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Abstract

The aluminas obtained by calcination of nanocrystalline boehmite, prepared by the sol-gel method, in the range 20@vdi@0tharacterized
by powder X-ray diffraction, thermogravimetric analysis, Fourier transformed infrared spectroscopy, nitrogen adsorption—desorptionjramd scan
electron microscopy. The catalytic activity of these aluminas in the epoxidatms-ofclooctene with aqueous 70 wt% hydrogen peroxide shows,
after 24 h, a profile with two maxima at 400 and P@that corresponds to 85 and 80% yield, respectively. However, this profile cannot be directly
related to the structural and textural properties of the calcined aluminas. Regarding the hydrophilicities of the calcined aluminas, determinec
the amount of water molecules per finthe epoxide yield of the aluminas can be segregated into three groups corresponding to the gener:
crystallographic classification of these aluminas: boehmitseries, and-series. The aluminas from theseries show the highest cyclooctene
oxide yield after 1 h; however, due to surface modifications occurring during the reaction, the aluminas féeseties also give good yields
after 24 h. The water adsorption capacity or hydrophilicity of these aluminas shows a strong correlation with epoxide productivity of the calcin
aluminas at 24 h. Generally, better epoxide productivity is observed for lower hydrophilicities. The hydrogen peroxide efficiencies are typical
2.0-2.5 mmol of oxidant per mmol of epoxide formed after 24 h. However, the aluminas &k#rées show poor efficiency at the beginning of
the reaction that improves from an average of 4.1 to 2.3 mmol of oxidant per mmol of epoxide after 2 h due to modification of their surfaces.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction or amorphous aluminum hydroxides or oxyhydroxides in the
200-1200C range results in several transition aluminas with
Aluminum oxides or aluminas are a group of inorganicstructures depending on the precursor, final temperature, and
chemicals currently produced in very large volurflgs An in-  mode of heating2,5,6]. Thermal treatment causes a formal loss
creasing amount of alumina is being applied in the chemicabf water through desorption of physically bound water or con-
industry for fillers, adsorbents, catalysts, ceramics, abrasivegensation of vicinal hydroxyl grougd®,4,7] and leaves behind
and refractories, although production of aluminum metal conan exposed A" ion, which, because of its electron deficiency,
sumes ca. 90% of all alumirja,2]. In heterogeneous catalysis, behaves as a Lewis acid site. However, some hydroxyl groups
alumina is used in many industrial catalytic processes as bofemain on the surface during the thermal treatment of aluminum
a catalyst and a support for catalytically active componentsydroxide or oxyhydroxides, which may act as proton donors
[1,2]. In several instances, the alumina support contributes tgBrgnsted acid sitegp]. Of all types of defects created during
the catalytic activity and so assumes an essential role in th@ehydration, the triplet vacancies are assumed to have the great-
catalytic systenf3]. The “term alumina” encompasses ionic est catalytic importance in the solid—gas interface. They provide
solids with formula AyOz:(H20),, wheren is 0-3, although  ynysual exposure of the aluminum ions in the underlying layer
none actually contains watgt]. The calcination of crystalline znd constitute strong Lewis acid siféd—13] Furthermore, not
only does the surface undergo a progressive change during the
Torresponding author. Fax: +55 19 37883023. thermal treating of aluminum hydroxides or oxy-hydroxides,
E-mail address: ulf@igm.unicamp.b(U. Schuchardt). but also the structure is significantly transformed during heating
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in the range 200-120. Heating up to 600C, for example, exchanged during the reaction by hydroperoxo groups, form-
yields they -series of alumina containing, x, n, andy-Al,03 ing activated AI-OOH species, which epoxidize nucleophilic
with Al03-(H20),, wheren < 0.6 [2,4]. The thermal treat- alkeneg19,22,23] In a recent study24], we discovered that
ment carried out in the range ca. 800-12@0produces the surface hydrophilicity plays a pivotal role in the catalytic activ-
s-series of alumina containing very few hydroxyl groups on theity of y-Al,O3 and that the key factor responsible for the simi-
surface(n ~ 0) and including thec, 6, andé varieties, which  |ar catalytic behavior of commercial chromatographic aluminas
are more crystalline than the aluminas from theeries[2,4]. s a similar hydrophilicity. In contrasg;-Al ;03 obtained from
The endpoint in the phase transition occurs by heating the mahermal heating of boehmites synthesized by sol-gel methods
terials above 1208C to produce corundum, one of the hardestshowed different hydrophilicities related to their different cat-
substances known and the most thermodynamically stable forgytic behaviors[20,24] Standard techniques of acidity and
of Al203 [4,9]. basicity characterization, such as TPD-N&hd TPD-CQ, do
When exposed to water or moisture, the surfaces of the trarot suffice for understanding the catalytic activity of our sys-
sition aluminas become hydrated, yielding a surface layer ofem, because the acidic and basic surface properties determined
hydroxyl groups[10-12} This rehydration may change the py these experiments are valid only for a “cleaned” surface ob-
structure of transition aluminas, but does result in deactivaggjned during pretreatmef@4]. But the alumina surface under
tion of the higher-energy sites, such as the triplet vacanciegeaction conditions is completely rehydrated, as either aqueous
Knézinger's model is the most complete approach for underpyqrogen peroxide is used or water is produced during the re-
standing the hydroxyl surface groupsjofAl 203 [8]; however,  4tion. Thus the Lewis acid sites, ~O2AIO—, are transformed
this model is only a good approach for the gas—solid interface s Brgnsted acid sites, Al-OH or AI-OQHi. Under reaction

