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Abstract: Ti-containing zeolites showed extremely high activity and selectivity in numerous friendly
environmental oxidation reactions with hydrogen peroxide as a green oxidant. It will be in high
demand to synthesize Ti-containing crystalline extra-large-pore zeolites due to the severe restrictions
of medium-pore and/or large-pore zeolites for bulky reactant oxidations. However, the direct
synthesis of extra-large-pore Ti-zeolites was still challengeable. Here, we firstly report a strategy
to directly synthesize high-performance Ti-containing CFI-type extra-large-pore (Ti-CFI) zeolites
assisted with fluorides. The well-crystallized Ti-CFI zeolites with framework titanium species could
be synthesized in the hydrofluoric acid system with seed or in the ammonium fluoride system
without seed, which showed higher catalytic activity for cyclohexene oxidation than that synthesized
from the traditional LiOH system.
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1. Introduction

Zeolite, a type of crystalline microporous aluminosilicate, has wide applications in adsorption,
separation, and catalysis, especially in oil refining and producing petrochemicals as solid-acid
catalysts [1-6]. Incorporation of isolated titanium ions into a high-silica zeolite to achieve a
Ti-containing zeolite, called titanosilicate, was a milestone in zeolites and heterocatalysis due to
its extremely high activity and selectivity in numerous friendly environmental oxidation reactions
with hydrogen peroxide as a green oxidant [7]. The discovered MFI-type and MWW-type zeolites were
successfully applied in the industrial processes of the hydroxylation of phenol, the ammoximation of
cyclohexanone/butanone, and the liquid-phase epoxidation of propylene to propylene oxide [8-11].

Subsequently, a series of Ti-containing zeolites with different topologies were synthesized
including 10-ring medium-micropore (~0.55 nm in diameter) [12-14] and 12-ring large-micropore
(~0.75 nm in diameter) zeolites [15-21]. However, considering the severe restrictions for the oxidation
of bulky reactants in these 10-ring and 12-ring micropores, it would be in high demand to synthesize
Ti-containing three-dimensionally crystalline extra-large-pore (larger than 12 rings) zeolites.

It was very difficult to directly crystallize the starting gel (containing silicon source, titanium
source, and structure-directing agents) to form Ti-containing extra-large-pore zeolites because the
titanium ion proved no structure-directing ability and its ionic radius was larger than that of the
silicon ion, which led to difficulties in the crystallization of raw materials and the incorporation of
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titanium into the zeolite framework [22,23]. Until now, only a few Ti-containing extra-large-pore
zeolites were directly synthesized, including aluminophosphate (Ti-VPI-5) with an 18-ring [24],
Ti-UTL with a 14-ring extra-large pore [25], Ti-UTD-1 (DON-type) with a 14-ring extra-large pore [26],
and Ti-CIT-5 with a 14-ring extra-large pore [27]. So as to crystallize the raw materials, special and
expensive structure-directing agents, i.e., bis(pentamethyl-cylcopentadienyl)cobalt(IIl) hydroxide for
Ti-UTD-1 and lithium hydroxide as an accelerator for Ti-CIT-5 were required. However, the accelerator
of lithium hydroxide for the crystallization of Ti-CIT-5 resulted in large amounts of extra-framework
titanium species. For activating this extra-large-pore catalyst, further post-treatment processes were
required. Therefore, effective strategies to prepare Ti-containing extra-large-pore zeolites were still
desirable and significant.

Here, we firstly report a strategy to directly synthesize the high-performance Ti-containing
CFlI-type extra-large-pore (Ti-CFI) zeolites in the presence of fluorides. The influence factors such as
the type of fluoride source, water content, and the additive of seed for the crystallization of Ti-CFI
were investigated. The well-crystallized Ti-CFI zeolites with framework titanium species could be
synthesized in the HF system with seed or in the NH4F system without seed, which both showed
higher catalytic activity for cyclohexene oxidation than that synthesized from the LiOH system.

