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Rationalization of TS-1 Synthesis through the Design of
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Valentina Crocella, ? Silvia Bordiga, ® Simone Galliano, ? Claudia Barolo, ® Eugenio Alladio, *? and
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Titanium Silicalite-1 (TS-1) is a zeolite used as catalyst in partial oxidation reactions, whose synthesis is often performed
under hydrothermal conditions by exploiting alkoxides as Ti and Si precursors. A rational study of the synthesis procedure
of TS-1 using the experimental design approach was performed. Seven variables (i.e. times and temperatures of the various
synthesis steps) were explored, by fixing the reagents ratio to establish which of them could affect the Ti incorporation and
speciation. The syntheses were chosen following a D-Optimal experimental design strategy, and each variable was explored
at two levels and one center point. The responses monitored were: the yield of the synthesis; the total Ti content of the
catalyst; the wavelength for the onset of the ligand-to-metal charge transfer (LMCT) transition involving Ti; and the
vibrational fingerprint of tetrahedral Ti (centred at 960 cm™ in the IR spectra). It was found that few variables affect the Ti
content and speciation (time and temperature of the hydrothermal treatment and the time of hydrolysis of the Ti precursor),
whereas the yield is determined by the time of crystallization.

Introduction

Zeolites are crystalline microporous (alumino)silicates that can have both natural and synthetic origin. The most used procedure
to synthesize zeolites is the hydrothermal treatment inside Teflon lined autoclave or digestors, which aims at emulating the
conditions occurring during their natural formation (burial metamorphic environments, saline alkaline lakes, geothermal
environments, etc.).!Si- and metal-alkoxides are commonly used as elemental source, and the synthetic procedure is usually based
on three steps: (i) hydrolysis of the alkoxides; (ii) aging in the presence of an Organic Structure Directing Agent (OSDA), when the
polymerization and the nucleation begin; and (iii) the hydrothermal crystallization step. 2 The conditions used in each step may
affect the thermodynamics and the kinetics of the zeolite formation; therefore, many efforts were devoted to study the zeolite
crystallization mechanism under hydrothermal conditions, 3-7 and particular attention was delivered to the synthesis of highly or
purely siliceous materials. 8-14

In most of the cases the optimization of the zeolite synthetic procedure is still carried on by the trial-and-error process; this
procedure may sometimes lead to outstanding results, but its success is mainly based on serendipity and/or the personal
experience of the synthesizer, and therefore it is complex to teach or transfer to other experimenters. Moreover, many attempts
to rationalise the zeolite syntheses are done by the One-Variable-At-Time method (OVAT), which is often far from reality, especially
when the system under investigation is complex as the formation of a zeolite is.

The multiple conditions adopted in each synthesis step can individually influence the final material, and the singular effects are, in
most cases, hardly distinguishable. The determination of the factors affecting the synthesis of zeolites is a very challenging issue,
since the investigation of the final result of the synthesis leads to the overlap of all the effects. For this purpose, many literature
studies involve the interruption of the synthesis for the characterization of every step product, 1> but this procedure may strongly
modify the material itself. The modification is unavoidable when studying the hydrothermal treatment because the step-by-step
analysis implies the quenching of the autoclaves for separating the intermediate material during the crystal formation. On the
contrary, the most interesting results in the study of the crystallization mechanism were obtained without isolating the
intermediates from the autoclaves, by studying colloidal systems 17-1° and by in-situ studies of the crystallization. 20 For this reason,
the development of non-invasive and easily applicable techniques to study the zeolite synthesis and the parameters affecting their
formation, avoiding the separation of intermediates, is needed.

Despite the importance of the fundamental understanding of the crystallization mechanism of zeolites, it is often difficult to
correlate its results with practical indications that can be used to improve the synthetic method, and when a new catalyst has to
be designed, a (semi)empirical optimization step is always required.

An approach that could overcome both these issues is the use of the Design of Experiments (DoE) 2122 and the Multivariate Data
Analysis (MDA). 2324 The DoE is a way to plan and conduct experiments to extract the maximum amount of information from the



