk (Table 2). The configuration Ia corresponds to 66.9% of
the total surface AlO4 sites, and the configuration Ib corre-
sponds to 13.6% of the total surface AlOg sites. Therefore,
terminal-hydroxyls (weaker acid sites) are bonded mainly to
four-coordinated AI(III) ions, and the bridged-hydroxyls (most
acidic sites) are bonded mainly to six-coordinated AI(III) ions.

27 Al MAS NMR is a very useful tool for estimating the rela-
tive population of AI(III) ion sites in aluminas [10]. Distortions
in the Al(III) coordination sphere are associated with a larger
electric field gradient that may give rise to broad resonance lines
due to the quadrupolar moment of Al(II), which may make
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NMR spectra.

highly distorted sites invisible to 2’ Al MAS NMR spectroscopy
[27]. However, this problem is minimized using high magnetic
fields, thereby taking advantage of the inverse proportionality of
the second-order quadrupole interaction with the magnetic field
and also of the increase in chemical shift dispersion [28]. The
relative populations of AlO4 (§ = 70 ppm), AlOs (8 = 50 ppm),
and AlOg (8 = 10 ppm) sites were estimated by fitting the 27 Al
MAS NMR spectra of calcined aluminas A450-1 to A450-24
(Fig. 4).

Variations of the H>O to Al molar ratio in the xerogel syn-
thesis result in certain differences in the relative population of
AlO, sites in the calcined aluminas at 450 °C (Fig. 5). Inter-
estingly, the xerogels synthesized with 4 < H>O:Al < 6 give,
after calcination, y-Al,O3 with a higher relative population of
AlO4 and AlOs sites (Fig. 5). The higher relative populations of
AlOQy sites in the aluminas A450-4 to A450-6 support the hy-
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pothesis that the AI-OH sites of type Ia are the active sites for
epoxidation.

The strength and the amount of acid sites of aluminas was
determined by temperature-programmed desorption using am-
monia (TPD-NHj3) as the probe molecule [29,30]. The TPD-
NH3; profiles (Fig. 6) for calcined aluminas A450-1 to A450-24
show a broad peak indicating the existence of a wide range
of acid sites on the alumina surface. However, the TPD-NH3
profiles for all calcined aluminas except A450-5, A450-6, and
A450-8 have a “shoulder” around 400 °C, which indicates a
higher amount of strong acid sites. Therefore, the TPD-NHj3
profiles also support the hypothesis that the strong acid sites
are responsible for HyO» decomposition. To thoroughly analyze
the TPD-NH3 curves for calcined aluminas A450-1 to A450-
24, five hypothetical curves were used to fit the experimental
TPD-NH3 profiles. The sum of the areas of the curves A to C

Table 3
Amount of acid sites obtained from the TPD-NH3 profiles

Alumina Amount of acid sites (umol g_])
Weak to moderate Strong to very strong Total

A450-1 76 118 193
A450-2 96 139 236
A450-3 112 128 240
A450-4 109 128 238
A450-5 138 93 231
A450-6 150 93 243
A450-8 104 115 219
A450-12 95 111 206
A450-24 95 117 212

is supposed to be related to ammonia desorption from weak to
moderate acid sites and of the curves D and E to strong and very
strong acid sites. The amount of acid sites calculated from the
TPD-NH3 curves of calcined aluminas A450-1 to A450-24 are
shown in Table 3.

The trend of the quantity of weak to moderate acid sites has
a behavior similar to that of yields of epoxide (Fig. 1). In con-
trast, the quantity of strong to very strong acid sites is related
to a higher H»O» consumption per mmol of formed epoxide
(Fig. 2). Both trends are in agreement with the sites distribu-
tion determined by >’ Al MAS NMR (Fig. 5). Considering the
total amount of ammonia desorbed, which represents the total
amount of acid sites on the alumina surface, it is possible to
estimate the quantity of type la and Ib sites by

Nla = Reotal X X a10, X 0.669 (2)
and
nIb = Rotal X XA104 X 0.136, 3

where ny, and ny, are the estimated amount of AI-OH sites,
in pumol g_l; Notal 18 the acidity determined by TPD-NH3, in
pumol g_l; Xal0, and X o4 are the percentages of AlO4 and
AlOg present in the alumina bulk and estimated by 2’ Al MAS
NMR; and the factors 0.669 and 0.136 are, respectively, the ide-
alized fraction of the AlO4 and AlQOg surface sites related to
type Ia and Ib sites.