2. Results and Discussion

2.1. Zeolite Characterization

Powder X-ray diffraction (PXRD) patterns (Figure 1) showed that Ti-containing CFI-type
extra-large-pore zeolites could crystallize in the presence of fluorides. The crystallinity was very
low after a 13-day crystallization if hydrofluoric acid was used as the fluoride source (Figure 1a),
suggesting some amorphous materials present in the sample. When the concentration of the raw
materials increased by decreasing the water content in the raw materials, the crystallinity was slightly
increased as indicated by the increased diffraction intensity in Figure 1b. However, crystallinity was
still very slow. The broad peak around 20-25° implied the presence of amorphous raw materials in
this sample. This indicated that well-crystallized Ti-CFI was difficult to achieve when hydrofluoric
acid was used as a fluoride source, although pure silica CFI-type zeolite could be fully crystallized
in the HF system (Figure S1, Supplementary Materials). This was also evidence that the synthesis of
titanium-containing zeolite was more difficult than synthesis of Ti-free pure silica zeolite. If ammonium
fluoride was employed as a fluoride source, as shown in Figure 1c, a sample with good crystallinity
could be achieved after a 13-day crystallization. Moreover, all the peaks were consistent with the
reported CFI-type topology [27], indicating as-synthesized zeolite without other impure phases.
The addition of pure silica CFI-type seeds could accelerate the crystallization process, leading to the
formation of a well-crystallized sample even within seven days, as indicated in Figure 1d.

SEM images indicated the presence of amorphous raw materials among the rod-like large crystals
of Ti-CIT-5[HF]-13d synthesized in the HF system without seeds, which was consistent with the low
diffraction intensity as shown in the PXRD pattern. Samples of Ti-CFI[NH4F]-13d from the ammonium
fluoride system possessed a rod-like crystalline shape with tens of micrometers in length as indicated in
Figure 2b. Moreover, the crystal was large and was composed of the small rods. Interestingly, plate-like
crystals with 5-10 pm in length, 1-2 um in width, and 0.2-0.4 um in thickness could be formed if the
seeds were added. No amorphous raw materials or other impure particles were found in the sample
of Ti-CFI[HF]-seed-13d. Moreover, the crystal size was smaller than the samples synthesized with only
HF and NH4F, suggesting the role of the seed in accelerating the crystallization rate and decreasing the
crystal size.
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Figure 1. Powder X-ray diffraction (PXRD) patterns of extra-large-pore Ti-CFI zeolites synthesized
under different conditions with different crystallization time. (a) Ti-CFI[HF] synthesized using
hydrofluoric acid as a fluoride source; (b) Ti-CFI[HF]-L synthesized by decreasing the water content
from 20 to 5 in the H,O/SiO; molar ratio in the HF system; (c) Ti-CFI[NH4F] using ammonium
fluoride as a fluoride source; (d) Ti-CFI[HF]-seed by adding pure silica CFI-type zeolite as seeds in the
HF system.
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Figure 2. SEM images of (a) Ti-CIT-5[HF]-13d, (b) Ti-CFI[NH4F]-13d, (c) Ti-CFI[HF]-seed-7d, and (d)
Ti-CFI[HF]-seed-13d.
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Nitrogen adsorption characterization showed that all the samples synthesized in the presence
of fluorides had ~400 m2-g~! specific surface area. ~Comparing Ti-CFI[HF]-seed-13d and
Ti-CFI[NH4F]-13d, samples of seed-assisted synthesis in the HF system showed higher specific
surface area, micropore volume, and external surface area than those of samples from the NH4F
synthetic system. The higher external surface area implied a small crystal size, which was
consistent with the abovementioned SEM characterization. Comparing Ti-CFI[HF]-seed-7d and
Ti-CFI[HF]-seed-13d, the long-time crystallization led to a slight increase in specific surface area and
micropore volume. Meanwhile, the Ti content was effectively increased after long-time crystallization.
Unlike the fluoride system, Ti-CFI[LiOH], which was directly synthesized from the LiOH system
without further post-treatment, showed extremely low Brunauer-Emmett-—Teller (BET) specific surface
area and micropore volume. Post-treatment by washing with acid significantly increased the BET
specific surface area and micropore volume of Ti-CFI[LiOH]-post, but decreased the Ti content.
In addition, Ti-CFI synthesized in the presence of fluorides always showed a higher pore volume
and lower external specific surface area than those of samples synthesized in the presence of LiOH.
The larger amounts of external specific surface suggested a smaller crystal size of samples synthesized
in the presence of LiOH (Figure S2, Supplementary Materials).

