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Abstract

This report addresses several questions regarding the deactivation of alumina in catalytic epoxidation using aqueous 70% H2O2. The structural,
textural, morphological, and chemical changes of a polycrystalline alumina (γ -Al2O3 and boehmite) were studied in five consecutives reactions of
24 h. The chemical and physical processes involved in the transformations during alumina recycling are attributed mainly to the presence of water
in the reaction mixture. Water plays a dual role in the catalytic system. On the one hand, water may cause deleterious changes of the structure of
γ -Al2O3 and its textural properties. On the other hand, the presence of water shifts the adsorption equilibria of the organic molecules (acetic acid,
diols, and oligomers), preserving the type Ia Al–OH sites, which are active for catalytic epoxidation. In this way, the water in the alumina/H2O2
catalytic system seems to be significant in prolonging the lifetime of the catalyst.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Catalytic deactivation is a phenomenon caused by a number
of chemical and physical changes of a catalyst that result in de-
creased activity and/or selectivity. The causes of deactivation
are classically divided into three categories: chemical, thermal,
and mechanical [1,2]. Usually, catalyst stability is a challenge
during liquid-phase oxidation due to (i) leaching of the active
species into the reaction mixture; (ii) poisoning of the active
sites by diols or carboxylates formed in the reaction; (iii) loss
of chemical stability of the catalytic support; and (iv) the struc-
tural “stress” caused by the continuing change of oxidation
number of the active metal sites and/or formation of oxometal
sites in the matrix framework. Several heterogeneous catalysts
for liquid-phase oxidations are in fact like Greek warriors in
a Trojan horse, because small amounts of the active species are
released into the solution, which are then responsible for their
catalytic activity [3,4].
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Alumina is an inexpensive and nonpolluting heterogeneous
catalyst that efficiently catalyzes the epoxidation of a vari-
ety of nucleophilic alkenes, such as terpenes [5–7] and linear,
cyclic, and functionalized olefins [5,8,9], using aqueous 70 wt%
hydrogen peroxide or anhydrous 24 wt% H2O2 in ethyl ac-
etate [10]. The ultrapure γ -Al2O3 obtained by the calcination of
precursors synthesized by sol–gel routes showed significantly
higher epoxidation activity compared to commercial chromato-
graphic neutral alumina [11]. The surface hydrophilicity and
the amount of weak to moderate Brønsted acid sites are among
the responsible factors for the catalytic activity of aluminas
[12–14]. In an earlier paper [15], we reported that using 70 wt%
hydrogen peroxide instead of anhydrous 24 wt% H2O2 in ethyl
acetate prolongs the lifetime of the catalyst. However, many
questions on alumina deactivation and the role of water present
in the reaction mixture could not be answered.

In this work, we address these pending questions by an-
alyzing the structural, morphological, textural, and chemical
transformations of the sol–gel alumina used in five consecu-
tive cycles in catalytic cis-cyclooctene epoxidation with 70 wt%
H2O2.
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2. Experimental

2.1. Synthesis of the catalyst

The precursor of the calcined alumina, boehmite, was
obtained by hydrolysis of aluminum sec-butoxide (Merck,
99.8%). In a 500-mL three-necked round-bottomed flask,
72.00 g of ultrapure water (Milli-Q) were added, under mechan-
ical stirring, to 240.00 g of 50 wt% aluminum sec-butoxide in
sec-butanol (Merck, p.a.). (CAUTION: THIS REACTION IS
HIGHLY EXOTHERMIC!). The mixture obtained was stirred
for 5 min, until it transformed into a homogeneous gelati-
nous slurry. This gel was placed on a rectangular glass plate
(17 × 28 cm) and dried at 120 ◦C for 24 h, resulting in the
xerogel. About 10.0 g of the xerogel were heated at a rate of
1 ◦C min−1 under a static air atmosphere to 200 ◦C, where the
solid was maintained for 3 h, to 300 ◦C for another 3 h, and
finally to 400 ◦C for 24 h, yielding the material designated as
“cycle 0.” The calcined alumina was stored in closed flasks in
a desiccator over silica-gel and 3 Å molecular sieves for subse-
quent characterization and use in the catalytic epoxidation.

2.2. Catalytic reactions

2.2.1. Epoxidation of cis-cyclooctene
The aqueous solution of hydrogen peroxide (70 wt%) was

supplied by Peróxidos do Brasil SA. (Solvay) and used with-
out further treatment. The reaction mixture was prepared
to contain 1.00 mol L−1 of cis-cyclooctene (Acros; 95%)
and 0.500 mol L−1 of n-butylether (internal standard; Acros;
>99%) in ethyl acetate (Merck; p.a.).

