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Abstract Titanium silicalite-1(TS-1) treated with triethy-
lamine (TEA) solution under different conditions was
characterized by X-ray powder diffraction (XRD), Fourier-
transform infrared spectrum (FTIR), ultraviolet-visible
diffuse reflectance spectrum (UV-Vis), nitrogen physical
adsorption and desorption, scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The
characterization results show that many irregular hollows
are generated in the TS-1 crystals due to the random
dissolution of framework silicon and the volume of the
hollow cavities increase with increasing the TEA con-
centration, and the treatment temperature and time. The
modified TS-1 samples improved in varying degrees the
catalyst life for the epoxidation of propylene in a fixed-bed
reactor probably due to the generation of the hollows to
make it easy for the reactants and products to diffuse out of
the channels.

Keywords titanium silicalite-1, triethylamine, hollow
cavity, epoxidation of propylene, catalyst life

1 Introduction

Propylene oxide (PO) is an important chemical product
and has been widely used in the production of polyether
polyols, propylene glycol, propylene glycol ethers, etc. [1].
Currently, PO is mainly produced by the chlorohydrin
process or hydroperoxide process. However, the chlor-
ohydrin process suffers from serious environmental and
safety drawbacks due to the utilization of environmentally
hazardous chlorine and the production of chlorinated
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organic by-products. The hydroperoxide process uses tert-
butyl hydroperoxide to oxidize propene with the major
shortcoming being the generation of the large quantities of
co-products such as tert-butyl alcohol, which may
represent up to three times the PO production and cause
serious economic problems [2,3]. Consequently, a short
and clean process for producing PO is highly desirable, and
a great deal of effort has been put into the catalytic
epoxidation of propylene to PO in the past two decades.
Since titanium silicalite-1 (TS-1) was invented by
Taramasso et al. [4] in 1983, it has attracted much attention
for its excellent catalytic performance in the selective
oxidation of various organic compounds with dilute H,O,
as oxidant under mild conditions, such as the oxidation of
alkanes, the epoxidation of alkenes, the hydroxylation of
aromatics, and the ammoxidation of ketones [5—11]. The
invention of TS-1 also opened a new route for the
manufacture of PO. The direct epoxidation of propylene to
PO over TS-1 using hydrogen peroxide as the oxidant is
regarded as an important development trend of PO green
production for its mild reaction conditions, high catalytic
activity and high atom economy [12—18]. However, the
application of TS-1 as catalyst suffers from diffusional
limitation on the reaction due to the size of the zeolite
channels (0.56 nm x 0.53 nm) [19]. In order to overcome
this problem, several approaches have been developed to
introduce mesopores and macropores into zeolite. It has
been demonstrated that the post-chemical treatment by a
basic solution is an effective way to generate hollow
cavities [20-23]. Lin and coworkers [24,25] have prepared
the catalyst called HTS-1 with hollow cavities by the post
treatments firstly with an acid and then with an organic
base, and found that the catalyst stability can be improved
in the ammoximation of cyclohexanone. Tuel and cow-
orkers [26] have obtained a TS-1 zeolite with hollow
structure by treatment with tetrapropyl ammonium hydro-
xide (TPAOH) and found that its catalytic activity is
considerably improved in the hydroxylation of phenol.
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Other groups [19,27-28] have also reported that TPAOH is
an effective agent to create hollow cavities in TS-1.
However, TPAOH is very expensive and cannot be
recycled.

In this contribution, we describe a method to obtain the
hollow TS-1 through the treatment with cheap triethyla-
mine (TEA), which has been rarely reported. The
triethylamine can be recycled after the treatment through
simple distillation from the treatment solution. The catalyst
life of the modified TS-1 samples in the epoxidation of
propylene to PO is significantly improved.

