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The preparation of titanium silicalite-1 (TS-1) containing Al (Al-TS-1) and its catalytic oxidation
properties were investigated systematically. The features of Al-TS-1 were characterized using X-ray
diffraction, ultraviolet-visible spectroscopy, inductively coupled plasma atomic emission spectros-

Published 20 June 2013 copy, #’Al magic-angle spinning and 2°Si magic-angle spinning nuclear magnetic resonance spec-

troscopies, and scanning electron microscopy. The results showed that incorporation of Al into the
Keywords: TS-1 framework influences the amount of framework Ti in Al-TS-1. However, when the Al/Si ratio is
AL-TS-1 zeolite lower than 0.005, the amount of framework Ti in Al-TS-1 is hardly affected. Neither the Al centers
Synthesis nor the Ti centers in the Al-TS-1 framework influence the acidic catalytic and catalytic oxidation
Epoxidation performance. Al in the Al-TS-1 framework suppressed desilication of silica species adjacent to
Desilication framework Ti species in Al-TS-1 in a basic catalytic system, so Ti active sites in the Al-TS-1 frame-
Ammoximation work could be protected.
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1. Introduction

Titanium silicalite-1 (TS-1) is obtained by partial isomor-
phous substitution of Si in S-1. Since it was first reported in
1983 [1], it has been widely used in various organic catalytic
processes using hydrogen peroxide as a mild oxidant [2-4]. It
has been reported that the catalytic activity of TS-1 is attribut-
able to the framework Ti species in the TS-1/H202 system. The
framework tetrahedral Ti#+ ions interact with H202 to form
active intermediates, and then active oxygen is transferred to
the substrate to form the corresponding oxide [2,3,5-7]. The
physicochemical properties of TS-1 such as the coordination
states of Ti species, surface acidity, hydrophobicity, and incor-
poration of heteroatoms into the TS-1 framework play a crucial
role in its catalytic properties. Recently, many heteroatoms
such as Al, B, and Fe have been incorporated into the TS-1

framework to form bifunctional catalysts [8-12]. In particular,
Al-TS-1, with Al incorporated into the TS-1 framework, which
has Bronsted acid sites, is a promising and excellent catalyst for
the bifunctional catalysis of acidic reactions/oxidations such as
alcohol etherification reactions [13-15]. However, the presence
of Bronsted acid sites could result in side reactions of the oxide
in the oxidation reaction [16-19].

It is worth noting that the main interest is the effect of
framework Al and Ti atoms in the Al-TS-1 zeolite on the cata-
lytic properties. Thangaraj et al. [9] reported that the low
acitvity in hydroxylation reactions was related to decomposi-
tion of H202 as a result of the presence of Al in Al-TS-1, but it
exhibited similar activity to that of ZSM-5 in m-xylene isomeri-
zation reactions. It is concluded that Ti in Al-TS-1 does not in-
fluence the acid catalytic properties, but the presence of Al de-
creases its catalytic performance in oxidation reactions.
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Ovejero et al. [15] thought that the catalytic oxidation activity
increased because the presence of Al changed the surface hy-
drophobicity when the Al/Si ratio in Al-TS-1 was 0.70. It is
therefore not clear whether the framework Al influences the
catalytic oxidation of framework Ti. We have therefore studied
the synthesis of Al-TS-1, and performed a detailed study of the
physicochemical properties and catalytic oxidation perfor-
mance of Al-TS-1. The study showed that the framework Al
species in Al-TS-1 have no influence on the catalytic oxidation
properties originating from framework Ti, and vice versa. It
was also found that the presence of Al inhibits desilication ad-
jacent to framework Ti species in the ammoximation of cyclo-
hexanone catalyzed by Al-TS-1. In addition, our study may pro-
vide information for designing highly stable TS-1 zeolites in
basic reaction systems.

2. Experimental
2.1. Preparation and characterization of Al-TS-1

Al-TS-1 samples with different Al contents were synthesized
using a hydrothermal method [20,21]. First, a specific amount
of aluminum isopropoxide [AIP, analytical reagent (AR) grade;
Sinopharm Chemical Reagent Co. Ltd] was added to
tetrapropylammonium hydroxide (TPAOH, 25 wt%, industrial
product) aqueous solution. This was followed by the slow addi-
tion of a mixture of tetraethoxysilane (TEOS, AR; Sinopharm
Chemical Reagent Co., Ltd.) and tetrabutyl titanate (TBOT, AR;
Shanghai LingFeng Chemical Reagent Co., Ltd.). The resulting
mixture was crystallized at 170 °C for 48 h after hydrolyzing
and removing the alcohol. The product was separated by filtra-
tion, washed with distilled water, dried overnight, and calcined.
The molar ratios of the raw materials were TEOS:TBOT:AIP:
TPAOH:H20 = 1:0.0167:(0.001-0.0167):0.18:18.