data collected, even in the presence of noise. It can screen the influence of the experimental variables and their interactions on
the result and/or optimize a procedure. The DoE approach was already used to study the synthesis of zeolites, both to explore all
the frameworks that can be obtained in a broad range of conditions 2>-27 and to optimize the synthesis conditions for an already
discovered material, in a smaller range of variables. 26-32 Nevertheless, it was never applied to the synthesis of Titanium Silicalite-
1 (TS-1), a zeolite whose preparation hosts many synthetic difficulties, still not unequivocally clarified, beyond the wide literature
on the field.33-43 The possibility to control and direct the speciation of Ti(IV) represents the most challenging aspect in the TS-1
synthesis and, at the same time, the most relevant feature for the catalyst, since the coordination of the Ti(IV) centres in the TS-1
framework directly influences the catalytic properties of the material. The introduction of heteroatoms in highly or purely siliceous
frameworks allows to obtain functional materials with tuneable catalytic properties and, in particular, the isomorphous
substitution of Si by Ti into a purely siliceous framework produces a material able to catalyse partial oxidation reactions under mild
conditions, using hydrogen peroxide (H,0;) as the oxidizing agent. 33:3444-50 The TS-1 was originally patented by Taramasso et al. in
1983. It presents the MFI framework of Silicalite-1 in which a little percentage of Ti(IV) cations partially replaces Si. 33 Afterwards,
TS-1 has been successfully used at an industrial scale to produce, e.g., pyrocatechol and hydroquinone from phenol and cresols
from toluene. 31 Epoxidation reactions of propylene and bulkier olefines to produce epoxides were also extensively studied, both
at an academic and at an industrial scale. 4550.52-55 The applicability of TS-1 as partial-oxidations catalyst is strictly dependent on
the steric limitations imposed by the dimensions of the MFI pores that imply diffusional constrictions to bulky substrates and easy
deactivation of the catalyst by coke formation. The efforts devoted in trying to resolve the diffusional problems are various, some
examples are the hierarchization of TS-1, 464756 the production of nanosized TS-1 5758 or the formation of hollows into bulk TS-1.
5960 These and other attempts to modify the TS-1 for varying its catalytic properties are reported in Scheme S1.

On the other hand, the activity of the TS-1 is determined by the nature of the active site represented by the framework Ti(IV)
centres and it is affected by the not optimal Ti coordination. The activity of TS-1 in presence of H,0, depends on the geometry of
the interaction of the Ti(IV) site with H,0,. When tetrahedral Ti is involved, Ti-peroxo or Ti-hydroperoxo active species are formed
upon adsorption of a H,0, molecule and hydrolysis of a Ti-O-Si bond. 4>53-55 When Ti sites present distorted coordination from
tetra- to octahedral, the different interaction with H,O, may lead to a different catalytic cycle and the catalytic activity of these
sites is hardly debated. 425061 For this reason, their formation should be avoided during synthesis to improve the control over the
catalytic process.

The efforts made to improve the Ti insertion and speciation are aimed at avoiding the formation of the less active bulk titanium
dioxide (TiO3). The patented TS-1 synthetic procedure involves the hydrolysis of Si and Ti alkoxides (the tetraethylorthosilicate,
TEOS, and the tetraethylorthotitanate, TEOT, respectively), followed by the crystallization in an aqueous solution of
tetrapropylammonium hydroxide (TPAOH) as OSDA. This synthesis should produce a zeolite in which some Si atoms are
isomorphously substituted by Ti ones, in tetrahedral coordination. Nevertheless, real samples often deviate from this sharp
definition, presenting Ti(IV) species at coordination different from the tetrahedral one. The commonly adopted syntheses suffer
from a poor control over the correct insertion of Ti into the framework (leading to a lower and/or not optimized catalytic activity)
and from a low reproducibility of the products. The critical analysis of the literature 3536,62-6437-44 on the topic shows that the
precise influence of the Ti and Si sources and other synthetic parameters on the Ti(IV) insertion and speciation is still unclear and
that no attention is usually paid on the control of accidental seeding occurring inside the Teflon liners. These parameters seem to
be hardly operator dependent. The general rule about the alkoxide hydrolysis is that the hydrolysis rate of the alkoxides increases
upon decreasing the length of the organic chain and the hydrolysis of the transition metals alkoxides is always faster than that of
non-metallic elements, due to their electronic vacancies. ®> As a consequence, the precipitation of the more stable TiO, instead of
the formation of the less stable tetrahedral coordinated Ti is favoured by the TEOT hydrolysis being much faster than TEOS one
and by the approaching of the intrinsic limit of =2.7 wt% TiO, of tetrahedral Ti. 62 To overcome this issue, at least partially, TEOT
was progressively substituted, at a laboratory scale, with Ti alkoxides with longer organic chains, > such as tetrapropylorthotitanate
(TPOT) or tetrabutylorthotitanate (TBOT). Nevertheless, this strategy is insufficient to completely avoid the TiO, formation. 36-38
To further surmount this problem, some research focused on the use of additives, called crystallization mediating agents, coupled
with the use of TBOT. Among them, it is worth mentioning: (i) H,0,, 394166 glready used in the patent, 33 which coordinates to Ti
forming water-soluble complexes, avoiding the precipitation of TiO3; (ii) isopropyl alcohol (IPA), 364142 3s solvent for the Ti alkoxide
hydrolysis, which slows its hydrolysis and physically separates the TiOs* hydrolysed units; and (iii) ammonium carbonate
((NH4)2C03), 4335 which buffers the increasing pH during TEOS hydrolysis and favours the gelation of the solution.