2 Experimental
2.1 Materials

Tetraethyl orthosilicate (TEOS, AR), tetrabutyl titanate
(TBOT, AR), methanol (AR), isopropyl alcohol (IPA, AR),
triethylamine (AR) and 30 wt-% hydrogen peroxide (AR)
were purchased from Tianjin Guang Fu Fine Chemical
Research Institute Co., Ltd., China. Propylene (99.99%)
was purchased from Tianjin Division of SINOPEC.
LUDOX As-40 colloidal silica (40 wt-% suspension in
water) was purchased from Sigma-Aldrich. Tetrapropyl
ammonium hydroxide was prepared through ion-
exchange. The preparation of TS-1 (Si/Ti= 70, mole
ratio) were described in our previous work [29].

2.2 Treatment of TS-1 with TEA

TS-1 (5 g) was added into the TEA solution with different
concentrations in a 100 cm® PTFE lined stainless-steel
autoclave. After the mixture was vigorously stirred for 5
min, the autoclave was heated to the predetermined
temperature and kept at this temperature for a predeter-
mined time under static conditions. Then the autoclave was
rapidly cooled to room temperature and the treated TS-1
was obtained after centrifuged, washed with deionized
water, dried at 393 K for 8 h, and finally calcined at 823 K
for 6h in air. The catalysts are labeled as TS-1-x-y-z,
where x denotes the concentration of TEA in the treatment
solution (0.15, 0.30, 0.60, and 1.20 mol-L™), y denotes the
treatment temperature (433, 443, and 453 K), and z denotes
the treatment time (24, 48, 96, and 144 h). The untreated
TS-1 is denoted as TS-1-null.

2.3 Preparation of TS-1/S10,

TS-1/Si0, was prepared by grinding 2.5 g 40 wt-% silica
sol, 5 g TS-1 powder and 0.20 g Sesbania cannabina Pers
powder for 30 min, and then extrudating into ®1 mm
strips. The strips were dried at 393 K for 6 h and calcined at
823 K for 6 h in air. The TS-1/SiO, strips were cut into
cylindrical pieces of @1 mm x 1 mm for the use in the
fixed-bed reactor.
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2.4 Characterization of TS-1samples

X-ray powder diffraction (XRD) patterns were obtained on
a Rigaku D/max 2500 diffractometer using Cu Ko
radiation (A = 0.154nm) with steps of 0.02° and a
scanning rate of 8°-min' in the 26 ranges from 5° to 50°.

The Si and Ti contents of TS-1 samples were analyzed
by PerkinElmer Optima 2100 DV inductive coupling
plasma spectrometer (ICP).

Transmission electron microscopy (TEM) images were
recorded on a JEM-2010 FEF field emission electron
microscope operating at 200 kV and scanning electron
microscopy (SEM) images were recorded on a Nanosem
430 field emission scanning electron microscopy with an
accelerating voltage of SkV.

N, adsorption/desorption isotherms were measured on a
Micromeritics TriStar 3000 apparatus at 77 K. The specific
surface areas, micropore volumes and volumes of the
hollow cavities were calculated by BET equation, #-plot
and BJH method (desorption), respectively.

Fourier-transform infrared (FTIR) spectra of the samples
were recorded from 2000 to 400 cm™' with a resolution of
4 cm ' on a Bruker Vertex 7.0 spectrometer, using the KBr
wafer technique.

UV-Visible diffuse reflectance spectra (UV-Vis) were
obtained on a Hitachi U-3010 spectrometer employing
pure BaSOy as the reference in the range of 190-410 nm.

2.5 Epoxidation of propylene

The catalyst (3.00 g, 5.10 cm®) mixed with 2.90 cm? quartz
sand particles were added into a stainless steel tube reactor
of 408 mm long with internal diameter of 5mm. The
reaction temperature was controlled by a thermostatic
circulating water bath, and the temperature difference
along the reactor was less than 0.5 K. The reaction pressure
was 2.5 MPa which was realized with N,. The propylene
was in liquid under this pressure. After the reaction
pressure reached 2.5 MPa, the flow rate of N, was kept at
0.67 cm®-s™'. When the pressure and temperature reached
to the reaction condition set, liquid propylene of 4.07 x
102 cm?-s™! and mixed solution of CH;0H/H,0,/H,O of
5.83 x 107 cm? s were introduced into the reactor by
two micropumps, respectively. Sodium acetate was added
into the solution of CH;0H/H,0O,/H,0 to regulate the PO
selectivity within 93%—95% through neutralizing the acid
sites on TS-1 samples [30]. After the reaction, the products
entered the condenser cooled to 275K. During the
reaction, the products were sampled at regular intervals
of 30 min through two valves with a tank in between at the
bottom of the apparatus without releasing the pressure.