Synthesis of TS-1: except for the addition of AIP, the proce-
dure was the same as that for Al-TS-1.

The crystalline phase was determined using X-ray diffrac-
tion (XRD; Bruker D8 ADVANCE; Cu K« radiation, scanned area
26 = 5°-35°). The Ti coordination states of the catalysts were
investigated using ultraviolet-visible (UV-Vis) spectroscopy
(Shimadzu UV-2550, BaSO4 as the reference). The Al and Si
coordination states of the catalysts were determined using
magic-angle spinning nuclear magnetic resonance (MAS NMR)
spectroscopy. The Ti and Al contents were measured using
inductively coupled plasma atomic emission spectroscopy
(ICP-AES; Thermo IR ISIntrepid II). The morphologies and sizes
of the crystallites were determined using high-resolution
field-emission scanning electron microscopy (SEM; Hitachi
S-4800).

2.2. Epoxidation of 1-hexene

The liquid-phase epoxidation of 1-hexene with H202 was
carried out at 60 °C for 2 h, with stirring, in a batch reactor con-
sisting of a round-bottomed flask (50 ml) equipped with a
condenser. The reaction mixture was as follows: 0.05 g of cata-
lyst, 10 ml of methanol as solvent, 10 mmol of 1-hexene, and 10

mmol of H202 (~30 wt% aqueous solution) as the oxidant. The
product was analyzed using gas chromatography (GC; Agilent
GC7890A gas chromatograph equipped with a 30 m x 320 um x
0.25 um DB-WAX capillary column). The amount of uncon-
verted H202 was determined by titrating with 0.05 mol/L
Ce(S04)2 aqueous solution.

2.3.  Ammoximation of cyclohexanone

The liquid-phase ammoximation of cyclohexanone was
conducted in a similar manner, except that the H202 was added
within 90 min at a constant speed. The reaction conditions
were as follows: 75 °C, 2 h, 0.45 g of catalyst, 10 ml of tert-butyl
alcohol aqueous solution (tert-butyl alcohol, AR, 85 wt%) as
solvent, 30 mmol of cyclohexanone (AR), 51 mmol of NH3-H20
(AR, 25 wt%), and 33 mmol of H202 (~30 wt% aqueous solu-
tion). The product was analyzed on an Agilent GC7890A GC
equipped with a 30 m x 320 pm x 0.25 pum DB-WAX capillary
column.

3. Results and discussion
3.1. Synthesis and characterization

31.1. XRD

Figure 1 shows the XRD patterns of Al-TS-1 with different
Al/Si ratios. All the samples exhibit the typical diffraction peaks
of an MFI-type structure. The relative crystallinities of all the
Al-TS-1 samples are almost the same, so incorporation of Al
into TS-1 has no influence on the crystallization of Al-TS-1 [14].

3.1.2. UV-Vis spectra

The Ti coordination state of Al-TS-1 was investigated using
UV-Vis spectroscopy (Fig. 2). The bands at 210, 260, and 330
nm demonstrate that the Ti atoms exist in a tetrahedral coor-
dination in the zeolitic framework, octahedral Ti species, and
anatase, respectively [22]. There is a strong band at 210 nm for
all the AI-TS-1 samples, in accordance with the literature
[11,15]. It is worth noting that the peak intensity at 210 nm of
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Fig. 1. XRD patterns of Al-TS-1 with different Al/Si ratios. (1) 0.0167;
(2) 0.01; (3) 0.005; (4) 0.002; (5) 0.001; (6) O.
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Fig. 2. UV-Vis spectra of Al-TS-1 (Si/Ti = 60) with different Al/Si ratios.
(1) 0.0167; (2) 0.01; (3) 0.005; (4) 0.002; (5) 0.001; (6) 0.

Al-TS-1 with Al/Si > 0.005 is lower than that of Al-TS-1 with
Al/Si < 0.005, even in normal TS-1 (Si/Ti = 60) samples; that s,
the amount of framework Ti species in Al-TS-1 is related to the
amount of framework Al species in Al-TS-1. In addition, anatase
was found both in Al-TS-1 and TS-1 samples, and they also have
the similar peak pattern. Consequently, we can conclude that
the incorporation of Al into Al-TS-1 does not affect the distribu-
tion of framework Ti species in Al-TS-1.

3.1.3. ICP-AES

Figure 3 shows the Ti/Si and Al/Si ratios of Al-TS-1 synthe-
sized with different Al/Si ratios, and same Si/Ti ratios (Si/Ti =
60 in raw material) measured by ICP-AES. The results indicate
that the Ti/Si ratio in Al-TS-1 is nearly the same as that in nor-
mal TS-1 when the Al/Si ratio is lower than 0.005, i.e., Al hardly
influences the insertion of Ti into Al-TS-1. When the Al/Si ratio
is higher than 0.005, the Ti/Si ratio decreases with increasing
Al content, which shows that the insertion of Al inhibits Ti in-
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Fig. 3. Ti/Si and Al/Ti ratios of Al-TS-1(Si/Ti = 60) synthesized with
different Al/Si ratios.

sertion into the zeolitic framework. However, the Al/Si ratio
increases linearly with increasing Al content because incorpo-
ration of Al into the MFI-type framework is easier than inser-
tion of Ti. During the synthesis of Al-TS-1 at high Al contents, Al
and Ti atoms compete for insertion into the Al-TS-1 framework.
Too much framework Al species may prohibit incorporation of
Ti into the Al-TS-1 framework, thus the Ti/Si ratio of Al-TS-1 is
lower, as shown by the UV-Vis results [11,15].