In a water-containing reaction system, greater complexity of,ngitions, the acid strength of these sites is weak to moder-
alumina surface groups is expected, taking into consideratiolys 45 strong acid sites are expected to react with the epoxide

the interaction with water molecules. A recent review describe$, ¢5:m a considerable amount of ring-opened byprod[®4s
the chemistry of alumina in the aqueous interfacs.

Aluminas are used by organic chem.ists. as catalysts Oras sup- |, this paper we show how the hydration of the alumina sur-
ports for reagents or catalysts to obtain fine chemifialslS} face is the key factor for the understanding of the relationship

In a joint prolgct with R.oger A. Sheldops group, we ShoWe‘jbetween structural, textural, and chemical properties of alu-
that only alumina effectively heterogenizes homogeneous rherhinas calcined in the range 200—10@) and their catalytic
nium epoxidation catalystd 6]. However, under epoxidation . : -

. . . . activity and hydrogen peroxide efficiency.
conditions, alumina itself was already active for the epoxida-
tion of cyclooctene and cyclohexene with anhydrous hydro- _
gen peroxide in ethyl acetate under catalytic conditifré. 2. Experimental
The epoxidation activity of alumina had been reported previ-
ously [17], but the reactions showed low epoxide yields usingp 1. gynthesis of the catalysts
a large excess of alumina and oxidant. Our subsequent inves-
tigation [18] showed that alumina catalytic systems were also

useful for the epoxidation of terpenes and 1-olefins when us- | N€ Precursor of the caicined aluminas, boehmite, was ob-
ing anhydrous hydrogen peroxide with selectivities usually int@in€d by the hydrolysis of aluminursec-butoxide (Merck,
In a 500-mL three-necked round-bottomed flask,

the 70-90% range. We were able to achieve productivities 099'8%)' ~
up to 4.3 g epoxides per g of alumifig8]. In a parallel pa- 2.00 g of ultrapure water (Milli-Q) were added, under me-

per[19] we reported that the yields of epoxides were normallychanical stirring, t0 240.00 g of 50 wt% aluminuset-butoxide
~70% and that very few byproducts were formed. Investigaln Sec-butanol (Merck, p.a.). (Caution: This reaction is highly
tions of the alumina system have clearly shown that the re€X0thermic.) The mixture obtained was stirred for 5 min, at
action occurs at the surfa¢@9,24] To our surprise, various Which point it was transformed into a homogeneous gelati-
commercial chromatographic aluminas (acidic, neutral, and bgious slurry. This gel was placed in a rectangular glass plate
sic) showed similar catalytic behavior for the epoxidation of(17 x 28 cm and dried at 120C for 24 h, producing the xe-
a-pinene using anhydrous hydrogen peroxjtig]. However, rogel. About 3.0-4.0 g of xerogel were calcined under a static
ultrapure aluminas prepared using four different sol-gel routegtmosphere at 200, 300, 400, 500, 600, 700, 800, and “XD0O0
showed different yields ofS)-limonene and cyclohexene epox- giving the material herein denominated A-200, A-300, A-400,
ides[20]. Using sol-gel alumina, we showed that anhydrous hyA-500, A-600, A-700, A-800, and A-1000. The xerogel was
drogen peroxide solutions can be replaced by aqueous 70 wt¥ated at C/min until each temperature level was reached,
hydrogen peroxide with improvements in catalyst lifetime, al-where it was maintained for 3 h. At the final heating step,
lowing the catalyst to be recycled for four times and obtainingthe temperature was maintained for 24 h. For mild rehydra-
an overall yield of ca. 56 g of cyclooctene oxide per g of alu-tion, the calcined aluminas A-200 to A-1000 were left in an
mina[22]. The reactivity observed for the different substrates—oven at 100C for 24 h. The materials were then stored in
namely that electron rich alkenes have the highest reactivity—islosed flasks in a desiccator over silica gel and molecular sieves
consistent with a “normal” electrophilic mechanidin,21] of 3 A for subsequent characterization and epoxidation reac-
Apparently the weakly or moderate acidic sites, Al-OH, aretions.
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2.2. Catalyst characterization In a two-necked round-bottomed flask, 20.00 mL of the re-
action solution (20.0 mmol of cyclooctene and 10.0 mmol of
2.2.1. X-Ray power diffraction n-butylether) were placed, and 2.00 mL (56 mmol) of aque-

