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By combining catalyst characterization, molecular descriptors, and high-throughput techniques, two
structured titanosilicates, Ti-MCM-41 and Ti-ITQ-2, were successfully optimized for the epoxidation of
large olefins and methyl oleate. This new methodology for material science and catalysis can help
to identify and partially quantify the roles of the variables involved in catalyst synthesis based on
a small number of experiments. Associations among the chemical properties of the silicate used as
support (ITQ-2, MCM-41), the dispersion and number of Ti sites grafted onto the surface, the presence
of surface modifiers (silylating agents), the nature of the selected alkenes, and the catalytic activity
and selectivity are established. We show that the use of surface modifiers increases the activity and
selectivity of the catalysts, but that the effectiveness of each silylating agent depends on the surface
characteristics of the support. Correlation of the results from the epoxidation of a test molecule, 4-decene
with those for the industrially relevant methyl oleate show that the reactivity of the substrate also is
significantly influenced by the surface properties of the support. We find that Ti-ITQ-2 modified with
SiMe2Bu (dimethylbutylsilane), instead of the more commonly used Ti-MCM-41–SiMe3 system (with
trimethylsilane as a silylating agent), represents the best option for carrying out the epoxidation of this
fatty ester, leading to a highly active and selective catalyst.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

The use of biomass as raw material for chemicals, fine chem-
icals, petrochemicals, and fuel applications has become a relevant
scientific and technical issue in recent years [1]. Recent work has
focused on the transformation of natural fats and oils into alka-
nes by hydrotreatment [2] and in the preparation of methyl esters
of the fatty acids by transesterification with methanol [3]. Besides
its wide range of direct applications in fuels, food, pharmaceuti-
cals, and cosmetics, methyl oleate can be selectively oxidized to
the corresponding epoxide, providing a very versatile product with
applications for plasticizers, lubricants, and polymer stabilizers,
among others. The current industrial scale process for obtaining
these epoxides is based on the Prileschajew reaction [4], which in-
volves undesirable mineral acids for catalyzing the oxidation of the
double bond. Therefore, the development of new efficient and en-
vironmentally friendly heterogeneous catalysts as an alternative to
the current technology [5] is of significant interest.

The discovery of titanosilicates as heterogeneous catalysts for
epoxidation reactions [6] has encouraged the synthesis of new ti-
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tanosilicate structures for epoxidizing different substrates [7]. For
instance, in the case of long-chain olefins, such as methyl oleate,
the accessibility of the reactant to the active sites requires appli-
cation of titanosilicates with mesopores and/or, in general, the use
of materials with large external surface areas. From the standpoint
of the active sites, most emphasis has been placed on preparing
titanosilicates in which the Ti is highly dispersed and preferably
in a tetrahedral coordination [8]. Achieving adequate pore size and
Ti coordination is a necessary, but not sufficient, prerequisite for
obtaining a highly active, selective, and stable catalyst. Other cat-
alyst characteristics (i.e., polarity and adsorption properties) must
be considered as well. More specifically, it is known that Ti sites
become deactivated in the presence of water if their SiO2 envi-
ronment is insufficiently hydrophobic. For instance, the catalytic
behavior of Ti-MCM-41 with organic peroxides as oxidants can
be greatly improved by increasing the hydrophobicity of the Ti
through a silylation process [9]. But selecting the optimum sily-
lation procedure is not an easy task, because the final catalytic
performance will depend on the coupling between the nature of
silylating agent, the nature of the titanosilicate surface, and the na-
ture of the reactant. Taking these factors into account, it becomes
apparent that the optimization of an epoxidation titanosilicate cat-
alyst will involve a large number of preparations. Contributing to
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this difficulty is the lack of models to help predicting the most ad-
equate catalyst formulation for a particular epoxidation reaction.
Various approaches to applying high-throughput technologies to
study epoxidation reactions have been reported in the literature
[10].

We became interested in developing a specific strategy to fur-
ther ease the experimental effort by combining high-throughput
synthesis [11] and high-throughput catalytic testing [12] with fun-
damental characterization, molecular modeling [13], and quantita-
tive structure activity and property analysis (QSAR and QSPR) [14].
However, investigations involving certain types of molecules can
be experimentally annoying when routine laboratory tasks (e.g.,
weighting reagents, cleaning contaminated material, analyzing the
composition of a reaction mixture) become tedious. Consider, for
instance, methyl oleate, whose oily nature (high viscosity, high
boiling point) complicates these tasks, increasing the cost of the
research.

Under this scenario, we decided to start the research with an
alternative olefin, 4-decene, which we used as a test molecule.
From our approach, we expect to be able not only to optimize the
catalyst, but also to gain a physicochemical understanding of the
problem that, hopefully, can be transferred from the model reac-
tant to feeds and reactants of industrial interest. More specifically,
we explore how it is possible, by means of the methodology out-
lined above, to optimize an epoxidation catalyst for fatty esters
in which the following catalyst variables are considered: (a) the
nature of the support (structures mesoporous MCM-41 and delam-
inated zeolite ITQ-2), (b) the nature of the silylating agent (four
molecules), (c) various loadings of silylating agent (six levels), and
(d) the nature of the reactant (4-decene and methyl oleate). We
find that delaminated zeolites, such as Ti-ITQ-2, provide better re-
sults than Ti-MCM-41 for reacting fatty substrates, such as methyl
oleate, provided that the proper silylating agent at the optimum
level is used to modify the surface properties of the silicate.