314 SEM

Figure 4 shows the SEM images of Al-TS-1 (Si/Ti = 60) syn-
thesized with different Al/Si ratios. All the AI-TS-1 samples
have an ellipsoid morphology similar to that of TS-1, but the
particle size of Al-TS-1 is much larger than that of normal TS-1,
The particle size of Al-TS-1 increases with the increase of Al. It
is worth noting that the morphology of Al-TS-1 undergoes a
significant change. The morphology of Al-TS-1 presents obvi-
ous agglomeration of small particles at high Al content, which
shows that the presence of Al in the synthesis is beneficial to
the formation of nuclei. These results are in agreement with
those of Melero et al. [14] and Serrano et al. [23] regarding the
effect of Al atoms on crystallization.

Fig. 4. SEM images of Al-TS-1 (Si/Ti = 60) synthesized with different Al/Si ratios. (a) 0.0167; (b) 0.01; (c) 0.0025; (d) 0.001; (e) 0.
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Fig. 5. 27A1 MAS NMR (a) and 2°Si MAS NMR (b) spectra of Al-TS-1 (Si/Ti
= 60) synthesized with different Al/Si ratios. (1) 0.0167; (2) 0.002; (3)
0.001; (4) 0.

3.1.5. 27Al and 29Si MAS NMR

Figure 5(a) shows the 27Al MAS NMR spectra of Al-TS-1
(Si/Ti = 60) synthesized with different Al/Si ratios. Normally,
the signal at § = 50 is associated with Al atoms in tetrahedral
environments in the framework, and the signal at § = 0 is as-
signed to extra-framework Al species [15]. Figure 5(a) shows
that all the Al-TS-1 samples have a similar tetrahedral coordi-
nation state belonging to Al in the framework; that is, Al atoms
can be inserted into Al-TS-1 framework more easily than Ti
atoms can [11,15]; this is in good agreement with the ICP-AES
results. The 29Si MAS NMR spectra of Al-TS-1 (Si/Ti = 60) sam-
ples synthesized with different Al/Si ratios and normal synthe-
sized TS-1 (Si/Ti = 60) are depicted in Figure 5(b). The spectra
clearly exhibits two broad features associated with Q3 (6 =
-95.0 to -104.0) and Q* (6 = -104.0 to -115.0). The peaks in
the Q3 region arise from a silanol group with three T-O-T (T is
Ti or Si) groups, and those in the Q* region are attributed to Si
connected to four T atoms by O atoms. Therefore, Si species in
Al-TS-1 and TS-1 exist mainly in the form of Q* state. Further-
more, the amount of Al in Al-TS-1 is hardly related to the coor-
dination state of Si in the framework. Al-TS-1 samples with
different Al contents have similar hydrophobicities with TS-1
when they have the same Ti contents by analyzing Q3 form.

3.2. Catalytic activity of AI-TS-1

3.2.1. Epoxidation of 1-hexene

Figure 6 shows the catalytic oxidation performances of
Al-TS-1 samples synthesized with different Al/Si ratios in the
epoxidation of 1-hexene. Besides 1,2-epoxyhexane, the final
products also include the alcohol ether produced by acid catal-
ysis with the solvent. However, we did not detect
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Fig. 6. Catalytic oxidation performance of Al-TS-1 synthesized with
different Al/Si ratios in epoxidation of 1-hexene.

1,2-hexanediol, which is the product of 1,2-epoxyhexane re-
acted with Hz0 in the existence of acid site. We consider that
alcoholysis can proceed more easily than hydrolysis [16,24].