Titanium was the catalytic center in the Ti-containing zeolite for the epoxidation of olefins, which
is of great important processes for producing fine chemicals. The state of Ti would greatly affect the
catalytic performance. There are several types of Ti species in the presence of the zeolite, including
tetrahedral coordinated and octahedral coordinated titanium species, and anatase-like TiO, tiny particles.
Furthermore, it was proven that only tetrahedral (framework) Ti showed catalytic performance for the
selective oxidation of olefins. The presence of octahedral (extra-framework) Ti and tiny TiO, particles
would adversely affect the catalytic activity and decrease the utilization efficiency of hydrogen peroxide.
Diffuse reflectance ultraviolet/visible light (UV/Vis) (DRUV /Vis) spectroscopy is an effective technique to
detect the coordination states of Ti species. The absorbance peak at about 210 nm attributed to Ti**O?~ —
Ti**O~ ligand-to-metal charge transfer was assigned to the framework Ti species. The broad absorbance
peak at about 250 nm was assigned to the extra-framework Ti species. The peak at about 330 nm was
assigned to the formation of tiny anatase-like TiO, particles [7]. As indicated in the Figure 3A, all the
samples synthesized in the fluoride system showed the main band at about 210 nm, indicating that most of
the titanium was present as framework Ti species. The presence of a shoulder peak at 250 nm indicated the
presence of small amounts of extra-framework Ti species in these samples. In addition, Ti-CFI[NH4F]-13d
showed small amounts of anatase-like TiO; as indicated by the presence of a 330-nm band. Prolonging the
crystallization period from seven to 13 days, the intensity of the 210-nm band related to the framework Ti
increased greatly as compared Ti-CFI[HF]-seed-7d and Ti-CFI[HF]-seed-13d, which was consistent with
the results of the ICP test (Table 1). As indicated in the Figure 3B, the sample Ti-CFI[LiOH] synthesized in
the LiOH system without post-treatment processes showed the main absorbance band at about 250 nm,
indexed as extra-framework Ti species. After post-treatment with acid, the sample Ti-CFI[LiOH]-post
only displayed absorbance at about 210 nm, indexed as framework Ti species; however, the intensity
decreased greatly.

Table 1. Product yields, chemical compositions, and porosity properties of Ti-CFI zeolites from the
different synthetic systems.

Yields Si/Ti SBET ! Pore Volume Sext. 2
Samples %)  (molmol)  (mig-)  (mdg-D)  (mig-l)
Ti-CFI[HF]-seed-7d ~90 247 395 0.14 33
Ti-CFI[HF]-seed-13d ~90 189 413 0.15 36
Ti-CFI[NH4F]-13d ~92 220 385 0.14 22
Ti-CFI[LiOH] ~85 46 280 0.08 84
Ti-CFI[LiOH]-post - 183 393 0.11 101

! Brunauer-Emmett-Teller (BET) specific surface area. 2 External specific surface areas were calculated from the
t-plot curve.
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Figure 3. Diffuse reflectance ultraviolet/visible light (DRUV /Vis) spectra of Ti-CFI extra-large-pore
zeolites synthesized in fluoride system (A): (a) Ti-CFI[HF]-seed-7d, (b) Ti-CFI[HF]-seed-13d, and (c)
Ti-CFI[NH4F]-13d, and synthesized in LiOH system (B): (a) Ti-CFI[LiOH] and (b) Ti-CFI[LiOH]-post.

2.2. Catalytic Tests

The characterization showed that well-crystallized Ti-CFI zeolites with framework titanium
species could be synthesized in the HF system with seed or in the NH4F system without seed. Here,
catalytic oxidation of cyclohexene using H,O, as an oxidant was employed to test their catalytic
performance, while the samples synthesized in the LiOH system were used as controls. Table 2 shows
the results of epoxidation of cyclohexene. The reaction routes are shown in Scheme 1. The cyclohexene
oxide (I), generated by the heterolytic epoxidation of the cyclohexene C=C double bond, and the
1,2-cyclohexanediol (II) side product, formed by hydrolysis of epoxide ring, generally reflect a
concerted process. In contrast, the allylic oxidation side products, 2-cyclohexen-1-ol (III) and
2-cyclohexen-1-one (IV), are often ascribed to a homolytic radical pathway [28]. Others including V, VI,
VII, and VIII are the products of further oxidation.