2.6 Product analysis

The products of the reaction were analyzed on a gas
chromatography (GC-HP 4890) equipped with a flame
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ionization detector (FID) and an OV-1701 30 m x 0.25
mm X 0.33 um) capillary column with nitrogen as the
carrier gas. The unreacted H,O, was determined by means
of iodometric method. The conversion of H>,O, and the
selectivity of PO were calculated based on the starting
amount of H,O, according to the following two equations,
respectively.

nOHzoz ~n,0,
XHzoz =——F X 100%, )

y,0,

npo
Spo =

_ » 100%. )
npo + AvME + 1pG

MME and PG denote propylene glycol monomethyl
ethers (with the two isomers combined together) and
propylene glycol, respectively. Xy,0, and Spo denote the
conversion of H>O, and the selectivity of PO, respectively.
n° and n represent the initial and the final amounts in
moles, respectively. A lower Xy ohas no economical
feasibility for the industrial production of propylene oxide.
So we regard the online reaction time of Xy, above 95%
as the catalyst life in our experiments.

3 Results and discussion

3.1 Characterization of TS-1 before and after TEA
treatment

The X-ray powder diffraction patterns of TS-1 before and
after TEA treatment are shown in Fig. 1. All the XRD
patterns show similar characteristic peaks at 260 = 7.9°,
8.9°, 23.1°, 23.9° and 24.4°, which correspond to the
typical pattern of TS-1 [4,31]. The relative crystallinities,
which were calculated by comparing the total intensity of
the five characteristic peaks above with those of TS-1-null
as 100%, are listed in Table 1. The results indicate that the
relative crystallinities of all TS-1 samples after TEA
treatment are lower than that of TS-1-null and decrease
with increasing TEA concentrations (e.g., 97.3% to 76.1%
vs. 0.15 to 1.2 mol-L™), treatment temperature e.g., 96.3%
to 85.4% vs. 433 to 453 K) and time (e.g., 94.3% to 86.2%
vs. 24 to 144 h). The samples treated with TEA can cause
the dissolution of silica [21] and the dissolved silica is
difficult to recrystallize because TEA cannot structurally
direct the synthesis of the MFI topology and thus causes
the decrease of the relative crystallinity [19]. The molar
ratios of Si/Ti for all the samples are given in Table 1. It can
be seen that these values of all the treated samples were
lower than that of TS-1-null and decreased with increasing
the TEA concentrations, the treatment temperature and
time. The reason for this phenomenon is that treating TS-1
with TEA causes a loss of silicon and the amounts of lost
silicon are different under different treatment conditions.
The SEM images of TS-1 before and after treatment are
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Fig. 1 XRD patterns of TS-1 samples before and after TEA
treatment

given in Fig. 2. All the samples exhibit the same
morphology of ellipsoids and have similar sizes of about
200 nm, agreeing with those of TS-1 crystals synthesized
under the similar conditions in our previous work [29]. The
results confirm that the samples treated with TEA do not
influence the morphology or crystal size of TS-1.

The TEM images of all TS-1 samples are shown in Fig.
3. It is seen that many irregular hollow cavities appear in all
the treated samples, whereas no cavity is observed in the
TS-1-null sample. There are small hollow cavities in the
sample when TS-1 is treated with a lower TEA concentra-
tion of 0.15 mol-L'. With increasing the TEA concentra-
tions from 0.15 to 1.20 mol-L™', some small cavities merge
together to generate the large hollow cavities. It is also seen
that the sizes of the hollow cavities increases in varying
degrees with increasing the treatment temperature and
extending the treatment time.

