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Abstract

The TS-1/diatomite catalyst was prepared for the hydroxylation of phenol with ki the fixed-bed reactor and the effects of pretreatment
on the properties of TS-1/diatomite were studied by FT-IR, XRD, UV-vis, ICP-AES, BET surface area gtitFllHechniques. It is shown
when the catalyst is pretreated by the KAc, NaAc, e, NH,Cl or HNO; aqueous solution, the framework structure of TS-1 is not destroyed
and titanium in the framework is not removed. The surface area of catalyst has no obvious change compared with that of the untreated catalyst.
But the extra-framework TiQcan be removed partly, which leads to the slight increase of the crystallinity of catalyst and the decrease of
acid concentration on the surface of the TS-1/diatomite catalyst. As a result, the activity, selectivity and utilizatiOn fofrHydroxylation
of phenol are improved. After the TS-1/diatomite catalyst is pretreated by the-NB, Ng,CO; or NazP O, solution, its framework silicon
is dissolved partly in the base solution and the framework structure of TS-1 is destroyed. While the crystallinity and surface area of catalyst
decrease and the concentration of acid sites on the surface of catalyst increased slightly. As a result, the catalytic activity of the TS-1/diatomite
catalyst for hydroxylation of phenol descended or deactivated completely.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction fixed-bed reactor operated continuoufy. Compared with
the batch process, this process has many advantages, such
Titanium-substituted silicalite-1 (TS-1) with MFI struc- as freedom from tiresome operations (the catalyst filtration
ture was first synthesized by Taramasso and co-workers inand makeup), and operation in large scale. In this paper,
1983[1]. As a novel catalysis material, TS-1 has received the TS-1/diatomite catalyst for the hydroxylation of phenol
a considerable interest in the past 20 years, because oby hydrogen peroxide was used as a model catalyst and
its unique catalytic properties for the selective oxidation pretreated with different acid, base or salt aqueous solu-
reactions using hydrogen peroxide as the oxidant, suchtions. By means of the systematical investigations of the
as aromatic hydroxylatiof?], epoxidation of alkenef3], physicochemical and catalytic properties of the pretreated
ammoximation of cyclohexanor{d], oxidation of alkanes  catalyst, the effects of pretreatment on the performance of
and alcoholg5] and so on. The preparation and charac- the supported TS-1 catalyst are discussed.
terization of TS-1 has been investigated in some detail in
recent years. Many studies showed that TS-1 pretreated by
the suitable aqueous solution has higher activity than the
original catalyst[6,7], but the effects of pretreatment on
the physicochemical properties of TS-1, especially for the
supported TS-1 catalyst, is not yet known unambiguously.
Recently, we have developed the supported TS-1 on
diatomite catalyst for the hydroxylation of phenol in the

2. Experimental

2.1. Synthesis of TS-1 and preparation of TS 1/diatomite
catalyst

TS-1 (SyTi = 27, atom) was prepared by hydrother-
mal synthesis according to the method described in the lit-
* Corresponding author. Fax:86 21 64253707. erature[9], using tetraethylothosilicate (TEOS) as silicon
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and tetrapropylammonium hydroxide (TPAOH) as template.

The mean crystal size of TS-1 is about Oy28 measured XH,0, = — 0
by scanning electron microscopy (SEM). 1,0,

The TS-1/diatomite catalyst was prepared by mixing TS-1 NCAT + 1HQ
powder calcined with diatomite (TStdiatomite = 1/1, SpHB =

n +nHo +n
wt.), then pressed and crushed to 0.45-0.9 mm. AT HQ TTPBQ

NCAT + NHQ + NPBQ
Un,0, = 0

2.2. Pretreatment of TS-1/diatomite catalyst NH,0, X XHz0,

Xphenolis the conversion of phenaK,o, the conversion
of H2O2, SoHe the selectivity to dihydroxybenzen&h,o,
the utilization of HO,, n° the initial mole concentration and
n the final mole concentration. CAT: catechol, HQ: hydro-
guinone and PBQp-benzoquinone.

8.5g TS-1/diatomite was placed into a flask and then
25ml aqueous solution including the pretreatment reagent
(HNO3, KAc, NaAc, NHsAc, NH4Cl, NH3-H20, NgCOg3
or NagPOy) was added. After refluxed at 8C for 3 h, the
pretreated catalyst was filtered, washed with distilled water,
dried at 120°C and calcined at 550 for 6 h in air.