2. Experimental

2.1. Synthesis of supports: MCM-41, ITQ-2

MCM-41 and ITQ-2 were synthesized as described previously
[15]. In preparing the MCM-41 support (see Fig. S1a in Sup-
plementary material), amorphous silica (Aerosil 200, Degussa),
a 25 wt% aqueous solution of tetramethylamonium hydroxide
(Aldrich, 25 wt%), and an aqueous solution of hexadecyl-trimethyl-
amonium bromide (CTMABr, Aldrich, purum) were used to prepare
the starting synthesis gel. First, an appropriate amount of water
was mixed with CTMABr and TMAOH, and the mixture was stirred
until it was homogenized. Then Aerosil was added to form a new
homogeneous gel after the compounds were mixed. The follow-
ing molar composition was used to synthesize MCM-41: SiO2: 0.15
CTMA: 0.26 TMA: 0.26 OH: 24 H2O. The crystallization was carried
out in a Teflon autoclave at 135 ◦C for 24 h. After crystallization,
the sample was washed and then dried at 60 ◦C for 12 h. Finally,
the solid was calcined for 3 h at 540 ◦C in N2 and then for 6 h in
air.

The ITQ-2 (see Fig. S1b in Supplementary material) was pre-
pared as follows. First, 10 g of the lamellar precursor ITQ-1 was
dispersed in 40 g of H2O milli-Q; then 200 g of a hexadecyl-
trimethylamonium hydroxide solution (25 wt%, 50% exchanged
Br/OH), and 60 g of a tetrapropylammonium hydroxide solution
(40 wt%, 30% exchanged Br/OH) were added. The resulting mix-
ture (pH � 12.5) was heated to 80 ◦C and stirred vigorously for
16 h, to facilitate swelling of the precursor material layers. At this
point, the suspension was sonicated in an ultrasound bath (50 W,
50 Hz) for 1 h to disperse the individual sheets. Then the pH was
decreased to 3.0 by adding HCl (6M) to facilitate flocculation of
the delaminated solid, which was recovered by centrifugation. Af-
ter being washed with distilled water and dried at 60 ◦C for 12 h,
the solid was treated at 540 ◦C, first in N2 for 3 h and then in air
for 6 h. After this calcination treatment, all of the organics were
decomposed, yielding a material with the structural and textural
characteristics of ITQ-2.

2.2. Ti grafting process

After the two supports (MCM-41 and ITQ-2) were calcined,
a grafting process on the silicate surfaces was performed [16], us-
ing dichlorotitanocene (Aldrich, 97 wt%) as the Ti precursor. First,
the samples were dried at 150 ◦C under vacuum. After cooling
to room temperature, the selected quantity of TiCl2Cp2 solution
(10 wt%) in chloroform (Aldrich, 99.5 wt%) was dosed to graft
Ti onto the support surface, and then chloroform was added un-
til a liquid/solid nominal ratio of 10 was achieved. This mixture
was maintained under agitation for 1 h. Then a solution of tri-
ethylamine (Scharlau, extra-pure) in chloroform (molar ration of
NEt3/TiCl2Cp2 = 2) was used to activate the silanol groups of the
supports and favor Ti grafting, with the mixture maintained un-
der agitation for 1 h at room temperature. The suspensions were
then filtered, washed with dichloromethane, and dried at 60 ◦C.
A second calcination was performed at 540 ◦C to remove the cy-
clopentadienyl ligands. Six different Ti contents for each support
were selected for the grafting process; the theoretical levels were
0.1, 0.5, 1, 2, 3, and 5 wt% TiO2/SiO2. Fig. S2 in Supplementary
material shows the XRD patterns for the supports (MCM-41 and
ITQ-2) after the Ti grafting process with different Ti ratios, which
demonstrate no appreciable differences in structure after the treat-
ment.

2.3. Silylation of the catalysts

Once the samples were dried at 150 ◦C under vacuum and
cooled to room temperature, a solution with the proper quantity
of the selected hexaalkyldisilazane in toluene (wt% toluene/silica =
10) was added. The corresponding synthesis mixture was main-
tained under reflux for 1 h at 85 ◦C. Then the rack was washed
and filtered with toluene and dichloromethane, and the sam-
ples were finally dried at 60 ◦C. Four silylating agents were used:
1,1,1,3,3,3-hexamethyldisilazane (Aldrich), 1,3-dibutyl-1,1,3,3-tetra-
methyldisilazane (ABCR), 1,3-diphenyl-1,1,3,3-tetramethyldisilazane
(ABCR), and 1,1,3,3-tetraphenyldimethyldisilazane (ABCR) (see Ta-
ble S1 in Supplementary material). Six theoretical SiR3/SiO2 molar
ratios were selected for both the MCM-41 support (0.05, 0.1, 0.15,
0.2, 0.5, and 1 SiR3/SiO2) and the ITQ-2 support (0.03, 0.06, 0.11,
0.3, 0.4, 0.5 SiR3/SiO2).