In particular, the hydrolysis of TBOT in IPA is a widely used approach, 36373941 byt the published results regarding Ti incorporation
and speciation obtained are contrasting, 3662764 and it is hardly distinguishable if a specific “good result” arises from the overall
synthetic procedure or the use of IPA as crystallization mediating agent. For this reason, the study with the DoE approach of the
TS-1 synthesis by TBOT hydrolysis in IPA may help to shed light on the incorporation of Ti into the MFI framework using this
synthetic procedure. The parameters of all the steps of the synthesis were explored, using the DoE approach and the work was
supported by the MDA on the obtained results. An accurate evaluation of the reproducibility of the synthetic procedure and the
control over the accidental seeding inside the liners, by hydrofluoric acid (HF) washings, was also performed.

Consequently, we present herein a rational study of the TS-1 synthesis, where the separate hydrolysis of TEOS (in the aqueous
solution of the OSDA) and TBOT (in IPA at low temperature) were employed and where the times and temperatures of hydrolysis,



aging and hydrothermal crystallization were explored with a D-Optimal design. Besides the yield of the synthesized materials, the
Ti content and speciation, using a multi-technique approach, were evaluated. These outcomes were then used as responses for
the DoE, 22 fitted with the Partial Least Squares (PLS) 7 method and further explored by the Principal Component Analysis (PCA) 24
in order to identify trends and correlations among the synthetic conditions and the properties of the catalyst obtained. Moreover,
significant and insignificant effects were discerned thanks to a careful evaluation of the experimental variability by repeating the
same synthesis several times (for reproducibility assessment). The catalytic activity of the samples is not evaluated instead, since
it is out of the scope of the present work and it should be studied with a completely new DoE. In this work, the total Ti amount
was determined by Energy Dispersive X-rays spectroscopy (EDX), the tetrahedral Ti content was evaluated by the integrated area
of 960 cm- signal in the infrared (IR) spectra 4>86° and the presence of Ti species of coordination different from the tetrahedral
one was determined using the onset wavelength for the Ligand to Metal Charge Transfer (LMCT) electronic transition associated
to Ti, in the ultraviolet (UV) range. 457071

Experimental
Chemicals

For the TS-1 syntheses, tetraethylorthosilicate (TEOS, reagent grade 98%, from Sigma Aldrich), tetrabutylorthotitanate (TBOT,
reagent grade 97% from Sigma Aldrich), tetrapropylammonium hydroxide solution (TPAOH, 1.0 M in H,0 from Sigma Aldrich),
isopropyl alcohol (IPA, ACS reagent, 299.8% from Sigma Aldrich) and Milli-Q water (18.2 MQcm™?) were used. All the reagents were
used without further purification.

Synthesis of TS-1 samples

Synthesis procedure. Six reproduced samples and thirteen DoE samples were prepared using a fixed stoichiometry (1 SiO, : 0.014
TiO2 : 0.27 TPAOH : 2 IPA : 4 EtOH : 0.056 BuOH 40.5 H,0) and varying the times (t) and temperatures (T) of the different steps of
the synthesis.
In a typical procedure:
(i) Solution A was prepared by adding 6.25 g of TEOS dropwise to 8.20 g of TPAOH diluted in 15.33 g of Milli-Q water; this
solution was hydrolysed at a temperature T(H-TEOS) for a time t(H-TEOS) under reflux conditions.
Solution B was prepared by adding 0.15 g of TBOT dropwise to 3.06 g of IPA and it was hydrolysed at 0 °C for a time t(H-

TBOT).

(ii) At the end of both the hydrolysis, solution A was cooled down to 0 °C and added dropwise to solution B under vigorous
stirring; the resultant was aged at a temperature T(A) for a time t(A) under reflux conditions for gelification.