It can be demonstrated that the conversion of 1-hexene for
all the samples was nearly invariant when Al/Si < 0.005. How-
ever, the conversion of 1-hexene decreased slightly with in-
creasing Al content in Al-TS-1 when the Al/Si ratio was higher
than 0.005. This is because there are relatively small numbers
of Ti species in Al-rich Al-TS-1. However, the turnover numbers
(TON) of 1-hexene obtained over all the samples were high in
each case, as well as the effective use of H202. This shows that
the presence of Al in the framework does not influence the cat-
alytic oxidation performance catalyzed by Ti active sites. Li et
al. [19] have studied the effect of Al impurities on the epoxida-
tion of propylene with TS-1. If a small amount of base is added
to the TS-1 framework, side reactions can be inhibited and the
propylene epoxide selectivity increases significantly. Therefore,
although Al atoms have an effect on the incorporation of Ti into
Al-TS-1 when the Al content exceeds a certain amount, frame-
work Al species do not influence the catalytic oxidation per-
formance originated by the Ti active sites. This is different from
some of the results reported in the literature [9,15]. Thangaraj
et al. [9], thought that Al species lead to decomposition of H202.
However, the real reason may be that the amounts of ex-
tra-framework Ti species resulted in decomposition of H20x2.
This is because Ti species cannot totally insert into the frame-
work, and some extra-framework Ti species are present when
Si/Ti = 24 and Si/Al = 45. However, Ovejero et al [15], believed
that the presence of Al in Al-TS-1 samples modifies the activity
for oxidation compared with that in TS-1, with an optimum
Al/Ti molar ratio of ca. 0.7; this seems to be related to changes
in the hydrophilic/hydrophobic characters of the samples.
However, we can conclude that Al-TS-1 with various Al con-
tents and TS-1 have similar hydrophilic/hydrophobic charac-
ters from the results in Fig. 5(b), so the catalytic oxidation per-
formance cannot be influenced greatly. The framework Al spe-
cies therefore do not affect the catalytic oxidation performanc-
es of Ti centers in catalytic oxidation using Al-TS-1.

For the acid catalysis of Al-TS-1, originating from Al in the
framework, the selectivity for the alcohol ether increased with
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Fig. 7. Catalytic oxidation performances of Al-TS-1 synthesized with
different Al/Si ratios in ammoximation of cyclohexanone.

increasing Al content, whereas the selectivity of
1,2-epoxyhexane decreased. This shows that the presence of Ti
in Al-TS-1 has no influence on its acidic catalytic performance,
which is in accord with a previous report [9].

3.2.2. Ammoximation of cyclohexanone catalyzed by Al-TS-1

3.2.2.1. Initial activity

Figure 7 shows the catalytic properties of Al-TS-1 synthe-
sized with different Al/Si ratios in the ammoximation of cyclo-
hexanone. The conversion of cyclohexanone and the selectivity
for cyclohexanone oxime are the same for all the Al-TS-1 sam-
ples. This shows that incorporation of Al into the TS-1 frame-
work has no influence on the catalytic properties catalyzed by
Ti active sites. This has the same conclusion as that reached for
epoxidation of 1-hexene. This is because excess NH3 in the lig-
uid system neutralizes the Bronsted acid sites originating from
framework Al species [19], so the catalytic oxidation perfor-
mance of Al-TS-1 stays well.

3.2.2.2. Reusability of AI-TS-1 for ammoximation of
cyclohexanone

Figure 8 shows the reusability of AI-TS-1 in the ammoxima-
tion of cyclohexanone when Si/Al = 100 and Si/Ti = 60. Al-TS-1
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Fig. 8. Reusability of Al-TS-1 in ammoximation of cyclohexanone.
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Fig. 9. XRD patterns of Al-TS-1 (a) and TS-1 (b) reused in ammoxima-
tion of cyclohexanone. (1) Fresh; (2) First; (3) Third; (4) Sixth; (5) De-
activated.

Table 1
Changes in Si/Ti and Si/Al ratios in reused TS-1 and Al-TS-1 measured
by ICP.

Sample Si/Ti Si/Al
TS-1 51.1 —
TS-1-resued 52.1 —
Al-TS-1 59.9 86.3
Al-TS-1-used 59.4 81.6

and TS-1 (Si/Ti = 60) have highly catalytic oxidation perfor-
mances. After being reused eight times, the activities of all the
samples decreased, but the activity of the deactivated catalyst
can be recovered to the initial activity by calcining at 550 °C.

To analyze changes in structure of Al-TS-1 and TS-1 for
ammoximation of cyclohexanone thoroughly, XRD and ICP-AES
measurements were performed on Al-TS-1 and TS-1 showed in
Fig. 9 and Table 1.

The XRD patterns of Al-TS-1 and TS-1 reused in the am-
moximation of cyclohexanone are shown in Fig. 9. Both Al-TS-1
and TS-1 kept excellent MFI structures after being reused. Ta-
ble 1 shows that the Si/Ti ratio of TS-1 increased from 51.1 to
52.1 after reuse, which showed that the rate of desilication was
slower than that of Ti removal originated by desilication
[25,26]. However, the Si/Ti ratio in Al-TS-1 varied from 59.9 to
59.4. This indicates that Ti removal during reuse was sup-
pressed to some degree. In contrast, the Si/Al ratio of Al-TS-1
after reuse decreased from 86.3 to 81.6. This means that desil-
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Table 2
Si/Ti and Si/Al ratios of different catalysts treated with NaOH measured
by ICP.