2.4. Catalytic testing

The solvent-free epoxidation of 4-decene (Aldrich >99%), with
tert-butylhydroperoxide (TBHP; Aldrich, 80% in di-tert-butylper-
oxide/water 3/2) as the oxidant, was carried out in 2-mL glass
flasks at 70 ◦C under magnetic stirring, using an olefin/oxidant mo-
lar ratio of 4 and 15 mg of catalyst per mL of feed. Aliquots were
analyzed at different reaction times by gas chromatography (HP-5
column), and products were identified by mass spectroscopy. Re-
sponse factors of the different compounds were determined to
accurately calculate the conversion and selectivity of the process.

Epoxidation of methyl oleate was done in 1,3,5-trimethylben-
zene as the solvent, with the following molar composition of the
feed: 67.6% 1,3,5-trimethylbenzene, 23.2% methyl oleate, 5.8% tert-
butylhydroperoxide, 0.5% di-tert-butylperoxide, and 2.9% H2O. The
reaction was performed at 30 ◦C using 5 mg of catalyst per mL of
feed. Because of the high boiling point of methyl oleate and the
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reaction products, an on-column injection mode was used for the
chromatographic analysis. Calculation of conversion and selectivity
levels was performed as done for 4-decene.

2.5. Catalyst characterization

Powder X-ray diffractometry (XRD) was performed with a HT
Philips X’Pert MPD diffractometer equipped with a PW3050 go-
niometer using CuKα radiation and a multisample handler. DR
UV–vis spectra were obtained with a Perkin Elmer (Lambda 19)
spectrometer equipped with an integrating sphere with BaSO4 as a
reference. Concentrations of Ti were determined by atomic absorp-
tion, using a Varian SPECTRAA-10 plus. Thermogravimetric (TG)
analysis was performed with a Mettler Toledo TGA/SDATA851e be-
tween 20 and 800 ◦C, with the loss of weight up to 150 ◦C assigned
to water adsorbed on the surface of the samples. Elemental analy-
sis was done with a Carlo Erba 1106 analyzer.

2.6. Description of high-throughput equipment

To reduce the experimental effort, various high-throughput (HT)
equipment was used (Fig. S3 in Supplementary material). A Sophas
automated robotic system (Zinsser Analytic) was used for graft-
ing Ti and silylating the titanosilicates. Initially, solutions contain-
ing a proper concentration of reagents (Ti precursor and silylat-
ing agents) were placed into different containers, with pure sil-
ica ITQ-2 and MCM-41 distributed in a multivial rack. The addi-
tion of accurate amounts of each solution, as described previously,
was done automatically using a multichannel syringe that can op-
erate under nitrogen atmosphere. Samples were simultaneously
heated and stirred (vortex system) in the corresponding station
and washed and filtered using filtration probes (Zinsser Analytic)
for the robotic system. These special tips can be used to either fil-
ter liquid from a liquid–solid mixture or to wash a solid, thanks to
a central channel with a filter and two additional coaxial channels
for the delivery/aspiration of gases or solvents. In our case, wash-
ing of the samples after the Ti grafting and silylation process was
done by successive additions/extractions of the selected solvent
(toluene or dichloromethane), using the aforementioned filtration
probe.

HT catalytic testing was performed in an in-house-built system
that allows parallel processing of 21 batch reactions independently
stirred (500 rpm) and heated by a temperature-controlled alu-
minum rack. No mass transfer limitations were detected at >300
rpm when the stirring rate was varied from 0 to 700 rpm. A pro-
grammable autosampler was used to sequentially obtain aliquots
from the different reactors, and the samples were analyzed in a
coupled online GC. Data acquisition and calculations were per-
formed in real time as results were obtained from each reactor.
As reported previously [10], epoxidation experiments using this
robotic system are both reproducible and scalable.

3. Results and discussion

3.1. First factorial design of catalysts and physicochemical
characteristics of titanosilicates silylated with SiMe3

The present work was undertaken to study the behavior of
epoxidation catalysts consisting of Ti species grafted on structural
silicates whose surface was modified by a silylating agent (SiR3).
Let us initially suppose that one unique type of modifier must be
evaluated, with the effects of Ti and SiR3 on the catalyst activity
analyzed. In this simple case, the activity of the material for a spe-
cific reaction becomes a simple function of the nominal Ti and SiR3
content, and the best Ti–SiR3 combination can be readily identi-
fied through a factorial design of experiments. For instance, we
Table 1
Factorial design for each support (MCM-41 and ITQ-2) using SiMe3 as silylating
agent (36 samples for each one), together with selected samples for full charac-
terization

Theoretical TiO2/SiO2 (wt%)

0.1 0.5 1 2 3 5

Theoretical
SiMe3

(molar ratio)

0.03 × × 0.05 Theoretical
SiMe3

(molar ratio)
0.06 × × 0.1
0.11 0.15
0.3 × × 0.2

ITQ-2 0.4 0.5 MCM-41
0.5 × × 1

×, TGA and elemental analysis.

first evaluated the response of Ti-MCM-41, and Ti-ITQ-2 catalysts
modified with a unique silylating agent (SiMe3) on the epoxidation
of 4-decene (test reaction), using the full factorial design shown
in Table 1 (36 samples per support). Thanks to an homogeneous
distribution of experiments along the space of research, a general
overview of the catalytic response for both materials can be pro-
vided (Fig. 1), indicating that activity, measured as initial reaction
rate, reaches maximum values at certain levels of Ti and SiMe3
(distance weighted least squares was used to generate the surfaces
in Fig. 1).

