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Abstract

Transition metal copper substituted mesoporous silica (Cu-SBA-15) was synthesized using triblock copolymers surfactant as template agent
under acidic condition. The result Cu-SBA-15 was characterized with XRD, ICP-AES, FT-IR aadsdrption—desorption measurements,
which prove that Cu(ll) was mainly incorporated into the framework of Cu-SBA-15. Its catalytic activity was studied for phenol hydroxylation
using B0, (30%). The substituting element (Eliis incorporated into the framework position forming a new type of active site which raises
the phenol conversion to 62.4% and the diphenol (the mixture of catechol (CAT) and hydroquinone (HQ)) selectivity to 97%. The Cu-SBA-15
has very high selectivity for catechol (about 71% selectivity), which is completely different from that of the microporous titanium silicalite
zeolites (47.1% phenol conversion and about 50% selectivity to CAT under same reaction conditions). The results obtained indicate that the
selective oxidation of phenol with 4D, by a radical substitution mechanism.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ration of the novel catalysts on the molecular and atomic
level.
The incorporation of transition metal ions into the frame- Mesoporous molecular sieve possess a large surface area

work sites of the molecular sieve has attracted considerableand uniform mesoporous channels, these are advantageous
attentions as the preparation of novel catalysts, owing to characteristics of a catalytic support. In recent years, to de-
which possess the advantages of both homogeneous catalsign transition metal active centers on molecular sieves have
ysis as the metal ion in the solution and heterogeneous catal-attracted increasing attentions. SBA-15 is a new type of meso-
ysis as the molecular sieve in the polyphase system. Sev-porous silica molecular sieves with uniform hexagonal chan-
eral successful examples of transition metal incorporated nels ranging from 5 to 30 nm, thick walls (3.1-6.4 nm), and
molecular sieves had been demonstrated for examples, Al, Ti,with higher hydrothermal stability than those of MCM-41
Ga, Mn, Cr and F¢1-5]. Especially, Ti-substituted molec- [11,12] The SBA-15 has been extensively applied in many
ular sieves, such as TS-1, Ti-beta and Ti-MCM41 have dis- fields[13-19] Copper ion and the complexes containing cop-
played the excellent redox catalytic activities, and the TS-1 per ion have long been found to be effective catalysts and be
as catalyst has been used in industrial production of diphe-used in a wide range of organic synthegd®—25] Cu(ll)
nols [5-10] These successful efforts show that incorpora- substituted molecular sieves were found to be efficient cata-
tion of transition metal ions into the framework of the porous lysts in liquid phase oxidation of aromatic compounds, and
materials is an efficient method for the designable prepa- the copper site in the framework of molecular sieves is active
centre in phenol hydroxylatiof26,27] So it can be envi-
* Corresponding author. Tel: +86 21 62233503; fax: +86 21 62233503, Sioned that the mesoporous molecular sieve SBA-15 con-
E-mail addressykshan@chem.ecnu.edu.cn (Y. Shan). taining copper in the framework may be a highly promis-

1381-1169/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2004.12.027



144 L. Wang et al. / Journal of Molecular Catalysis A: Chemical 230 (2005) 143-150

ing catalytic materials. However, it has not been reported by ADVANCE equipment with an X-ray source of CucK
far. radiation at.=1.5418A. N, adsorption—desorption of the
Many efforts have been devoted to the propinquity in- calcined Cu-SBA-15 samples were measured using Quan-

vestigations. Incorporation of transition metals, such as Al, tachrome Autosorb 3-B adsorption apparatus. Surface area

V, Ti, and Fe into the framework of SBA-15 has been re- was obtained basing on the BET method using the amount

ported[28—31] and the synthesis of Cu-Zeolitg2] and Cu- of Ny adsorption at 77 K. The pore size distribution and pore

MCM-41[33]in basic media has been investigated. However, diameter of the sample was obtained by the calculation of the

these methods of preparation for them are not satisfactoryB.J.H. method. The sample was evacuated at 473K for 12 h

for the incorporation of Cu into the framework of SBA-15 before the adsorption—desorption measurement. IR spectrum

(Cu-SBA-15) under acidic condition. In the present work, was recorded on Nicolet Nexus 670 spectrometer, using KBr

we reported a simple and efficient approach to the direct syn-pellets. ICP-AES results were determined using Thermo Jar-

thesis of Cu-SBA-15 material usingsHO, as acid source  rell Asch IRIS Advange 1000.