Table 2. Catalytic oxidation of cyclohexene over various Ti-CFI zeolites using H,O, aqueous solution
as an oxidant.

Samoles Si/Ti Conversion Selectivity (%) TON H,0, 1
P (mol/mol) (%) I I [ IV Others mo;’.’;‘“ Efﬁ“(f,fr)‘cy

=11 (3
Ti-CFI[HF]-seed-7d 247 82 170 689 42 61 38 49 >99
Ti-CFI[HF]-seed-13d 189 9.0 147 699 46 45 119 41 >99
Ti-CFI[NH,F]-13d 220 53 87 748 43 69 53 28 >99
Ti-CFI[LiOH] 46 20 739 149 42 43 27 2 12
Ti-CFI[LiOH]-post 183 438 141 623 119 45 72 21 34

1 H,0, utilization efficiency % = (I + I + IIT + IV x 2 + (others) x 2) / converted H,O, x 100.
OH
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Scheme 1. The possible reaction routes for oxidation of cyclohexene with H,O, as an oxidant.

Table 2 shows the results of catalytic oxidation of cyclohexene over Ti-CFI zeolites using
H,0O; aqueous solution as an oxidant. Ti-CFI[LiOH] from the LiOH system showed extremely low
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catalytic activity, as indicated by the low cyclohexene conversion and low turnover numbers (TON).
The catalytic activity was increased after post-treatment to remove extra-framework Ti species.
Significantly, all the Ti-CFI synthesized with fluorides showed high cyclohexene conversion, TON and
higher H, O, utilization efficiency than those of samples synthesized with LIOH. Moreover, comparing
Ti-CFI[NH4F]-13d with Ti-CFI[LiOH]-post, they had similar cyclohexene conversions; however, sample
Ti-CFI[NH4F]-13d from the fluoride system generated more heterolytic products of I and II. Comparing
samples of Ti-CFI[HF]-seed-13d and Ti-CFI[NH4F]-13d, sample Ti-CFI[HF]-seed-13d showed higher
catalytic performance than that of Ti-CFI[NH4F]-13d. The higher catalytic performance was attributed
to higher Ti content, small crystal size, and higher micropore volume, which was consistent with the
above results from DRUV /Vis spectra, nitrogen adsorption analysis, and SEM characterizations.

3. Materials and Methods

3.1. Synthesis of Titanium-Containing CFI-Type Extra-Large-Pore Zeolites in the Fluoride System

The Ti-CFI zeolites were synthesized under hydrothermal conditions in a rotating Teflon-lined
autoclave (50 revolutions per minute) at 448 K for 7-13 days from the following composition: 1
5i0,/0.01 TiO, /0.5 N(16)-methylsparteinium hydroxide /0.5 HF (NH4F) /5-15 H,O/0.1 HO5. In a
typical run, titanium tetra-n-butoxide was added to an H,O, aqueous solution to form a stable Ti source
of Ti-peroxo complexes, which were added into an aqueous solution of N(16)-methylsparteinium
hydroxide. Then, tetraethylorthosilicate was added into the above mixture under stirring. After
stirring for 30 minutes, the resultant solution was heated to 353 K to evaporate the alcohol generated
during the hydrolysis of the Ti and Si precursors. After completely evaporating the alcohol, the mixture
was cooled down, and HF or NH4F was carefully dropped. Then, 5 wt.% seeds of pure silica CFI zeolite
synthesized as reported [29] in the presence of fluoride were added if required. The final mixture was
transferred into an autoclave and treated at 448 K under rotation. The solid product was centrifuged,
washed with distilled water, and dried at 373 K, before being calcined at 823 K for 6 h to remove the
organic templates. The obtained Ti-CFI zeolites using HF and NH,F as fluoride sources were denoted
as Ti-CFI[HF]-xd and Ti-CFI[NH4F]-xd, respectively, where x represents the time of hydrothermal
synthesis. The obtained Ti-CFI zeolites upon adding seeds were denoted as Ti-CFI[HF]-seed.

