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∗Département de Chimie, URA 1428 du CNRS, Catalyse Homogène et Chimie des Surfaces, Tour 54-55, Case 196, Université Pierre et Marie Curie,
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Two titanium silicalite-1 samples (A and B) with similar par-
ticle sizes have been characterized by powder X-ray diffraction,
FT-IR and FT-Raman spectroscopy, UV–visible diffuse reflectance
spectroscopy (DRS), transmission electron microscopy with X-ray
energy dispersion spectrometry (to analyze grains and ultramicro-
tomed sections), and xenon-129 NMR. Activity and selectivity for
the epoxidation of oct-1-ene by phosphate-free 30% aqueous hydro-
gen peroxide have been investigated. The critical factors governing
the activities of the samples with molar ratios Si : Ti ≈ 39 (sam-
ple A) and 32 (sample B) are the distribution of titanium within
the microporous materials and within the extraframework tita-
nia (crystalline anatase or amorphous phase as evidenced by UV–
visible DRS, FT-Raman spectroscopy, and electron microscopy).
Xenon-129 NMR chemical shifts, δexp= f(n) (n= number of ad-
sorbed xenon atoms per gram of anhydrous sample), depend dra-
matically on extraframework impurities and Ti(IV) dispersion.
Pure silicalite and nearly perfect TS-1 (sample A) are not differ-
entiated by xenon-129 NMR, a fact which is tentatively attributed
to the “atomic dispersion” of the titanium in sample A, as evidenced
by X-ray EDS and by the channel dimensions. c©1997 Academic Press, Inc.

INTRODUCTION

As part of a comprehensive research program on oxi-
dation reactions, we have studied the catalytic epoxida-
tion of alkenes by hydrogen peroxide in the presence of
tungsten peroxo-complexes (1–3). It is intended to com-
pare the behavior of these catalysts with that of transition-
metal-containing molecular sieves (TMCMS). In this pa-
per, attention is focused on the characterization of titanium
silicalite-1 catalysts (TS-1).

Among the TMCMS, titanium silicalites have been stud-
ied intensively in the past decade (4, 5). Titanium silicalite-1,
which has an MFI structure, is a remarkable microporous

1 To whom correspondence should be addressed.

catalyst for selective oxidation by aqueous hydrogen per-
oxide under mild conditions (6).

From environmental considerations and for fine chemical
production, 30% aqueous hydrogen peroxide is the oxidant
of choice; it does not pose the handling problems associ-
ated with concentrated peroxides (7, 8), and the by-product
is water. Because of simpler workup (ease of separation,
regeneration, and handling) and reduced environmental
problems compared to homogeneous (9, 10) or phase trans-
fer catalysis systems (10, 11), heterogeneous processes in-
volving TS-1 have been developed by Enichem (6). TS-1
is now used for the production of two industrial chemicals:
catechol and hydroquinone have been produced since 1986
by the hydroxylation of phenol with H2O2 (12), a process
which competes with the homogeneous systems developed
earlier by Rhône–Poulenc (13, 14). In the conversion of
cyclohexanone into cyclohexanone oxime in the presence
of ammonia, H2O2 and TS-1 offer a substantial reduction
in coproduct formation (15, 16). TS-1 is also a particularly
active catalyst for the epoxidation of low-molecular-weight
linear alkenes (6, 12). Hence, TS-1 and related materials
appear very suitable for developing clean homolytic or het-
erolytic processes.

There is considerable question and/or dispute as to the
exact nature of the active sites, although several physico-
chemical methods have been used to probe titanium envi-
ronments in titanium silicalite (17–32); many samples seem
to contain framework Ti(IV) with extraframework Ti(IV)
and/or impurities (Na+, K+, etc). It has been postulated that
the unique catalytic properties of titanium silicalite in ox-
idation reactions involving hydrogen peroxide are related
to tetrahedral framework titanium (6, 17) with every Ti(IV)
surrounded by –O–Si–O–Si–O– in all directions. Thus, the
titanium centers are isolated from each other by [SiO4]n se-
quences. It has been proposed that the molar ratio of Si to Ti
cannot be less than 24 (17). However, more recently it was
claimed that titanium-rich silicalite having a molar ratio in
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the lattice framework of 8 to 23 also converts alkenes to
epoxides very effectively (33, 34). Synthetic procedures use
the fact that tetravalent alkoxo-, oxo-, or peroxo- moieties
have a marked tendency to oligomerize in the stage of gel
preparation, which is followed by crystallization under au-
togeneous pressure. This makes the synthesis of pure TS-1
and of other TMCMS rather difficult to control, and several
recipes have been proposed (4, 35, 36). As already men-
tioned, several groups have worked on TS-1 synthesis, and
their results differ significantly (4, 6). The catalytic perfor-
mances of a standard titanium molecular sieve, EUROTS-1,
were recently evaluated in four European universities (37).

