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ABSTRACT: Regulating the Ti active sites in titanosilicates with different
coordination modes is of prime scientific and industrial significance to the rational
design of efficient catalysts for olefin epoxidation. In this study, the Ti species in Ti-
beta zeolite catalysts (open/closed tetra-coordinated Ti sites, hexa-coordinated Ti
species, and TiO2) were keenly controlled via the dealumination-metallization
approach. By multiple characterizations, kinetics study, and multivariate model
analysis, it is found that the open tetra-coordinated framework Ti(OH)(OSi)3
species contribute more to the catalytic performance for 1-hexene epoxidation with
H2O2. Moreover, the Ti-beta with rich open tetra-coordinated Ti(OH)(OSi)3
species showed significantly improved reaction performance (TON: 401,
conversion: 64%, selectivity: 98%, H2O2 efficiency: 97%) with lower apparent
activation energy. This study not only opens up new prospects for the design of
efficient titanosilicates by modifying Ti microenvironments but also proposes the
strategy to improve the content of open tetra-coordinated Ti sites.

1. INTRODUCTION
1,2-Epoxyhexane is a crucial oxygen-containing derivative of 1-
hexene, serving as the raw material for value-added chemical
products like cosmetic additives, polyester fibers, and
pharmaceutical intermediates.1,2 1,2-Hexanediol, as the hydrol-
ysis product of 1,2-epoxyhexane, is an important pharmaceut-
ical intermediate with high global consumption and high cost,
and the demand has been increasing year by year.3−6

Considering the importance of 1,2-epoxyhexane, the need to
develop value-added C6 products (i.e., 1,2-epoxyhexane) is
urgent.7 Divergent compounds such as organometallic and
inorganic metal oxides have been employed as catalysts for 1-
hexene epoxidations utilizing various oxidants, e.g., oxygen,
ozone, and hydrogen peroxide or organic peroxides.8,9

However, most of epoxidation processes (i.e., chlorohydrin
process and tert-butyl hydroperoxide process) require
complicated production processes and huge capital invest-
ment.10,11 In particular, the method utilizing hydrogen
peroxide (H2O2) as an oxidizing agent has the advantages of
environmental friendliness, mild reaction conditions, and a
high reactive oxygen content. It has attracted worldwide
attention as a promising epoxidation method for industrializa-
tion.12,13

In olefin epoxidation, the first generation of titanosilicate
(i.e., titanium silicalite-1) was introduced by Taramasso in
1983,14 which later proved to be an efficient and environ-
mentally friendly catalyst for selective oxidation reactions using

H2O2 as an oxidant.15−17 For TS-1, it is generally believed that
the tetra-coordinated Ti species18 (i.e., “open” and “closed”
tetra-coordinated Ti species) and hexa-coordinated Ti
species19−22 are both active for olefin epoxidation. Some
works show that the “open” tetra-coordinated Ti species
(Ti(OH)(OSi)3) with Ti−OH are more active than the
Ti(OSi)4 species due to the presence of strong Lewis acids23,24

for propene epoxidation reaction. In contrast, some recent
studies also suggested that hexa-coordinated Ti species are also
important active sites for 1-hexene epoxidation.24,25 However,
there is still no work on systematically elucidating the intrinsic
Ti active sites for 1-hexene epoxidation by keenly controlling
different Ti species (i.e., open/closed tetra-coordinated Ti and
hexa-coordinated Ti).26 The relationship between Ti species
and catalytic performance is highly desired for the design of
efficient catalysts for hexene epoxidation.27−29

In this study, the coordination mode of Ti species (i.e.,
open/closed tetra-coordinated Ti, hexa-coordinated Ti, and
also TiO2) was controlled and the intrinsic active sites were
elucidated for 1-hexene epoxidation. By multiple character-
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izations, kinetics study, and multivariate model analysis, it is
found that the open tetra-coordinated framework Ti species
(Ti(OH)(OSi)3 species) are more efficient than closed tetra-
coordinated framework Ti species, hexa-coordinated Ti
species, and TiO2 species in 1-hexene epoxidation. The Ti-
beta catalysts with rich open tetra-coordinated Ti species
exhibit significantly improved reaction performance (TON:
401, conversion: 64%, selectivity: 98%, H2O2 efficiency: 97%)
due to the lower apparent activation energy. This study not
only sheds light on the underlying mechanism of 1-hexene
epoxidation but also paves the way for the design of highly
efficient titanosilicate.