It can be seen that the catalyst activity increases rapidly with
Ti content up to a nominal TiO2/SiO2 % weight ratio of 2–3 and re-
mains nearly constant or even decreases slightly for higher values.
Measurement of the actual Ti content in the samples by absorption
spectroscopy shows that only insignificant differences between the
nominal and actual loadings (Table S2 in Supplementary mate-
rial), indicating that within the range studied in this work, all of
the Ti species can be easily grafted onto MCM-41 and ITQ-2 sup-
ports. Nevertheless, UV–vis spectroscopy of catalysts with increas-
ing metal content (Fig. 2) shows that partial polymerization of Ti
occurs above 2 wt% TiO2/SiO2 on both materials, as can be inferred
by the presence of a prominent signal in the 250–300 nm region.
Taking into account the poor activity of these nontetrahedrically
coordinated Ti species in epoxidation reactions [17], a slight de-
crease in the initial reaction rate would be expected at high Ti
content, as is shown in Fig. 1.

Elemental analysis of samples with different theoretical amounts
of silylating agents (see Table 1) was done to evaluate the effec-
tiveness of the anchoring process. Taking into account the per-
centage of carbon present in the catalysts, the actual SiMe3/SiO2
molar ratio was calculated and is plotted against the nominal val-
ues in Fig. 3. For both MCM-41 and ITQ-2, the maximum amount
of SiMe3 molecules fixed onto the silicate surfaces is much lower
than the maximum nominal value derived from the sylanol capac-
ity and the monolayer value; therefore, the asymptotical variation
of activity with the theoretical SiMe3/SiO2 ratio (Fig. 1) could be
related to the achievement of maximum hydrophobicity due to
the silylation. MCM-41, with a higher external surface than ITQ-2
(∼900 vs 750 m2/g), has a maximum SiMe3/SiO2 molar ratio of
0.19, which is superior to the 0.17 value found for ITQ-2. As ex-
pected, the previous grafting of Ti onto the support also affects to
the effectiveness of the silylation process (Fig. 3, dotted line), even
though the differences are relatively small compared with the di-
rect effect of the nominal SiMe3 amount. Complementarily, TGA
of silylated Ti-ITQ-2 and Ti-MCM-41 was carried out to estimate
the hydrophobicity of the catalysts, assuming that the greater the
water content, the less hydrophobic the sample.

In the absence of surface modifier and Ti species, ITQ-2 is more
hydrophilic than MCM-41 (water loss, 11.5 vs 8.5 wt%). Fig. 4 shows
a very significant influence of SiMe3 level on hydrophobicity at
lower surface coverage of the silylating agent, with much less wa-
ter loss on heating at higher degrees of silylation. It can be seen
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Fig. 1. Modeling of catalysts response as a function of the theoretical Ti and SiMe3 contents.
Fig. 2. UV–vis DRS spectra for the Ti-MCM-41 (top) and Ti-ITQ-2 (bottom) samples
before the silylating process.

that the maximum level of hydrophobicity occurs slightly before
the surface of the support is saturated with SiMe3 groups.

Interestingly, the presence of Ti grafted on the supports has an
influence on the physical–chemical properties of the catalyst. The
hydrophobicity of the samples increases with increasing Ti content
at the same degree of silylation.

3.2. Advanced strategies in the exploration of new research spaces

3.2.1. Examination of existing strategies
In the previous section we discussed the effect of Ti and sily-

lating agent content on the catalytic behavior (4-decene epoxi-
dation as test reaction) of the MCM-41 and ITQ-2 catalysts with
SiMe3 used as a surface modifier. But the estimated correlations
(smoothed surfaces in Fig. 1 for ITQ-2 and MCM-41) are valid only
when SiMe3 is used as a silylating agent. Predicting the activity
of new catalysts based on different surface modifiers obviously
will require more experiments. Despite the fact that data from the
SiMe3 space on both MCM-41 and ITQ-2 suggest that highest activ-
ities are found at nominal TiO2/SiO2 values (% weight ratio) near 3
and when using an excess of SiR3 during silylation of the supports,
the development of a complete map of activity able to estimate the
influence of these two variables for the entire space of study (i.e.,
all silylating agents) is of interest for two reasons (a) An accurate
map will provide valuable fundamental knowledge about the mode
of action of the surface modifiers, on adsorption–interaction of re-
actants and products, and (b) an overview of the study will help
determine the maximum activity for each silylating agent and also
establish the optimal synthesis conditions that avoid unnecessary
excesses of reagents (Ti and SiR3). Consequently, we evaluated the
effect of Ti and SiR3 content on the catalytic behavior of ITQ-2 and
of MCM-41 modified by other silylating agents (SiMe2Ph, SiMe2Bu,
and SiMePh2), again using 4-decene epoxidation as the test reac-
tion. In this situation, a traditional approach involves duplicating
the previous experimental plan on the SiMe3 modifier for each one
of the new SiR3; however, we believe that this strategy, although
relatively simple, can be improved in terms of both the effort re-
quired and the quality of the estimated maps.