3. Results and discussion
2.3. Characterization of catalyst

3.1. Effect of pretreatment on physicochemical

X-ray diffraction (XRD) analysis was performed on the properties of TS 1/diatomite

Rigaku D/max-2400 diffractometer using Cakadiation
and graphite monochromator. Infrared (IR) spectra were 3.1.1. FT-IR
recorded on the Nicolet Nexus FT-IR spectrometer and the The catalytic performance of TS-1 is related to the amount
catalyst to be measured was ground with KBr and pressedof Ti in the framework of zeolite. The FT-IR technique is
into thin wafers. UV-vis spectra were measured by the Var- one of the useful tools to characterize framework titanium in
ian Cary-500 spectrometer, in which the diffuse reflectance zeolite. In the FT-IR spectra of the TS-1/diatomite catalyst
technique in the range of 200-500 nm was used and BaSO (Fig. 1) pretreated with acid, weak basic salts or weak acidic
was used as the reference. The chemical compositions ofsalts (HNQ, KAc, NaAc, NHsAc and NH,ClI), there are the
the catalyst were determined by ICP-AES (TJAIRIS 1000) peak at about 960 ¢, which indicates that titanium has
after dissolved in the HF—HClDsolution. The acidity of been incorporated into the framework of zeolite. Reddy and
the catalyst was determined by the NHAPD technique, co-workers[10] thought that the relative intensitggo/lsso
the rate of temperature programmed i ©dmin. The BET increased linearly with the increase of titanium amount in
surface area of catalyst was determined according to the
N> adsorption isotherms measured by Micrometrics ASAP
2010.

2.4. Hydroxylation of phenol

4
The hydroxylation of phenol was carried out in the con- 5

tinuous flow fixed-bed glass reactor (@15 mm). Seven grams

of catalyst was placed in the isothermal region of reactor, 6

and the mixture of phenol, 30% 2@, and solvent (ace- 7

tone) was imported from the bottom of reactor by a met-

ric pump. The reaction condition was controlled at°84 8

phenol/HO, = 3:1 (mol), phenol/acetone- 1.25:1 (wt.)
and WHSV = 8.46 1. The concentration of $0» was
analyzed by an iodometric titration. The organic products
were analyzed by the PE Autosystem XL chromatograph,
in which the flame ionization detector and capillary column
(80.32 mmx 25 m) containing 5% methyl benzene silicone
were used. The conversion of phenol and the selectivity to 2000 1600 1200 800 400
product are defined as follows:

-1
Wavenumbers (cm )

0
" yhenol — "phenol Fig. 1. FT-IR spectra of TS-1/diatomite (1) and the catalyst pretreated
Xphenol = — :
phenol = ,0 with HNOgz (2), KAc (3), NaAc (4), NHCI (5), NHsAc (6), NHz-H20
phenol (7), N&CO;s (8) and NaPQy (9).
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Table 1
The feature data of FT-IR spectra of TS-1/diatomite pretreated with
different aqueous solution

Pretreatment l960/I550 W °
Untreated 1.03 8
KAc 1.06

NaAc 1.03 W
NH4AC 1.04 7
NH4CI 1.01

HNO3? 1.05 6

NH3-H,0? 0.84
NapCO3 0.75 5
NagPOy 0

ats concentration is 2N, others is 10% (wt.).

Table 2 LM/MA’\J\—W.,_A\ 3
Chemical composition of TS-1/diatomite analyzed by ICP-AES 5
Pretreatment Ti@ (wt.%) SiQ (Wt.%) W

Untreated 3.10 96.77 1

10%NgPO, 3.64 96.23 T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40
26 (°)
framework. The results iflable 1show thatlgeg/lssg of the Fig. 2. XRD patterns of TS-1/diatomite (1) and the catalyst pretreated

catalyst is not changed obviously after pretreated with acid, with HNO3 (2), KAc (3), NaAc (4), NHCI (5), NHsAc (6), NH3-H20

weak basic salts or weak acidic salts. This indicates that (7). N&COs (8) and NaPQ; (9).

the number of active titanium site on the catalyst does not

reduce. However, when the catalyst was treated with bases

(NH3-H20, NgCO3 and NaP(Qy), its intensity of the ab- have the peak at2~ 25.3° of the anatase Ti@phase.