The nitrogen adsorption-desorption isotherms of TS-1
samples before and after the TEA treatment are given in
Fig. 4. It can be seen that, for the TS-1-null sample there is
a low adsorption at low relative pressures (p/py < 0.9),
which is consistent with its microporous structure. The
hysteresis loop at p/pg>0.9 can be attributed to the
condensation within the voids formed between the zeolitic
particles [32]. The treated TS-1 samples exhibit type IV
isotherm with an obvious hysteresis loop at relative
pressure of p/py between 0.4 and 1 in isotherms, which
confirm the existence of large cavities in the crystal caused
by the treatment of TEA.

The BET specific surface areas, micropore volumes and
volumes of hollow cavities of these samples are listed in
Table 1. The BET specific surface areas of the treated
samples decrease slightly and the volumes of the hollow
cavities increase appreciably compared with those of TS-1-
null. The results are in agreement with the treatment of TS-
1 with TPAOH in the literature [26]. The micropore
volumes of all samples have no significant difference. The
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Table 1 Textural properties of TS-1 samples before and after TEA treatment®

Relative crystallinity /

Samples % ST Sper /(m*g ") Vimiero fem™ g ) Fiotow /em’-g ) Togo/Iss0
TS-1-null 100 68.5 426 0.114 - 0.362
TS-1-0.15-443-96 97.3 67.6 405 0.113 0.236 0.343
TS-1-0.30-443-96 93.3 66.8 399 0.112 0.245 0.336
TS-1-0.60-443-96 88.3 65.6 396 0.112 0.265 0.324
TS-1-1.20-443-96 76.1 60.7 384 0.109 0.313 0.302
TS-1-0.60-433-96 96.3 66.5 410 0.115 0.256 0.345
TS-1-0.60-453-96 85.4 65.2 392 0.111 0.268 0.319
TS-1-0.60-443-24 94.3 67.1 406 0.113 0.248 0.347
TS-1-0.60-443-48 90.3 66.3 403 0.112 0.255 0.329
TS-1-0.60-443-144 86.2 65.3 390 0.110 0.267 0.317

a)SBET: BET surface area; Viyicro: micropore volume; ¥j,oow: volume of hollow cavities; Ios0/Is50: the relative intensity of the absorption peaks at 960 and 550 cm ! inthe
FTIR spectra.
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Fig. 2 SEM images of TS-1 samples before and after TEA treatment

decrease of the BET specific surface areas and the increase  the increase of the TEA concentrations from 0.15 to 1.20
of the volumes of the hollow cavities can be ascribed to the  mol-L ", the V},o110 increases from 0.236 to 0.313 cm?®-g .
dissolution of TS-1 crystals in the basic solution. It is also seen that the Vy,o10w increases with increasing the

It is seen that the Vi increases to varied extent treatment temperature and time. For example, with
with increasing the TEA concentrations. For example, with  increasing the treatment temperature from 433 to 443 K
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Fig. 3 TEM images of TS-1 samples before and after TEA treatment

and then to 453 K, the Von0w first increases remarkably
from 0.256 to 0.265cm’-g ', and then slightly to 0.268
cm®-g'. With the increase of the treatment time from 24 h
to 96 h, the Vyoiow increases from 0.248 to 0.265m*-g™'.
However, the Vioow increases slightly to 0.267 cm?®- g™
with further increasing the treatment time to 144 h. The
explanation for these phenomena is that the increase of the
TEA concentrations, treatment temperature and treatment
time lead to an increase of TS-1 dissolution in the TEA
solution by desilication. The similar conclusions were
reached on the treatment of TS-1 with NaOH in the
literature [33].