Sample Si/Ti Si/Al Si/Ti Si/Al
(Untreated) (Untreated) (Treated) (Treated)
TS-1 54.9 — 52.3 —
ZSM-5 — 55.8 — 52.1
Al-TS-1 79.9 55.9 79.8 52.1

Treatment conditions: 1 g of zeolite dissolved in 30 ml of NaOH aque-
ous solution (0.2 mol/L) at 65 °C for 0.5 h.

ication is much more extensive than dealumination originating
from extraction of Si species. The Si species adjacent to Al in the
Al-TS-1 framework are therefore more easily attacked by alka-
line molecules than the Si species neighboring to Ti, and this
favors retention of the tetrahedral coordination state of Ti in
the zeolitic framework.

3.2.2.3. Dissolution rule of Si and Ti

To confirm the rule for dissolution by alkali, TS-1, ZSM-5,
and Al-TS-1 [27] were treated with NaOH aqueous solution.
The changes of Si/Ti and Si/Al ratios were analyzed using
ICP-AES. The results are shown in Table 2. The Si/Ti ratio in
TS-1 decreased from 54.9 to 52.3, and the Si/Al ratio in ZSM-5
decreased from 55.8 to 52.1. This shows that desilication is
even easier in ZSM-5 than it is in TS-1. However, for the Al-TS-1
samples, the Si/Ti ratio was almost constant after treatment
with alkali, whereas the Si/Al ratio decreased from 55.9 to 52.1.
We can see that the rule for extracting Si in Al-TS-1 is the same
as that in ZSM-5. This clearly demonstrates that the presence of
framework Al in Al-TS-1 inhibited desilication next to frame-
work Ti species, and protected Ti from losing its tetrahedral
state.

4. Conclusions

Al atoms can be incorporated into an MFI framework more
easily than Ti atoms can in the process of doping Al heteroa-
toms into the TS-1 framework. When the Al content in the
starting material is higher than 0.005, it will greatly influence
the formation of framework Ti species. However, when the
Al/Si ratio is lower than 0.005, the presence of Al does not in-
fluence insertion of Ti into the zeolitic framework and oxida-

tion performance catalyzed by tetrahedral-state Ti species.
Bronsted acid sites originating from framework Al species in
Al-TS-1 can catalyze side reactions of 1,2-epoxyhexane with the
methanol solvent in epoxidation of 1-hexene, but the presence
of framework Ti species has no influence on the acid catalytic
properties of framework Al species. In the ammoximation of
cyclohexanone, desilication adjacent to Ti in Al-TS-1 is much
more difficult than it is in TS-1. This could be used in the design
of high-performance catalysts for ammoximation of cyclohex-
anone.
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1. A

jilll

BREE (TS-1) 43 1 A2 gl ek b A 10 1) 5 B AR 4, |
19834F B A i ORI, 732 I T BAH,0, 8 A 51
GO WAL U T B4 BT £ 0, TS-1/H,0, 14 2 fi
A FH IR B A P A2 2 4 1 0 % M O TiE 2878 A HL0,
T BGOSR, SR 5 TE AL S Rk 3 2R, 3k 58
JRGE B SRR, A AR I A AL P R, TS-143
TR S MRRAE, KR BCADIRAS . R IETRR M FH5R
B KM B 2R JE T 5N S, ¥ o HoA Ak 1tk RE PR AR R .
Ho R IEFHBARMTS-10 7ol 7 AR 2 %0,
Wk = M 2R 57 (B, Al, Fe%) 5| NI TS-14 1 B
2 B12AT A5 B W S BETS-140 T AL 71, 4502 KAl
FINBITS-147 10 B 4408 I AI-TS-1, #9%E T Bronsted
RT3 10 AT IR PR/ E A PR RE IO XU RE AL R 1, 7
B (kA0 55 S 7 b R B ARG e e et AR,
AEH I S 84 2 o, Bronsted B 1 467 1 7776 43 AR AL
AL I EI 2 w09,

SEBR BT AILTS-150 70, BF 5038 33 R 2 IR
], B AR AR B R T 75 2 A0 H 2 L & F I AL
P . ThangarajZ:PIF 78 £ 8, i T AR AR, 0 i
H,023% i 7 AI-TS-1{ Ak 7 52 JE Ak S5 B3 14 A, (ELEE

(1) B 2 S P A S I R 3R B HE 5 ZSMI-BARALL 16 i 1 4
AE. X UGBTI AR AE I AR M AL-TS-LI0 BR (i A6 M R, T
AlTEAE N B AR T AL S AP BE. OvejeroZ5 I UIA
N, BANTI = 0.78F, BT AI-TS-13 1 25 i K M 10 B0 2g,
AIAETERE & T AI-TS-1 AL AL PR RE. X B0 1% 1]
FE AN RIE 28, 5 AR ALLTS-1r B ZE AL B 22 Tif 4
R AERE L T8 2 5 s I Il . R, ARSCHE R4
W FEAILTS-145 10 & i) S Atk b, %o I 85 M RR AR EAT
TVEARAL, FHit— Dot s AL SA A e, B TR B,
Al-TS-173 i B B AN A7 7E I8 5 0 B 28T )
A RE, RN, HE— DX AI-TS-14 T B T
A U 25 44 s S R 98 3 B, AN AE SRR T s B
i E T 5 R A 03 O T e A R VS PR R IR . X
X TRV AE DR A4 FR v L e AR E 1 B TS-1493 0
AL R A EE R 5 R XL