(iii) The gel was crystallized at a temperature T(Cry) for a time t(Cry) in a Teflon lined stainless steel digestor of 45 ml volume,

under static conditions.
At the end of the crystallization, each sample was recovered by centrifugation, washed with abundant deionized water and dried
at 60 °C for 24 h. The resulting powder was then calcined in air at 550 °C for 7 h, under static conditions in a muffle furnace. After
each use, the liners were washed with HF to avoid accidental seeding. Alcohols (i.e. ethanol (EtOH) from TEOS hydrolysis, butanol
(BuOH) from TBOT hydrolysis and IPA) elimination from the synthesis mixture was avoided, since the separation by rotary
evaporation resulted scarcely reproducible and did not allow for the precise control of the stoichiometry of the synthesis. Table
S1 summarises the conditions used for all the synthesized samples.
Reproducibility assessment. The reproducibility of this procedure was assessed by repeating three times the same synthesis,
before (Ei-a samples,) and after (Ei-b,) all the DoE set of samples, for verifying the absence of any uncontrolled variables influencing
the results, such as the aging of the reagents.
D-Optimal design. The DoE was used to simultaneously screen the effect of the seven variables on the Ti insertion and speciation.
The samples were selected following a D-Optimal design at two levels, composed of 9 syntheses (N1-N9 samples) and a centre
point (N10). The syntheses N11-N13 were added to the set of DoE samples, since the conditions used are included in the
experimental domain. The levels used for each variable are reported in Table 1, and the list of the syntheses and the levels used
for each synthesis is reported in Table 2.

Table 1. High (+1), intermediate (0) and low (-1) levels used for each variable.

Name +1 0 -1
t(H-TEOS)? (h) 24 14 4
t(H-TBOT)? (h) 24 14 4
T(H-TEOS)3 (°C) 60 40 20

t(A)* (h) 48 36 24
T(A)® (°C) 60 40 20

t(Cry)s (h) 168 96 24



T(Cry)’ (°C) 170 140 110

1t(H-TEOS): TEOS hydrolysis time.
2t(H-TBOT): TBOT hydrolysis time.

3 T(H-TEOS): TEOS hydrolysis temperature.
4t(A): aging time.

5 T(A): aging temperature.

6 t(Cry): crystallization time.

7T(Cry): crystallization temperature.

Table 2. List of the syntheses and levels (high: +1; intermediate: 0; low: -1) used for each variable. Lines N1-N9: experimental matrix of the D-Optimal design. Line N10: centre point.
Lines N11-N13: additional syntheses in the experimental domain, included in the model. Line E: reproducibility samples.

Name t(H-TEOS)? t(H-TBOT)? T(H-TEOS) 3 t(A)4 T(A) 5 t(Cry)® T(Cry)?

N1 -1 +1 -1 -1 -1 -1 -1
N2 +1 +1 +1 +1 +1 -1 -1
N3 +1 -1 +1 -1 -1 +1 -1
N4 -1 -1 -1 +1 +1 +1 -1
N5 -1 -1 +1 +1 -1 -1 +1
N6 +1 -1 -1 -1 +1 -1 +1
N7 -1 +1 -1 +1 +1 -1 +1
N8 +1 +1 -1 +1 -1 +1 +1
N9 -1 +1 +1 -1 +1 +1 +1
N10 0 0 0 0 0 0 0
N11 -1 -1 -1 +1 -1 +1 -1
N12 +1 +1 +1 +1 +1 +1 -1
N13 -1 +1 0 +1 0 -1 +1
ES -1 -1 0 -1 0 -1 0

1t(H-TEOS): TEOS hydrolysis time.
2t(H-TBOT): TBOT hydrolysis time.
3T(H-TEOS): TEOS hydrolysis temperature.
4t(A): aging time.

5 T(A): aging temperature.

6 t(Cry): crystallization time.

7 T(Cry): crystallization temperature.

8 Level used to synthesize 6 samples.

TS-1 characterization

A brief description on the methodologies used to obtain the responses adopted in DoE follows. Full details are available in the Section S2 of
the ESI.

Yield and crystallinity. The yield (%) of the calcined materials was used as a response for the DoE. X-Rays Diffraction (XRD) patterns
were collected on the as-synthesized samples with a Cu Ka radiation on a PANalytical X’'Pert diffractometer, in the range 5° <26 <
50°, with a step of 0.02° and 50 s of integration per step.

Ti characterization. The total Ti content (defined as “Ti/Si*100”) was determined by an EDX detector (Oxford — Detector with an
AZTEC software) set on a Field Emission Scanning Electron Microscope (Tescan S9000G with a Scottky FEG source) and it was used
as a response for the DoE.