Some advanced strategies for minimizing the number of exper-
iments when different but closely related systems must be con-
secutively evaluated have been proposed in the literature [18]. It
has been proposed that neural networks (NNs) [19,20] and support
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Fig. 3. Real amounts of SiR3 agents anchored onto the ITQ-2 and MCM-41 surfaces (calculated from elemental analysis of the samples) for different nominal SiR3/SiO2 ratios.
See Table 2 for experimental design. For a given amount of theoretical SiR3/SiO2, two catalysts with two different levels of Ti have been characterized as specified in Table 2.
For each vertical pair of points considering one given silylating agent, the upper point corresponds to the catalyst on which fewer Ti atoms have been grafted.

Fig. 4. Results of the thermogravimetric analysis of samples with increasing contents of surface modifiers. See Table 2 for experimental design. Crosses on the y-axis (×)
are nonsilylated catalysts with different levels of Ti. The presence of Ti grafted on the supports has an influence on the physical–chemical properties of the catalyst, and the
hydrophobicity of the samples, at the same silylation degree, increases when increasing the Ti content.
vector machines (SVMs) [21] can reduce the experimental effort
by means of in silico evaluations, once the model has been prop-
erly trained by a certain number of real data. Indeed, it has been
shown that NNs can “learn” about one space of research (i.e., the
reactivity of one molecule) and then build a mathematical model
whose structure also can be applied in a similar but slightly dif-
ferent research space (i.e., the behavior of a related molecule in
the same type of reaction) [22]. But a critical analysis is frequently
performed by more fundamental chemists, who accept the prac-
tical contribution of such innovative strategies but reject the use
of black box tools, which provide little chemical insight and are
difficult to understand. Consequently, we decided to develop an
alternative strategy involving the use of an advanced modeling
tool to reduce the experimental effort and allow the retrieval and
use of fundamental information. Essentially, this methodology is
based on introducing useful chemical information about the textu-
ral properties of the catalysts into an NN. Using this approach, we
attempt to use the findings of a few real experiments to predict
the entire Ti–SiR3 map, similar to that shown in Fig. 1 for SiMe3,
but using other surface modifiers, such as SiMe2Ph, SiMe2Bu, and
SiMePh2.

3.2.2. Molecular modeling and characterization
First, we selected six samples for each of the new silylating

agents (Table 2; note that one of the cross-shaped marks actu-
ally corresponds to a nonsilylated sample) to be experimentally
evaluated (i.e., synthesized, characterized, and tested for 4-decene
epoxidation). The characterization of such catalysts by elemental
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analysis and TGA allows the production of new curves in Figs. 3
and 4. It can be seen that the use of surface modifiers more
voluminous than SiMe3 leads to a reduction in the maximum
amount of silylating agents that can be anchored onto the surface
of the supports. This suggests increasing sterical constraints among
nearby molecules with increasing SiR3. Moreover, slight differences
also are seen in the TGA results, with the samples silylated with
the smallest amounts of SiR3 demonstrating the least hydropho-
bicity at a given surface SiR3/SiO2 ratio. Interestingly, SiMe2Bu and
SiMe2Ph, with similar effective molecular dimensions, show very
similar elemental analysis and TGA results. The grafting of Ti onto
the supports before fixing the silylating agents, although affecting
the results, is of minor significance (Figs. 3 and 4).

After the characterization and proper modeling of the new cata-
lysts, we worked on integrating knowledge of the chemical proper-
ties of the different SiR3, taking into account that to evaluate their
mode of action from a chemical standpoint, we need to be able to
transform simple qualitative objects (silylating agent A, B, C, or D)
into well-defined entities. Thus, we considered various molecular
descriptors, including constitutional information (atomic Sander-
son electro-negativities, atomic polarizabilities, electro-topological
state, aromatic ratio, and number of bonds that can rotate); geo-
metrical information (average geometric distance degree, spin ra-
tio, spherocity, asphericity, Petitjean shapes, and aromaticity); and
molecular properties (unsaturated index, and hydrophilic factor), to
establish the main chemical properties of the silylating agents (see
Ref. [23] for related terminology). These properties were calculated
for the different silylating agents using Dragon software [24].