2. SKEERSY

2.1, AI-TS-189#) & FFRIE

KRB A A R AL & [ AL-TS-173 15202,
¥ 52 I BEAR(AIP, AR, [ 2548 14k 2R 57 4 BR 2 7 ) 9 it
FI AR 70 DY P9 ik S AL B (TPAOH, w = 25%, Tk 447
fh) AR R R, R RN — E I LI IERERR D 2, B
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(TEOS, AR, [H 244 A4k 55 A BR 2 =] FIERER DY T B
(TBOT, AR, izt i FG IR A R FRE W, &
KA EERE, T-170 °CoK#i k48 h, sl =Yg ¥t
Yoy MEF AR G5 B AL TS-EAL ). 2> T & Ak
JEE /R I HE N TEOS:TBOT:AIP: TPAOH:H,0 = 1:0.0167:
(0.001~0.0167):0.18:18.

TS-1H & &, BRATRIMAIPAN, B4 2 B 1 H
Al-TS-1.

% Fi Bruker D8 ADVANCE %4 X 5 £& i1 5 (XRD) 41X
(CuK, %t £k, 1 # vu H 20 =5°~35°% | 52 & M, H
Shimadzu UV-2550%4 45 4h- 1] 1L (UV-Vis) i (X (BaSO,
2 A TE FE 190~500 nm) R AL TifRR A, [ 44 g
FAREEIRTE(MAS-NMR) I 2 B Z2Si . AIBCAIRAS; H
Thermo IR ISIntrepid IT 74 H J& 4% & 25 25 1 1k & 5 (ICP)
Fe A B Tid &, FHitachi S-480074 437 = 0 R &
S LT A (SEMY I 5E BoRE K/,
22. ECHHEURRN

LSO mi R R R S LA 4%, FEIE R A B R N
AL E 60 CCAMB NIV N2 h, & R A 0.05 g4r
T+ 10 mmol 1E &M (S ML) 10 mmol H,0, (~30
W% 7K 7 ) F110 mI (5 57). /£ Agilent GC7890A %!
AR 63 43 (30 m x 320 pum x 0.25 um DB-WAX £ 41 %
FE) BT = oA, SR I ARE G A A AR) THE &
Yoy B R, AT AF B RS ) % Ak 26 = W e B 1
SR 28 42 [T H,0 K FH 0.05 mol/L Ce(SOg), 7% kit
1T E.
23. Hemaitk

A U 15 4 S BT BC A [0 74 Tt i Rl i g
#3[17100 mL =3k 3T, #0.45 gfiE {67, 30 mmol
R CUBA (AR), 51 mmol NHs-H,0 (AR, 25%), 10 mI#l ] E%
FK IR A 78 77 (BUT B (AR) i B 75 585 wit%), — ke fin
N B =50 b, % 33 mmol H,0, (~30 wi% /K ¥ i)
PASJIEAEOD min A N 5E 5, ORI BET5 °C, 4,
SEIKRE. JH Agilent GC7890A T < kH (2 3 {3 ) 7 ¥4
Tl F A 3 RN IA LR B (1 3 38 .

3. #R5ITR

31 AITS-IMERSHFIE
3.1.1. XRDZR

Bl 1 A [7] AlUSE B & A% B AL-TS-1 (SifTi = 60) 1)
XRDi. 1 A] %, % Al-TS-1F 5 45 AT g 78 (1 M1 45
FARFAEVE, FL45 & B AT, RIAI 5 N IR SETS-11

MFIRFAE 45 g0,
3.1.2. UV-VisZER

K128 B AN [ AISI B A 7 19 AL-TS-1 (SifTi = 60) (1)
UV-Visith, —BiAy, L= 210 nmiE i H B i i i 1)
J& T IRSL B ZETI(IV) B RFAE IS L = 260 nm BRI f %
LT 7S EC A A 2R BRI RFAE U, & = 330 nmft iz V)&
DNBLARET RN R AR 22l 2T A, % AL-TS-1RE
FITE 210 nm Ak A 5 T U 06, 358 B G 35 2L B B L ) 4R
Ti(IV) 53 A, 5 SCik g — M (324 Al/Si > 0.005H,
JIT 45 B AL-TS-1 43 1 9 752 = 210 nm & (1 U6 558 FE B 55
ik T Al/SI<0.0058F fi 2 % FLTS-11, 38 B LB AL AT
FEAE— B R Lm 7 Tidk N Fofia 42, 74k,
Al-TS-1HITS-135 H B BLARAT ) A )RR AR I, HL UG T AH
oL, BEEBHAIR BN FEARFEMTIN o3 AR AS.
3.1.3. ICP&R