2. EXPERIMENTAL SECTION
2.1. Dealumination-Metallization Process of Ti-Beta.

Ti-beta zeolites were synthesized using a dealumination-
metallization strategy, effectively overcoming challenges related
to temperature-induced structural deviations and disparate
hydrolysis rates between Ti and Si species.30,31 In this study, 10
g of pristine Al-beta zeolite (SiO2/Al2O3 = 25, provided by
Nankai Catalyst Plant) underwent treatment with 250 mL of a
13 mol·L−1 aqueous HNO3 solution (Sinopharm Chemical
Reagent Co., Ltd.) in a 500 mL three-neck flask equipped with
a reflux condenser. The mixture was maintained at 100 °C for
24 h, resulting in the removal of the framework aluminum.
After post-HNO3 treatment, the remaining Al content was less
than 0.1% based on ICP analysis, indicating successful
aluminum removal. The resulting solid underwent thorough
washing with deionized water, followed by drying at 110 °C for
2 h and calcination at 550 °C for 3 h, resulting in the formation
of nested silanol sites. During Ti incorporation, an appropriate
quantity of TiCl4 (99.9%, Macklin) was reacted with
anhydrous ethanol. Subsequently, 2 g of H-beta was mixed
with 10 mL of the Ti precursor and the mixture was further
stirred. The final products were collected, dried at 100 °C for 2
h, and subjected to calcination at 550 °C for 3 h. These
samples were named as m% Ti-beta-post, where m represents
the Ti content in the samples.

2.2. Characterizations. The crystal structure of the Ti-
beta sample was measured using X-ray diffraction (XRD,
X’Pert PRO MPD, Cu Kα radiation). The scanning speed of
the XRD was 10°/min. The relative crystallinity was
determined by comparing the peak area at 2θ = 7.8, 14.5°,
22.5, and 27.1° to that of the Al-beta catalyst. The
determination of Ti species in TS-beta was carried out using
an ultraviolet−visible method (UV−vis, Shimadzu UV-2700)
after drying on the ovens, and pure BaSO4 was used as the
background. The relative percentage of framework Ti species
in all Ti species was calculated based on the Gaussian fitting
method (four Gaussian profiles: tetracoordination Ti at 200
nm, open tetracoordination Ti at 220−235 nm, hexagonal Ti
at 270 nm, and anatase TiO2 species at 330 nm). Moreover,
the multivariate fitting was carried out using least squares. The
R2 of the fitting results is beyond 0.99. The values (blue)
calculated from the multivariate fitting model are in agreement
with the experimental values (red) in Figure 5. The Ti content
of the samples was determined using Agilent 730 inductively
coupled plasma emission spectrometry (ICP-OES). The Lewis
and Bro̷nsted acid sites in Ti-beta-post catalysts were
characterized by the infrared (IR) spectra of adsorbed pyridine
(Macklin, >99%). The custom-built transmission cell was
coupled to a Fourier transform infrared (FTIR) spectrometer
(Nicolet NEXUS 670) with a liquid-N2-cooled detector.

Catalysts were pressed into self-supporting disks (20 mg)
and placed within the transmission cell, which was assembled
by using KBr windows and connected to a gas three-way valve.
All materials were first heated to 500 °C at 10 °C·min−1 and
held for 1 h under flowing air to desorb water and residual
organics. Pyridine was introduced via a syringe pump three-
way valve for 45 min to adsorb pyridine entirely at 25 °C. The
physisorbed and chemisorbed pyridines were then removed by
evacuation at 200 °C for 0.5 h. The FTIR of the hydroxyl
stretching region was recorded in the region between 2500 and
4000 cm−1. The spectra in the hydroxyl stretching region were
collected at ambient temperature after the treatment at 500 °C
for 2 h under vacuum conditions. The FTIR spectra in the
framework vibration region of the titanosilicates were recorded
at 25 °C.

