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A series of bifunctional Ti-molecular sieves (M-TS-1, M = Al, B, or Fe) containing different trivalent
ions (Al3+, B3+, or Fe3+), with MFI topology, were synthesized using tetrapropylammonium bromide,
silica sol, and n-butylamine as a template, base, and Si source, respectively. The simultaneous pres-
ence of Ti and trivalent ions in lattice positions provided catalysts with activity in both oxidation
and acid-catalyzed reactions. The samples were characterized using X-ray diffraction, Fouri-
er-transform  infrared spectroscopy, ultraviolet-visible spectroscopy, NHs tempera-
ture-programmed desorption, inductively coupled plasma atomic emission spectroscopy, and N:
adsorption-desorption isotherms. The results showed that the numbers and strength of acid sites of
TS-1 were enhanced by the incorporation of trivalent ions. Using selective oxidation of ethylene as
the probe reaction, the catalytic properties of M-TS-1 were investigated. The results showed that
Al-TS-1 and B-TS-1 had better catalytic properties; conversion and utilization of H.0. reached 95%
and 90%, respectively, and the yield of ethylene glycol plus its monomethyl ether was greater than

Selective oxidation 10%.
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1. Introduction

Titanium silicalite-1 (TS-1) was first synthesized by Ta-
ramasso et al. [1] in 1983 and received extensive attention be-
cause it shows excellent performance in selective oxidation
reactions with dilute H202 as the oxidant, requires mild reac-
tion conditions, has high activity and selectivity, and is envi-
ronmentally benign [2-4]. Recently, several studies of the syn-
thesis of zeolites containing both Ti and a trivalent element
(Al3+, Ga3+, Fe3+, or B3+) in MFI structure have been reported
[5-14]. The simultaneous presence of Ti and trivalent elements
in lattice positions provides catalysts that are active in both
oxidation and acid-catalyzed reactions. One class of methods
for the preparation of bifunctional Ti silicalite-1 (M-TS-1)
[5-10] is based on hydrothermal crystallization of a hydrogel

obtained by basic hydrolysis of the respective precursors with
aqueous tetrapropylammonium hydroxide (TPAOH). Bellussi et
al. [5] have synthesized Al-TS-1, Ga-TS-1, and Fe-TS-1 using
hydrothermal synthesis. The resulting materials exhibited high
activity in the epoxidation of 1-butene, hydroxylation of phenol,
and oligomerization of 1-octene, indicating that the acidity of
the zeolite is enhanced by the incorporation of trivalent ions.
Trong On et al. [6,9] have synthesized B-TS-1 by in-situ incor-
poration of B3+ and Ti** ions into the MFI structure during hy-
drothermal synthesis. The bifunctional catalyst effectively cat-
alyzes the epoxidation of 1-hexene and 1-octene, followed by
ring opening of the epoxide through hydrolysis and solvolysis
reactions. Another class of methods for M-TS-1 preparation
[11-14] is based on wetness impregnation of amorphous
M203-Ti02-SiO2 (M = Al or Fe) solids with TPAOH solution and
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subsequent crystallization under autogenous pressure. Ovejero
et al. [13] synthesized Al-TS-1 by wetness impregnation of
amorphous Al203-TiO2-Si0z solids. Al-TS-1 showed high activity
for n-hexane oxidation and methanol/tert-butyl alcohol etheri-
fication, suggesting that the catalyst is active in both oxidation
and acid-catalyzed reactions. However, the two classes of
methods for M-TS-1 preparation mentioned above use expen-
sive TPAOH as the template, and the synthesis requires strin-
gent conditions (alkali-free TPAOH solutions).

Recently, we successfully prepared Al-TS-1 using tetraprop-
ylammonium bromide (TPABr), silica sol, and n-butylamine
(NBA) as a template, silica source, and base, respectively [15].
Both the number of acid sites in TS-1 and the site acidity were
enhanced by the incorporation of Al3+. Al-TS-1 exhibited high
catalytic activity in the selective oxidation of ethylene to eth-
ylene glycol (EG) using a mixed solvent consisting of methanol
and water. In this work, the synthesis, characterization, and
catalytic properties of M-TS-1 (M = Al, B, or Fe) in the selective
oxidation of ethylene were further studied.