The speciation of Ti was assessed using UV spectroscopy in Diffuse Reflectance (DR) mode and Fourier Transform (FT) IR
spectroscopy in Attenuated Total Reflectance (ATR) mode. DR-UV spectra were collected on a Varian Cary5000
spectrophotometer, equipped with a DR sphere, on the pure samples (Spectralon® was used as 100% reflectance reference). All
the samples were measured as such and after the following activation procedure, aiming at eliminating the influence of water on
the Ti coordination, as well as that from possible organic pollutants: the samples were heated to 500 °C with a ramp of 5 °/min
under dynamic vacuum (residual pressure < 103 mbar), outgassed for 1 h at 500 °C and then exposed to 100 mbar of pure oxygen
(O2) for 30 min; the samples were finally further outgassed for 1 h prior cooling. > After the activation, the samples were
transferred from the activation cell to the measurement holder inside a glovebox (H,0 < 0.5 ppm), in order to avoid any rehydration
or contamination. The onset wavelength for the LMCT electronic transitions involving Ti (hereafter “LMCT onset”), was used as a
response for the DoE (calculated as shown in Figure S1), as indication of the presence of non-tetrahedral Ti species; in detail, an
LMCT onset value larger than 335 nm (Figure S2) is representative for the presence of Ti species with a coordination number higher
than for the perfect tetrahedral sites (i.e. > 4). ATR-IR spectra were recorded on a Bruker Alpha Il spectrophotometer located inside
the glovebox, on the same samples pre-activated for the sake of DR-UV measurements. The spectra were recorded with a DTGS
detector by accumulating 32 scans (64 for the background spectrum), with a resolution of 2 cm-L. The integrated area of the 960
cmsignal (hereafter “960 cm™ area”), quantitatively correlated to the amount of tetrahedrally coordinated Ti inserted in the MFI
framework, 4>68 was used as a response for the DoE.



Analysis of data. The MDA was performed with the PLS regression 7 using the MODDE® 13 software by Sartorius Stedim Data
Analytics. 72 The chosen D-Optimal design allows the determination of only linear terms so that, for each response, a straight line
in the following form was obtained (eq. 1)
y=C+axq +azx; +azxs + azx, + asxs + agxe + a;x; (1)

where y is the response, x, are the levels centred and scaled for the seven variables n (high: +1; intermediate: 0; low: -1), Cis the
constant term (intercept), and a, are the coefficients of the model, centred and scaled. When the coefficients are centred and
scaled, their value is proportional to the positive or negative effect that a given variable n has on the response y, thus allow the
comparison among the effect of different variables n. The error bar (calculated at 90% of confidence) of the coefficients can be
used to determine the significance of each term in the eq. 1. The coefficients can consequently be used to identify which variable
n has a significant influence on the response y, and if the effect is positive or negative (i.e., if the increase of the variable causes an
increase or a decrease in the response, respectively). The PLS regression was performed by including the responses of samples
from N1 to N13 and the series Ei-b.

Subsequently, R software (version 4.0.2 73) was employed to compute PCA models on datasets involving DR-UV and ATR-IR
measurements (in the 200-350 nm and 1000-900 cm-! ranges, respectively). The data were pre-processed by using the Standard
Normal Variate (SNV) algorithm before calculating models. 74 The PCA models were used to evaluate the correlation among the
responses LMCT onset and 960 cm™ area with the actual variability among DR-UV and ATR-IR spectra, and to individuate
correlations among the responses.

Results and discussion
TS-1 samples characterization

The experimental variability was evaluated, and the results are reported in Section S3 of the ESI. The repeated syntheses were
judge sufficiently coherent to allow the DoE approach to study the Ti insertion (Table S2 and Figure S3). Moreover, the comparison
between the Ei-a and Ei-b series is necessary to exclude the presence of uncontrolled, variable in time parameters, that could
influence the result of the syntheses (such as the aging of reagents or the adsorption of organic pollutant on the Teflon liners):
such effects were eventually excluded.

Figure 1 shows the XRD patterns (panel a), ATR-IR spectra (panel b) and DR-UV spectra (panel c) of the DoE set of samples. All the
samples are highly crystalline as testified by their XRD patterns, synthesized with yields between 67% and 95% (Table 3).
Regarding the Ti speciation of the DoE set of samples, the Ti/Si*100 is comprised between 0.59 of N3 and 1.85 of N12 (Table 3).
The ATR-IR spectra of all the samples (Figure 1b) show the typical signals of silicate materials, such as the asymmetric and
symmetric Si-O-Si stretching (bands centred at =1100 cm-! and 800 cm-l, respectively) and the pentasil unit collective modes of
MFI structure, peaked at 550 cm™. 75> The band centred at 960 cm-! is assigned to the antisymmetric Ti-O-Si vibrations, caused by
the insertion of Ti in a tetrahedral framework position. 45689 The signal is visible in all the reported spectra. The integrated areas
of the band at 960 cm-! for each sample spectrum are listed in Table 3, and represent a quantitative indicator of the tetrahedral Ti
incorporated in the MFI framework. 45,6869