The FTIR spectra of TS-1 samples before and after
treatment are given in Fig. 5. All TS-1 samples show the
adsorption bands around 550, 800, 960, 1100 and 1230
cm ', agreeing with the typical FTIR spectra of TS-1 in the
literature [34]. The band at 550 cm™ is assigned to the
vibration of double five-membered ring unit and is
considered as the fingerprint of the MFI structure. The
band at 1230 cm™ is attributed to asymmetrical stretching

vibration of the MFI framework structure. The adsorption
bands at 800 and 1100 cm ' in the FTIR spectra are due to
the symmetrical and antisymmetrical stretching vibration
of [SiO4] units respectively. The appearance of the band at
960 cm™ is still controversial. It is believed that it is due to
the stretching vibration of [SiO4] units strongly influenced
by titanium ions in neighboring coordination sites, which
is a proof of the introduction of the Ti into the framework
[35]. Indeed, a linear relationship between its intensity and
the amounts of the framework titanium was found [36].
The relative intensity (logo//550) of the absorption peaks at
960 and 550 cm™ in the FTIR spectra was employed to
exhibit the amounts of titanium in the framework [36,37].
The Iyeo/I550 values of all samples are given in Table 1. It
can be seen that the log¢//550 ratio decreases appreciably
with increasing the TEA concentrations, e.g., from 0.15 to
1.2mol-L"!, the ratio decreases from 0.343 to 0.302.
However, the [lyg0/l550 ratio decreases slightly with
increasing the treatment temperature and time, e.g., with
the increase of treatment temperature from 433 to 453 K,
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Fig. 5 FTIR spectra of TS-1 samples before and after TEA
treatment

the Iygo/I550 ratio decreases from 0.345 to 0.319, and with
the increase of treatment time from 24h to 144h, it
decreases from 0.347 to 0.317. These phenomena can be
ascribed to the decrease of the amounts of the framework
titanium, which is caused by the dissolution of silica in the
TEA solution, but the titanium is deposited as titanium
oxide.

UV-Vis spectroscopy is a common tool to determine the
coordination of titanium ions in titanium-substituted
zeolites. UV-Vis spectra of TS-1 samples before and
after TEA treatment are presented in Fig. 6. It is clear that,
all of the samples exhibit a strong band centered at 210 nm,
characteristic of the isolated Ti*" atoms in the tetrahedral
coordination [38,39]. For all the treated samples, however,
the absorption band at about 330 nm, which is considered
as the existence of anatase TiO, [40], increases slightly in
its intensity with increasing the treatment temperature and
time, but increases appreciably with increasing the TEA
concentration.

TS-1-0.60-443-144
-1-0.60-443-

1S5-1-0.60-443-24

Intensity

=1-0.30-443-96
S-1-0.15-443-96
TS-1-null

200 250 300 350 400
Wavelength /nm

Fig. 6 UV-Vis spectra of TS-1 samples before and after TEA
treatment

It was reported that the extra-framework Ti of the TS-1
samples treated by TPAOH decreased for the extra-
framework Ti could be recrystallized into the framework
of TS-1 [26,28]. However, the fallen framework titanium
atoms, which are caused by the dissolution of silica during
the TEA treatment, are hard to recrystallize into the
framework because the TEA solution cannot structure-
direct the synthesis of the MFI topology. So the anatase
TiO, species are detected in the TS-1 samples after TEA
treatment.

3.2 Effects of treatment conditions on the epoxidation of
propylene

3.2.1 Effect of the TEA concentrations

TS-1 was treated at 443K for 96h with different
concentrations of TEA (0.15, 0.3, 0.6, and 1.2 mol-L™).
The catalytic properties of these TS-1 samples and TS-1-
null for the epoxidation of propylene were studied, and the
results are shown in Fig. 7. It can be seen that the catalyst
lives of all the treated TS-1 samples increase markedly
compared with that of TS-1-null (27 h). The catalyst life
increases from 40h to 53h by increasing the TEA
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concentrations from 0.15 to 0.6 mol-L! but decreases to
49 h with further increasing the TEA concentration to 1.2
mol-L .
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Fig. 7 Effect of TEA concentrations on the epoxidation of
propylene. Reaction conditions: T= 323 K, P=2.5 MPa, 3.00 g
catalysts, 0.67 em®-s! N,, CH;0H : H,0, : C3Hg : H,O=6.44: 1
:3.06: 6%9 (mol), weight hourly space velocity (WHSV) of H,0,
=0.67h"