Usually there are large differences in activity between
different TS-1 specimens or, more generally, TMCMS sam-
ples. It is sometimes difficult to differentiate between active
and less active samples using conventional analytical tech-
niques; smaller particles were found to be more active than
larger particles (38). To improve the catalytic reactions, it
is necessary to examine analytical results carefully in order
to select active TS-1 samples or related molecular sieves.

In the present study we used a catalytic test (epoxidation
of oct-1-ene), X-ray diffraction (XRD), Fourier transform
infrared spectrometry (FTIR), Raman spectroscopy, UV–
visible diffuse reflectance spectroscopy (UV–visible DRS),
transmission electron microscopy (TEM), and X-ray en-
ergy dispersion spectrometry (X-ray EDS). For the first
time, special emphasis is centered on the combination of
129Xe NMR spectroscopy and X-ray EDS, in order to obtain
further correlations of properties of microporous materials
with Si to Ti ratios higher than 30 and their structure.

EXPERIMENTAL

Materials

Both samples were synthesized according to procedures
given in the patent literature (39). In sample A (wt%
Ti≈ 1.9, wt% Si≈ 42.4) the Ti(IV) was almost completely
in the framework (vide infra); the extraframework frac-
tion cannot be estimated. Sample B is a mixture of phases
containing mainly TS-1 (wt% Ti≈ 2.4, wt% Si≈ 44.7). The
calcination conditions were heating rate, 5◦C/min under
flowing dioxygen (100 to 300 ml/min), and maximum tem-
perature, 555◦C (5 h). After equilibration at room tem-
perature, thermogravimetric analysis of samples A and B
showed that they lost ca. 3.5% of water. The above results
indicate that the titanium silicalites have the general for-
mula xTiO2 · (1−x)SiO2, with x about 0.025 and 0.0305 for
A and B, respectively.

Acetone (Prolabo RP), oct-1-ene (Aldrich, Fluka
>97%), GLC internal standards (methyl tert-butyl ether,
etc.), and authentic samples of major products were used as
received. Aqueous solutions of hydrogen peroxide (30%)
were purchased from Prolabo or Aldrich (phosphate-free
or with less than 2 ppm of phosphate stabilizers). The

active oxygen contents of H2O2 solutions were analyzed
by iodometric titration. Pure silicalite and KY zeolite,
obtained from UOP, were used as references in the 129Xe
NMR experiments.

Catalytic Tests

The epoxidation of oct-1-ene was carried out to eval-
uate the catalytic properties of the two selected samples.
A 65-ml round-bottomed Schlenk flask was charged with
50 mg of catalyst, 4.5 ml of acetone, 10.2 mmol of oct-1-
ene, and 3.4 mmol of H2O2 as a 30% aqueous solution.
The Schlenk flask was then placed under reflux in an oil
bath thermostated at 60◦C and stirred magnetically for 2
h. After the reaction, the mixture was transferred to a vial
and centrifuged to separate the solid catalyst from the solu-
tion. Products were analyzed with an internal standard on a
Delsi 30 gas chromatograph equipped with a 0.25 mm× 50
m OV 1701 capillary column and a flame ionization detec-
tor linked to a Delsi Enica 10 integrator. GC/MS data were
obtained at 70 eV on a mass spectrometer (Delsi–Nermag)
coupled with a GC apparatus.

Characterization of Catalysts by Physicochemical
Techniques

Chemical analyses were carried out at the Service Cen-
tral d’Analyse (CNRS-Lyon) by inductive coupling plasma-
atomic emission spectroscopy (ICP-AES) after alkaline fu-
sion with Li2B4O7.

XRD patterns (CuKα radiation) were recorded on a
Siemens D500 automatic diffractometer with 2θ from 5◦

to 55◦ and scanning rate of 0.6◦(2θ) min−1 [0.02◦ (2θ) step
and 2.0 s counting time]. The diffractometer was calibrated
to within 0.02◦ (2θ) using a standard SiO2 sample. The el-
ementary crystalline cell parameters were determined on
the basis of selected reflections in the 10–40◦ range for 2θ .

FTIR spectra were obtained in the transmission mode
with a Bruker IFS45 spectrometer. Standard potassium bro-
mide disks (8 tons cm−2) with very dilute mixtures of cata-
lyst and dry KBr were used. Water is known to influence
the intensity of the 960 cm−1 peak (18, 20, 27); for compari-
son, samples with approximatively the same water content
were studied. Control experiments with Nujol suspensions
between two cesium bromide plates gave comparable but
less well-defined spectra.