and Al(NG3)3-9H>0 as concomitant salt. The experimental

reSUItS ShOW tha.t Cu-SBA-15 material haS a h|gh CatalytiC 2.3. Phen0| hydroxy'ation and ana|ytica| procedure

activity for the hydroxylation of phenol with 30% aqueous

H>0, as oxidant in aqueous solution, and very high selectiv-  The investigation of their catalytic activity was carried out

ity for catechol. by the procedure as follows: the reaction was performed in
a 100 ml three-necked round-bottom flask, equipped with a
magnetic stirrer, a reflux condenser and a temperature con-

2. Experimental trollable water-bath. In a typical run, 0.94 g of phenol, 0.059g
catalyst and 10.8 g of water were added to the reactor. When
2.1. Catalyst preparation the mixture was heated to the reaction temperature under vig-

orous stirring, 2.28 g of a 30% aqueougd} was added to the
The copper-containing SBA-15(Cu-SBA-15) mesoporous reactor. The reaction products were analyzed by high perfor-
material was prepared according to the following proce- mance liquid chromatography (HPLC) (Dikma C184.6 mm
dure: an amount of 12ml of the ethanol solution con- i.d. x 250 mm column), using UV detectors at 254 nm. The
taining 0.5 g triblock poly(ethylene oxidg)poly(propylene H20O, conversion was determined by the methods:

oxide);o—poly(ethylene oxide) (EO2oPO70EOyg Aldrich) . .
was added dropwise to the aqueous solution un- (1) The efficiency conversion of}D, was calculated as fol-

der vigorous stirring, which was prepared by dissolv- lows: H;0, eff. conv. =100x H202(mol) consumed in
ing Cu(CHCOO)-H,0, 0.5g AI(NOs)3-9H,0 and 4ml formation of diphenols and benzoquinonef®} (mol)

H3P Oy (85%) in 30 ml distilled water and then stirring for at converted. i , i
least 3 h, and the mixture was stirred for 12h at60Then  (2) The FOz conversion was determined by the iodometry
' method.

TEOS (1.1g) was added as silica source. After the mixture
was stirred for at least 20 h and aged for 48 h at®@0Othe

solid obtained was filtered off, dried in the air, and calcined at
550°C for 6 hto produce the mesoporous material containing

Cu(ll) ion. 3.1. Characterization of Cu-SBA-15

3. Results and discussion

2.2. Characterization of the catalyst 3.1.1. Synthesis and X-ray diffraction
Cu-SBA-15 was synthesized usingP;, as acid source
The X-ray power diffraction (XRD) patterns of siliceous and Al(NGs)3-9H,0 as concomitant salt. Itis noteworthy that
SBA-15, as-synthesized and calcined Cu-SBA-15 samplesthe P and Al elementsinthe final products prepared (Cu-SBA-
were measured at room temperature on the Bruker D8-15) have not been detected by ICP analysis, and the molar

Table 1

XRD parameters of Cu-substituted SBA-1byalue of reflection, constants of unit cell and pore voléme

SBA-15 d{hkl} (&) a? (A) Pore volume (crig™1)
{100} {110} {200}

Si as-syn. 96.8 55.5 48.8 111.8 0.76

Si calc. 94.5 54.5 47.2 109.1

Cu as-syn. 99.3 58.7 50.7 114.7 0.81

Cu calc. 98.9 57.2 49.5 114.2

2 Si/Cu=236in all samples.
P ag = (2/y/3)-dioo-
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Fig. 1. XRD patterns of (A) SBA-15, (B) as-synthesized Cu-SBA-15, (C) calcined Cu-SBA-15, (D) calcined Cu-SBA-15 in higher angle.

ratio of Si/Cu determined by ICP is 36. However, the Cu- 3.1.2. IR results

SBA-15 cannot be obtained if without AI(Ng%-9H,O and The framework IR spectrum of calcined Cu-SBA-15 is
H3PQy in the reactants, this phenomenon may be attribute shown inFig. 2 An adsorption band at ca. 960 this ob-

to that the P@*~ can act as buffer reagent to prevent the served, and a very similar band is also observed in titanium
tempestuous change of PH and level of the reactive conditions
in the reactive system, and that Al(NJ3-9H>,O maybe act

as a mineralizing ageii4].