B34 24 £k SiTi = 60, H1 A [A Al/SI EL A % 11
Al-TS-15> T I Z 1CPI A3 I T/SIAAUSI LU AR . i T
A1, 24 AlSI < 0.005FF, AI-TS-1/ Ti/Si b 3 A4k £7 55
FUTS-16 7K, BEAIEEAA G Tiddi A\ 71 i 5 4,
4 Al/Si > 0.0058F, HTi/Si bk ) 6 25 Al & 1 18 I 4
8, Ui BH LR AIBE RS T Tisdk N2> 0 B 42, 1 AlSI b U
S ILNEETS, UL EHALT A LA NA-TS-15r 1
e e, X FONAILTIE R 5 AMEIE SR, 56 K
ERPALE B 20, Al 5TiVMIE G5k &, 1
BTV AIEE N 5370 2290 TG S EXTSIEL PR, 5
UV-Visgh L —3.
3.1.4. SEMZR

B4 0 B AN [R] AIVSI EE & B AL-TS-1 (SiFTi = 60) 1)
SEMBR A, B B AT, AI-TS-1FF i 35 R I R R ks, (H
TR R ST 3 K5 A R TS-14r 10, ELBEE & ik
FRAIY & IR E R, RN 2, BE SR
R 2 AL S R38N, AIFTS-1 5 3 BH S8 /N Rz HE AL B
., X UL B AE & B & P A R T 50 7 0% . X R
MeleroZ5 M F1Serrano 25 2IZE B 5T AI-TS-1 1) St AL ATL R B
P ALK S AL 1 RE e —
3.1.5. ZAIFN?®Si MAS NMRi

PI5(a) A H A [ Al/SI EE A 3% AL-TS-1 (SifTi = 60)
1% Al MAS NMRiE . 3%, 6 = 50T i W dig i ) g oy
DURC AL B Z2AL, T = OB 1 JUIKE R T 7S B AL I B2 o1
JNTH AR AR, g B AT %0, 45 AL-TS-1RE 5 sy DAY A
P BEADE SUAF 7R, 1 3% B AL <2 LU T BE 25 55 N
23] Cpgt B—F. [E5(b) N AN FAISI L A &
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Al-TS-1 (Si/Ti = 60) &% TS-1/1%Si MAS NMR. i % A

N, 6 =-104.04b QP NSIIE B — M3, il SR T

BESATIR TR R, § = —115.04k 19Q* Ay Siil i & 5

FREREPUANT 51 By B2, v] A1, Al-TS-1FITS-1+1Si

B F B LLQYE AFAE, HAIMIAEAE & Boxt i 28 SR 4%
TREMAAR /N QU A BT AT A, A FAIS & A T

B EIAI-TS-15 A0 R Tif & (A TS-14) i 2 [ 1 5% 6

IKPEFEAAH .

32. AI-TS-1p9ELELIEsE

321 ECHBTEHMRN

K164 B A [ Al/SI EE A 7 1 AI-TS-1 (SifTi = 60) fi
PR IE VRS S B4 SR i AT, R R T
HEEA BN E O e dh, A R IE R O S
T IV P T e IS 2 = AP T, 1L A A 0 8 TR A A ) 7K A 7
i1, 2- O BEATAE. 1K AT BE AR DR A AR e I L 7K A e
W Gt re,

H 6 R L, 24AI/ST < 0.0051F, AI-TS-1F ) IEC
WAL RILAAAS, T 24 AlSI > 0.0050F, 1F b %
b 5310 R AL B RS AN R, X2 T EAl
FRAITS-1H S O TR X BTk, SR, BE
Al B AR IE G FE AL I TONE S8 = R, HL0,
AR R AR . XU ATS-19 5 2L AN A7 78 5
R B SR TS M O B AL SR A e . 2R 5 Dl
TS-1r ALZS Jo 0 He AR A4 TR s B S804 1 A (1) s e gk AT T
I, I, RGP T b R VAL, PR N e i AL
HAZ R, XU R E RS BOE RS, HAIS ER
I SR TidE NAI-TS-150 10 8 48, (HE LA R 5
Wl B 22 T (9 i 16 A0 PE BE, 55 SCHR[9,15] 4 1 A [A]
Thangaraj2:ChiA Jy, AI-TS-1 AIFAEAE S35 T H0,10 5
fift, T S JE R AT e R S AR B 2R T . R
TESI/Ti = 24, Si/Al = 458, Wt = AL &, TiAN AT 55t
A NE S, I3 Tie AR s R . T
OvejeroZ5 1) Sy, 2 AUTI = 0.70), 1 T-Al-TS-1% 1H 3%
K VERI AR, 32 T B IEALTS-17E ki ke A Ak I b
f (i AL PR BE . T H B 5(b) AT R, A R E SR AL B Y
Al-TS-1RH SR HKME 5TS-140 Tt AM 2, BATH
AL AL TEREZE BB A K. R, B 2R AIAS 23 B . 2 )
Al-TS-1H ZETiff i Ak E A 1 BE.