To a two-necked round-bottomed flask containing 20 mL of
the reaction mixture (20.0 mmol of cyclooctene and 10.0 mmol
of n-butylether), 2.00 mL (56 mmol) of aqueous 70 wt% H2O2
solution was added. The mass of the reaction mixture was de-
termined for calculating the hydrogen peroxide content. This
mixture was heated to 80 ◦C with magnetic stirring. An ini-
tial aliquot (t = 0 h) was taken for gas chromatography (GC)
analysis, and the reaction was started by addition of the alumina
(200.0 mg). A final aliquot (50 µL) was taken after 24 h. Both
aliquots were diluted in hexane (2 mL; Tedia; HPLC grade),
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×0.25 mm×0.25 µm 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.

2.2.2. Catalyst recycling
In the first cycle, eight reactions were carried out in paral-

lel to ensure sufficient catalyst for recycling experiments and
catalyst characterization. The catalyst was used five times and
aliquots were taken after the first, third, and fifth cycles for
characterization. For each catalyst recycling, the alumina was
filtered off from the reaction mixture and washed with three
portions (50 mL) of ethyl acetate (Merck; p.a.) at room temper-
ature. The alumina powders from the same cycle were mixed
and dried at 130 ◦C for 24 h. After this treatment, the catalyst
samples after use in the first, third, and fifth cycles (herein des-
ignated as “cycle 1,” “cycle 3,” and “cycle 5”) were stored in
closed flasks in a desiccator over silica-gel and 3 Å molecular
sieves for subsequent characterization and/or reuse.

2.2.3. Determination of hydrogen peroxide
To an Erlenmeyer flask, 50 mL of aqueous 20 wt% acetic

acid and 20 g of dry ice for deaeration of the solution were
added. 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, a 200 mg aliquot
of the reaction mixture, collected before and after the reac-
tion (0 and 24 h), was added. The iodine formed was titrated
with a 0.1 mol L−1 solution of sodium thiosulfate (Synth; p.a.).
Near the endpoint of the titration (pale brown color), 1.0 mL of
a 1 wt% starch solution was added. The endpoint was detected
when the blue color disappeared. The amount of H2O2, nH2O2 ,
(in mmol) in the reaction mixture was calculated by

(1)nH2O2 =
CS2O2−

3
· VS2O2−

3

2
· mreaction

maliquot
· 103,

where CS2O2−
3

is the concentration of the sodium thiosulfate so-

lution (mol L−1), VS2O2−
3

is the volume of sodium thiosulfate

solution (L), mreaction is the mass of the reaction mixture (g),
and maliquot is the mass of the aliquot (g) taken after 0 and 24 h.
To determine the H2O2 content after 24 h, the alumina mass
was included in the mass of the reaction mixture.

2.3. Catalyst characterization

2.3.1. X-ray power diffraction
Powder X-ray diffraction (XRD) patterns were determined

with a Shimadzu XD-3A diffractometer, using CuKα radiation
and 2θ of 5◦–100◦, with a step size of 0.02◦ and a counting time
of 3 s. The phase identification was done using the PCPDFWIN
v. 2.0 program and the crystallographic pattern files [21-1307]
and [47-1308] for boehmite and γ -Al2O3, respectively.

2.3.2. Surface area analysis
The nitrogen adsorption–desorption isotherms were mea-

sured on a Micrometrics ASAP 2010 equipment. The samples
were degassed at 120 ◦C under vacuum (1 µbar) for 3 h. The
surface area was determined by adsorption–desorption of nitro-
gen at 77 K. The pore volume and average pore diameter were
calculated using the BET method. The pore-diameter distribu-
tions were calculated using the BJH method on the desorption
branch.

2.3.3. Scanning electron microscopy
Secondary electron images were acquired in a JEOL JSM

6360 LV scanning electron microscope, operating at 20 kV. The
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samples were placed on brass stubs and coated with carbon fol-
lowed by a gold–palladium (80%/20%) coating using a Bal-Tec
MD 020 instrument (20 s and 30 µA).