sorption peak in 960 cm became weak and the relative Yasuyuki and co-workerfl1] thought that the relative in-

intensitylogo/lss0 decreased with an increase of the basicity tensity l253/l244 increases with an increase of the 3iO

of the pretreatment reagents. After the catalyst was treatedamount in the extra-framework. After the catalyst was pre-

by the NaPQ, solution, its peaks in 960 and 550 cindis- treated with HN@, KAc, NaAc, NHiAc or NH4Cl, its

appeared completely and the peak in 450 ¢rshift to high relative intensitylss/log4 in the XRD spectra decreased

wavenumber. The results above show that the base mediurslightly (Table 3, but the peak intensity at62~ 24.4°

can destroy the framework structure of TS-1. attributed to the framework titanium was not changed ob-
The results inTable 2show that the content of silicon in  viously (Fig. 2). This demonstrates that the anatase;Ti©

the catalyst has been reduced after pretreated in the 10%an extra-framework can be removed partly by acid, weak

NagPOy solution, that is to say, the silicons in the TS-1 basic salts or weak acidic salts, but the titanium in frame-

frameworks have dissolved partly in the pretreatment solu- works cannot be removed by pretreatment. Compared with

tion, leading to destructing of the TS-1 frameworks. the untreated catalyst, the crystallinity of catalyst treated
with HNO3, KAc, NaAc, NHiAc or NH4Cl increased
3.1.2. XRD slightly. This further confirms that some anatase Jlian

The XRD spectra of the catalysts are showifrig. 2and extra-framework has been eliminated. However, the crys-
their crystallinities were estimated by the intensity changes tallinity of catalyst treated with the Ng#H2O or NgCOs
of five characteristic diffraction peaksd2~ 7.8°, 8.8, solutions decreased, and the intensity of pealdirz24.4°
23.7°, 23.8 and 24.4) of the MFI zeolite. The results in  became weak. In the XRD pattern of the catalyst treated
Fig. 2 show that all the samples behave the typical MFI with NagPQ4, no characteristic peaks of the MFI structure
structure except the catalyst pretreated withs@ and were found and its relative crystallinity was 0%.

ﬁ]te)zlefe?;ture data of XRD spectra of TS-1/diatomite pretreated with different aqueous solution

Pretreatment

Untreated KAc NaAc NHAC NH4CI HNO3? NH3-H,02 NaxCO3 NagPOy
12531244 1.07 0.97 0.99 1.01 1.02 1.04 1.20 1.30 00
Relative crystallinity (%) 100 117 103 105 103 103 96.4 65.1 0

8ts concentration is 2N, others is 10% (wt.).
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Table 4

BET surface area of TS-1/diatomite pretreated with different aqueous
solution

Pretreatment Sset (M2/g)
Untreated 196.5
KAc 199.8
NaAc 198.2
NHsAc 193.7
NH4CI 1994
HNO32 194.1
NHz-H,02 184.1
NapCO3 140.0
NagPOy 95.3

2|ts concentration is 2N, others is 10% (wt).

pretreated with the N#@0O, solution has a lowest surface

area, 95.3r¥g. This shows also that the framework struc-
ture of TS-1 is destructed gradually during its boiling in the
base solution.

3.1.5. NH3-TPD
250 300 350 400 450 500 The TPD spectra of Nkladsorbed on catalyst are shown
Wavelength (nm) in Table 5 After the catalysts were pretreated with the aque-

_ _ S ous solution of KAc, NaAc, N@Ac, NH4Cl or HNOg, the
F|.g. 3. UV-vis spectra of TS-1/diatomite (1) and the catalyst pretreated acid strength (the top peak temperature) on the surface of the
\(';';hNHN% (2). KAc (3), NaAc (4). NHCI (5) NFaAc (6), NHe-HZ0 TS-1/diatomite catalyst changed hardly, but the acid amount
, NaCO3 (8) and NaPOy (9). ; - .
(the peak area) decreased slightly. This is attributed to some
extra-framework TiQ and impurities to be removed. When