The DR-UV spectrum of each sample (Figure 1c) presents the LMCT electronic transition involving Ti. When only tetrahedral Ti is
present in the sample, this band is peaked at approximately 200 nm and consists of a monodispersed signal (LMCT onset at about
335 nm, see Figure S2). The signal does not present shoulders when all the Ti is tetrahedrally coordinated. Conversely, it shifts
downward and broadens progressively when intermediate pentacoordinated or hexacoordinated TiOy species are present, or upon
increasing the nuclearity of Ti centre (from isolated to multimeric centres), until reaching the wavelength of the octahedral Ti in
bulk TiO; (peaked at =320 nm, with an LMCT onset at 380 nm, Figure S2).4570.76 When intermediate defective sites among the bulk
TiO; and the tetrahedral Ti are present, additional components peaked between 260-280 nm arises 4>:7¢ (with onset around 360
nm in the case octahedral species are the dominant class of defects, Figure S2). However, the relative intensity of those
components cannot be used for a quantitative purpose since the extinction coefficient for each component is unknown. 4> For
these reasons, in this work, the intermediate Ti sites were not quantified, but their presence was qualitatively evaluated using the
wavelength at which the LMCT signal starts (LMCT onset in Table 3). All the samples present the spectral component due to
tetrahedral Ti (accordingly to the presence of the 960 cm-! signal in the IR range of frequencies), and none of them presents the
component assigned to bulk TiO,. This result implies that the slow hydrolysis of TBOT at 0 °C in IPA is effective in avoiding the TiO;
formation in the whole experimental domain. The presence of intermediate non-tetrahedral Ti species is testified in the majority
of the samples by the LMCT band broadening and, occasionally, by the presence of defined shoulders, highlighting distinct
additional maxima (e. g., in the samples N3 and N9).
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Figure 1. a) XRD patterns of the as synthesized full set of DoE samples; b) ATR-IR spectra of the activated DoE samples; the inset reports the magnification of 960 cm! signal. c) DR-
UV spectra of the activated DoE samples.

Table 3. List of the responses obtained for each synthesis. Lines N1-N9: syntheses belonging to the D-Optimal design. Line N10: centre point. Lines N11-N13: additional syntheses in
the experimental domain, included in the model.

Name Yield Ti/Si*100 LMCT onset 960 cm™ area

(%) (mol/mol) (nm) (cm™)
N1 75.32 1.22 341 0.157
N2 73.03 0.73 314 0.122
N3 74.88 0.59 312 0.104
N4 67.53 0.69 309 0.114
N5 79.71 1.17 332 0.313
N6 69.22 1.68 353 0.298
N7 66.82 1.20 341 0.265

N8 90.58 1.79 368 0.345



N9 94.94 1.66 365 0.336

N10 74.27 1.31 335 0.286
N11 89.66 1.48 367 0.315
N12 94.82 1.85 370 0.352
N13 78.46 1.71 337 0.334

Analysis of the responses through the DoE

The effect of each variable (listed in the Synthesis procedure section) on the yield of the synthesis, the Ti/Si*100 or the Ti speciation
(LMCT onset and 960 cm area) was screened with a limited number of experiments (19 synthesis including both the DoE and the
reproducibility samples). For each response, the positive or negative linear effect of each variable was calculated, as expressed by
the coefficient plots in Figure 2.

The coefficient plot shows a column reporting the average value of the response (constant term) obtained with the synthesis
procedure and other columns reporting the effects of the synthesis variables. The constant term was obtained by the intercept of
eg. 1 and the other columns correspond to terms a, of the same equation. Therefore, the columns of the synthesis variables show
the margin of improvement of the response into the experimental domain upon changing the variable, to add (if positive) or
subtract (if negative) to the constant term. The significant and insignificant terms can be discerned by evaluating the error bars of
the columns: an effect is insignificant negligible when its error bar overpasses the zero level (i.e when it is not sure if the effect is
positive or negative). For this reason, Figure 2 shows the coefficient plots for each response, before (main plot) and after (inset)
the exclusion of insignificant terms. As it can be seen, the variables significantly influencing the responses are few. This outcome
implies the possibility of excluding all the insignificant variables in the investigated experimental domain from further studies.
The yield coefficient plot analysis (Figure 2a) shows that the yield of the synthesis depends only on t(Cry). The predicted confidence
interval for the response are reported in Tables S3 and S4. This result highlights how, with this synthetic procedure, the TEOS
hydrolysis conditions (which supply the SiO; units, that give the major contribution to the yield) do not significantly affect the yield.
Consequently, the yield is determined during the hydrothermal crystallization step, possibly by the equilibrium among
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Figure 2. Coefficient plot for each response: a) Yield (%), b) Ti/Si*100 (mol/mol), c) LMCT onset (nm) and d) 960 cm area (cm2). For each panel, the main plot shows the coefficient
of all the variables with their error bars and the inset shows only the coefficients that have a significant influence on the response, with their error bars. For clarity, the insignificant
effect columns were coloured in red and the significant effect columns were coloured in light blue.



precipitation and solubilization of silicate species, even if we do not know if the TEOS hydrolysis is quantitative during the hydrolysis
step.