XF T AILTS-1I R A A A F SR Uk, B AR I 8= 4
T2 ol ) 3 9 P A L e 3 T e, HL o o AL (1 389 i 28
PRSI, TR A PR P I I B R R T R X
Ui BH, AI-TS-1H B B2 T 4478 1 S A 5 0 FL R R Ak

PERE, 5 SCHR[9)HRIE — L.
322, HEHERYRN
3.22.1. Al-TS-1H9#8E5E M

K17 9 B AN [ AZS EE 4 B 1 AL-TS-1 (SifTi = 60) f
PRI OB R 50 SR 25 5. w] A, AL Bxt B0 U 1
A ZRFIER LB 5 R R PR JE A TCRE M. 33X 150 W gl 2 14
Ak Z b, ALGINTS-L8 B2 AN 500 43 -0 B ZE T A
AL MR, 5 AI-TS-14 1k 1E O 2 A A s v 45 S —
;. BARAIKAEAE 5] N T Bronsted FR PE A7, 1H 4K £ it
BNHAFAE PR T 4070 R M A 090, DR i A X i 44 51
(PR A S A PR R 7 A AN R R
3222 A-TS-IHNESFERAM

18 4 Si/Al = 100, Si/Ti = 604 & (I AI-TS-1_ 3 &
Wi 54k S B B M BE. TN, AI-TS-1RITS-1 (SifTi
= 60) K It 1AM A RE. EE A HBIRE,
HOE TR, SIS AL 7 22550 °CHRE e, FHLam ok SO
TG BRI

N T B2 A HTAILTS-14E 38 2 2510 & vy i 2
oh G5 R AR A, 5286 % AL-TS-1R TS-1 78 41 148 1 1 J5
BEAT 7 XRDAICPI, 25 SR an ORI 1.

F9(a) A1 (b) 43 i A AI-TS-1FI TS-1 2 42 4 Fl A [/ 7%
HEHIXRDIE. A, fEE B P AI-TS-1AITS-15{%
BT RIFMRISER . mR1naT 40, TS-1E &4 5, H
SiTItE 5117 %252.1. X 15 BA Js o7 i Fi v e i =R
/N8 T 5 ST T 250 T B B %, A Ifg SifT EE T
2520 AR iM, AILTS-1E R Af 15, JLSi/Titk N59.9F4 &
59.4. JX 3K B AI-TS-17E 5 5 Fl I F2 R Tift e b B4
il J34b, Si/AILL )\86.3F#(K %281.6, HIAEAI-TS-17EH
S A FH a1 T KT IR T VA ST 2 BUR ALY
i Bk 2. B, 6 T ALTS-11 &, fEHEL 3 S 5
S SR R AR, 4310 e vh 5 AV AR IR STEE S5 TiAH AR
(19Si 5 25 5y 52 BB ) BC 1 i Bk, AT A D KR 43 7
i JE TR AR
3223, SiETiHREIE

N T HE 5 IE A-TS-1 R B A RE LA, A SR
NaOH 7K ¥ ¥ 4 5 4k B2 T TS-1, ZSM-5 L) 2 Al-TS-147]
F I ICP 23 B #H B2 ) Si/Ti bE A1 Si/ALEL 76 Ab HE 11T i 1 48
th, @R T X2, vLLEH, £NaOHAL B J5, TS-111
Si/Titt \\54.9F% %552.3, ZSM-5(FJSi/AlLL )\ 55.8[% 4552.1.
X B FE AR [F) 26 4F R, ZSM-5rh [ SiELTS-17 i 5% %2
ol v ek 1T . SR T, AI-TS-1 0 SifTi b 3k A A48 1
Si/AILL 559 FF %252.1, Ut BH Siff it B ML 5 ZSM-5 1)
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—FE. XD R, AILTS-LRE ZEAINAEAE, BiSERE TERG B ZEAIAEAE R 20 AI-TS-14> i 2 [ 5

B AN S T AR RIS L RR, AT AR T TS-140 FOmAE /K Mk A B 22 Ti 0 4 b S8 A0 P B (B IR i TR a1

il T AR R TR 2K Bronsted B AR E 1 I & A= P 1 T 3R SR [,

PPN BT AR AN SR B JEAN TR AL S S PE e, FE3R O

&G B, AILTS-15TS-1E A S 4 i 4] S Tikd

FETS-VE A FISE TAIE RS, B FABESE SRRSOV B, 1245 B T3 ih m i RE s & 5 1
Gy ANMFr 78 42, 4AlUST > 0.054 252 B 48T R — @i 5 & L.