2.3.4. MAS NMR analyses
The 27Al, 1H, and 13C MAS NMR spectra were recorded us-

ing a Varian INOVA 500 spectrometer equipped with a 4-mm
high-speed probe (Doty Scientific) at a spinning rate of 13 kHz.
For the 27Al MAS NMR spectra, the 27Al chemical shifts were
referenced to a 1.0-mol L−1 Al(NO3)3 solution. The experi-
mental conditions were operating frequency of 130.26 MHz,
acquisition time of 5 ms, pulse-width of 2.4 µs (π/2), recy-
cle 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 function with a line width of 1 Hz. The
spectra were simulated using the OriginPro 7.5 (Originlab). For
the 1H MAS NMR spectra, the 1H chemical shifts were ref-
erenced to water. The experimental conditions were operating
frequency of 499.89 MHz, acquisition time of 50 ms, pulse
width of 3.0 µs (π/2), recycle delay of 5.0 s, spectral width
of 200.0 kHz. For each spectrum, 16 scans were acquired. The
FIDs were processed using an exponential function with a line
width of 0.1 Hz. For the 1H → 13C CP-MAS NMR spectrum of
the cycle 5 alumina, the 13C chemical shifts were referenced to
adamantane, whereas the Hartmann–Hahn match was set also
using adamantane. The experimental conditions were an oper-
ating frequency of 125.7 MHz, acquisition time of 50 ms, pulse
width of 4.1 µs (π/2), recycle delay of 3.0 s, contact time of
2.5 ms, and spectral width of 50.0 kHz. For each spectrum,
7200 scans were acquired. The FIDs were processed using an
exponential function with a line width of 12 Hz.

2.3.5. Fourier transform infrared spectroscopy
The FTIR spectra were recorded using 64 scans between

400 and 1600 cm−1 in a Bomen IR spectrometer MB series
from Hartmann and Braun with a resolution of 4 cm−1. Analy-
ses were performed from samples (1 wt%) ground together
with KBr.

2.3.6. Thermogravimetric analysis
Thermogravimetric analysis (TGA) was carried out under

an oxidative atmosphere (synthetic air, 100 mL min−1) using
a TA Micrometrics 2950 TGA instrument with a heating rate
of 20 ◦C min−1 in the range of 30–900 ◦C. The analyses were
performed in duplicate for each sample.

2.3.7. Elemental analysis
Elemental analyses were carried out using a Perkin-Elmer

Series II CHN S/O analyzer model 2400. The alumina samples
were mixed with an oxidant mixture (Pb3O4/NaF, 1:7) and the
elemental analyses were performed by combusting the samples
at 925 ◦C. The analyses were done in triplicate.

2.3.8. Measurements of pH of the aqueous suspension of
catalyst

The pH of the aqueous suspensions of the unused and used
catalyst (solid-to-liquid ratio of 5 g L−1) was measured un-
der an argon atmosphere at 25 ◦C using a pHmeter (Quimis)
equipped with a combined glass electrode. The electrode
was calibrated with three standard buffer solutions (pH 4, 7,
and 10; Synth). The pH was recorded when the variation was
< ±0.05 pH h−1. To find out the presence of desorbed acetate
in the solution, the suspension was centrifuged for 15 min at
10,000 rpm, and the clear supernatant was analyzed using an
Agilent 8453 UV-Vis spectrometer.

3. Results and discussion

Alumina calcined at 400 ◦C is an efficient epoxidation cata-
lyst for cis-cyclooctene with 70 wt% H2O2, yielding ca. 87% of
epoxide with a selectivity of ca. 98% after 24 h and 1.6 mmol
of H2O2 per mmol of epoxide formed was consumed (Table 1).
The reaction without catalyst yielded ca. 10% of epoxide after
24 h and used 1.1 mmol of H2O2 per mmol of epoxide formed.
The catalyst slowly lost its activity in the consecutive cycles,
showing a moderate epoxide yield (ca. 65%) in the fifth cycle.
The catalytic system alumina–aqueous H2O2 (70 wt%) showed
an overall productivity of ca. 41 g of cyclooctene oxide per g of
alumina. Although there was no statistical loss of selectivity for
epoxide, the H2O2 consumption per epoxide formed increased
after the fourth cycle from ca. 1.6 to 2.0. Between each cycle,
the used alumina was washed with ethyl acetate and dried at
130 ◦C for 24 h to avoid structural and textural changes that
could disguise the real changes occurring during the catalyst
recycling experiments. Furthermore, it is known that recalcina-
tion of used commercial chromatographic alumina (Fluka, type
507C, neutral, 100–125 mesh) is unable to regenerate the initial
catalytic properties of the alumina [11].