Raman spectra were recorded on a Jobin–Yvon U1000

spectrometer with a resolution of 4 cm−1. The 647-nm exci-
tation line of a krypton laser was used at 80–100 mW. The
powder samples were mounted on a disk rotating at about
1000 rpm to avoid decomposition and/or photoreduction
by the laser beam. A reference (wt% K2SO4≈ 4) was in-
corporated into the sample to compare the responses. For
small samples which fluoresce under visible illumination,
Fourier transform Raman spectrometers give improved
results. Spectra with a better signal-to-noise ratio were
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obtained with a Bruker RFS 100S spectrometer using a
Nd–YAG laser, operating at 1064 nm with power output
ca. 150–300 mW and resolution 2–4 cm−1. They are selected
for presentation in the paper.

UV–visible diffuse reflectance spectrometry was per-
formed on a Beckman 5270 spectrophotometer equipped
with an integration sphere and coupled with a HP micro-
computer. Calcined samples equilibrated with water vapor
at room temperature were studied. Outgassing treatments
on a vacuum line were not used in our analysis since they
have been considered by several authors (20); the catalysts
were tested in the presence of air.

Transmission electron microscopy and X-ray energy dis-
persion spectrometry were performed using a LINK AN
10000 system (Si–Li diode detector) connected to a JEOL
JEM 100CXII transmission electron microscope operating
at 100 kV and equipped with an ASID 4D scanning de-
vice (STEM mode). Samples were examined either as crys-
tallites dispersed on copper grids or as ultramicrotomed
sections using conventional sample preparation and imag-
ing techniques (40). The X-rays emitted from the speci-
men upon electron impact were collected in the 0–20 keV
range for 200–400 s. The X-ray EDS analyses were ob-
tained either from large domains (e.g., 100× 130 nm2 to
600× 800 nm2) or from smaller domains (spot beam analy-
ses: 175 or 1250 nm2). Atomic compositions (%) were ob-
tained with the 2 LINK program (RTS-2/FLS). Because the
instrument is not sensitive to oxygen, data presented in this
paper do not include the oxygen content.

Prior to the 129Xe NMR experiments, samples were
heated and outgassed under vacuum (<10−4 Torr) for at
least 4 h at 673 (±5) K. The adsorption isotherms of natu-
ral xenon (99.99% pure, containing 26% xenon-129) were
measured on a volumetric apparatus at xenon pressures be-
tween 3 and 1000 Torr. Xenon was adsorbed onto the sam-
ples at 300 K, the temperature at which the NMR spectra
were recorded on a Bruker MSL 400 NMR spectrometer
operating at 110.638 MHz. The conventional single-pulse
Fourier transform technique was used with a radiofre-
quency pulse of 10 µs and a pulse delay of 1 s. The 129Xe
NMR chemical shifts are referenced to that of 129Xe gas ex-
trapolated to zero pressure. A KY zeolite reference sample
(UOP) with a known chemical shift was used for calibra-
tion (δ= 134.8 ppm from that of xenon gas at zero pres-
sure). The uncertainty in the reported shifts is estimated to
be ±0.5 ppm. No paramagnetic impurities were detected
by EPR on either sample.

RESULTS AND DISCUSSION

Catalytic Test

Epoxidation reactions catalyzed by titanium in silica-
based catalysts and by TS-1 have been already described
(23, 41–45). Differences between hex-1-ene and cyclohex-

TABLE 1

Epoxidation of Oct-1-ene Catalyzed by TS-1 (A)
and a Related Material (B) Using H2O2

Oct-1-ene Epoxide
Catalyst conversion (%) selectivity (%)a

A 23 93
B 2 70

Note. Reaction conditions: catalyst wt., 0.050 g; acetone,
4.5 ml; oct-1-ene, 10.2 mmol; H2O2, 3.4 mmol (30% aqueous
solution without phosphates); T= 60◦C; reaction time, 2 h.

a See experimental; based on oct-1-ene, i.e., 100 (mol
epoxide/mol oct-1-ene reacted).

ene suggest that the reaction takes place inside the TS-1
pore system (46, 47). As we wished to differentiate the sur-
face properties of the samples, epoxidation of a demanding
substrate such as oct-1-ene with hydrogen peroxide seemed
particularly appropriate. It should be emphasized that se-
lective sorption by molecular sieves can give rise to unex-
pected selectivity effects (37). Another somewhat restrict-
ing factor influences the course of the reaction and the final
product composition. Our previous work has shown that
inorganic stabilizers, such as phosphates, incorporated into
some commercial aqueous hydrogen peroxide solutions re-
duce the selectivity (1). It has also been found that under
certain conditions the use of alkali metal pyrophosphates
may deactivate or poison crystalline titanium-containing
molecular sieves (48). The above considerations led us to
use phosphate-free 30% aqueous H2O2 solutions (1) (see
Experimental).