The Ti/Si*100 coefficient plot analysis (Figure 2b) indicates that the Ti/Si*100 is significantly affected by t(H-TBOT) and T(Cry). This
suggests that at 0 °C, in 4 h (the low level) the TBOT hydrolysis is not completed; therefore, the number of available TiO4* units in
Si04* units medium affects the Tiincorporation. Conversely, t(H-TEOS) and T(H-TEOS) do not affect Ti/Si*100. We can deduce that
the hydrolysis degree of TEOS, when it contacts the TiO4* units, is sufficient to start and support the co-polymerization during the
aging step. The insignificance of t(A) and T(A) indicates that the rate of polymerization of the SiO4* units and the nucleation of the
MFI framework (possibly influenced by t(A) and T(A)) does not significantly affect Ti/Si*100 when the same hydrolysis conditions
and T(Cry) are used. Moreover, the significant effect of T(cry) on Ti/Si*100 can be explained considering the common theory for
which the crystal growth of the highly siliceous MFI framework occurs by addition of solubilized units from the liquid phase, when
alkoxides are used as starting materials.””.78 Therefore, the increasing of T(Cry) facilitates the incorporation of TiO4* units from the
liquid phase into the growing crystals, thus influencing the final Ti/Si*100.

The LMCT onset coefficient plot (Figure 2c) demonstrates as the LMCT onset is significantly affected by t(Cry) and T(Cry), even if
their effect is small (as shown in Table S3 and S4). This observation is coherent with the onset of the LMCT transition of the
experimental DR-UV spectra (Figure 1c and Figure S3), that moderately varies in the range 309-370 nm (Table 3). This result
suggests that the Ti speciation is therefore influenced mainly by the synthesis procedure with slight modifications occurring during
the crystal growth.

The 960 cm™ area coefficient plot analysis (Figure 2d) shows as the band’s area, proportional to the concentration of the
tetrahedrally coordinated Ti, is the response that more strongly varies into the experimental domain, as it can be seen by the ratio
between the column of the significant variable and the column of the constant term in Figure 2d. The variable significantly affecting
the 960 cm-! area is T(Cry), in accordance with the fact that the same variable affects the LMCT onset response. Considering the
synthesis procedure and experimental domain chosen for this work, the marked increase of the 960 cm-! area is associated to the
increase of total Ti content. Since the Ti/Si*100 experimentally obtained are all far under the theorical limit, it is plausible that an
increase in the Ti/Si*100 will proportionally lead to a rise of the tetrahedral Ti content, therefore of the 960 cm area. Moreover,
T(Cry) has also the effect of increasing the LMCT onset, i.e., to increase the content of non-tetrahedral species. From these
observations, it can be excluded that the increase in the temperature of crystallization might cause the transformation of non-
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Figure 3. Contour plots for the responses regarding Ti content (Ti/Si*100 in panels a and b) and speciation (LMCT onset in panel c and 960 cm! area in panel d). Panels a and ¢ report
the contour plots involving the significant variables for the responses Ti/Si*100 and LMCT onset, while panels b is included to compare the total Ti content with the LMCT onset and
the 960 cm! area varying the same variables (time and temperature of crystallization). The askew bands are iso-response regions, delimited by lines which corresponding response
is reported in the labels (the label have the dimension of the response).



tetrahedral Ti sites to tetrahedral ones, thus it is more reasonable to assume that the Ti is directly incorporated in the tetrahedral
centres.

The general deduction is that using the synthetic procedure descripted and, within this experimental domain, the Ti/Si*100 could
be controlled, and the inserted Ti will be principally tetrahedral, but it is not possible entirely excluding the formation of non-
tetrahedral species. Instead, the formation of bulk TiO; is totally avoided.

The contour plots (Figure 3) show in a graphical way the effect of the significant variables (reported on the axes) and the desired
direction to follow for improving the synthesis results (indicated by the warm colours). The graph in Figure 3 reports the responses
regarding Ti (Ti/Si*100: Figure 3a and 3b, LMCT: Figure 3c, 960 cm™ area: Figure 3d). The comparison among panels b, c and d
(expressed versus the same variable) evidenced how, with this synthesis procedure and within this experimental domain, the
Ti/Si*100 and Ti speciation (LMCT onset and 960 cm™ area) can be simultaneously improved until a specific limit, with the
compromise of a fraction of Ti unavoidably incorporated as non-tetrahedral.