The catalyst is a mixture of γ -Al2O3 and pseudo-boehmite
(Fig. 1), the pseudo-boehmite content was ca. 22 wt% (esti-
mated from the TGA curve using the weight loss between 340
and 470 ◦C, which is assigned mainly to water evolved in the
phase transition of pseudo-boehmite → γ -Al2O3 [16]). Cat-
alyst recycling results in growth of a halo between 10◦ and
55◦, indicating that part of the initial crystalline structure is
lost when the catalyst is reused. It was recently reported that
the aging of aqueous suspensions of γ -Al2O3 at room temper-
ature for prolonged periods (weeks to months) resulted in the
transformation of γ -Al2O3 into bayerite [β-Al(OH)3] through
an amorphous intermediate [17]. In the XRD patterns (Fig. 1),
the presence of bayerite was not detected even after extended

Table 1
Catalytic results of the alumina recycling experiments on cyclooctene epoxida-
tion with 70 wt% H2O2

Cycle na Yield
(%)

Selectivity
(%)

Consumption of H2O2 (mmol of
H2O2 per mmol of epoxide)

1 8 87 ± 4 97.6 ± 0.6 1.6 ± 0.1
2 6 81 ± 7 98.5 ± 0.9 1.5 ± 0.1
3 5 76 ± 5 97.8 ± 0.7 1.5 ± 0.1
4 3 73 ± 4 98.4 ± 0.3 1.6 ± 0.2
5 2 65 ± 6 96.8 ± 0.5 2.0 ± 0.1

a n is the number of parallel reactions carried out. Reaction conditions:
20 mmol of cis-cyclooctene, 10 mmol of di-n-butylether, 56 mmol of (70 wt%)
H2O2 and 200.0 mg of alumina; 80 ◦C; 24 h.
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catalyst use (5 days). However, the pseudo-boehmite reflections
slightly increase their intensities for recycled catalyst. In fact,
bayerite formation is reported to be less favored than boehmite
formation in the temperature range used in the catalytic epoxi-
dations [18,19].

With respect to the morphology of the surface particles,
the unused catalyst looks like flakes of microspheres (cycle 0,
Fig. 2). On recycling the catalyst, these microspheres coalesce,
and the surface becomes flatter. After the fifth cycle, several

Fig. 1. XRD Patterns for the unused (cycle 0) and used catalyst (cycles 1, 3,
and 5). (�) Indicate the boehmite reflections and the dotted curves (cycles 0
and 5) indicate the amorphous halos.
small holes in the surface are found (cycle 5, Fig. 2), which
may be formed by the O2 evolved from the internal surface by
decomposition of H2O2.

Table 2 shows the changes of textural properties of the alu-
mina surface during the recycling experiments. The surface
area, average pore diameter, and volume show more signifi-
cant decreases after the first cycle of the catalyst than in the
subsequent recyclings. The pore system is also constantly al-
tered during the recycling experiments (Fig. 3). Initially, the
catalyst pore system was formed by nonstructural slits due to
particle packing (type II isotherm, hysteresis H3), which are
slowly transformed into ink bottle-like pores (type IV isotherm,
hysteresis H2). The pore diameter distribution curves (Fig. 4)
also indicate that smaller pores are created during catalyst recy-
cling.

Previous studies [6,13,14] showed that γ -Al2O3 with non-
structural pores, formed by slits between the particles (iso-
therm II, hysteresis H3) and having an open pore structure,
show better performance in the alumina-catalyzed epoxida-
tion. In addition, aluminas with ink bottle-like pores (type IV
isotherm, hysteresis H2), are less active due to diffusion prob-

Table 2
Textural properties of the unused (cycle 0) and used catalyst (cycles 1, 3, and 5)

Cycle ABET
(m2 g−1)

Pore diameter
(nm)

Pore volume
(cm3 g−1)

0 367 22.1 2.1
1 326 19.1 1.6
3 325 17.6 1.5
5 313 15.7 1.3
Fig. 2. SEM images for the unused (cycle 0) and used catalyst (cycles 1, 3, and 5). The white bar corresponds to 0.5 µm and the micrograph magnification is 30,000×.
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Fig. 3. Nitrogen adsorption–desorption isotherms at 77 K for the unused (cy-
cle 0) and used catalyst (cycles 1, 3, and 5).