The results for the two samples are presented in Table 1.
Overall conversions and selectivities with samples A and
B are significantly different. The final products obtained
in oct-1-ene oxidation with these titanium catalysts com-
pare well with those reported previously (1, 23, 39, 49).
With catalyst A good epoxide selectivity is achieved; lit-
tle of the hydrogen peroxide is wasted through dismuta-
tion to water and dioxygen. Sample B is markedly less se-
lective and active than sample A. Ring opening reactions
of the 1,2-epoxyoctane with water and/or acetone lead to
the formation of 1,2-octanediol and 2,2-dimethyl-4-hexyl-
3-dioxolane (see also Ref. 49) There is evidence for H2O2

dismutation. Additional characterization techniques were
used to distinguish between active and less active cata-
lysts. The samples were first characterized by the standard
physicochemical methods; complementary information was
obtained from 129Xe NMR spectroscopy and electron mi-
croscopy with X-ray energy dispersion spectrometry.

Powder X-Ray Diffraction Data

The XRD patterns of the two samples are those of
highly crystalline titanium silicalite (39) with a MFI struc-
ture (Fig. 1); they are indexed by analogy with the isotypic
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FIG. 1. X-ray powder diffraction patterns of samples A (a) and B (b) calcined at 555◦C.

framework structures of silicalite-1 and zeolite ZSM-5 (50,
51). There are slight intensity differences; therefore, the
unit cell parameters calculated by least-squares refinement
of the patterns of samples A and B are very similar to the
EUROTS-1 values (Table 2). They compare well with those
of pure silicalite (50, 51), of TS-1 (39), and of ZSM-5 (50, 52).

As in the literature data (37, 39), there is evidence for
orthorhombic symmetry. Because of the low titanium con-
tent in these materials, additional crystalline phases, if any,
cannot be identified from the XRD patterns.

IR and Raman Spectra

A comparative IR spectrometric study was performed to
obtain information concerning the existence of framework

TABLE 2

Unit Cell Parametersa of MFI Molecular Sieves

a b c Volume
Sample (Å) (Å) (Å) (Å3) Ref.

Silicalite-1 20.087 (2) 19.885 (4) 13.374 (2) 5341.9 (50, 51)
TS-1 20.133 (5) 19.933 (3) 13.416 (3) 5384.0 (39)
EUROTS-1 20.00 (4) 19.93 (4) 13.38 (5) 5333.3 (37)
A 20.047 (6) 19.865 (8) 13.403 (4) 5337.5 This work
B 20.106 (12) 19.922 (15) 13.428 (8) 5378.6 This work

a Standard deviations are given in parentheses.

titanium. It is well known that the vibrational spectrum of
TS-1 is characterized by an absorption band in the 900–
975 cm−1 region (20, 21, 23, 39). This band is at 959 ± 4 cm−1

(medium intensity) for sample A and at 974 ± 4 cm−1

(weak) for B (Fig. 2). Its exact position depends on many pa-
rameters (amount of adsorbed water (18, 27), crystallite size
(53), etc.). While the assignment is still questionable, this
band may be considered the fingerprint of framework tita-
nium. Among the various possible assignments are stretch-
ing mode (ν3) of a [SiO4] unit IR-active due to the pres-
ence of adjacent Ti (18), local stretching mode of a [TiO4]
and/or [O3TiOH] unit in the silicalite framework (50), ter-
minal Si–O stretching of SiOH· · ·(HO)Ti “defective sites”
(25), and a contribution of some or all of these species. Ti-
tanyl [Ti==O] vibrations might also contribute (17, 49). It
has been suggested that the presence of a 960–975 cm−1

band is a necessary, but not sufficient, condition for cat-
alytic activity (49). Thus, defective orthorhombic silicalites,
with fully hydroxylated nanocavities generated by extrac-
tion of a few adjacent [SiO4] units, have been characterized
by an extra-broad IR absorption at ca. 960 cm−1 (25) and
at 976 cm−1 in the Raman spectra (25). Therefore, frame-
work titanium may be considered a structure defect rather
than an atom isomorphously substituted for silicon in the
silicalite lattice (54). The vibrational modes observed both
in IR and in Raman spectra of TS-1 near 960 cm−1 were as-
signed to different components arising from the asymmetric
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FIG. 2. IR spectra of samples A (a) and B (b) showing the change in
intensity of the 959 and 974 cm−1 bands.

stretching modes of Si–O–Ti bridges (55). However, the ob-
served band may be the resultant of several contributions.