Powder X-ray diffraction (XRD) patterns were determinedous 70 wt% HO, solution was added. The mass of the reac-
with a Shimadzu XD-3A diffractometer, using Qg; radiation  tion mixture was determined for calculation of the hydrogen
and @ from 5° to 9, with a step size of 0.02and counting peroxide content. This mixture was heated t¢ 80with mag-
time of 3 s. The apparent crystallite size of the xerogel wasetic stirring. An initial aliquot { = 0 h) was taken for gas
determined using Scherrer’s equation along the (020) reflectioohromatography (GC) analysis, and the reaction was started
of the boehmite. Corundum with a crystallite size of 1 um wasby adding the alumina (200.0 mg). Aliquots (50 pL) were

used as internal standard. taken at 1, 2, 4, 8, 12, and 24 h; diluted in hexane (2 mL;
Tedia, high-performance liquid chromatography); and treated
2.2.2. Fourier transformed infrared spectroscopy with a few milligrams of manganese dioxide to promote de-

The Fourier transform infrared (FTIR) spectra were recordeadcomposition of the peroxides and then with anhydrous sodium
using 64 scans of 400-1600 chin a Bomen infrared spec- sulfate to remove residual water. These solutions were ana-
trometer (MB series; Hartmann and Braun) with a resolution ofyzed using a Hewlett—Packard HP 5890 Series Il gas chro-
4 cm L. Analysis was performed by grinding samples togethematograph equipped with an Alltech AT-WAX capillary column

with KBr (1 wt%). (20 mx 0.25 mmx 0.25 pm film thickness) and a flame ioniza-
tion detector. Theis-cyclooctene epoxide was quantified using
2.2.3. Surface area analysis a calibration curve obtained with a standard solution. Selectiv-

The nitrogen adsorption—desorption isotherms of calcinedty is always given with respect to converteid-cyclooctene.
aluminas were measured on a Micrometrics ASAP 2010 device.
The samples were degassed at 12Qunder vacuum (1 pbar) 2.4. Determination of hydrogen peroxide
for 3 h. The surface area was determined by adsorption—de-
sorption of nitrogen at 77 K. The pore volume and average pore In an Erlenmeyer flask, 50 mL of an aqueous 20 wt% acetic

diameter were calculated using the BET method. acid solution and 20 g of dry ice for deaeration of the solution
were added. After 2 min, ca. 2.0 g of potassium iodide (Synth;
2.2.4. Scanning electron microscopy p.a.) and 3 drops of a 1 wt% ammonium molybdate solution

Secondary electron images were acquired in a JEOL JSNMetec; p.a.) were added. To this mixture, 200-mg aliquots of
6360 LV scanning electron microscope, operating at 20 kV. Théhe reaction mixture, collected at0, 1, 2, 4, 8, 12, and 24 h, were
samples were placed on brass stubs and coated with carbon feidded. The iodine formed was titrated with a 0.1000 fbslo-
lowed by a gold and palladium (80 and 20%) coating in a Baldution of sodium thiosulfate (Synth; p.a.). Near the endpoint
Tec MD 020 instrument (20 s, 30 pA). To determine particleof the titration (pale brown color), 1.0 mL of a 1-wt% starch
diameter distribution, 256 particles were manually measure@olution was added. The endpoint was detected when the blue
for each image. color disappeared. The amount of®p, in mmol, in the reac-

tion mixture was calculated by
2.2.5. Thermogravimetric analysis

Thermogravimetric analysis (TGA) of the calcined aluminasp,q, = , (1)
were carried out under an oxidative atmosphere (synthetic air, 2 Maliquot
100 mL/min) using a TA Micrometrics 2950 TGA instrument where Cg,q,2- is the concentration of the sodium thiosulfate
with a heating rate of 20C/min in the range 30-90TC. The  solution (moJL), Vs,0,2- iS the volume of sodium thiosul-

C 2+ Ve 2 .
$0 (0}
3 $05 _ Mreaction < 108

analyses were performed in duplicate for each sample. fate solution (L) mreactionis the reaction mixture mass (g), and
maliquot IS the mass of the aliquot (g) taken after 0, 1, 2, 4, 8,
2.2.6. Elemental analysis 12, and 24 h. To determine the:@, content at 1, 2, 4, 8, 12,

Elemental analyses were carried out using a Perkin—Elmegind 24 h, the alumina mass was considered as the mass of the
Series I CHN S/O Analyzer model 2400. Calcined aluminareaction mixture.
samples were mixed with an oxidant mixture {Ph/NaF,