2.3. Catalytic Testing. The as-synthesized Ti-beta zeolite
was tested in 1-hexene epoxidation. All reactions were
performed in a 50 mL microreactor at a temperature of 25
°C. Reaction conditions were as follows: 0.2 g of catalyst, 1.2 g
of 1-hexene (AR, Aladdin), 1.2 g H2O2 (>30 wt %, Sinopharm
Chemical Reagent Co., Ltd.), and 20 mL of CH3CN (AR,
Sinopharm Chemical Reagent Co., Ltd.). The reaction
temperature was maintained at 60 °C, and the reaction time
was 3 h, according to previous studies.32,33 The resultant
solution was transferred to a transparent sample vial containing
anhydrous sodium sulfate and homogeneously mixed to
remove any residual water. The supernatant was then collected,
and 1 mL of the sample was taken under continuous stirring
and transferred to a chromatographic vial for subsequent
analysis. H2O2 utilization was confirmed by the iodometric
method. The procedure for activating the Ti-beta-post with
H2O2 is as follows: After 12 h of drying, 5 mL of H2O2 is
meticulously mixed with the Ti-beta-post catalysts, followed by
centrifugation to yield the H2O2-activated catalyst.

The reaction products were quantified by gas chromatog-
raphy (Agilent 7820A with an autosampler and HP-530 M 320
× 0.25 μm) and an FID detector. The substrate conversion,
product yield, and selectivity were determined according to the
standard curves of the corresponding materials. Gas
chromatography used high-purity nitrogen as carrier gas and
an inlet and detector temperature of 280 °C. The column
temperature program was maintained at 60 °C for 2 min,
followed by a 20 °C·min−1 ramp-up to 230 °C and then from
230 to 280 °C (ramp-up rate of 5 °C·min−1), and maintained
at 280 °C for 5 min.

The iodometric method was employed for the quantitative
analysis of H2O2 in the present study: ca. 0.30 g of prereaction
and postreaction solutions was accurately weighed in an
iodometric flask, and 20 wt % H2SO4 solution was added to the
flask. Subsequently, saturated ammonium molybdate solution
was dropwise added (approximately 1 mL), followed by the
addition of 2 mL of 10 wt % KI solution after proper shaking.
The piston was covered, and the flask was sealed in a light-
proof environment for 20 min. Subsequently, the 0.1 mol L−1

sodium thiosulfate (Na2S2O3) solution was prepared and
transferred into an alkaline buret. The previously prepared
solution was taken out. A calibrated solution of sodium
thiosulfate was then carefully dripped into the solution until it
discolored; then, approximately 2 mL of starch solution was
added dropwise as an indicator, indicating the completion of
titration. The chemical reactions involved in this process are as
follows:
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H O 2I 2H I 2H O2 2 2 2+ + ++ (2-1)

I 2Na S O 2NaI Na S O2 2 2 3 2 4 6+ + (2-2)

The area of 1-hexene, 1,2-epoxyhexane, and n-pentanal was
integrated analytically to calculate the reactant conversion and
product selectivity, and the conversion of raw material 1-
hexene and the selectivity of different products was calculated
as follows:

C
n n

n
(%) 100%0 0

0
= ×

(2-3)

S
n

n n
(%) 100%

i

1

0 1
3=

+
×

(2-4)

n
n

TON I

Ti
=

(2-5)

where C is the conversion of 1-hexene, S is the selectivity of
each component in the product, n0 is the initial molar amount
of 1-hexene, n′ is the molar amount of 1-hexene remaining in
the solution at the end of the reaction, n1 is the molar amount
of 1,2-epoxyhexane, and ni is the molar amount of a
component in the product, and nTi is the molar amount of
the Ti contained in the catalysts.

The titration results were analyzed, where the H2O2
concentration was calculated as follows:

C V
W

H O (wt%)
34.016

2 1000
100%2 2

0 0=
× ×

× ×
×

(2-6)

where C0 is the molar concentration of sodium thiosulfate
solution, V0 is the volume of sodium thiosulfate solution
consumed, and W is the mass of the weighed sample.

The conversion of H2O2 and the effective utilization rate
were calculated as follows:

X
n n

n
(%) 100%H O

H O
0

H O

H O
02 2

2 2 2 2

2 2

= ×
(2-7)

X

C
Eff. (H O )(%)

(%)

(%)
100%2 2

H O2 2= ×
(2-8)

where nHd2Od2

0 is the initial molar concentration of H2O2, nHd2Od2
′ is

the molar concentration of the remaining H2O2, and X is the
conversion rate of 1-hexene.