Table 2
Experimental design for characterization of SiMe2Bu, SiMe2Ph, and SiMePh2

Theoretical TiO2/SiO2 (wt%)

0.1 0.5 1 2 3 5

Theoretical
SiR3

a

(molar ratio)

0 × 0 Theoretical
SiR3

a

(molar ratio)
0.03 × × 0.05
0.06 × × 0.1
0.11 0.15

ITQ-2 0.3 0.2 MCM-41
0.4 0.5
0.5 × × 1

×, TGA and elemental analysis (carbon).
a R = {Me2Bu; Me2Ph; MePh2}.
3.2.3. Enhanced predicting tools by fundamental knowledge integration
We selected NNs to model the catalytic data in the present

work. These models involve advanced predicting algorithms that
are able to search for complex mathematical relationships be-
tween some inputs (e.g., variables to define a group of cata-
lysts) and some outputs (e.g., variables to define their catalytic
response). Compared with other traditional modeling tools, NNs
can be distinguished due to their particular mathematical defini-
tion, in which the influence of each input variable on the final
response (output variable) is weighed through consecutive nonlin-
ear relationships (see Supplementary material). To find the best
way to link the information, NNs must be previously calibrated to
fit their internal parameters (so-called training step), similarly to
the fitting process performed with any other type of mathematical
model. Because NNs can easily adapt to nonlinear spaces by simply
increasing the model complexity, it is always important to be sure
that the predicted responses are really representative of the prob-
lem (avoiding the so-called overfitting of the NN). Thus, a special
fitting procedure (so-called cross-validation) is usually performed,
where part of the known data is used to calibrate the parameters
of the model, while the rest is used to check the robustness of the
response (see Supplementary material).

In the present work, information on the six samples studied
for each SiMe2Ph, SiMe2Bu, and SiMePh2 agent (reactivity, charac-
terization, and molecular descriptors), together with information
about all of the samples processed for the SiMe3 (36 samples
per support) were introduced as input variables into a very sim-
ple NN, to correlate their catalytic behavior (output variable) with
the chemical aspects of the reaction (selection of NN architecture,
fitting of parameters, validation step, etc.; see Supplementary ma-
terial).

To clearly demonstrate that the integration of knowledge from
characterization and molecular modeling does positively affect the
quality of the prediction, we have compared the results provided
by this methodology with a second one which does not inte-
grate additional information. The alternative neural network was
trained with data only containing information about the nominal
Ti, nominal SiR3 values (with the silylating agents represented as a
qualitative variable), and catalytic results. Fig. 5 and Fig. S4 in Sup-
plementary material show the estimated correlations for MCM-41
and ITQ-2 spaces (calculated vs experimental results) using both
techniques. In addition to the samples used during the training of
the neural networks, 12 new samples, which have not been used
to train the algorithms, have been predicted and compared with
Fig. 5. Correlation between the initial reaction rate (mol converted h−1 g−1) experimentally observed, and predicted by the neural network when characterization and molec-
ular modeling are used to describe the synthesized catalysts.
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Table 3
Catalytic results of the best catalysts for each type of support modified by the dif-
ferent silylating agents. According to the estimated maps of activity, TOF values can
be maximized while keeping excellent levels of activity

Support Silylating
agent

TiO2/SiO2

(wt%)a
SiR2/SiO2

(molar ratio)a
r0

b TOF
(h−1)

% Sc

ITQ-2 SiMe3 3 0.5 0.0486 106 97.8
SiMe2Bu 2 0.5 0.0623 221 97.5
SiMe2Ph 3 0.3 0.0331 71 97.2
SiMePh2 3 0.5 0.0272 59 98.7

MCM-41 SiMe3 3 0.5 0.0577 152 99.2
SiMe2Bu 3 0.5 0.0458 81 97.5
SiMe2Ph 2 0.5 0.0330 130 97.3
SiMePh2 3 1 0.0054 14 97.8

ITQ-2 SiMe3 0.5 0.4 0.0351 440 98.8
MCM-41 SiMe3 1 0.3 0.0305 250 99.3

Reaction conditions: solvent-free solution with a 4-decene/TBHP molar ratio = 4;
15 mg of catalyst per 1 mL of solution; T = 70 ◦C.

a Nominal values.
b Initial reaction rate as mol of epoxide per gram of catalyst and hour.
c Measured at 40% conversion, excepts for MCM-41 modified by SiMePh2 (20%

conversion).

the experimental catalytic results in Fig. 5 and Fig. S4 in Sup-
plementary material. It can be observed that the general level of
error, measured as exactness (the closer the slope to 1, the better)
and precision (the better the regression coefficient, the less the
variance/noise) of the NN response is notably better when charac-
terization and molecular descriptors data are introduced into the
network (NN1). Using this model, and applying the correlations in
Figs. 3 and 4 about experimental SiR3/SiO2 and TGA values, a reli-
able response surface of the different SiR3 spaces can be predicted,
allowing to extract the maximum levels of activity for each silylat-
ing agent (Fig. 5 and Table 3), and the best results can be obtained
by minimizing the use of SiR3 and Ti (Fig. S5 and Table 3). The al-
gorithm shows that the industrially most commonly used silylating
agent, SiMe3, provides the highest activities for the MCM-41 mate-
rial at relatively high Ti content (3 wt%), whereas the most flexible
surface modifier, SiMe2Bu, gives the best behavior for ITQ-2 sam-
ples. Moreover, it can be seen that by optimizing the use of Ti and
surface modifier, TOF values of around 450 (mol converted per mol
Ti and h) can be obtained with the Ti-ITQ-2/SiMe3 system. This
value is twice the intrinsic activity levels shown by MCM-41. Tak-
ing into account the prediction of initial reaction rates by the NN1
model, along with the measured Ti content of the different sam-
ples, we created a complete TOF map (Fig. S5 in Supplementary
material), which shows that best TOFs are provided when SiMe3
is used as the silylating agent, independent of the type of support.
Along with initial reaction rates, Table 3 shows high selectivity
and TOF values for the most active catalysts with each silylating
agent. Moreover, taking into account that epoxidation catalysts are
required to provide high yields from an industrial standpoint, we
followed the evolution of conversion and selectivity with reaction
time for the best Ti-ITQ-2 and Ti-MCM-41 materials (Fig. 6). We
found that yields to 4-decene epoxide >70% can be obtained, indi-
cating that deactivation, if it occurs, is not very strong. Thus, based
on these observations, highly efficient epoxidation catalysts can be
inferred as a result of a proper selection of supports (high exter-
nal surface), proper loadings of Ti (well-dispersed Ti4+ species),
and proper activation of Ti sites (protection by means of silylating
agents).