Fig. 4. Distribution of pore diameter calculated for the desorption branch of the
nitrogen isotherms at 77 K for the unused (cycle 0) and used catalyst (cycles 1,
3, and 5).

lems of the olefin through the hydrophilic pores, as well as
being less selective in the epoxidation of highly reactive olefins,
because the residence time of reagents and products inside these
pores can be sufficiently long for further oxidation or ring-
opening reactions [6]. Earlier, we reported that the higher activ-
ity of γ -Al2O3 with nonstructural pores was due to avoiding the
entrapment of water in the porous system, which would make
diffusion of the olefin to the active sites more difficult [14].
However, the present results provide new information on the
increase of population of smaller pores when the catalyst is re-
cycled (Fig. 4), which surely makes the diffusion of the olefin
through the pore system more difficult. Therefore, this increase
of population of smaller pores is a detrimental textural change
to catalyst performance (activity and selectivity). 27Al MAS
NMR experiments were carried out to obtain more details on
the structural transformations that happen during catalyst recy-
cling (Fig. 5).

In the 27Al MAS NMR spectra, at least four resonances are
clearly present due to the AlO6 (10 ppm), AlO5 (50 ppm), and
AlO4 (60 and 70 ppm) sites. However, a broad shoulder cen-
tered in the region of −6 ppm, (AlO6)-I, is discerned after
Fig. 5. 27Al MAS NMR spectra for the unused (cycle 0) and used catalyst
(cycles 1, 3, and 5). Arrows show the shoulder attributed to a broad resonance
centered around −6 ppm, (AlO6)-I (see lower broad black line in spectrum of
catalyst cycle 5).

consecutive catalyst recycling (Fig. 5). The resonance around
10 ppm assigned to the six-coordinated Al(III) ion is expected
to comprise two signals, (AlO6)-II and (AlO6)-III, correspond-
ing to the AlO6 sites from boehmite and γ -Al2O3, respec-
tively [20]. Two populations of four-coordinated Al(III) ion
exist in the bulk structure; these are assigned to resonances
around 60 and 70 ppm, (AlO4)-I and (AlO4)-II, respectively,
related to the γ -Al2O3 structure. Based on these arguments, the
fitting of six signals in the simulation of the 27Al MAS NMR
spectra was done. The estimated parameters of the 27Al MAS
NMR spectra are shown in Table 3.

The 27Al nucleus (I = 5/2) has a quadrupolar moment that
allows it to interact with any electric field gradient originat-
ing from distortions in the geometry of the Al(III) coordina-
tion sphere, which may result in broad resonance lines due
to second-order quadrupolar interaction and may make highly
distorted sites “invisible” to 27Al MAS NMR spectroscopy
[21,22]. However, for aluminas [20], this problem is minimized
or even avoided 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 [23].
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Table 3
Estimated parameters for the AlOx sites of simulated and fitted 27Al MAS NMR spectra of the unused (cycle 0) and used catalyst (cycles 1, 3, and 5)

Cycle Amorphous phase
(AlO6)-I

Boehmite
(AlO6)-II

γ -Al2O3

(AlO6)-III AlO5 (AlO4)-I (AlO4)-II

δ

(ppm)
w

(Hz)
% δ

(ppm)
w

(Hz)
% δ

(ppm)
w

(Hz)
% δ

(ppm)
w

(Hz)
% δ

(ppm)
w

(Hz)
% δ

(ppm)
w

(Hz)
%

0 −6 2450 1 7 1280 14 11 1250 66 44 3400 6 62 1920 6 70 1410 6
1 −7 2610 2 7 1470 13 11 1330 67 44 3250 5 62 2040 7 70 1500 6
3 −7 6170 7 7 1440 14 11 1260 63 45 3140 5 61 1910 6 69 1430 5
5 −6 4280 9 7 1370 19 11 1180 57 46 2630 4 61 1850 5 69 1290 6
The broadest signal, (AlO6)-I, (w ∼ 4 kHz) is expected
to be related to a kind of amorphous aluminum trihydroxide
formed during the recycling experiments (Table 3). The relative
amount of (AlO6)-I sites increases after consecutive catalyst re-
cycling from 2 to 9% (Table 3), which is in agreement with
the higher intensity of the amorphous halo in the XRD patterns
of recycled alumina (Fig. 1). The relative amount of (AlO6)-II,
which is assigned to AlO6 bulk sites of boehmite, correspond-
ing to a boehmite content of 17 wt% in the initial sample, is in
good agreement with the value determined using the TG curve
(22 wt%). In addition, the relative amount of (AlO6)-II sites
also gradually increases for more recycled alumina, whereas
the relative populations of the (AlO6)-III, AlO5, and (AlO4)-I
sites, assigned to γ -Al2O3, decrease. These results suggest that
during catalyst recycling, γ -Al2O3 is converted to boehmite
and an amorphous aluminum trihydroxide (Fig. 4). These phase
transformations may be related to the deactivation of calcined
alumina, because boehmite is clearly less active than γ -Al2O3
and other transition polymorphs [9,13]. In addition, the forma-
tion of boehmite and/or an amorphous aluminum trihydroxide
is potentially related to the increase of the population of smaller
pores, because these materials typically have smaller meso-
pores or even micropores [18].