3. RESULTS AND DISCUSSION
3.1. Regulation of Ti Species in the Beta Zeolite

Framework. Different Ti species (i.e., TiO4, Ti(OH)-
(H2O)(2)(OSi)3, and anatase TiO2) are regulated by adjusting
the Ti contents in Ti-beta catalysts by the dealumination-
metallization approach (Figure 1a). The aluminum beta zeolite
(Al-beta) is treated with nitric acid to remove the framework
aluminum species, creating silanol defects (vacant T sites) in
the beta zeolite framework.

These Ti precursors subsequently undergo a reaction with
the silanol groups, leading to further anchoring of Ti atoms at
the T sites. This process results in the formation of isolated
framework Ti species, namely, open/closed tetra-coordinated
TiO4 and hexa-coordinated Ti(OH)(H2O)(2)(OSi)3. With the
increase of the total Ti content, the relative content of different
Ti species can be regulated. The total Ti content of the Ti-beta
catalysts was determined by ICP-OES analysis and are

presented in Table S1. These results show that the Ti content
is gradually increased from 0.45 to 3.1 wt %.

UV−vis spectroscopy is considered as a sensitive method for
characterizing the coordination states of Ti species in
titanosilicate.34 The band centered at 200 nm is attributed to
the charge transfer from O2− to Ti4+ in isolated Ti(OSi)4, while
the band ranging from 220 to 235 nm corresponds to the
Ti(OSi)3(OH) species. Both open and closed tetra-coordi-
nated Ti sites were consistently observed in all Ti-beta
catalysts.35 This indicates that some Ti species are tetra-
coordinated in the beta zeolite framework.36 Furthermore, in
Ti-beta catalysts, an absorption band around 270 nm emerges,
commonly associated with the formation of hexa-coordinated
Ti species.37 Additionally, a prominent absorption band at
approximately 330 nm is evident in the Ti-beta catalysts,
indicative of the presence of anatase TiO2.

36,37 It is found that
with the increase of Ti contents in the Ti-beta catalysts from
0.45 to 3.1 wt %, the percentage of closed tetra-coordinated Ti
species gradually decreases from 57.55 to 30.76%, and the
percentage of open tetra-coordinated Ti species also decreases
from 14.30 to 11.47% (Figure 1c). However, the relative
proportion for hexa-coordinated Ti species gradually increase
from 24.06 to 42.15% and the relative proportion for anatase
TiO2 species also increase from 4.09 to 15.61% (Figure 1c).
The content of hexa-coordinated Ti species and anatase TiO2
species gradually increased, while the content of closed tetra-
coordinated Ti species and open tetra-coordinated Ti species
gradually decreased. The diverse growth directions and rates
demonstrated that the distribution of Ti species was controlled
by regulating Ti contents during the dealumination-metal-
lization approach.

The physicochemical properties of Ti-beta catalysts are
further examined. The XRD patterns of the four samples
(Figure 2a) show similar diffraction peaks located at 2θ = 7.8,
14.5, 22.5, and 27.1°, which confirm the beta zeolite
topological structure of four Ti-beta catalysts.38 After the
incorporation of the Ti atom, there is a slight shift for the
diffraction peak from 22.6 to 22.5° with the increase of Ti

Figure 1. (a) The synthetic mechanism of Ti-beta by the
dealumination-metallization process. (b) The UV spectra of Ti-beta
with different Ti contents: 0.45% Ti-beta-post, 0.80% Ti-beta-post,
1.4%Ti-beta-post, and 3.1% Ti-beta-post. (c) The contents of
different Ti species in different Ti-beta samples.
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contents (Figure 2b). Because Ti atoms are larger in size
compared to Al atoms, their incorporation into the zeolite
framework can lead to the expansion of the framework. The
larger Ti atoms result in an increased unit cell size,
consequently reducing the 2θ values of XRD reflections.39

Figure 2c was used to show the crystallinity of different Ti-
beta-post catalysts. The results show that the beta zeolite
frameworks of different Ti-beta-post catalysts are all damaged
to some extent due to the decreased crystallinity compared
with the parent Ti-beta.

As shown in Figure 2d, all of the FTIR spectra of four
catalysts show two characteristic bands at 1101 and 1231 cm−1,
which are associated with the T−O asymmetric stretch of
internal linkages and external linkages in the beta zeolite,40−42

respectively. The observed peaks at 521, 572, and 624 cm−1 in
the FTIR spectra are attributed to the stretching vibration of
double rings and [SiO4] units in the beta zeolite framework.36

Additionally, the presence of the band at 960 cm−1 is
commonly considered as the proof for the incorporation of
Ti atoms in the zeolite framework,38,43 indicating that the Ti
atoms were well incorporated into the beta zeolite framework
during the metallization process.