In the light of previous work, as samples A and B have
roughly the same particle size (vide infra) and nearly
identical unit cell parameters (Table 2) and have been
equilibrated to obtain nearly the same water content, we
propose that the intensity differences in their spectra arise
from dissimilarities in the titanium(IV) distribution. The
peak at 959 cm−1 in sample A (Fig. 2) could correspond
to a sample with a quasi-regular incorporation of titanium

FIG. 3. Ambient temperature Fourier transform Raman spectra of samples A (a), B (b), and pure silicalite.

and that at 974 cm−1 (sample B) to an irregular distribution
(vide infra). X-ray EDS, 129Xe NMR, and Raman spectra
(vide infra) give some support for this proposal. Raman
and IR spectroscopy do not provide direct evidence
regarding all the Ti–oxygen species, since some typical
vibrations are in the same range as those of Si–oxygen
moieties and the Si : Ti ratios are relatively high; however,
with FT-Raman the samples can be analyzed without
overwhelming background effects.

When extraframework titanium oxide species are
present, they can belong to a segregated phase such as
anatase TiO2, which shows a strong Raman-active peak
near 144 cm−1. This peak could be detected on nearly
amorphous TiO2 materials obtained by sol–gel chemistry.
Other weaker anatase Raman peaks occur at 386, 513, and
637 cm−1 (51). The conventional Raman spectra of sample
A recorded on a Jobin–Yvon spectrometer indicate that
anatase TiO2 cannot be detected (spectra not shown). On
the other hand, there is a broad signal near 144 cm−1 (Fig. 3
sample A) in the Fourier transform Raman spectra, which
appears also in the spectra of pure silicalite, but no 640 cm−1

peak.
For sample B the anatase peak is observed as a sharp

maximum at 144 cm−1; moreover, Fig. 3 shows maxima
near 510 (very weak) and 640 cm−1 which cannot be at-
tributed to the silicalite framework and which have no coun-
terpart in sample A or in the spectra of pure silicalite. A
weak band appearing also at 961 cm−1 for sample B is very
much stronger in sample A (964 cm−1); hence, the peak
at 144 cm−1 may be considered the fingerprint of anatase,
the entire spectrum of B then being characteristic of a less
ordered material if we consider the somewhat lower res-
olution of the spectrum (Fig. 3b). We can tentatively con-
clude from these results that in sample A the titanium is
mainly or totally in the framework (nearly pure Ti-silicalite
sample), while sample B contains both framework and



        

CHARACTERIZATION OF TITANIUM SILICALITE CATALYSTS 27

extraframework titanium (partly or totally in the form of
anatase, which is not detected on the X-ray diffraction
patterns). Small amounts of anatase (≈0.5 wt%) can be
seen by Raman spectroscopy, and other forms of titanium
oxide at very low concentration (less than 0.5 wt%) are
weakly Raman diffusing (20). In addition to vibrational
spectroscopy, UV–visible diffuse reflectance spectrometry
was used to detect extraframework titanium.

Diffuse Reflectance Spectroscopy

For oxo species of Ti(IV), strong absorptions due to
charge transfer (CT) transitions between O2− and the cen-
tral Ti(IV) atoms are expected in the UV–visible region. In
the silicalite matrix, framework Ti(IV) is associated with
absorptions at 210 nm in a tetrahedral environment and
near 240 nm in an octahedral environment (20). For bulk
TiO2, the absorption threshold (interband transition) is ob-
served near 410 nm (rutile) or 370 nm (anatase); in addition,
when the particle size is lower than ca. 6–8 nm the band gap
width increases and the threshold is shifted toward higher
energies (shorter wavelengths).

Figure 4 shows clearly the existence of (i) intraframe-
work isolated tetrahedral Ti(IV) ions in both samples, and
(ii) extraframework bulk anatase in sample B (absorption
threshold at 370 nm). On the other hand, the spectrum of
sample A contains a weak shoulder near 316 nm (appear-
ing as a slight inflexion on the SKM curve (not shown)), the
corresponding threshold value (350 nm) attesting the pres-
ence of very small quantities of nanosized anatase particles
(below ca. 4 nm).

FIG. 4. UV–visible DRS spectra of samples A (a) and B (b).

FIG. 5. TEM micrograph of sample A.

Electron Microscopy and X-Ray EDS

Transmission electron microscopy was used to obtain in-
formation about catalyst texture (mainly particle size and
morphology). A representative TEM micrograph of sample
A is shown in Fig. 5. The particles of sample A are highly
crystalline with an average crystal size of 0.3 µm. This mi-
crograph shows a very homogeneous product consisting of
nonpolyhedral particles. As illustrated in Fig. 6, the major-
ity of the particles of the sample B are orthorhombic while
some are hexagonal prisms, all being about 0.3 µm in size.
Nearly all the particles of samples A and B give diffraction
patterns.

However, amorphous or poorly crystallized aggregates
are also observed in sample B as very minor phase(s). In
oxidations catalyzed by TS-1, the best yields were obtained
with 0.2- to 0.3-µm crystallites; larger dimensions led to
lower reaction rates and selectivities (38). In our case, the
average particle sizes of samples A and B are quite similar.