The correlation between the cyclooctene oxide productivity
per m? versus the estimated amount of type Ia sites for the cal-
cined aluminas A450-1 to A450-24 (Fig. 7) shows a roughly
linear trend (r2 = 0.76); however, no correlation between epox-
ide productivity and the estimated amount of type Ib sites can
be observed (Fig. 8). These data reveal that the type Ia sites are
strongly related to the catalytic epoxidation. The deviation ob-
served in Fig. 8 probably arises from the dissimilarity of the
pore systems (Table 1) that can make the diffusion of the olefin
to active sites more difficult due to water adsorption.

We recently reported [17] that the hydrophilicity of the
aluminas is a very important factor to understand alumina-
catalyzed epoxidation. The surface of the calcined aluminas
is rehydrated when exposed to water (from atmospheric air
or from the reaction mixture). The extent of this process de-
pends on structural and textural properties [31,32]. Thermo-
gravimetric analyses of the aluminas, as used in the catalytic



98 R. Rinaldi et al. / Journal of Catalysis 244 (2006) 92-101

250+
225+ u
200+

Table 4

Number of water molecules per nm? of calcined aluminas, W, and of alumi-
nas hydrated in a humidity chamber, Whyq, and the ratio between these values
(hydrophilicity)
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Estimated amount of type la sites (umol g”)

Alumina W (water Whyd (water Whya:W
molecules nm™2) molecules nm™2) ratio

A450-1 27.2+£0.6 50.1£1.8 1.83 £0.04
A450-2 31.2+£02 442408 1.42£0.02
A450-3 203+£1.2 323+1.0 1.59 £0.07
A450-4 14.8+0.2 24.6+0.3 1.66 £ 0.02
A450-5 16.0£0.1 25.0£0.1 1.57 £0.01
A450-6 156+1.4 23.6+1.3 1.51£0.10
A450-8 16.0£+1.0 23.3+0.5 1.46 £0.07
A450-12 16.9£0.1 22.4+£0.9 1.32£0.04
A450-24 21.6£0.5 23.0£0.9 1.06 £0.05

Fig. 7. Epoxide productivity versus estimated amount of type Ia sites.
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Fig. 8. Epoxide productivity versus estimated amount of type Ib sites.

reactions (calcined at 450 °C), were carried out to evaluate the
total amount of (physically and chemically bonded) water on
the alumina surfaces. (The carbon content is very low (ca. 0.3—
0.6 wt%) and statistically the same for all aluminas.) The num-
ber of water molecules per nm? of the alumina surface can be
calculated by

Am 1

W= .
My,0 ABET - mj

- Na, “)

where W is the number of water molecules per nm? of alumina
surface at a given temperature, Am is the weight loss (g), m; is
the initial weight of the alumina sample (g), Mu,o is the mo-
lar mass of water (18.0153 g mol_l), Np is Avogadro’s number
(6.022 x 103 mol_l), and Aggr is the surface area determined
by the BET method (nm? g~ !). To evaluate the water adsorp-
tion capacity or hydrophilicity of the calcined aluminas, we
also placed these calcined aluminas into a chamber with con-
trolled humidity and temperature for 13 days (relative humidity,
88 £ 3% and 25 £ 3°C). After this period, the alumina were
taken out and put into airtight closed flasks while awaiting ther-
mogravimetric analysis [17]. It is important to point out that
after this procedure, no powder agglomerates were formed, and
the samples appeared to be homogeneous. The values of W for
the original calcined samples, the values of Whyqg for controlled

rehydrated samples, and the Whyq: W ratios (the so-called “hy-
drophilicity”) are given in Table 4.

The calcined aluminas A450-1 to A450-24 show a narrower
range of hydrophilicity (1.06—1.83) than reported earlier [17]
for the aluminas calcined at 200-1000 °C (3.58-1.29). Indeed,
this narrow range helped us to see some correlation between
the productivity of epoxide with acidity, because short-range
hydrophilic-hydrophobic interactions between the olefin and
alumina surface are approximately in the same range. These in-
teractions between the olefin and the alumina surface are com-
plicated, because weak to moderate Brgnsted acid sites (Al-
OH) can act either as catalytically active sites or as inhibitors
of the catalytic cycle if the surface is too highly hydroxylated,
making the approach of the olefin to the alumina surface more
difficult [17].

The idealized structure of y-Al,O3, built up only by tetra-
hedral and octahedral AI(III) sites, is an approximation; many
defects and distortions exist that give rise to the presence of
five-coordinated (AlOs) and distorted four- and six-coordinated
AI(III) sites [6,23,24]. The 2’ Al MAS NMR spectra of the cal-
cined aluminas A450-1 to A450-24 have a resonance around
50 ppm, commonly assigned to AlOs or very distorted tetra-
hedral and octahedral aluminum sites [33]. Therefore, the de-
viation in the correlation shown in Fig. 7 is also due to distor-
tions in the alumina structure resulting in variation of the acid
strength of type Ia sites. The hydroxyls bonded on defective
five-coordinated aluminum sites may also be prone to partic-
ipate in the epoxidation, but it is not possible to estimate the
activity of these hydroxyls in the same way as done for type Ia
and Ib AI-OH groups.