2. Experimental
2.1. Preparation of M-TS-1

M-TS-1 was prepared using a previously reported method
[15] from colloidal silica (30%, Qingdao Hengshengda Chemical
Co., Ltd), tetrabutyl orthotitanate (TBOT, AR, Chengdu Kelong
Chemical Reagent Factory ), AI(NO3)3-9H20 (99.0%, Guangdong
Guanghua Chemical Factory Co., Ltd), H3BO3 (99.5%, Shantou
Guanghua Chemical Factory), and Fe(NO3)39H20 (98.5%,
Guangdong Guanghua Chemical Factory Co., Ltd) as the sources
of Si, Ti, Al, B, and Fe respectively. TPABr (99.0%, Jintan
Southwest Chemical Institute) was used as the template, and
NBA (AR, Chengdu Kelong Chemical Reagent Factory) was used
as the base.

21.1. B-TS-1

In a typical synthesis, 12.8 g of TPABr and 92.7 g of silica sol
(30%) were dissolved in 142 g of deionized water; the resulting
mixture was denoted by solution 1. Also, 4.61 g of TBOT were
dissolved in 6.4 g of aqueous H202 solution (30%), and 20.7 g of
NBA were added (solution 2). Then solution 2 was slowly add-
ed to solution 1 under vigorous stirring, followed by dropwise
addition of 0.082 g of H3BO3 dissolved in 50 g of deionized wa-
ter. The molar composition was Si02:xB203:0.03Ti02:0.6NBA:
0.1TPABr:30H20, where 1/x = 200-800. Finally, 1.2 g of TS-1
powder were added as seeds. After stirring at 333 K for 2 h to
accelerate hydrolysis and evaporate the alcohol, the gel was
transferred to a Teflon-lined autoclave and heated at 448 K
under autogenous pressure for 72 h. Finally, the solid product
was recovered by centrifugation, washed with distilled water,
dried overnight at 373 K, and calcined at 823 K for 5 h. A refer-
ence TS-1 zeolite was also prepared using the synthesis proce-
dure described above but omitting the H3BO3 addition step.

2.1.2. Fe-TS-1
The Fe-TS-1 molecular sieve was synthesized using a gel

with  composition  SiO2:xFe203:0.03Ti02:0.6NBA:0.1TPABr:
30H20, where 1/x = 300-1000. A typical preparation was simi-
lar to that of B-TS-1, the only difference being that a solution
containing 0.519 g of Fe(N03)3-9H20 in 50 g of deionized water
instead of H3BOs solution was added dropwise after addition of
solution 2 to solution 1.

213 AI-TS-1

The Al-TS-1 catalyst was synthesized using a gel with com-
position  Si02:0.002A1203:0.03Ti02:0.6NBA:0.1TPABr:30H:20.
The preparation was similar to that of B-TS-1, the only differ-
ence being that a solution of 0.689 g of AI(NO3)3-9H20 in 50 g of
deionized water instead of H3BOs3 solution was added dropwise
to solution 1 before solution 2 was added.