1:7), and the elemental analysis was performed by combusting Resultsand discussion
the samples at 92%C. The analyses were done in triplicate.
Elemental analysis of the xerogel indicated that the car-
2.3. Catalytic reactions bon content was negligible, about 0.2 wt%, within the exper-
imental error of our equipment. In previous repof22,24]

The aqueous solution of hydrogen peroxide (70 wt%) waswe used oxalic acid as a gelation catalyst to obtain nanocrys-
supplied by Perdxidos do Brasil S.A. (Solvay) and used withoutalline boehmite. But this resulted in a higher carbon content
further treatment. The reaction solution was prepared to contaiim the xerogel (5.8 wt%) and in the alumina calcined at 400
1.00 moJL of cis-cyclooctene (Acros; 95%) and 0.500 ol (0.8 wt%). In the present study we replaced the gelation cata-
L of n-butylether (internal standard; Acras99%) in ethyl ac-  lyst (oxalic acid) by rapid hydrolysis with no aging of the gel,
etate (Merck; p.a.). to obtain a nanocrystalline boehmite precursor with much lower
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Table 1 .

Crystalline phase assignment for the calcined aluminas - % A-400

Identification T calcination(°C) Phase present
Xerogel Boehmite A-300

A-200 200 Boehmite

A-300 300 Boehmite [ 1000 cps

A-400 400 Boehmiter y-Al,03 A-200

A-500 500 y-AloO3

A-600 600 y-Alo03 (020)

A-700 700 5-Al,03 Xerogel

A-800 800 8-Alp0g + 0-Al 03

A-1000 1000 6-Al203 0 20 40 60 80100
20 (degree)

carbon Comem'.T_he lower carbon content is important.for aCI':ig. 2. XRD patterns of the xerogel and the aluminas calcined at 200 to
curately determining the water molecules per’rshalumina  1000°C. The asterisks at the A-400 XRD pattern indicate the presence of
surface (vide infra). boehmite phase.

The thermogravimetric curve of the xerogel synthesized is
shown inFig. 1 The weight losses are due mainly to dehydra-y, -Al,03 [29]. The oxygen sublattice is fairly well ordered, al-
tion and dehydroxylation of the material. As the figure showsthough there is significant disorder in the tetrahedral aluminum
the xerogel contains ca. 25 wt% of water in its structure and/ogyp|attice[30]. There are many open questions regarding the
on its surface. The TGA curve shows four regions of weightiormation, structure, and even stoichiometryefl ,03 [2,30].

Ioss:_(i) room temperatu.retca. 190, due to desorption. of Inthe range 400—-60C a consolidation of the-Al 03 struc-
physically bonded water; (i) ca. 110-280, corresponding ,re occurs. At 700C, the structure of the alumina is more

to desorption of water chemically bonded onto the boehmitebrganized than those observed for A-400 and A-500. result-

(iii) ca. 300-500C, corresponding to dehydroxylation during ing in a pattern characteristic 6fAl,O3. Indeed, only small

ghoeof gaze tr?nscijti%n dOf ?oehmitili%Alzoz; andt (v) abﬁve differences between thg-Al,03 and §-Al;03 structures are
» due to dehydration of-Al203 and posterior phase oo in the XRD patterns. For A-800, it is also possible

tran_smons f =38 — 0-Al20s) [26’2.7]' to observe the presence &fAl,03, which is more crystalline
Fig. 2 shows the thermal evolution of the xerogel s:tructurethan -Al,Oz or 8-Al-Os. The transition ofy- to 6-Al»O
in the range 2001000 by XRD patternsTable 1gives the y-ri2-s 23 . y- 79 UV 2ts
through §-Al,03 does not require a reconstructive recrystal-

phase attributions for the calcined aluminas. o - .
lization process, because of the similar cubic, closely packed

The boehmite-tg+-Al,03 phase transition represents a to- blati h deri f .
tal reorganization of the atoms in the lattice. Boehmite can b@xY9€n sublatticgs,31]. The ordering of structure increases

a well-ordered solid; its structure composed of double chaindu€ to the alignment and merging of lamellae and stacking
of AIOOH forming double layers arrayed in a cubic stackingfaults in the (111) direction and from diffusion of the sur-
sequencé2,28]. The aluminum ions are only in octahedral po- fac€é aluminum ions to more ordered si8s32]. At 1000°C,
sitions. However, this structure is totally lost wheml,0is  the material is more crystalline, and ortlyAl 203 is observed
obtained. The aluminum atoms jnAl,Osz are partly in tetra-  (Fig. 2).