On the other hand, we also carefully checked the NN1’s behav-
ior using the characterization, reactivity, and molecular modeling
data. Fig. 7 shows the relative influence of the variables extracted
by the NN. A feature selection algorithm [25] has been combined
with the NN to identify input variables that do not contribute
significantly to the network performance and remove them (so-
Fig. 6. Evolution of conversion and selectivity with reaction time with the best
found Ti-ITQ-2 (a: 2 wt% TiO2/SiO2, 0.5 SiMe2Bu/SiO2 molar ratio) and Ti-MCM-41
(b: 3 wt% TiO2/SiO2, 0.5 SiMe3/SiO2 molar ratio) catalysts during the epoxidation of
4-decene.

called “pruning”). This approach allows us to discard overfitting
[26] while achieving very simple network architectures (see Fig. S6
in Supplementary material).

As expected, Ti loading was found to be the most important
factor for both the ITQ-2 and MCM-41 supports. Moreover, rel-
evant differences in terms of the nature of the silylating agent
were found. For the MCM-41 support, the volume occupied by
the SiR3 molecules was found to be the second major factor. This
seems logical considering that the wall of the mesoporous mate-
rial behaves as an extensive “external surface” with homogeneous
Si–OH groups along the channels. In contrast, the ITQ-2 material–
exhibited a wide heterogeneity of external silanols due to numer-
ous structural defects on different structural positions [27]. Con-
sequently, another factor related to the flexibility of the silylating
agent is relevant for efficiently protecting the Ti active sites. For
this reason, even if SiMe2Bu and SiMe2Ph present similar molec-
ular dimensions (as well as similar results for elemental and TG
analyses), poor levels of activity are obtained by silylating with the
more rigid SiMe2Ph agent.
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Fig. 7. Estimation provided by the neural network on the relative influence of the ITQ-2 and MCM-41 properties in their catalytic behavior.
Our modeling also establishes that TGA, which measures the
amount of water adsorbed by the samples, is not the only factor
that should be considered when correlating the catalyst activity.
In fact, although we found that more voluminous silylating agents
generated higher general levels of hydrophobicity (Fig. 4), the use
of SiMePh2 provided very low activity for both MCM-41 and ITQ-2.
Then another factor (i.e., real SiR3/SiO2 ratio), which is related to
the number of remaining free OH groups after silylation, is also an
important factor in the activity of the samples (see Fig. 7). From
this standpoint, it can be inferred that when small surface mod-
ifiers are used and less free OH remains at a certain silylation
degree, more efficient Ti environments are produced, leading to
high levels of activity.

3.3. Using test reactions with model molecules to predict the behavior
of industrial feeds

After completing the preliminary study with 4-decene as a
model reactant, we finally evaluated the behavior of some Ti-ITQ-2
and Ti-MCM-41 catalysts on the epoxidation of a more industrially
relevant substrate, methyl oleate. We expected to see a correla-
tion between the 4-decene and methyl oleate results and to find
that 4-decene could be used to predict the complete response of
the catalysts in the methyl oleate space (i.e., of Ti and SiR3 con-
tent, type of silylating agent, and support) with a greatly number
of experiments. Based on this hypothesis, we tested only 11 sam-
ples for ITQ-2 and MCM-41, covering the different types of surface
modifiers and a wide range of activity levels, for the epoxidation of
methyl oleate. (Reaction conditions were adapted to the high reac-
tivity of this molecule to accurately calculate initial reaction rates.)
Note that no special strategy was used to select these 22 exper-
iments (11 per support); the criterion was simply diversity along
the initial reaction rate according to the 4-decene results.

Results on the activity of these catalysts for the epoxidation of
methyl oleate were then plotted versus those obtained in the epox-
idation of 4-decene (Fig. 8a), with selectivity to the epoxide of all
tested samples >98%. A certain linear correlation between the ac-
tivities of the catalysts with both reagents can be seen (Fig. 8a),
even though a very poor regression coefficient was obtained for
Ti-ITQ-2. It also can be seen that Ti-ITQ-2 generally was more ac-
tive than Ti-MCM-41 in epoxidation of the fatty ester, as can be
inferred from the higher slope of the former in Fig. 8a. We can
then hypothesize that the zeolitic structure of Ti-ITQ-2 is better
suited for reacting this olefin than the mesoporous structure of
Fig. 8. (a) Correlation between the activity of ITQ-2 and MCM-41 samples for the
4-decene and the methyl oleate substrates. (b) The quality of the fitness for the ITQ
support can be improved by taking into account a measure of the hydrophobicity of
the catalysts.