Another important factor for catalyst deactivation is the
chemisorption of molecules that poison the active sites [1,2].
The FTIR spectra of the unused catalyst (cycle 0) and used
catalyst (cycles 1, 3, and 5) show many bands between 1370
and 1600 cm−1 (Fig. 6), which are assigned to the formation
of superficial carboxylates in many coordination modes [24].
In addition, a weak band at 1027 cm−1, discerned for the used
catalyst, is normally assigned to δ(Al–OH) of aluminum trihy-
droxides [25], which is a confirmation of the formation of an
amorphous aluminum trihydroxide during the recycling exper-
iments. The hydroxyl region of the FTIR spectra was omitted
in Fig. 6 because only a broad band could be observed due to
the strong IR absorption of adsorbed water on the alumina sur-
face (see the full spectra in supplementary materials). Due to
problems in preparing samples without modifying them, neither
FTIR or Raman spectroscopy was able to provide semiquan-
titative information on changes of hydroxyls on the γ -Al2O3
surface. However, the intensities of the Raman lines assigned
to boehmite were strongly enhanced (see supplementary mate-
rials) for the used catalyst (cycle 5), indicating that the catalyst
surface is being recovered by boehmite crystallites (in agree-
ment with the XRD powder patterns and 27Al MAS NMR spec-
tra). This fact corroborates with the hypothesis that the decrease
Fig. 6. FT-IR spectra for the unused (cycle 0) and used catalyst (cycles 1, 3,
and 5).

Fig. 7. 1H MAS NMR spectra for the unused (cycle 0) and used catalyst (cy-
cles 1, 3, and 5).

of catalytic activity is also caused by the formation of lesser
active (oxy)-hydroxide aluminum phases [9,13], due to the re-
actions of γ -Al2O3 with water [17].

The 1H MAS NMR spectra of used catalysts (Fig. 7) show
three narrow resonances between 1 and 3 ppm. This observa-
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Fig. 8. 1H → 13C CP-MAS NMR spectrum for a used alumina (cycle 5).
tion is interesting, because no further information other than
broad resonances is usually expected for unused alumina due to
the very strong 1H–1H dipolar coupling (cycle 0, Fig. 7). The
unused catalyst shows only a coalesced resonance at 6.5 ppm,
assigned to Al–OH groups, and another at 4.6 ppm assigned to
physisorbed water. Because molecular movement is restricted
in the solid state, the overall dipolar coupling is large, which
broadens the signals [21]. Consequently, the “narrow” reso-
nances in the range of 1–3 ppm are related to groups with a high
degree of freedom, such as the methyl groups. These methyl
groups are attributed to acetate groups bonded to the alumina
surface that originate from ethyl acetate hydrolysis and/or its
direct reaction with loosely bonded hydroxyl groups on the alu-
mina surface [12].

It is possible to have a more comprehensive idea of the mole-
cules adsorbed on the alumina surface during the recycling ex-
periments using 1H → 13C CP MAS NMR (Fig. 8). The signal
intensities of the 1H → 13C CP MAS NMR spectrum are re-
lated not only to the amount of species adsorbed on the surface,
but also to the efficiency of cross-polarization transfer. There-
fore, these intensities should not be interpreted in a quantitative
manner [21]. As shown in Fig. 8, other signals than those as-
signed to acetates bonded to the alumina surface can be seen
in the range of 20–180 ppm and are assigned to other organic
species on the alumina surface, such as diols and/or oligomers
of cyclooctene oxide. These molecules are formed by acid-
catalyzed epoxide ring opening. However, because cyclooctene
oxide is relatively resistant to ring opening, there is no substan-
tial loss of selectivity in the reactions (Table 1). On the other
hand, for very sensitive epoxides, such as terpene epoxides, the
selectivity and the mass balance of the reactions are usually
in the range of 70–90% [6], but most of these byproducts re-
main strongly adsorbed on the catalyst surface, as indicated by
the considerable increase in the carbon assay of the catalyst af-
ter the first use (ca. 10%) [26]. Typical byproducts are formed
by epoxide rearrangement and ring opening [6]. Products in-
volving the oxidation of the allylic position due to radicalar
processes were not observed, because the catalyzed epoxida-
tion was carried out with ultra-pure alumina obtained by the
sol–gel method [6,11,13,14].