FIG. 6. TEM micrograph of sample B.
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Morphology and particle size can influence the catalytic
properties of the samples, but are not the key parameters
explaining the observed catalytic differences (Table 1), as
they appear to be in some cases (38).

Elemental analyses were performed on the two samples;
the data (see Experimental and Tables 3–5) are to be com-
pared with the X-ray EDS results.

Tables 3 to 5 list the results of X-ray EDS experiments
used to locate and quantify submicroscopic distributions of
the titanium species. EDS multiple spot analysis revealed
that the titanium distribution in the sample A crystallites
was homogeneous (Table 3), with at.% Ti≈ 3.25 and a dif-
ference of 1.3% between maximum and minimum values. A
typical analysis of ultramicrotomed sections of crystallites
of sample A (Table 4) gives a mean at.% Ti of 2.6. Values for
the core of the crystallites (grains 1–3) are lower (2.0–2.5%)
than values for edges (2.5–3.4%). Sample B (Table 5), how-
ever, has a very inhomogeneous crystallite distribution; the
majority of orthorhombic crystallites show an at.% Ti of
3.5, but typical differences between maximum and mini-
mum values are 2.8%. Hexagonal crystals have a higher Ti
content (≈4.45%) while amorphous aggregates have a very
high titanium content and probably correspond to titanium
oxides which cannot function effectively as catalytic sites in
the H2O2 oxidations of olefins to epoxides (TiO2 also ev-
idenced by Raman and DRS examination). These results
give further support for an atomic dispersion or a “homo-
geneous distribution” of the Ti sites in sample A, while in
sample B there is a less ordered distribution between two
(or more) phases and inside the different crystallites (or-
thorhombic and hexagonal-like). They are in agreement
with the vibrational results and proposals. Even for samples
A, we showed that titanium is not perfectly statistically dis-
tributed in the MFI structure: local analyses of atom ratios

TABLE 3

X-Ray EDS on Catalyst A:a STEM Beam Analyses on Various
Zones of Different Crystallites and Comparison with Analyses of
Relatively Large Domains and with Bulk Chemical Composition

Type Zone (nm2) At.% Si At.% Ti Si/Ti

Grain 1 150× 200 96.5 3.5 27.6
Grain 2 200× 270 96.4 3.6 26.8
Grain 3 150× 200 96.8 3.2 30.25
Grain 4 150× 200 96.5 3.5 27.6

1260b 97.1 2.9 33.5
1260b 96.7 3.3 29.3

Grain 5 1260b 96.9 3.1 31.25
1260b 96.7 3.3 29.3

Grain 6 1260b 96.3 3.7 26.0
1260b 97.6 2.4 40.7

Averaged composition 96.75 3.25 29.75
Chemical analysis 97.45 2.55 38.2

a Data do not include oxygen; counting time, 400 s.
b Diameter of the observed zone: 40 nm (spot beam analysis).

TABLE 4

X-Ray EDS on Catalyst A:a STEM Beam Analyses of Ultrami-
crotomed Crystallites (Edges and Cores) Compared with Larger
Zone Analyses and with Bulk Chemical Composition

Type Zone (nm2) At.% Si At.% Ti Si/Ti

Section 150× 200 96.8 3.2 30.25
Section 120× 160 97.7 2.3 42.5
Section 600× 800 97.9 2.1 46.6
Section 600× 800 97.3 2.7 36.0
Section 150× 200 97.2 2.8 34.7
Core 1260b 96.75 3.25 29.75
Core 1260b 97.3 2.7 36.0
Core 1260b 97.6 2.4 40.7
Core, grain No. 1 180c 98.0 2.0 49
Edge, grain No. 1 180c 97.4 2.6 37.5
Core, grain No. 2 180c 97.5 2.5 39
Edge, grain No. 2 180c 96.6 3.4 28.4
Core, grain No. 3 180c 97.9 2.1 46.6
Edge, grain No. 3 180c 97.5 2.5 39
Small domain, grain No. 3 180c 97.8 2.2 44.45

Averaged composition 97.4 2.6 37.5
Chemical analysis 97.45 2.55 38.2

a Data do not include oxygen; counting time, 200–400 s.
b, c Diameters of the observed zone: b 40 and c 15 nm.

(Ti : Si) are considered to be the results of concentration
gradients (compare Tables 3 and 4). We shall now try to
differentiate these samples by 129Xe NMR.