MCM-41, due to a more favorable coupling between the nature
of the reactant and the support. Note that even though we can-
not disregard the fact that different reaction conditions were used
(solvent-free, 70 ◦C, and 15 mg per mL of feeding for 4-decene;
1,3,5-trimethybenzene as solvent, 30 ◦C, and 5 mg per mL of feed-
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ing fir methyl oleate) to accurately calculate the corresponding
initial reaction rates, we believe that the different structural con-
figurations of the supports (short-range crystalline for ITQ-2 and
amorphous for MCM-41) has an important effect on the adsorp-
tion/activation properties of the alkene. Indeed, taking into account
the different polarities of 4-decene and methyl oleate (which con-
tains a more polar ester group), the higher hydrophilicity of ITQ-2,
as shown in the TGA of nonsilylated materials, should be more
than adequate to activate the more polar substrate. On the other
hand, the poor correlation between the ITQ-2 samples (r4-decene vs
rmethyl oleate, R2 = 0.48) shown in Fig. 8a suggests that some other
catalytic factor affects the epoxidation of the two substrates in a
slightly different manner. After checking different possibilities for
obtaining more accurate but still simple relationships (see Fig. S7
in Supplementary material), we found that when the measured
molar SiR3/SiO2 ratios are taken into account, a new, improved cor-
relation to link 4-decene and methyl oleate spaces can be found
(Fig. 8b, R2 = 0.78). Moreover, the resulting linear decrease in
the rmethyl oleate/r4-decene ratio with increasing molar SiR3/SiO2 ra-
tio (Fig. 8b) confirms the hypothesis that more hydrophobic sur-
faces are actually less favorable for more polar substrates. Inter-
estingly, as was suggested by NN1, the experimentally determined
SiR3 content was found to be more representative than TGA values
for evaluating the true hydrophobicity of Ti environments, as can
be inferred by the poor rmethyl oleate/r4-decene correlation obtained
when this latter parameter was considered (Fig. S7 in Supplemen-
tary material).

On the other hand, it is important to stress that both correla-
tions in Figs. 8a and 8b are independent of the type of silylating
agent, because they exhibit simple linear trends based on few cat-
alysts per surface modifier. Therefore, we can assume that, with a
relatively low margin of error, 4-decene epoxidation can provide
a trustable test reaction for evaluating a more relevant industrial
case, such as methyl oleate epoxidation.

We found that maximum initial reaction rates for methyl oleate
epoxidation were provided by the Ti-ITQ-2 samples silylated by
SiMe2Bu. This may be due to the high flexibility of this modifier,
which offers effective protection of Ti sites onto the irregular ITQ-2
surface while still leaving free external OH−, which is crucial for
proper activation of methyl oleate. In contrast, the most commonly
used SiMe3 modifier on the zeolitic material, even when providing
high initial reaction rates with 4-decene, leads to quite low lev-
els of activity for epoxidation of the fatty ester. In any case, when
conversion and selectivity levels for the most active Ti-ITQ-2 and
Ti-MCM-41 catalysts are plotted versus reaction time (Fig. 9), it can
be seen that high yields of epoxide again are provided. The fact
that such a voluminous surface modifier can be effectively used
even for such a large amount of reactant suggests that there are
no limitations to the accessibility to the Ti active sites during the
reaction.

4. Conclusion

A new strategy that combines advanced technologies, such as
high-throughput experimentation, molecular modeling, and ad-
vanced data-mining tools, with the traditional catalyst develop-
ment (fundamental knowledge and characterization) has been suc-
cessfully used to optimize the catalytic behavior of two ordered
titanosilicate materials for the epoxidation of large olefins. Such a
methodology not only reduces the experimental effort, but also fa-
cilitates information retrieval and provides insight into the roles
of the different catalyst variables. In this sense, a common black
box algorithm, such as NN, is transformed into a valuable tool for
automatically identifying chemical aspects of the process.

Although the use of surface modifiers is seen to notably en-
hance the activity of the samples while maintaining excellent
(a)

(b)

Fig. 9. Evolution of conversion and selectivity with reaction time with the best
found Ti-ITQ-2 (a: 2 wt% TiO2/SiO2, 0.5 SiMe2Bu/SiO2 molar ratio) and Ti-MCM-41
(b: 3 wt% TiO2/SiO2, 0.5 SiMe3/SiO2 molar ratio) catalysts during the epoxidation of
methyl oleate.

selectivity levels, it has been established that the support struc-
ture (more specifically, the surface properties) must be considered
when dealing with each specific substrate. Our final results demon-
strate that using flexible silylating agents, such as SiMe2Bu, on
delaminated zeolitic structures, such as ITQ-2, provides the opti-
mum level of activity for the epoxidation of methyl oleate, thanks
to the effective protection of the Ti environment in the presence
of water and proper control of the hydrophobicity/hydrophilicity
of the support. In contrast, SiMe2Bu is not the most ideal silylat-
ing agent for Ti-MCM-41 for the epoxidation of methyl oleate due
to the differing hydrophilicity of the two silicates.
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