3.1.3. UV-vis the catalyst was pretreated by bases solution ofQCa
The UV-vis spectroscopy is one of technologies to de- and NaPQ, the strength and amount of acid sites on the
tect sensitively TiQ outside the framework of zeolit€ig. 3 surface of catalyst increased slightly. It is known that the

shows that, the UV-vis spectra of all the catalysts except framework silicon of TS-1 is dissolved partly in the base
one treated by the N®O; solution have two absorption solution and the relative amount of TiGn the catalyst in-
peaks, one at 210nm attributed to tetra-coordinated tita- creasesTtable 3, which leads to the increase of acid sites on
nium inside the frameworks and another one at 330 nm at-the surface of the TS-1/diatomite catalyst. Another reason
tributed to anatase TiD[12,13] The peak at 270-280nm is that the framework destruction of TS-1 causes changing
have not been observed in all the spectra, i.e., there is noof acid sites on the surface of catalyst.

hexa-coordinated titanium species (e.g., hydrated oligomeric

TiO,) in the catalysts. After the catalysts was treated with 3.2. Effect of pretreatment on catalytic performance of

the HNG;, KAc, NaAc, NHsAc or NH,4Cl solution, the in- TS-1/diatomite

tensity of the absorption peak at 330 nm decreased, which

indicates that some Tiglocated at the extra-framework can The results inTable 6show that the pretreatment agents
be removed by pretreatment. These results are in agreemenaffect greatly the performance of catalyst for the hydroxy-
with the results obtained by XRD. In the UV-vis spectrum

of the catalyst treated with NBOy, there are two absorp-  Table 5

tion peaks at 330 and 249 nm, the latter is a new absorp_NHg-TPD data of TS-1/diatomite pretreated with different aqueous solu-
tion peak. At 210 nm no absorption peak can be observed.""

The results above confirm further after the TS-1/diatomite Pretreatment Top peak temperatur€) Peak area (a.u./g)
is pretreated by the base solution, the framework structure untreated 125 486
of TS-1 would be destroyed. KAc 129 348
NaAc 130 405
3.1.4. BET surface area m:“é‘f i;i jg;
Table 4shows that the BET surface area of catalyst treated HNgsa 125 378
with HNOs, KAc, NaAc, NHsAc or NH4Cl is almost the NH3-H,0? 134 400
same as that of the untreated catalyst. But, after the catalysiNaCO; 124-176 703
was treated with the NgH,0, NaCO3 or NagPQy solu- NagPOy 124-178 654

tion, its BET surface area decreased obviously, in which one  2its concentration is 2N, others is 10% (wt.).
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Table 6 4, Conclusion
Effect of pretreatment reagent on catalytic performance of TS-1/diatomite
Pretreatment Xpnenol  Xi,0,  SoHs Uty0, CAT/HQ After the TS-1/diatomite catalyst is pretreated with aque-
(%) (%) (%) (%) ous solution of KAc, NaAc, NAc, NH4Cl or HNO;, its
Untreated 248 953 96.5 675 104 framework structure is not destroyed and titanium in the
KAC 25.7 95.7 97.8 70.5 0.91 framework is not removed and its surface area changes
NaAc 25.9 96.4 98.0 70.3 0.87 hardly, but some extra-framework TiGould be removed
NHaAC 25.1 95.4 97.8 69.0 0.87 partly, which leads to the slight increase of the crystallinity of
HE‘&EL ;g:g gg:g ggé Z;:g 8:22 catalyst and the amount decrease of acid sites on the surface
NHgH,0fF 225 00.8 95.7 66.5 115 of catalyst. As a result, the activity, selectivity, utilization of
NaCO3 11.4 81.3 85.8 41.0 2.28 H,0O, and the HQ/CAT ratio of product for hydroxylation
NagPOy 0.32 96.0 0 0 S of phenol are improved. When the TS-1/diatomite catalyst
alts concentration is 2N, others is 10% (wt.). Reaction condition: is pretreated by a base solution, the framework silicon of
phenofH,0, = 3/1(mol), phenolacetone= 1.25/1(wt.), WHSV = catalyst is dissolved partly and the framework structure of
8.46h 1, 84°C. CAT: catechol, HQ: hydroquinone, DHB: dihydroxyben-  TS-1 is destroyed, causing the decrease of the crystallinity
zene. and surface area of catalyst and the increase of acid sites

on the surface of catalyst. As a result, the catalytic activity
of the TS-1/diatomite catalyst for hydroxylation of phenol
descended or deactivated completely.
lation of phenol. The activity, selectivity and efficiency
in utilization of H,O, were improved over the catalyst
pretreated by the HN§) KAc, NaAc, NHsAc or NH4CI Acknowledgements
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