Study of Samples by 129Xe NMR: Theoretical Aspects
129Xe NMR of adsorbed xenon provides information

about microporous molecular sieves difficult to obtain by
classical physicochemical techniques. The dimensions of
cages and/or channels (i.e. the pore free volume), the lo-
cations of compensating cations, pore blocking, and inter-
growths or defects related to short-range crystallinity have

TABLE 5

X-Ray EDS on Catalyst B:a STEM Beam Analyses
of Different Crystallites

Type Zone (nm2) At.% Si At.% Ti Si/Ti

Hexagonal prisms 120× 160 95.2 4.8 19.8
Hexagonal prisms 150× 200 95.9 4.1 23.4
Amorphous grainb 100× 130 83.5 16.5 5.1
Orthorhombic crystal 120× 160 95.9 4.1 23.4
Orthorhombic crystal 150× 200 95.3 4.7 20.3
Orthorhombic crystal 120× 160 97.1 2.9 33.5
Orthorhombic crystal 200× 270 97.6 2.4 40.7
Orthorhombic crystal 100× 130 98.1 1.9 51.6

Averaged compositionb 96.45 3.5 27.2
Chemical analysis 96.95 3.05 31.8

a Data do not include oxygen; counting time, 100–200 s.
b Minor phase, excluded from the averaged composition.
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an effect on the chemical shift of adsorbed xenon (55–57).
The variation of the measured chemical shift, δexp, with the
number of adsorbed xenon atoms per gram of anhydrous
sample, n, depends on the molecular sieve structure. The
chemical shift of 129Xe has been written as the sum of terms
corresponding to the different perturbations to which the
system is submitted. For xenon adsorbed in a pure (diamag-
netic) sample of silicalite, δexp is expressed as

δexp ≈ δ0 + δS + δXe, [1]

where δ0 is the reference (usually the chemical shift of
gaseous xenon extrapolated to zero pressure) and δS cor-
responds to interactions between Xe and cage or channel
walls. This term has been related to the pore or channel size
(void space) via the mean free path, defined as the average
distance between two successive collisions of a single Xe
atom with the internal surface (55). The last term, δXe, cor-
responds to the increase in shift caused by Xe–Xe collisions.
It increases with n and is responsible for the slope of the
δexp= f(n) curves.

If there are adsorption sites stronger than the pore wall,
such as multivalent cations, metallic particles, or nonframe-
work species, Eq. [1] includes additional terms correspond-
ing to these specific interactions.

Xenon Adsorption Isotherms

The 300 K isotherms expressed in logarithmic coor-
dinates are of the classical form for xenon adsorption
in molecular sieves (Fig. 7): log n increases linearly with
log PXe at low values of the xenon pressure, PXe. The up-
take tends toward saturation values at high pressure.

At 1000 Torr, pure silicalite and sample A adsorb nearly
the same amount of xenon, 1.2× 1021 and 1.3× 1021 Xe
atoms g−1, respectively. For sample B, the amount adsorbed
(0.6× 1021 Xe atoms g−1) is significantly lower and very
near the saturation value (Fig. 7). Since the results of X-ray

FIG. 7. Uptake of xenon by sample A (d), pure silicalite (m), and
sample B ( ) at 300 K.

FIG. 8. NMR spectra of xenon-129 adsorbed on samples A (a) (n≈
11× 1020 Xe atoms/g) and B (b) (n≈ 2× 1020 Xe atoms/g) at 300 K.

diffraction show that the crystallinities are comparable, the
decrease of the adsorption capacity of sample B must be
due to pore blocking by some extraframework species.

129Xe NMR Study of Adsorbed Xenon in Samples A and B

The 129Xe NMR spectra of the three silicalite-based sam-
ples consist of a single narrow peak when n is in the range
1.0× 1020–1.2× 1021 (Fig. 8). This result suggests that there
are no obvious structural defects, such as larger pore vol-
umes.

The dependence of the chemical shift on n presents the
same trends: the variations are rather linear with a change
of slope at a certain n value (Fig. 9). The plots are very sim-
ilar for sample A and pure silicalite. The change of slope
occurs at a characteristic value, nc (5.5× 1020 Xe atoms g−1),
and the δS values (103 ppm) obtained by extrapolation of
the δexp= f(n) curves to n= 0 are equal. For sample B, how-
ever, the slopes are greater and the change of slope occurs
at about nc= 3.7× 1020 Xe atoms g−1; the value of δS is
100 ppm.

Such typical curves have already been observed for
ZSM-5 (and ZSM-11) zeolites (56) which have very similar



               

30 DUPREY ET AL.

FIG. 9. Xenon-129 chemical shift, δexp, as a function of n in pure sil-
icalite (m) and samples A (d) and B ( ) at 300 K, as a function of the
percentage of the pore volume occupied by xenon in samples B and A or
silicalite as reference samples.

structures (50). A possible explanation of the change in
slope is a change in the Xe–Xe interactions at a certain
n (56). Because of their dimensions the channels must be
a little more efficient than the intersections for adsorbing
xenon. Therefore, at low concentration, the xenon atoms
spend a longer time in the channels, where only one xenon
atom can be adsorbed between two intersections. The prob-
ability of Xe–Xe collisions is low and xenon atoms inter-
act little with each other; consequently the slope of the
δexp= f(n) curves is small. At a certain xenon concentra-
tion, Xe atoms begin significantly to occupy the intersec-
tions, where they can interact with Xe in the channels. In
this case Xe–Xe interactions become important, three-body
collisions are no longer negligible, and the slope is much
higher (second part of the plots).