But the question “what is the role of chemisorbed acetate and
other organics in alumina catalyzed epoxidation?” may arise.
The answer is not straightforward, because the chemisorption
of organics has two opposing consequences: (i) poisoning of
the labile type Ia Al–OH groups that are involved in the ac-
tivation of H2O2 for epoxidation of nucleophilic olefins by
formation of Al–OOH groups [12], and (ii) alteration of the
hydrophilic/hydrophobic behavior of the surface, because the
increasing hydrophobicity of the surface is what makes the ap-
proach of the olefin to the surface easier, thereby allowing the
reaction to proceed faster [13,14]. Table 4 provides informa-
tion on the trends of the carbon assay (determined by elemental
analysis) and the pH of the aqueous suspension of catalyst be-
fore use (cycle 0) and after use (cycles 1, 3, and 5) to answer
this question.

γ -Al2O3 has multisite surface Al–OH groups with large dif-
ferences of acidic strength. According to the Knözinger and
Ratnasamy model for the γ -Al2O3 surface [27], the hydroxyls
at terminal configurations of the surface (types Ia and Ib) are
less acidic and more labile, whereas the hydroxyls in bridging
configurations (types IIa, IIb, and III) are sluggish and prone

Table 4
Carbon assay and pH of aqueous suspensions (5 wt%) of unused (cycle 0) and
used catalyst (cycles 1, 3, and 5)

Cycle Carbon assay
(%)

pH of the catalyst
aqueous suspension

0 0.2 7.9
1 3.3 4.6
3 3.4 4.7
5 3.5 4.8
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to act as proton donors. For a liquid–solid interface, commonly
found in aqueous suspensions of γ -Al2O3, estimates indicate
that the acidity difference between sites I and III is on the or-
der of 108. Regarding the sites Ia and Ib, this difference is also
quite high, ca. 103 [28,29]. Thus, these labile Al–OH sites can
be selectively poisoned during the reaction by adsorption of
byproducts, as evidenced by the decrease of the pH of the aque-
ous suspension of the catalyst before use (7.9, cycle 0) and after
use (4.6–4.8, cycles 1, 3, and 5). Moreover, it took 7 h for the pH
of an unused catalyst suspension to reach equilibrium, whereas
the equilibrium was reached in less than 1 h for the used cat-
alyst samples. This fact also indicates that the unused catalyst
has a greater heterogeneity of Al–OH surface sites than the used
catalyst.

Recently, we assigned the roles of the different types of Al–
OH sites of the alumina/H2O2 catalytic system to their activities
in epoxidation and H2O2 decomposition [12]. H2O2 activation
on the alumina surface is proposed to occur by reaction of the
weak type Ia Brønsted acid sites with H2O2, giving the superfi-
cial hydroperoxides, Al–OOH, that are responsible for oxygen
transfer to the olefin [12,30]. Moreover, we reported that the
weakest and more abundant type Ib Al–OH sites have no role in
the activation of H2O2, because these sites are poisoned by pref-
erential chemisorption of acetate on the alumina surface [12].
However, this site poisoning seems not related to catalytic de-
activation, because the use of solvents that are not prone to form
carboxylates, such as methanol, isopropanol, and tetrahydro-
furan, in the alumina-catalyzed epoxidation of limonene gives
much lower conversions than epoxidations carried out in ethyl-
acetate or acetonitrile [7].

When the catalyst is recycled, the type Ib sites become less
available, and the type Ia Al–OH sites start to be consumed, re-
sulting in decreased catalyst productivity. Because the decom-
position of H2O2 occurs in parallel on the surface, poisoning of
the sites that activate H2O2 for epoxidation causes an increase
in the consumption of H2O2 per epoxide formed, as observed
for cycle 5 (Table 1).

Water present in the reaction mixture prolongs the lifetime
of the catalyst, because using azeotropic distillation and/or an-
hydrous H2O2 in ethyl acetate does not allow more than three
recyclings of the alumina [15]. The role of water in adsorption
of organic molecules can be rationalized through the following
chemical equilibrium:

The presence of water in the reaction mixture shifts the
chemical equilibrium toward “conservation” of the active sites
for epoxidation. Indeed, a band at around 210 nm seen by
UV–vis spectroscopy in the aqueous suspension of used cat-
alyst was increased (Fig. 9), possibly due to acetic acid des-
orption. We estimated the amount of desorbed acetate using
the UV absorption at 210 nm. This approach showed that the
equivalent carbon assay of the alumina could be as much as
15 wt% for alumina cycle 3. This result contrasts strongly with
Fig. 9. UV–vis spectra of the aqueous phase from the catalyst suspension (cy-
cles 0, 1, 3, and 5) and of a 0.024 mol L−1 acetic acid solution.