In order to further verify the effects of the dealumination-
metallization approach on the acid sites of the Ti-beta catalysts,
different characterizations such as NH3-TPD, infrared (IR)
spectra of pyridine adsorption, and FTIR spectra in the
hydroxyl stretching region of Ti-beta-post catalysts are further
performed (Figure 3). First, it can be seen that only one
obvious NH3 desorption peak of Ti-beta catalysts appears at
139 °C (Figure 3a), which is ascribed to weak acid centers.44,45

Moreover, with the incorporation of Ti atoms into the
framework, there is a slight shift for the NH3 desorption peak
from 139 to 142 °C. This slight shift should be attributed to

the gradually increased weak acid sites due to the significant
increase of TiO2 content.46

In addition, the number of surface acid sites of the four
catalysts follows the order 3.1 wt %Ti-beta-post (0.138 mmol/
g) > 1.4 wt %Ti-beta-post (0.131 mmol/g) > 0.80 wt %Ti-
beta-post (0.096 mmol/g) > 0.45 wt %Ti-beta-post (0.076
mmol/g), and the shift for the NH3 desorption peak also
follows this order. Obviously, more strong acid sites were
formed as the TiO2 content increases. Therefore, there might
be a correlation between the nonframework TiO2 and the
acidity.47 The ratio of the Bro̷nsted/Lewis acidity of the
catalysts was further investigated by the IR spectra of pyridine
adsorption (Figure 3c,d). The ratio of Bro̷nsted/Lewis acidity
sites gradually decreases with the increase in Ti content
(Figure 3d). It means that nonframework TiO2 provide more
and stronger Lewis acidity than the Bro̷nsted acidity formed by
the open tetra-coordinated TiO4 and hexa-coordinated TiO6.

48

The presence of excessively strong Lewis acids in TiO2,
characterized by an abundance of surface acid sites, results in
the inefficient decomposition of H2O2. This observation of
increased TiO2 contents is consistent with the findings
illustrated in the UV−vis spectra (Figure 1c).

The FTIR spectra in the hydroxyl stretching region are
collected to characterize the microenvironment of different Ti-
beta catalysts synthesized with different percentages of Ti
species (Figure 3e). All the catalysts show the band around
3740 cm−1, which is ascribed to the isolated external silanol
group.49 Moreover, the four catalysts have a wide band at 3540
cm−1, indicating the appearance of the hydrogen-bonded
silanol group on defect sites such as hydroxyl nests resulting
from the dealumination.50 The characteristic band at 3540
cm−1 indicates the presence of a cluster of hydroxyl groups
tightly bound by hydrogen bonds.49 In addition, the band at

Figure 2. (a) XRD patterns of Ti-beta-post catalysts with different Ti contents. (b) XRD patterns for shift from 22.5 to 22.6° for different Ti-beta-
post catalysts. (c) The relative crystallinity of different Ti-beta-post catalysts. (d) FTIR spectra of Ti-beta-post catalysts.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.3c03543
Ind. Eng. Chem. Res. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.iecr.3c03543?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c03543?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c03543?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c03543?fig=fig2&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.3c03543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3697 cm−1 is related to the internal silanol group.51 With the
increase of Ti content, the band intensity at 3540 and 3697
cm−1 gradually decreases, implying that more Ti species are
incorporated into vacancies. This suggests a structure change
in Ti-beta-post catalysts, which can be expressed as
follows:52,53

Ti OH Si OH Si O Ti H O2+ = +

These results indicated that as the Ti content in Ti-beta-post
catalysts increases, the hydrogen-bonded silanol groups and
internal silanols react with Ti species. Subsequently, the silanol
defects (vacant T sites) are filled with Ti atoms, effectively
repairing the surface of vacant T sites.