3.2.2 Effect of TEA treatment temperature

Figure 8 presents the influence of the treatment tempera-
ture (433, 443 and 453 K) on the epoxidation of propylene,
at the TEA concentration of 0.6 mol-L™ for 96 h. It can be
seen that the catalyst life increases with the increase of the
treatment temperature, e.g., with increasing the treatment
temperature from 433 to 443 K and then to 453 K, the
catalyst life first increases significantly from 41 to 53 h,
and then slightly to 54 h. It has been known from above
that catalyst life is greatly affected by the volumes of the
hollow cavities. With increasing the treatment temperature
from 433 to 443 K, the volume of the hollow cavities
increases remarkably, while it increases slightly to 453 K,
so the catalyst lives exhibit the same trend.

3.2.3 Effect of TEA treatment time

TS-1 was treated at 443 K for different hours (24, 48, 96
and 144 h), at the TEA concentration of 0.6 mol-L™" . The
properties of the obtained catalysts for the epoxidation of
propylene are shown in Fig. 9. It can be seen that the
catalyst life increases with increasing the treatment time.
The catalyst life of TS-1 treated for 24 h is 42 h. With the
increase of treatment time to 96 h, the catalyst life is
appreciably prolonged to 53 h. However, the catalyst life
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Fig. 9 Effect of TEA treatment time on the epoxidation of
propylene. Reaction conditions: T= 323 K, P=2.5 MPa, 3.00 g
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increases slightly to 55 h with further increasing the
treatment time to 144 h. With increasing the treatment
time, more hollow cavities are created in the crystals and
the volumes of the hollow cavities increase, so the catalyst
life increases. It has been known that TS-1-0.6-443-144
has a similar volume of hollow cavities with TS-1-0.6-443-
96, so that these two samples exhibit the similar catalytic
stability.

The mechanism behind the excellent catalytic perfor-
mance of TS-1 can be explained using Scheme 1, as
reported by Clerici [41]. In the reaction media, an
equilibrium exists between methanol solvent and hydrogen
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Scheme 1 Catalytic mechanism of titanium silicalite-1

peroxide. The Ti-OOH species, which is formed by the
interaction between the Ti atom framework and the H,O,
molecule, can form a stable five-membered cyclic structure
with a hydroxyl moiety coordinated on Ti. The stable five-
membered cyclic structure then reacts with propylene to
form PO on the active sites, which are suited in a channel
system of about 0.55 nm average diameter. However, the
repeated catalyzed reaction of by-products with PO leads
to the formation of small amounts of propylene oxide
oligomers within the TS-1 micropores. With increasing the
chain length, the diffusivity of these oligomers decreases
rapidly, until they literally get stuck in the TS-1 pores to
block the access of the reactants to the catalytic centers and
thus deactivate the catalyst [42]. Because the characteriza-
tion results show that only the hollow cavities have been
created after the TEA treatment, it should be these cavities
to lead to the increase of the catalyst life in propylene
epoxidation. With large hollow cavities, the reactants can
diffuse into TS-1 more conveniently, the resistance of the
products diffusing out of TS-1 decreases, and more
propylene oxide oligomers can be removed. As the hollow
cavities are filled with the oligomers, the catalyst activity
decreases gradually. However, the hollow cavities are not
the larger the better for the reaction. A large volume of the
hollow cavities means a heavy damage to the TS-1 crystals
and a considerable loss of the framework Ti species, which
has been demonstrated by the FTIR and UV-Vis results.

4 Conclusions

In conclusion, a lot of hollow cavities are created in the TS-
1 crystals treated with TEA. The volume of the hollow
cavities increases with increasing the TEA concentrations,
treatment temperature and time. Compared with TS-1-null,
the catalyst lives of all the treated TS-1 samples are
improved in the epoxidation of propylene due to the

generation of the hollow cavities. With the increase of the
concentrations of TEA, the catalyst life first increases and
then decreases. With increasing the treatment temperature
and time, the volume of the hollow cavities first increases
obviously and then slightly, so the catalyst life exhibits the
same trend. After the treatment, TEA can be separated
from the treatment solution through distillation and
recycled. The results in this work would be useful for the
industrial production of propylene oxide.
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