hedral and partly in octahedral positions, forming a so-called In some cases it is not easy to identify the mixture of dif-
“defect” spinel structure, in which the oxygen atoms are inferent alumina phases, because of their broad XRD patterns.
the cubic closely packed layef2,28]. In the normal MTM2t  However, Priya et al[33] showed that FTIR spectra in the
(AB,04) spinel, 32 oxygen anions and 24 cations composgange 1600-400 cm may be a useful tool for monitoring the
the unit cell. However, only 2%, Al3t jons are available for phase transitions for highly crystalline boehmite samples. The
cation positions, resulting in cation vacancies in the case adboehmite structure contains only octahedral aluminum atoms
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Table 2
Textural properties of the calcined aluminas
Alumina Surface area Pore volume Average pore
(m2/g) (cm3/g) diameter (nm)
A-200 380 193 202
A-300 363 190 208
A-800 A-400 370 211 224
A-500 325 208 257
A-600 295 208 281
A-700 A-700 253 198 313
A-800 173 131 305
A-1000 139 118 332

to the (AlO), stretching mode. In contrast to more crystalline
alumina[33], the overlapping of the different stretching and
bending modes of (Alg) and (AlOy) units is quite strong for
nanocrystalline transition aluminas, not allowing differentiation
of the bands related to each vibrational mode of the tetrahedral
and octahedral AI-O units. In our study, however, even with this
strong overlap between the bands, it is possible to observe that
the structure of alumina A-800 is somewhat different from that
of A-700, because some peaks appear in the 400—-800 oen
gion. Although the XRD patterns for A-700 and A-800 are quite
similar, the FTIR spectrum suggests that A-800 is probably a
mixture of boths§-Al,0O3 and 6-Al>03 (Fig. 3). The A-1000
1600 1200 800 400 alumina is clearly assigned @sAl,Os by the XRD pattern
Wavenumber (cm’) (Fig. 2), and its FTIR spectrum shows some similarities with the
A-800 alumina spectrum, clearly confirming the coexistence of
both§-Al203 andf-Al>03 in A-800.
. The evolution of the textural properties of the aluminas
and has Al-OH groups on the lamellae surfaces, and thus {35 getermined by nitrogen adsorption—desorption isotherms

expected to show the stretching and perhaps also the bending77  ig. 4). Table 2summarizes the textural properties for
modes of octahedral aluminum (A4 which fall around 500—  ;minas A-200 to A-1000.

750 cnt! and 350-450 cmt, respectively[33]. The bending
mode of Al-O-H in the boehmites is expected to be around, wype | isotherm with i hysteresis Fig. 4). This indicates
900-1100 cm* [34]. The transition aluminas contain both hat the porosity of the material is nonstructural and is due
tetrahedral and octahedral alumlnum ions. The stretphlng ang intraparticular voids. Typically, this type of hysteresis is
bending modes of tetrahedral aluminum (A)@ppear in the  found in slit-shaped pores between the particles, which are suf-
narrow ranges of 750-850 cth and 250320 cm', respec- ficiently large that capillary condensation occurs only at a rel-
tively [33]. Stretching and bending modes of octahedral aluytive pressure close t8/Py = 1 [35]. The alumina particles
minum (AlGs) in transition aluminas are believed to occur in gre strongly bonded to on another by hydrogen bonds between
the same regions described for boehr{f&]. Al-OH groups. With increasing calcination temperature, these
Fig. 3shows the FTIR spectra of aluminas calcined at 200-a|-OH groups are extensively removed, and the packing of
1000°C. For the boehmites A-200 and A-300, the band athe particles becomes weaker, resulting in an apparent increase
478 cnr! is assigned to the bending mode of (A)Qunits,  of the average pore diameter. This is not the only effect of
and the bands at 616 and 735 chnare assigned to (Al§) increasing calcination temperature; sintering of the small par-
stretching modes. The intense band at 1070*tand a shoul- ticles can also occur. This sintering is the main reason for the
der at 1166 cm? are due to symmetric and asymmetric bend-progressive decrease in surface area for alumina calcined above
ing modes of Al-O—H groups, respectively. The shoulder asp0°C.
785 cntl is assigned to the OH torsional mof#3]. As men- Scanning electron micrographs for the calcined aluminas
tioned above, the phase transition of boehmitg 81,03 rep-  show that the particles of all calcined aluminas are composed
resents a total rearrangement of the lattice, forming new octahef clusters of sphered={g. 5) resulting in a cauliflower-like
dral and tetrahedral aluminum sites. It can be clearly seen thatorphology. Nevertheless, it is possible to see that the sizes of
the 400-900 cm! region is completely different for A-400, these spheres and their aggregates changed at different calcina-
which is mainlyy-Al,O3. The presence of boehmite in A-400 tion temperatures. The morphology for the particles is the same
can be more easily detected by the presence of the band fair all aluminas studied. The void spaces between these clusters
1070 cnt! in the FTIR spectrumRig. 3) than by the XRD  make slits that form the nonstructural mesopores in the synthe-
pattern of A-400Fig. 2). The shoulder at 873 cnd is assigned  sized materials. These mesopores are of the same order of mag-

Absorbance (a.u.)