2.2. Characterization of M-TS-1

The samples were characterized using X-ray diffraction
(XRD; Philips X’PERT, Cu K. radiation), Fourier-transform in-
frared (FT-IR) spectroscopy (Nicolet MX-1E 560, KBr pellet
technique), and ultraviolet-visible (UV-Vis) spectroscopy
(TU-1091 spectrometer, BaSOs+ as reference). The chemical
compositions of the samples were determined using inductive-
ly coupled plasma atomic emission spectroscopy (ICP-AES;
Perkin-Elmer Optima DV  2000). Nitrogen adsorp-
tion-desorption isotherms were obtained on a Micromeritics
ASAP 2420 instrument. Samples were degassed at 473 K under
vacuum overnight prior to the measurements. NH3 tempera-
ture-programmed desorption (NHs3-TPD) measurements were
performed in a fixed-bed reactor connected to a thermal con-
ductivity detector (GC 2000II). The sample (about 100 mg) was
initially activated at 673 K for 1 h in an ultrahigh-purity Ar flow
(25 ml/min). It was then cooled to 373 K and pure NHs (20
ml/min) was adsorbed for 1.5 h. The sample was then flushed
with pure Ar (25 ml/min) for 1 h at 373 K. The NH3-TPD curves
of the samples were obtained by increasing the temperature
from 373 to 873 K at a ramp rate of 10 K/min under a pure Ar
flow of 25 ml/min.

2.3. Catalysis tests for selective oxidation of ethylene

The selective oxidation of ethylene with dilute H202 was
carried out at 333 K in a stainless-steel autoclave reactor. In a
typical run, 4.0 g of calcined catalyst, 40.0 ml of about 30%
H202, 50 ml of water, and 150 ml of methanol were fed into the
stainless-steel autoclave reactor. Then ethylene was charged at
a constant pressure (0.7 MPa). After heating the mixture at 333
K under agitation for a certain period, the residual H202 was
checked by iodometric titration. The reaction products were
analyzed using a gas chromatograph (Shanghai Techcomp In-
strument Co., Ltd, GC 7890F chromatograph, SE-54, capillary
column 15 m x 0.25 mm) equipped with a flame ionization
detector using acetonitrile as the internal standard. The GC
analysis conditions were as follows: the column box tempera-
ture was 343 K, the gasification chamber temperature was 493
K, and the detector temperature was 493 K. EG and its
monomethyl ether (MME) were the main products. The reac-
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tion results are reported using the following criteria:

X(H202) = [no(H202) — n(H202)]/no(H202) x 100%
U(H202) = [n(EG) + n(MME)]/[no(H202) x X(H202)] x 100%
S(EG) = n(EG)/[n(EG) + n(MME)] x 100%

S(MME) = n(MME)/[n(EG) + n(MME)] x 100%
where X(H202), U(H202), S(EG), and S(MME) are the H202 con-
version, the utilization of H20z, the selectivity for EG, and the
selectivity for MME, respectively. The moles of EG and MME are
represented by n(EG) and n(MME), respectively; no(H202) and
n(Hz02) are the initial and final molar contents of H202, respec-

tively.

3. Results and discussion
3.1. Characterization results of M-TS-1

Table 1 lists the physicochemical properties of the TS-1 and
M-TS-1 catalysts. The TS-1 contains a trace amount of Al from
the silica sol used as the silicon source. Both Al and Ti were
incorporated into the TS-1 framework [16,17]. The trivalent
elements and Ti contents of the TS-1 and M-TS-1 are lower
than those of the initial gel, indicating that not all the Al3+, B3+,
Fe3+, and Ti%* are involved in the crystallization process
[5,7,11]. The Brunauer-Emmett-Teller (BET) surface areas and
micropore volumes of the TS-1 zeolite change little upon in-
corporation of trivalent ions, indicating that the pore structure
is well preserved.

Figure 1 shows the XRD patterns of the TS-1 and M-TS-1.
The samples show the characteristics of MFI topology without
an impure phase, indicating that the incorporation of trivalent
elements does not destroy the zeolite structure.