the carbon assay determined by elemental analysis (3.4 wt%,
Table 4). Moreover, the pH of aqueous acetic acid at an equiv-
alent concentration as that estimated by UV–vis spectroscopy
is lower (3.3) than that observed for the aqueous suspension
of used catalysts (4.6–4.8; Table 4), indicating that the origin
of this discrepancy in the carbon assay is not only the de-
sorbtion of acetic acid, but also the desorption of other mole-
cules, producing the chromophores seen in this UV region.
Indeed, direct injection electron-spray ionization mass spec-
troscopy (ESI-MS) demonstrated that several high-mass ions
are present in the aqueous phase of the alumina cycle 3 sus-
pension, which could be oligomers of cyclooctene oxide and
mainly acetate-containing aluminum polycations. However, no
catalytic reaction occurs after the catalyst is filtered off from
the reaction mixture, demonstrating that these water-soluble
species are not active for epoxidation.

The chemisorbed molecules (acetate, diols, and oligomers)
are strongly bonded to the alumina surface, making them diffi-
cult to totally remove by calcination even at 400–500 ◦C. Typ-
ically, alumina recalcined at 400 ◦C is a yellow or gray solid,
indicating the formation of carbonaceous compounds that par-
tially block the alumina surface and thus deactivate the cata-
lyst [11]. In the TG curves of the unused and used catalysts
(Figs. 10 and 11), the weight losses between 110 and ca. 300 ◦C
are assigned mainly to the desorption of organic molecules.
This is in agreement with the carbon content found by ele-
mental analysis (Table 4). During recalcination, a small but
significant fraction of these organic molecules is transformed
into surface carbonaceous compounds that can be removed only
at higher temperatures (ca. 600 ◦C; Fig. 11), where the catalyst
loses its structural and textural properties necessary for epoxi-
dation [13,14]. The successive increase of weight loss from 15
to 24% for the aluminas of cycle 1 to cycle 5 (Fig. 10) is not di-
rectly proportional to the amount of organic material adsorbed
on the alumina surface, because the carbon assay is almost
steady at ca. 3.5 wt% after the first reaction (Table 4). The in-
creasing weight loss is also likely associated with an increased
amount of pseudo-boehmite and amorphous aluminum hydrox-
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Fig. 10. TG curves for the unused (cycle 0) and used catalyst (cycles 1, 3, and 5).

Fig. 11. Derivative TG curves for the unused (cycle 0) and used catalyst (cy-
cles 1, 3, and 5). All curves are in the same scale.

ides formed during catalyst recycling, which are decomposed
around 400 ◦C, giving γ -Al2O3, as shown by the increased
peak height in the derivative TGA curve (Fig. 11).

4. Conclusion

The deactivation of γ -Al2O3 is not straightforward. Some
chemical and physical changes associated with the deactivation
of the alumina used for catalytic epoxidation with H2O2 are at-
tributed to the presence of water in the reaction mixture and to
the adsorption of organic molecules on the alumina surface. On
the other hand, water plays an important role related to prolong-
ing catalyst lifetime by shifting the equilibria of the adsorption
of byproducts. The proposed roles for water in the chemical and
physical changes of alumina are as follows:

1. Water causes deleterious changes in the textural proper-
ties of the catalyst, such as increasing the population of
smaller pores closed at one end (ink bottle-shaped pores).
These textural changes decrease the selectivity for highly
reactive epoxides, because the residence time of reagents
and products inside these pores can be sufficiently long for
further oxidation or ring-opening reactions [6]. Moreover,
in smaller pores, diffusion of the reagents and products is
more problematic.

2. Water causes structural changes in γ -Al2O3 due to the for-
mation of less active (oxy)-hydroxides.

3. Water shifts the chemical equilibria of the adsorption of or-
ganic molecules (acetic acid, diols, and oligomers) preserv-
ing the type Ia Al–OH sites on γ -Al2O3, responsible for
catalytic epoxidation. However, at higher concentrations,
water also makes the approach of hydrophobic olefins to
the alumina surface more difficult [13,14].

4. Small amounts of water are needed to minimize H2O2 de-
composition [5]. Decomposition of H2O2 by alumina sur-
faces is not well understood, but it is clearly related to
strong Brønsted acid sites, which may be poisoned by wa-
ter or other byproducts to some extent [12], thus reducing
their activity.
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