Fig. 3. FTIR spectra for the aluminas calcined at 200—TGDO

All of the aluminas calcined in the range 200—-10@0show
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Fig. 4. Nitrogen adsorption—desorption isotherms at 77 K of aluminas A-200 to A-1000.

nitude as those determined by nitrogen adsorption—desorption The surface of the calcined aluminas is rehydrated when
isotherms (able 2. exposed to water (from atmospheric air or from the reaction
The heating of alumina at different temperatures causes irmixture). The extent of this process depends on the structural
creased dispersivity of particle diameteFsg. 6) and also of and textural propertigd 1,12] TGA of the aluminas as used in
average particle diameterdble 3. This results from sintering the catalytic reactions (calcined in at 200—100@0and mildly
of the particles, which consumes smaller particles and createshydrated at 100C for 24 h) was done to evaluate the total
medium-sized and larger particles, increasing the dispersivitmmount of water (physically and chemically bonded) on the alu-
of the particle diameters. mina surfaces. The weight losses can be assigned mainly to the
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Fig. 5. Scanning electron micrographs of the calcined aluminas. The white bar is 200 nm, the magnification is 70,000.

desorption of water, although small amounts of residual organiea given temperature (gy; is the initial weight of the alumina
matter may be entrapped in the aluminas even after calcinatiosample (g) M n,0 is the molar mass of water (18.0153gol),

at higher temperatures. However, the carbon content is very lows is Avogadro’s numbet(6.022 x 10?3 mol~1), and Aget
(ca. 0.2 wt%) and statistically the same for all aluminas. Thés the surface area determined by the BET method?(ign
number of the water molecules per fiof the alumina surface To evaluate the water adsorption capacity or hydrophilicity of

can be calculated by the calcined aluminas, we also placed these calcined alumi-
Am 1 nas into a chamber with controlled humidity and temperature
W(T °C) = : - Na, (2)  for 13 days (relative humidity, 8& 3% and 25+ 3°C). After

M, A - mj . . . . -
HoO  ABET "1 this period, the alumina were taken out and placed into airtight

where W (T °C) is the number of water molecules perfmf  closed flasks while awaiting the TGA results. These hydrated
alumina surface at a given temperatuke; is the weightlossat aluminas evolved some amount of water while standing, in-
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||III|II|. 1 Fig. 7. Profiles of cyclooctene oxide yield for calcined aluminas at different
reaction times. Reaction conditions: 20 mmolcid-cyclooctene, 10 mmol of
di-n-butylether, 56 mmol of HO, (70 wt%) and 200 mg of calcined alumina;
T =80°C.

A-300 Table 4
Number of water molecules per #nfor calcined aluminasW (25°C), and
aluminas hydrated in a humidity chamb@f,yq(25°C), and the ratio between

these values

A-200
0 ) Whyd(25°C)
10 % o o Zhydes =/
Alumina W (25°C) Whyd(25°C) W25°C)
60 120 180 240 300 A-200 202+0.2 389+ 14 1934 0.04
Particle Diameter (nm) A-300 191+0.2 396+ 15 2.08+0.08
A-400 116+0.5 443429 358+0.29
Fig. 6. Distribution of the particle diameters for calcined alumima= 256). A-500 126+0.2 406+23 323+005
A-600 125+ 0.5 362404 2.89+0.12
A-700 125+ 0.1 317+11 253+ 0.09
Table 3 A-800 127404 213404 168+ 0.06
Evolution of the average particle diameter = 256) for calcined aluminas  A-1000 118+ 0.2 152+ 0.2 129+ 0.03
A-200 to A-1000
Alumina Average particle Standard . .
diameter (nm) deviation (hm)  (ca. 20 water molecules per An which have the boehmite
A-200 79 24 structure that contains water. None of the transition aluminas
A-300 71 20 actually contains water in its structuf,4], even though its
A-400 81 25 surface can be highly hydroxylated. For A-400, which is mainly
A-500 86 30

y-Al 03, the amount of water per rfvon the surface at 25C

2:388 12; gg is quite small (i.e., ca. 11 water molecules perPheompared
A-800 113 a4 with that for boehmites A-200 and A-300. Increasing calcina-
A-1000 119 49 tion temperature progressively reduces the amount of water on

the surface; however, the decrease in surface area makes the

dicating that th turated with water. Th relative amount of water per rfmearly constant (12 water
icating that they were supersaurated with water. Thus, Wg,,ecyles per nR). On the other hand, we observed that the ex-