Table 1
Physicochemical properties of TS-1and M-TS-1 zeolites.
Gel Zeolite Ager  Vmicropore NH3
Sample — - PP —
Si/Ti Si/M  Si/Ti Si/M (m?/g) (cm?/g) (mmol/g)
TS-1 33.3 oo 36,5 3931 399.0 0.11 0.13

Al-TS-1 333 2520 421 4345 3959 0.11 0.21
B-TS-1 333 3500 509 364.0 389.1 0.11 0.17
Fe-TS-1 333  360.0 51.1 3754 3903 0.11 0.19
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Fig. 1. XRD patterns of TS-1 and M-TS-1. (1) TS-1; (2) Al-TS-1 (Si/Al =
252); (3) B-TS-1 (Si/B = 350); (4) Fe-TS-1 (Si/Fe = 360).
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Fig. 2. FT-IR spectra of TS-1 and M-TS-1. (1) TS-1; (2) Al-TS-1 (Si/Al =
252); (3) B-TS-1 (Si/B = 350); (4) Fe-TS-1 (Si/Fe = 360).

Figure 2 shows FT-IR spectra of TS-1 and M-TS-1. The sam-
ples show a characteristic peak at about 960 cm-1, attributed to
the Si-O vibration in the 03Si-O-Ti structure, which indicates
that Ti was incorporated into the zeolite framework [18].

Figure 3 shows the UV-Vis spectra of TS-1 and M-TS-1. The
samples exhibit a main absorption band at about 220 nm, at-
tributed to isolated Ti(IV) species, and another band at
270-280 nm, attributed to Ti** ions octahedrally coordinated
with two H20 molecules in the coordination sphere, or small
hydrated oligomeric TiOx species [19]. There is also a weak
peak at about 330 nm from extra-framework Ti oxide [20],
indicating that some extra-framework Ti species are systemat-
ically generated in the presence of trivalent ions [7]. These re-
sults are in good agreement with the ICP-AES analysis (Table
1).

The acidity of the TS-1 and M-TS-1 catalysts was studied
using NHs-TPD, and the profiles are shown in Fig. 4. An NH3
desorption peak at about 444.1 K was observed for TS-1, and
its NH3 adsorption capacity was 0.13 mmol/g (Table 1), indi-
cating that TS-1 prepared in this study had weak acid sites
[16,17]. When additional trivalent ions (Al3+, B3+, or Fe3+) were

4
©)
@

Absorbance

@)
Il Il Il Il Il

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 3. UV-Vis spectra of TS-1 and M-TS-1. (1) TS-1; (2) Al-TS-1 (Si/Al =
252); (3) B-TS-1 (Si/B = 350); (4) Fe-TS-1 (Si/Fe = 360).
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Fig. 4. NHs-TPD profiles of TS-1 and M-TS-1. (1) TS-1; (2) Al-TS-1 (Si/Al
= 252); (3) B-TS-1 (Si/B = 350); (4) Fe-TS-1 (Si/Fe = 360).

introduced, the intensity of the peak at about 444.1 K increased
significantly, and a small broad desorption peak (at 677.4 K for
B-TS-1 and Fe-TS-1, and at 701.9 K for Al-TS-1) appeared. The
order of the acid strengths was TS-1 < B-TS-1 < Fe-TS-1 <
Al-TS-1 (Table 1), which is in consistent with the results for the
FT-IR spectra of adsorbed pyridine [7]. These results indicated
that the amounts and strength of the acid sites of TS-1 were
both enhanced by introducing trivalent ions during prepara-
tion.

It is widely accepted that substitution by trivalent ions such
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as A3+ and B3+ or transition-metal ions such as Fe3+ can occur
in many minerals. In contrast to most silicates, isomorphous
substitution in a zeolite can only take place at tetrahedral sites
[6]. It was reported that most of the trivalent ions (Al3+, B3+, and
Fe3+) were essentially incorporated into the TS-1 framework in
tetrahedral environments [5,7-13].

3.2. Catalytic properties of M-TS-1

Figure 5(a) shows the results of selective oxidation of eth-
ylene with dilute H202 over B-TS-1 with different B contents.
When the SiO2/B203 molar ratio decreased from 800 to 700,
the H202 conversion and EG and MME selectivity changed little,
but the H202 utilization and the yield of EG plus MME increased
significantly. When the SiO2/B203 molar ratio decreased from
700 to 500, the H202 conversion and EG and MME selectivity
changed little, and the H20: utilization and the yield of EG plus
MME decreased slightly. On further decreasing the Si02/B203 to
200, the H202 conversion and EG and MME selectivity changed
little, but the H202 utilization and the yield of EG plus MME
decreased significantly. These results indicate that when an
excess of B is introduced, the degree of H202 decomposition is
enhanced [8,9]. B-TS-1 (SiO2/B203 = 350) should therefore be
an appropriate catalyst.