3.2. Synthesis of Titanium-Containing CFI-Type Extra-Large-Pore Zeolites in the LiOH System

In a typical run, titanium tetra-n-butoxide was added to an H,O, aqueous solution to
form a stable Ti source of Ti-peroxo complexes, which were added into an aqueous solution of
N(16)-methylsparteinium hydroxide. Then tetraethylorthosilicate was added into above mixture under
stirring. After stirring for 30 minutes, the resultant solution was heated to 353 K to evaporate the
alcohol generated during the hydrolysis of the Ti and Si precursors. After completely evaporating
the alcohol, the clear solution was cooled down, and LiOH was added. The final mixture with the
composition of 0.05 Li;O/1 5i0,/0.02 TiO, /0.3 N(16)-methylsparteinium hydroxide/40 H,O/0.1
H,O, was transferred into an autoclave and treated at 423 K under rotation for 10 days. The solid
product was centrifuged, washed with distilled water, dried at 373 K, and calcined at 823 K for 6 h
to remove the organic templates. The obtained sample was denoted as Ti-CFI[LiOH]. If the sample
was further treated by washing with 1.0 M HCl at room temperature for 24 hours to remove the
extra-framework Ti species, the obtained Ti-CFI zeolites were denoted as Ti-CFI[LiOH]-post.

3.3. Catalytic Reaction

Epoxidation reactions were performed in a 10-mL glass reactor immersed in a 60 °C oil bath,
using H,O, (35 wt.% in water) as an oxidant. In a typical run, the reactions were carried out with
25 mg of catalyst, 1.0 mmol of cyclohexene, and 1.0 mmol of H,O, in 2.0 mL of acetonitrile with
vigorous stirring for 4 h. Reaction mixtures were analyzed by gas chromatography (GC) using a
Shimadzu GC-2014 (Kyoto, Japan) equipped with a 60-m TC-1 capillary column and a flame ionization
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detector (FID). The amount of the unconverted HyO, was determined by titrating with 0.1 M Ce(SO4),
aqueous solution. The products were verified using authentic chemicals commercially available.

3.4. Characterization

Powder X-ray diffraction (PXRD) patterns were measured by a Rigaku Ultima III
instrument (Beijing, China) equipped with a Cu-K« X-ray source (40 kV and 20 mA). Nitrogen
adsorption—desorption measurements were measured at 77 K on a BELSORP-Mini I'l, (MicrotracBEL
Corp., Osaka, Japan). Microporous volume and external surface area were calculated from t-plot
curves. Field-emission scanning electron microscope (SEM) images were obtained on a Hitachi 5-5200
microscope (Tokyo, Japan) operated at 1 kV and 10 pA. The content of Si and Ti was tested on a
Shimadzu ICPE-9000 (Kyoto, Japan) inductively coupled plasma-atomic emission spectrometer (ICP).
Diffuse reflectance UV /Vis spectra (DRUV/Vis) were recorded on a V-650DS spectrophotometer
(JASCO, Tokyo, Japan). The diffuse reflectance spectra were converted into the absorption spectra
using the Kubelka-Munk function.

4. Conclusions

Ti-containing CFI-type extra-large-pore zeolites were directly synthesized in a fluoride system.
The addition of a seed could accelerate the crystallization process and decrease the crystal size.
Prolonging the crystallization process could increase the Ti content and pore volume, which was
beneficial to the catalytic performance. Compared with the Ti-CFI sample synthesized in the LiOH
system, Ti-CFI synthesized in the presence of fluorides showed higher catalytic performance and higher
H,O, utilization efficiency. This indicated that the fluoride synthetic system was a good synthetic
system for the synthesis of Ti-containing CFI-type extra-large-pore zeolites, which could be extended
to the synthesis of other types of Ti-containing zeolites.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4344/9/3 /257 /s1:
Figure S1: (A) PXRD and (B) SEM image of the pure silica CFI-type zeolite synthesized in the HF system, which
was used as a seed for the preparation of Ti-CFI; Figure S2: SEM image of as-synthesized Ti-CFI[LiOH].
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