3.2. Active Sites for the 1-Hexene Epoxidation. In
order to investigate the Ti active sites in the epoxidation
system of 1-hexene/H2O2, the relationship between the TON
and percentages of different Ti species is shown in Figure 4. It

Figure 3. (a) NH3-TPD spectra of different Ti-beta-post catalysts. (b) The amount of acid sites in different Ti-beta-post catalysts. (c) The IR
spectra of pyridine adsorption of different Ti-beta-post catalysts. (d) The Bro̷nsted/Lewis acid ratio of different Ti-beta catalysts. (e) FTIR spectra
in the hydroxyl stretching region evaluated at 723 K in the range of 2600−4000 cm−1 of different Ti-beta-post catalysts. (f) The schematic diagram
of different silanol groups in Ti-beta-post catalysts.
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is found that as the Ti content increases, the dominant Ti
species gradually change from tetra-coordinated Ti species to
hexa-coordinated Ti species and further anatase TiO2 species
(Figure 4a). The percentage of closed tetra-coordinated Ti
species decreases from 57.55 to 30.76%, and the percentage of
open tetra-coordinated Ti species decreases from 14.30 to
11.47%. However, the relative proportion of hexa-coordinated
Ti species gradually increases from 24.06 to 42.15% and the
relative proportion for anatase TiO2 species also increases from
4.09 to 15.61%.

In Figure 4b, the TON gradually decreases from 401 to 60
with the increase of Ti content. Moreover, the four distinct Ti-
beta-post catalysts consistently demonstrate high and com-
parable reaction selectivity, as illustrated in Figure 4c (∼96%).
The minimal presence of byproducts, such as 1-pentanal and
1,2-hexanediol, in the 1-hexene epoxidation can be attributed
to the hydrolysis and subsequent deep oxidation of 1,2-
epoxyhexane. Notably, the use of an acetonitrile solvent proves
effective in suppressing hydrolysis and further deep oxidation
reactions, given the lower nucleophilic ability inherent in
aprotic solvents like acetonitrile. Consequently, all four Ti-
beta-post catalysts exhibit a high selectivity (∼96%) for 1,2-
epoxyhexane in the 1-hexene epoxidation with H2O2.
However, with the increase of TiO2 content, the H2O2 average
utilization efficiency gradually decreases from 98.29 to 96.66%
due to the decomposition of H2O2 by anatase TiO2

54,55

(Figure 4c). Moreover, it should be noted that the 0.45 wt %

Ti-beta-post with the highest percentage of tetra-coordinated
Ti species shows outstanding epoxidation performance of 1-
hexene (TON: 401, selectivity: 98.63%, utilization efficiency of
H2O2: 98.29%) compared with the results in litera-
tures25,26,56−60 (Figure 4d).

In order to further verify the multirelationships between Ti
content of different Ti species and TON, a multivariate fitting
model was conducted, illustrating the correlations among the
contents of different Ti species (closed tetra-coordinated Ti
species, x1; open tetra-coordinated Ti species, x2; hexa-
coordinated Ti species, x3) and TON, as shown in Figure 5a.
a, b, and c are coefficients of closed tetra-coordinated Ti
species (x1), open tetra-coordinated Ti species (x2), and hexa-
coordinated Ti species (x3), respectively. It is found that b
(35.89) > a (22.14) > c (−10.33). The highest value of b
further demonstrates the strong positive correlation between
the open tetra-coordinated Ti species and TON. In contrast,
the lower values of a showed the weaker correlation between
the TON and content of closed tetra-coordinated Ti species. A
negative coefficient c indicates a significantly reduced
correlation of hexa-coordinated Ti species with TON. This
indicated that the open tetra-coordinated Ti species are major
active sites in Ti-beta for 1-hexene epoxidation.

Both open and closed tetra-coordinated TiO4 sites
demonstrate a positive relationship between their contents
and TON (Figure 5b,c). Nevertheless, a more robust positive
linear correlation is evident between open tetra-coordinated

Figure 4. (a) The relative content of different Ti species (i.e., Ti(OSi)4, Ti(OH)(OSi)3, Ti(OH)H2O(2)(OSi)3, and TiO2) in different catalysts.
(b) The TON of 1-hexene epoxidation for different Ti-beta-post catalysts. (c) The selectivity of 1,2-epoxyhexane (red) and utilization efficiency of
H2O2 (blue) in different catalysts. (d) TON of different catalysts in literature for 1-hexene epoxidation.
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framework Ti species and TON. This underscores that open
Ti(OH)(OSi)3 stands out as the predominant active site for 1-
hexene epoxidation when compared to closed Ti(OSi)4
species. Therefore, the presence of rich Ti(OH)(OSi)3 in
the synthesized Ti-beta-post catalysts should account for this
superior reaction performance.