dried the excess water condense_d on the flask walls and pep;bsure to controlled humidity (in a humidity chamber) caused
formed the TGA once conder_ws_atlon was no anger Observegxtensive and quite different surface hydratio¥q(25°C),
(around two to three days). It is important to point out that af-of aluminas A-400 to A-1000. On the whole, it appears that hy-
ter this procedure, no powder agglomerates were formed, arlijrophilicity is declining in these aluminas.
the samples appeared homogeneous. The valu@s(26°C) In the catalytic epoxidation afis-cyclooctene, the calcined
for the original calcined (mildly rehydrated) samples, the val-gjyminas showed different behaviors with respect to the yield
ues of Whyd(25°C) for controlled rehydrated samples, and the of cyclooctene oxideRig. 7). This result was expected because
ratio Whya(25°C): W (25°C) are given inTable 4 calcination in the range of 200-1000 strongly changes the
The values obtained for the hydration of theAl2Os sur-  structural, textural, and chemical properties of the aluminas. It
faces (A-400, A-500, and A-600)¥ (25°C), are of the same s possible to see two maxima at 400 and 7QCat 24 h that
order of magnitude as those determined by De Boer ¢88].  correspond to 85 and 80% yields, respectively. This profile was
for y-Al;03 after evacuation at 28 during 100 h or after already observed for the epoxidation of cyclohex{®. In-
drying at 120°C (13 and 8.25 water molecules perfhmespec- terestingly, the catalytic activity was approximately the same
tively). The most well-hydrated aluminas are A-200 and A-300for aluminas A-400, A-500, and A-600 at the beginning of the
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Fig. 8. Profiles of cyclooctene oxide productivity at different reaction times.
Reaction conditions: 20 mmol afs-cyclooctene, 10 mmol of di-butylether,
56 mmol of O, (70 wt%) and 200 mg of calcined alumin&;= 80°C.

Fig. 10. Relation between the water molecules pe? om the surface of alu-
minas (controlled hydrated)Vhyq(25°C), and epoxide productivity at 24 h.

= 3.0 500 f=1h minas’ structure: boehmite;-series (includingy-Al,O3 and

€ 55 A400.4 g, other forms); and-series (includings-Al203, 6-Al203, and

£~ e A500 other forms). The differences between and §-series lie in

2 207 y-Series the (i) crystallinity (the latter series shows better defined XRD

.g ] A20 pattern) and (ii) defect sites on the surface (the latter group

O A800.. A.700 A has an extensively dehydrated surface with many defect sites,

% 104 Dt f’é’dél ie., L_eyws aqd sites]11,12] Consequently, the sur.face hy-

S 05 n boei-1mite drophmcny d|rectly comjects thg strgc_tur_al propertn_as qf the

g o] 8-Series A-1000 calcined aluminas to their catalytic activity in the epoxidation of

O pol . . . . . cyclooctene. Approximately the same correlation can be made

10 12 14 16 18 20 when considering the epoxide productivity per unit of surface

Water molecules per nm?, W(25 °C) area at 1 h; however, alumina A-1000 is displaced fromsthe

series to thes-series cluster.
Interestingly, the aluminas calcined in the range of 400-
1000°C show nearly the same initial surface hydration. How-

. . _ ' ever, at longer reaction times, they demonstrate significant
reactions (1 h). This trend held during the first 4 h. Howevergifterences in epoxide productivity. Analyzing the values

alumina A—§00 dgactivated at 4—8.h of rgactiqn and gave O”IWhyd(25°C):W(25°C), representing the water adsorption ca-
a 57% epoxide yield after 24 h. This fact is quite surprising, alyyacity or surface hydrophilicity, reveals large differences among
though it has been observed for other nanocrystalline aluminggese aluminas. The most hydrophilic alumina, A-400, has
synthesized and calcined at 60D[22]. The cause of the faster Whya(25°C): W (25°C) around 3.6; in the least hydrophilic alu-
deactivation of the aluminas calcined at this temperature is NGhina, A-1000, this ratio is only 1.3. The boehmites appear as
clear. outliers in the correlation between water adsorption capacity
All aluminas calcined in the range of 200-10@ have  anq epoxide productivity at 24 h. The reason for this is that
catalytic activity for epoxidation using hydrogen peroxide, be-these aluminas already show a highly hydrated surface at the
cause the reaction without alumina produces yields of only cayeginning of the reactionW (25°C) ~ 20 molecules of wa-
15% after prolonged reaction time (12—-242%,24] Nonethe-  ter per nnd), and for a corrected comparison we must compare
less, neither the behavior of the surface area nor the structurgide absolute hydration of theses surfaces after water saturation,
properties of the calcined aluminas can be directly related to thWhyd(ZSOC), with the epoxide productivity at 24 HFig. 10.
epoxide yields at different reaction times. Interestingly, analysisThis correlation is in reasonable agreement with a linear model,
of the epoxide yield per unit of surface are&g. 8 demon-  |2| = 0.92, indicating that the approach of the olefin to the ac-
strates that epoxide productivity increases with increasing cakive sites is the limiting step at higher surface hydration.
cination temperature. Hydrogen peroxide is prone to decomposition into water and
In a previous repoif24], we observed that despite structural, molecular oxygen in the presence of acids and bf&@s|t is
textural, and acid-base properties, hydration of #h8l>203  known from the literatur¢11,12] that calcination of alumina
surface was the crucial factor in obtaining highly active alu-at high temperatures produces vacancies that can act as strong
minas for the epoxidation of olefins. Relating the values ofLewis acid sites (-O—A&l"—O-). The rehydration of these sites
W (25°C) with the epoxide yield after 1 h of reaction shows gives Al-(O"Hy) groups that, depending on the neighborhood
that the different aluminas are clustered in three distinct groupsf the aluminum ion, can act as moderate to strong Brgnsted
(Fig. 9), corresponding to the general classification of these aluacid sites[8,11]. We believe that strong Brgnsted acid sites