Figure 5(b) shows the results of selective oxidation of eth-
ylene with dilute H202 over Fe-TS-1 with different Fe contents.
When the Si02/Fe203 molar ratio decreased from 1000 to 720,
the H202 conversion and EG and MME selectivity changed little,
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Fig. 5. Selective oxidation of ethylene with dilute H202 over B-TS-1 with different B contents (a) and over Fe-TS-1 with different Fe contents (b). Reac-
tion conditions: ethylene pressure 0.7 MPa, H202 1.7 mol/L, catalyst 17.2 g/L, methanol/water (molar ratio 0.8) mixed solvent, 333 K, 8 h.
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but the H202 utilization and the yield of EG plus MME increased
significantly. On further decreasing the SiOz2/Fe203 molar ratio,
the H202 conversion and EG and MME selectivity changed little,
but the H20: utilization and yield of EG plus MME began to de-
crease. When the SiO2/Fe203 was 720, Fe-TS-1 gave a relatively
good catalytic performance.

In the selective oxidation of ethylene with dilute H202 over
Al-TS-1 (Si/Al = 252) using the mixed solvent methanol and
water, the conversion and utilization of H202 were 98.3% and
92.3%, respectively, and the yield of EG plus MME was 10.1%.
Investigation of the catalytic performance of Al-TS-1 (Si/Al =
252) and B-TS-1 (Si/B = 350) showed that they had high cata-
lytic activity and selectivity. The conversion and utilization of
H202 reached 95% and 90%, respectively, and the yield of EG
plus MME was above 10%. However, Fe-TS-1 (Si/Fe = 360)
exhibited poor catalytic selectivity because of its strong ability
to decompose H202 [5].

3.3.  Reaction mechanism

To study the relation between H202 decomposition and se-
lective oxidation of ethylene, a blank experiment was conduct-
ed. The conversion of H202 was 14.6%, and H20: utilization and
the yield of EG plus MME were zero. Comparing the results of
the blank experiment with those using M-TS-1, it could be con-
cluded that H202 decomposition and selective oxidation of eth-
ylene are competing reactions. In the cases of Al-TS-1 and
B-TS-1, the effect of trivalent ions on H202 decomposition could
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be neglected, but this was not consistent with results reported
in the literature [5,8,9].

Figure 6(a) shows the effect of reaction time on the selective
oxidation of ethylene over Al-TS-1. It can be seen that the yield
of EG plus MME and the conversion and utilization of H202 in-
creased linearly with increasing reaction time (from 1 to 4 h).
On further prolonging the reaction time, the yield of EG plus
MME and the conversion and utilization of H202 changed little.
The selectivity for MME and EG remained constant with in-
creasing reaction time (Fig. 6(a)). Moreover, one can clearly see
that the MME selectivity was about twice that for EG for all
reaction time. An appropriate reaction time was therefore 4 h.

Figure 6(b) shows the effect of reaction time on the selective
oxidation of ethylene over B-TS-1. On prolonging the reaction
time from 1 to 4 h, the yield of EG plus MME and the conversion
and utilization of H202 increased linearly. When the reaction
time was increased to 7 h, the yield of EG plus MME and the
conversion and utilization of H202 increased slightly. When the
reaction time was prolonged further, the H20: conversion
changed little, but H202 utilization and the yield of EG plus MME
began to decrease. The selectivity for MME and EG was con-
stant for all reaction time (Fig. 6(b)). Moreover, one can clearly
see that the MME selectivity was about twice that for EG for all
reaction time; this was similar to the case for Al-TS-1. The ap-
propriate reaction time was therefore 7 h, which is longer than
that for Al-TS-1. The discrepancy between the optimum reac-
tion time might be caused by the different physicochemical
properties of the trivalent ions [7].
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Fig. 6. Effect of reaction time on selective oxidation of ethylene over Al-TS-1 (Si/Al = 252) (a) and B-TS-1 (Si/B = 350) (b). Reaction conditions were