Let us consider first the δS values. δS depends on the mean
free path of xenon and is directly related to the dimensions
of the internal voids but also to the ease of diffusion inside
the channels (55). The greater the pores, the smaller the δS

values. The same value (103 ppm) obtained for sample A
and the reference sample (pure silicalite) proves that the
pore structure of sample A has not been modified by the
incorporation of Ti into the framework. On the other hand,
δS for sample B is a little smaller, which means that the mean
free path of Xe is greater. This may be related to the pres-
ence of a small number of randomly distributed structural
defects, hardly larger than that of normal channels, δS being
an average value due to rapid exchange of xenon between
normal channels and defects.

Let us now analyze the slope, S, of the second linear
part (n> nc) of the δexp= f(n) curves for samples A and

B (Fig. 9). The values of this slope are

S(A) = 4.5× 10−20 ppm atoms−1 g+1

S(B) = 8.7× 10−20 ppm atoms−1 g+1.

δXe is due to Xe–Xe interactions and depends on the local
xenon density. Therefore, for a given structure, S is inversely
proportional to the total free volume, which is itself pro-
portional to the quantity of adsorbed xenon at saturation.
In the present case, while the amounts of xenon adsorbed
near saturation, nsat, are similar for the reference silicalite
and sample A (ca. 1.2–1.3× 1021 Xe atoms g−1), sample B
adsorbs much less at saturation, 0.6× 1021 Xe atoms g−1

(Fig. 7). On the other hand, Fig. 9 shows that the slope for
sample B is much greater than that for sample A for n> nc.
However, their ratio, S(B)/S(A)= 1.9, is roughly equal to the
ratio nsat(A)/nsat(B) (ca. 2). We can conclude that sample B
does not contain amorphous material able to adsorb xenon.
The decrease in adsorption capacity may be due rather to
pore blocking of the silicalite.

Can we locate this pore blocking? The change of the slope
occurs, for sample B, at a much higher value of the xenon
concentration, expressed as the percentage of the pore vol-
ume occupied by xenon (see Fig. 9, upper abscissa scale).
Since the first part of the δexp= f(n) curves corresponds to
xenon adsorbed mainly in the channels (rather than in the
intersections), this may be attributed to a decrease in the
total free volume of sample B, whose origin is principally a
decrease in the volume of the intersections. In other words,
the extraframework species blocking the pores might be
located in some of the intersections rather than in the
channels.

CONCLUSION

The unique catalytic properties of titanium silicalites
are certainly due to the Ti(IV) coordination facilitating
reactions, or to the “atomic dispersion” of titanium, or
both. The determination of the %Ti/(%Ti+%Si) ratios by
X-ray EDS and 129Xe NMR studies of two samples of
“titanium silicalite” show that these are promising methods
for characterizing diamagnetic transition metal-containing
molecular sieves, TMCMS, and in particular for identify-
ing the synthesized materials with respect to the location
and the nature of the Ti-species within the MFI struc-
ture. The NMR spectrum of xenon adsorbed in TS-1 and
related materials with the MFI structure is sensitive to
impurities, such as small amounts of extraframework ti-
tania (crystalline anatase or amorphous phase), and to
pore blocking. The dependence of δexp on n indicates that
xenon–xenon interactions are modified by impurities, by
imperfect distribution of the Ti sites, and by occluded ti-
tania; on the other hand, pure silicalite and nearly per-
fect TS-1 cannot be differentiated by 129Xe NMR, since
the channel dimensions along [010] and [100] (straight
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and sinusoidal channels, respectively) are nearly the same
and so probably are the potentials along the channels.
FT-Raman and IR spectra are tentatively interpreted in
terms of differences in the “atomic dispersion” of Ti(IV),
since the crystallization states of the two samples are not
differentiated by the X-ray diffraction patterns though they
are easily identified by FT-Raman spectra. The spectral dif-
ferences between the catalysts are correlated with their dif-
ferent catalytic reactivities; the change of conversion and
selectivity in the epoxidation of oct-1-ene can be related
to the quality (phosphate-free or not) of H2O2 (1) but also
to the acidity of TS-1, which must be related to the sta-
tistical distribution of titanium in the framework, to the
presence of extraframework titanium, and to pore blocking.
The present work confirms the ability of UV–visible DRS
to distinguish between intra- and extraframework titanium
species. These methods can also be used to characterize
other transition metal-containing materials, such as “redox
molecular sieves” and novel tailor-made catalysts based on
mesoporous solids, which are being studied in our groups.
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