Fig. 9. Relation between the water molecules peia om the surface of alumi-
nas and the epoxide yield at 1 h.
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H09(aq) HyOqy
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Strong Brensted Acid Site Weak Bronsted Acid Site

Fig. 11. Proposed role of the strong and weak Brgnsted acid sites. The distal oxygen (in bold) from the AI-OOH species is believed to be transfeletd.to th

present on the surface were responsible for the decompositioable 5
of hydrogen peroxide at the beginning of the reaction. More evOxidant efficiency of the calcined aluminas at different reaction times

idence for this was provided by the lower epoxide selectivityAlumina Oxidant efficiency (mmol KO, per mmol of epoxide)
in the first 2 h of reaction (80—90%) compared with selectivity 1h 2h 4h 8h 12 h 24h
after prolonged reaction times-05%). However, these ring- a_2qg 17 16 16 17 17 17
opening products or oligomers were not observed by GC analya-300 25 18 22 22 22 21
sis, indicating that these molecules are irreversibly adsorbed otr400 26 27 25 24 24 24
the surface (as indicated by a considerable increasing of the cet->%° 22 25 25 26 26 25
bon content on the alumina, ca. 5 wt%) and may poison thégoo 22 23 22 24 24 24
o . -700 39 19 20 17 18 19
alumina surfaces. Work is in progress to clarify the changes 0c¢s_ggg 29 24 25 25 23 24
curring on the alumina surface during the reactions. A-1000 55 26 25 24 23 25

The weak to moderate Brgnsted acid sites, AI-OH, behave
more like hydroxy groups. Because of their high mobility, they
can be easily replaced on the alumina surface by hydrogen peginning of the reactions (1-2 h). This reaction may consume the
oxide, creating hydroperoxy groups on the surface that, due t8trong Brgnsted acid sites and generate weaker Brgnsted acid
the polarizing effect of the aluminum ions, can activate the O—Gites. After 2 h, the oxidant efficiency improved from ca. 4.1
bond, facilitating distal oxygen transfer to the olefifig. 11). to 2.3 hydrogen peroxide consumed per epoxide formed. For
Interestingly, the aluminas from theseries (A-400, A-500, longer reaction times, the oxidant efficiency remained nearly
and A-600) ands-series (A-700, A-800, and A-1000) had ap- constant for all calcined aluminas. Remarkably, alumina A-700
proximately the same amount of water on the surface pér nmhad better overall oxidant efficiency (ca. 1.9®% per epoxide)
(ca. 12 water molecules per AjnHowever, the epoxide yield than A-400 (ca. 2.4 kD, per epoxide). Investigations are un-
after 1 h was much higher for the-series (ca. 12%) than for derway to rationalize these modifications of the surface during
the 5-series (ca. 4%)Hig. 9). This is because the-series alu-  the reaction.
minas have suitable strength in the acid sites at the beginning
of the reaction, as a result of their weaker Al-OH groups thar#. Conclusion
those of thes-series aluminafl1]. Monitoring hydrogen per-
oxide consumption for all calcined aluminas revealed that the Hydration of the alumina surface plays a pivotal role
efficiency of the oxidant after the first hour of reaction wasin the activities of the aluminas for catalytic epoxidation us-
higher for aluminas from theg-series (ca. 2.3 D per epox-  ing the friendly oxidant aqueous hydrogen peroxide (70 wt%).
ide) than for those from th&series (ca. 4.1 $D, per epoxide).  In the beginning of the reaction (1 h), and considering the num-
Boehmite, which is less acidic, showed somewhat better oxiber of water molecules per rfimit is possible to segregate the
dant efficiency after 1 h of reaction (ca. 2.2®b per epoxide). aluminas obtained by calcination in the range of 200—X@0
Table 5gives the oxidant efficiencies for all aluminas and reac-into three groups with different epoxidation activities. These
tion times. groups correspond to the general classification of these alu-
For thes-series aluminas, the consumption of hydrogen perminas’ structures: boehmite,-series (including/-Al,O3 and
oxide per epoxide formedéble § was higher at initial reaction other forms), and-series (includings-Al,03, 6-Al,03, and
times, meaning that the surface was strongly modified at the bether forms). The difference between these alumina series is in
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