Activation of HyO; on alumina surfaces is believed to oc-
cur by formation of AI-OOH that, due to the polarizing effect
of the AI(III) ions, activates the O—O bond, facilitating distal
oxygen transfer to the olefin [13,15,17]. In fact, the O—O bond
activation by alumina seems to be different compared with tran-
sition metals (Ti, Mo, W, and Re) in homogeneously catalyzed
epoxidation, because these always transfer the proximal oxy-
gen [34]. However, the proximal oxygen in AI-OOH groups on
the alumina surface shows a strong steric hindrance, because
the lobe of the molecular orbital o_c, on the proximal oxy-
gen is directed toward the alumina surface. The correlation of
epoxide productivity with type Ia sites suggests the exchange
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Fig. 9. FT-IR spectra for an alumina calcined at 400 °C and refluxed in ethyl
acetate for 4 h.

of the hydroxyls of type Ia sites with hydrogen peroxide on the
alumina surface, forming superficial AI-OOH sites. The Al-
O bond is predominantly ionic, meaning that polarization of
the O-O bond by the AI(III) ions is due mostly to an electro-
static interaction that obeys a charge-to-size relationship with
respect to the polarizing ion. In this way, AI(III) ions in a
four-coordinated environment are more capable of polarizing
the peroxide ligand because its ionic radius is 53 pm, much
smaller than that of six-coordinated Al(III) ions (68 pm) [35].
Regarding electronic aspects, four-coordinated Al(III) sites also
more efficiently polarize the O—O bond, because they are more
electron-deficient than six-coordinated AI(III) sites [24]. Unfor-
tunately, our attempts to characterize the AI-OOH groups on
the alumina surface by Raman spectroscopy at room tempera-
ture, using a helium-neon laser, were not successful. In many
attempts we could detect a strong line only at 876 cm™!, which
is assigned to vp—o, normally obtained in Raman spectra of
aqueous H, O, solutions [36]. The lack of any other vo—o band
in the range of 700-950 cm™! [36], which would indicate the
presence of AI-OOH, does not mean that these activated per-
oxide groups are not present on the alumina surface, but may
indicate that they are present at too low numbers on the surface
at room temperature. Indeed, alumina-supported peroxide as a
reagent for epoxidation at room temperature gives low epoxide
yields [22].

We have reported that basic alumina sites, such as 02~ or
loosely bonded hydroxyls, are not able to participate in cat-
alytic epoxidation [18,37]. This statement is in agreement with
the lack of correlation shown in Fig. 8, because the hydroxyls
in configuration type Ib are loosely bonded to AI(III) [24,25],
which confers a basic behavior to them. We have found that us-
ing ethyl acetate is sufficient to poison type Ib AI-OH sites,
because the infrared spectrum of an alumina calcined at 400 °C
and refluxed in ethyl acetate usually shows several bands in
the range of 1200-1600 cm™!, corresponding to superficial car-
boxylates (Fig. 9) [38], followed by an increase in carbon con-
tent from 0.2 to 4.0% and a decrease in the isoelectric point
from 8.6 to 4.8. However, no change in the catalytic perfor-
mance or H»O» consumption has been found [37]. Therefore,
type Ib Al-OH sites do not take part in the catalytic cycle, be-
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Fig. 10. TPD-NH3 analysis of calcined aluminas A450-8 and A500-8-fast-
dried.

cause they are poisoned by the solvent. Indeed, several commer-
cial chromatographic acidic and neutral aluminas are obtained
by reaction of basic alumina with ethyl acetate, HCI, or acetic
acid [39]. This result also explains the same catalytic behavior
in a-pinene epoxidation with anhydrous H>O; in ethyl acetate
when using basic, neutral, weakly acidic, and acidic commer-
cial chromatographic aluminas as catalysts [12].

We recently reported the effect of the calcination tempera-
ture on alumina-catalyzed epoxidation [17]. The precursors of
these aluminas were also synthesized by the sol-gel method us-
ing a HoO-to-Al molar ratio of 8; however, the gel was not aged
as in the present work, but was quickly dried at 120 °C [17]. For
the alumina calcined at 500 °C (A500-8-fast-dried), the epox-
ide yield was ca. 80% after 24 h, and consumption of H,O; per
mmol of cyclooctene oxide formed was 2.5 [17]. In contrast, the
calcined alumina A450-8 reported here shows an epoxide yield
of only 60% after 24 h and consumption of HyO, per mmol of
cyclooctene oxide formed was 4.1 under the same reaction con-
ditions. To determine whether our proposed model for active
sites for epoxidation and decomposition of H>O; is valid, we
carried out a TPD-NH3 analysis for calcined alumina A500-8-
fast-dried (Fig. 10).