the same as those in Fig. 5.
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Scheme 1. Proposed model of M-TS-1 (M = Al or B) as a bifunctional
catalyst for ethylene epoxidation and subsequent ring-opening process.

In the ethylene epoxidation and subsequent ring-opening
process, if the hydrolysis and methanolysis of ethylene epoxide
are slow reactions, then oxirane would be one of the final
products; however, we did not detect oxirane using GC. The
solvolysis of oxirane was therefore fast, and the ethylene epox-
idation step was the slow and rate-determining step. As a result
of the hydrophobic character of TS-1, methanol approaches Ti
sites more readily than water does, leading to the formation of
more stable five-membered-ring intermediates [21]. In addi-
tion, because of the stronger nucleophilicity of the alcohol
compared with water [22], methanolysis of oxirane was easier
than hydrolysis. The MME selectivity was therefore higher than
that for EG for all reaction time. Because the epoxide immedi-
ately reacted with active acid sites in M (Al or B) to solvolyze
oxirane, the trivalent ions (Al3+ or B3+) incorporated into the
framework of TS-1 would effectively be located close to Ti ac-
tive sites. On the basis of these results, a model of the bifunc-
tional oxidative and acidic catalytic system for consecutive
reactions of ethylene to MME and EG is proposed and is shown
in Scheme 1 [15].

4. Conclusions

M-TS-1 was prepared by introducing a trivalent ion into the
TPABr-NBA system. M-TS-1 was active in both oxidation and
acid-catalyzed reactions. Characterization using various tech-
niques showed that trivalent ions were incorporated into the
TS-1 framework, and the MFI structure was well preserved in
M-TS-1. The introduction of trivalent ions into the framework

of the TS-1 zeolite resulted in increases in the numbers and
strength of the acid sites; the order of the acid strength was
TS-1 < B-TS-1 < Fe-TS-1 < Al-TS-1. The oxidative and ac-
id-catalyzed activity was adjusted by introducing different
concentrations of trivalent elements into the zeolite frame-
work. Al-TS-1 (Si/Al = 252) and B-TS-1 (Si/B = 350) exhibited
higher catalytic activity in the selective oxidation of ethylene;
the conversion and utilization of H202 reached 95% and 90%,
respectively, and the yield of EG plus MME reached 10%. These
values are comparable to those achieved in current industrial
processes for EG production. Finally, a model of M-TS-1 as a
bifunctional catalyst for ethylene epoxidation and a subsequent
ring-opening process was proposed.
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SIANBIMFIZ TR B 48, 15 21 R i B A S A R 1 4k v 11 I XU T REERRE 4> T IRM-TS-1 (M = Al, BEkFe). Bk X5 264 K AT
W BRI AN . AN AT LIS R R . R TR . AR A TR R T R S T RN IR B - B B TR 2R T
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HIfEALERE. 45 R, AI-TS-1FIB-TS-17E Z M IR E AV KI5 B2 TF PRV AR S5 B b 2R B H 5w R AL I B, HLO, [ 35 AL R 7E95%
DAL, H OB K F-90%, 2 —-WEAl 2, — 5 o Ik ) S iR Ak 10% L .

KRR EREES TR AR B Bk UTHAREMEALR, o0, SR

Wfe B #A: 2013-01-31. #: % H #A: 2013-03-27. i Bt H #7: 2013-07-20.
*H Bk A AL Wi (028)85226215; 1% E: (028)85223978; H,F 1= 44: xm.zhang@cioc.ac.cn
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2.1.1. B-TS-1H9& A
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