Finally, a digression is worth regarding the choice not to evaporate the alcohols from the synthesis mixture to favour the
reproducibility of the synthesis procedure and facilitates the use of the DoE approach. Indeed, DoE requires as precise as possible
knowledge of the synthesis parameters, in order to avoid the attribution to explored variables of response variations instead
ascribable to uncontrolled parameters. For this reason, the evaporation of alcohols has been avoided. However, it must be
considered that the addition of alcohols to hydrolysed solutions of TEOS is reported to favour the immediate polymerization and
precipitation of silicate species. 17:79.63 The precipitation could have influenced the overall Ti/Si*100 as this response is affected by
the t(H-TBOT) (Figure 2b). The t(H-TBOT) determines the number of TiO4* units present in the TBOT/IPA solution when the
TEOS/TPAOH/H,0 solution was added. The already hydrolysed TiO4* units will probably be easily incorporated into the
polymerised silicate framework, without leaving further time for the TBOT hydrolysis.

PCA of ATR-FT-IR and DR-UV data

Finally, the developed PCA models on ATR-IR and DR-UV measurements showed clear trends in the data, since they correlate with
Ti/Si*100. Figures 4 and 5 show the PCA scores and loadings plots from the 2" and 3" components of the PCA models developed
on ATR-IR and DR-UV data, respectively. In particular, panels 4a and 5a show the scores plots as obtained from the model, panels
4b and 5b show the same plots, where the colours of the sample spots were scaled according to the Ti/Si*100, and panels 4c and
5c reports the loadings plots. PCA scores plots (Figures 4-5, a-b) show PC2 and PC3 values since PC1, mostly representative for the
overall spectral shape, did not turn to be informative when looking at the measurements monitored in the study. On the other
hand, Ti/Si*100 variability (as well as LMCT onset and the area of the 960 cm! signal, showed in Figure S4 and S5 of the Supporting
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Information) is mainly represented by PC2 for the ATR-IR data and by PC2 and PC3 by the DR-UV data. In both the cases, the PCA
scores plots showed that the samples N8, N9, N11 and N12 provided the highest values of Ti/Si*100, in correlation with the
intensity of the signal within the 950-975 cm range for ATR-IR measurements, and the 250-300 nm range for DR-UV
measurements. These results further confirm that the increase of Ti/Si*100 is correlated with the insertion of tetrahedrally
coordinated Ti (PCA on ATR-IR data). Conversely, the content of non-tetrahedral species will also increase by raising the value of
Ti/Si*100, as can be seen by the PC2 of DR-UV data in the 250-300 nm range. The PCA analysis of ATR-IR and DR-UV spectra thus
fully supports the evidences from DoE as previously commented.

Conclusions

The rational study of the synthesis of TS-1 zeolite using the DoE approach was reported to discern the synthesis parameters that
significantly impact the catalyst properties. It was established that the Ti insertion and speciation is mainly determined during the
hydrothermal step of the synthesis. In particular, the total Ti content (Ti/Si*100) is increased by the time of hydrolysis of the Ti
source (t(H-TBOT)) and by higher temperatures of crystallization (T(Cry)). On the other hand, Ti speciation can be controlled by
varying the time of crystallization (t(Cry)) and the temperature of crystallization (T(Cry)). Regarding the variability of the responses
in the explored experimental domain, the total Ti content and the area of the 960 cm™ band (correlated to the concentration of
the active site) are determined in a certain amount by the procedure itself, but they can be heavily modified by regulating the
variables. On the other hand, the LMCT onset is basically determined by the synthesis procedure and it can only be modified slightly
by these variables in the experimental domain. This framework is entirely in agreement with the independent PCA analysis of the
spectroscopic results.

Although the presented DoE project does not lead to the synthesis of a TS-1 sample with an elevated quantity of Ti, entirely inserted
in tetrahedral framework position, this work allowed to investigate the direct correlation of the synthesis variables with the results,
net of the experimental variability of the procedure, using a limited number of experiments and resources. In a more general
conception, DoE is a practical approach that helps identifying the issues of the procedure and their causes, leading to an
exceptional improvement in the knowledge on this vast field, impossible to reach with the trial-and-error or with the OVAT
approaches.

The application of this work methodology to the optimization of the present synthesis, by excluding the insignificant variables and
by adding other parameters (such as different precursors or varying composition of the synthesis gel), could lead to the preparation
of a “perfect” TS-1 sample, featuring Ti in the only tetrahedral positions with a concentration reaching the theoretical insertion
limit. Moreover, the same approach could be applied, in the future, to the study of Ti insertion into different zeolitic frameworks.
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