The calcined alumina A500-8-fast-dried has a much higher
amount of weak to moderate acid sites (ammonia desorption
up to 300 °C). This result confirms that the weak to moderate
acid sites (type Ia AI-OH groups) are the active sites for the
epoxidation. However, strong acid sites (types Ila, IIb, and III
Al-OH groups) are involved in the catalytic decomposition of
H,0;, causing an undesirable decrease in oxidant selectivity.
The proposed roles of each AI-OH site on the y-Al,O3 surface
are shown in Fig. 11.

With these insights into the role of each Al-OH site on the
alumina surface in the alumina-catalyzed epoxidation, it is pos-
sible to estimate the turnover frequency and the total turnover
number for the calcined aluminas synthesized in this work (Ta-
ble 5). At the optimum H;O to Al molar ratio in the sol-gel
synthesis, the calcined alumina A450-5 shows a turnover fre-
quency of 560 h™! and a total turnover number after 24 h
as high as 2690. This estimated values are similar to those
of transition-metal-containing epoxidation catalysts, such as
Mo(VI)/Si0O; [40].
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A450-24 allowed assigning the type Ia AI-OH sites as the
catalytic centers for epoxidation. The type Ib AI-OH sites
have no activity in catalytic epoxidation with transition alu-
minas, because ethyl acetate poisons these sites. The strong
acid sites of types Ila, IIb, and IIT AI-OH groups are re-
sponsible for the undesirable decrease in selectivity for the
oxidant due to H,O, decomposition.

. The fast drying of the gel is an efficient way to maximize

the weak to moderate acid sites on the alumina surface,
resulting in higher epoxide yields and higher H,O, effi-
ciencies [17].

. The role of oxalic acid in the sol-gel synthesis [16,18]

Alumina Estimated amount of type Ia TOF TON

acid sites (umol g~ l) (h™ l)
A450-1 24.6 290 1370
A450-2 222 350 1630
A450-3 26.3 350 1930
A450-4 29.2 450 2150
A450-5 26.6 560 2690
A450-6 26.0 440 2570
A450-8 26.5 430 2190
A450-12 22.7 320 1680
A450-24 17.3 340 1930
4. Conclusions

Based on our findings, the following answers to the pending

questions about alumina-catalyzed epoxidation can be stated:

1.

The systematic change in the H, O-to-Al molar ratio in sol-
gel synthesis followed by calcining at 450 °C provided a
series of y-Al,03’s with distinct textural and acidic prop-
erties. The calcined aluminas A450-5 and A450-6 show
higher epoxide productivity and lower consumption of
H,0, per epoxide formed. In previous reports, the change
in the HyO-to-Al molar ratio in sol-gel synthesis was ran-
domized [16,18], resulting in a myriad of lower-activity
catalysts but some aluminas that were very active for epoxi-
dation. Here there is a narrow range of optimum H;O-to-Al
molar ratios in the sol-gel synthesis to produce the best-
calcined alumina catalysts.

The wide-pore and high-surface area aluminas are the best
materials for alumina-catalyzed epoxidation with aqueous
H>0; 70 wt% [17,18].

. Concerning the acidic properties of calcined aluminas, the

change in H>O-to-Al molar ratios in sol-gel synthesis pro-
vides an useful way to demonstrate that the weak to mod-
erate acid sites are responsible for epoxidation and that the
strong acid sites are responsible for H>O, decomposition.

The combination of results from 2’Al MAS NMR spec-
tra and TPD-NHj3 profiles of calcined aluminas A450-1 to

is now understood in the same way as the effect of the
change in the H>O-to-Al molar ratio. The presence of
oxalic acid acts as a moderator of hydrolysis and poly-
condensation reactions of the molecular precursors in sol-
gel synthesis [3,4], creating the framework of aluminum
(oxy-)hydroxides as the oxalate anions coordinate to AI(IIT)
ions, thus changing the hydrolysis and polycondensation
rates and providing a higher amount of weak to moderate
acid sites that are related to a higher population of terminal
hydroxyls (type Ia and Ib) on the alumina surface, which
improves the catalytic activity of aluminas.

7. These results also allow us to understand why all of our at-
tempts to synthesize active transition-metal-doped alumina,
which takes advantage of both the alumina properties and
the enhanced catalytic activity of transition metals, such as
tungsten, molybdenum, and titanium, always gave less ef-
ficient materials for epoxidation with H>O;. Mixed oxides
based on alumina and transition metals are typically more
acidic than alumina itself [31,32]. Therefore, these mate-
rials are shown to be good only for HyO, decomposition,
even with transition metal loads of <1 mol%, which should
give single-site transition metal oxides.
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