In the kinetics study, the apparent activation energies for
0.45% Ti-beta-post and 3.1% Ti-beta-post were calculated by
using the Arrhenius equation for 1-hexene epoxidation (Figure
5d). The obtained values were 14.44 and 17.93 kJ mol−1,
respectively. This implies that an increase in the concentration
of Ti−OH species corresponds to a decrease in the apparent
activation energy (Figure 5d), which could account for the
outstanding performance of 1-hexene epoxidation.

Ti-OOH intermediates are commonly regarded as the
reactive intermediates on Ti-based heterogeneous catalysts
for alkene epoxidation.26,61 Ti-OOH could be formed after the
reaction between active Ti species and H2O2.

62 The UV−vis
spectra of H2O2-activated Ti-beta-post are shown in Figure
5e,f.63,64 Both Ti-OOH and Ti-(η2-O2) were observed on two
Ti-beta-post catalysts (0.45% Ti-beta-post and 3.1% Ti-beta-

post). The bands at ca. 375 and 425 nm were attributed to Ti-
(η2-O2) and Ti-OOH,64−66 respectively. The 0.45% Ti-beta-
post shows a three times higher relative ratio (Ti-OOH/Ti
content) than that of 3.1% Ti-beta-post (13.33 > 4.06). The
higher content of reactive intermediates further demonstrates
the higher reaction activity for 1-hexene epoxidation for 0.45%
Ti-beta-post.

Therefore, the reaction pathway for the epoxidation of 1-
hexene on Ti(OH)(OSi)3 sites is illustrated in Figure 6. In Ti-
beta catalysts, the abundance of open Ti(OH)(OSi)3 sites
facilitates the easy formation of Ti-η1(OOH) species (Ti-
OOH/Ti ratio: 13.3) compared to other Ti species. This
initiation takes place through the reaction between Ti−OH
and H2O2, demonstrating a remarkably high H2O2 average
utilization efficiency of 98.29%.33,67,68 These Ti-η1(OOH)
species are recognized as the active intermediates in olefin
epoxidation.69,70 Subsequently, these active intermediates
attack the double bond of 1-hexene via an oxygen atom,
leading to the creation of a transition state with a lower
apparent activation energy (14.44 kJ mol−1) and the
subsequent formation of 1,2-epoxyhexane.71 Due to their

Figure 5. (a) The multivariate fitting for TON and the multi-Ti species (red points: original value, blue points: fitting value). (b) The relationship
between TON and the content of closed tetra-coordinated Ti species. (c) The correlation between TON and the open tetra-coordinated Ti
species. (d) Plots of apparent activation energy in the 1-hexene epoxidation catalyzed by Ti-beta-post. (e) UV−vis spectra of H2O2-activated Ti-
beta-post. (f) The different Ti-OOH/Ti contents between the 0.45 and 3.1 wt % Ti-beta-post.
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ability to activate H2O2 into Ti-η1(OOH) species and lower
apparent activation energies, Ti(OH)(OSi)3 sites exhibit
superior performance in the epoxidation of 1-hexene.

4. CONCLUSIONS
In summary, the coordination mode of Ti sites within the beta
zeolite framework was regulated by the dealumination-
metallization approach. It is found that with the increase of
Ti content, the percentage of open/closed tetra-coordinated Ti
species (e.g., Ti(OH)(OSi)3 and Ti(OSi)4) gradually decrease
and the percentages of hexa-coordinated Ti species and TiO2
species gradually increase. The multiple characterizations,
kinetics study, and multivariate model analysis clearly reveal
that the open Ti(OH)(OSi)3 species contribute more to the
catalytic performance compared with other three Ti species.
The Ti-beta catalyst with Ti loading of 0.45% has rich open
tetra-coordinated Ti species (Ti(OH)(OSi)3) and shows
significantly improved performance. This is attributed to
lower apparent activation energies (14.4 kJ mol−1) and a
higher ratio of key reaction intermediates (Ti-OOH/Ti,
13.33). This study not only elucidates the fundamental
mechanism of 1-hexene epoxidation but also establishes a
pathway for the regulation and construction of high-efficient Ti
species in titanosilicate.
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