The XRD patterns of mesoporous copper-containing 100
SBA-15 is shown inFig. 1 The dipg Spacing, pore vol- 95
umes and unit cell parameters of Cu-SBA-15 and SBA-15 4 i
before and after calcination are givenTable 1 The low
angle XRD patterns show a prominent peak corresponding = |
to (100) reflections and much weaker, whereas observable %}
peaks corresponding to (11 0) and (2 00) reflections, which 754
is the typical character of the SBA-15 molecular sieve re- 70
ported[12]. The unit cell dimensionap = 2d10¢/+/3) of cal-
cined Cu-SBA-15 (Cu calc.) is 1142 In comparison with
each other it is found theg of as-synthesized Cu-SBA-15
(Cu-as-syn.) is 28 greater than that of Si-as-syn. Such ex- 557
pansion of unit cell parameter may hint the successful incor- 50
poration of copper into the framework, although the accuracy 45 |
of the XRD measurement was not sufficient to differentiate
the metal-modified and the pure silica form material. Fur-
thermore, the higher-angle XRD pattern shows that there has >° 7
no formation of copper oxide particles (aggregation) in or 30 ‘
outside the pores of Cu-SBA-15, which sustain that the prod- 2000 1750 1500 1250 1000 750 500
uct Cu-SBA-15 is in a pure crystal phase, and the Cu may Wavenumbers (cm')

be incorporated into the framework of mesoporous material
Cu-SBA-15 Fig. 1). Fig. 2. FT-IR spectra of calcined Cu-SBA-15 mesoporous materials.
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Fig. 3. Ny adsorption—desorption isotherms of Cu-SBA-15 at 77 K.

siloxane polymerf35], mixed oxide$36] or TiO,-grafted on using SBA-15 as catalyst, whereas the Cu-SBA-15 shows a
silica[37], which is attributed to a modification of Si@nits very high catalytic activity for hydroxylation of phenol and
indirectly relating to the presence of heterometals. There- resulted in a phenol conversion of 59.4%, and this result in-
fore, the IR band at 960 cn could be assigned to-SD-T dicates that the Cu as framework species has the tempestuous
(T=Cu) vibration in the Cu-containing SBA-15 framework effect on the catalytic performance of Cu-SBA-15. By com-
structure. IR spectrum of sample also shows no presence ofparing the catalytic performance of Cu-SBA-15 with TS-1,
CuO due to the lack of a GO stretch vibration band at  the phenol conversion on Cu-SBA-15 is 12.3% higher than
536 cnt ! [38]. The results of the XRD, IR and ICP testify that on TS-1, and Cu-SBA-15 also shows higher catalytic
completely that the Cu was incorporated into the framework activity than Cu-HMS catalyst (s€Eable 2 indicating that

sites of the SBA-15. Cu-SBA-15isan excellent catalystand Cuis a highly efficient
centre of catalyst for the phenol hydroxylation. Moreover, the
3.1.3. N adsorption—desorption catalytic performance of Cu-SBA-15 is obviously superior

The N, adsorption—desorption isotherfig. 3) is of Type to that of Cu/SBA-15 prepared by immersion method, and
IV in nature and exhibited a clear H1-type hysteresis loop at the conversion of phenol over Cu-SBA-15 is 17.5% higher
high relative pressure, suggesting that Cu-SBA-15 have very
regular mesoporous channels. The average pore size calCus,yq »
lated from the BJH method is atabout 8.2 nm with the unitcell catalytic activities and selectivity in phenol hydroxylation by®3 over
dimensionag=11.42 nm and the wall thickness can be cal- various catalysfs
culated as 3.2 nm, which is similar to the mesoporous molec- catalyst Phenol conv. (%) Product selectivity [%)
ular sieve prepared with neutral block co-polymer templates

. ) CAT H B
[12]. The BET surface area of the calcined Cu-SBA-15 is Q Q
7281 g1, and the pore volumes of Cu-SBA-15 and SBA- SBA15 ao 00 00 0.0
15 samples are 0.81%g~! and 0.76 Ag—1, respectivel cu-HMS 327 035 306 39
‘sampl - . - g =, respectively,  cyspa-1s 419 650 310 4.0
which is in accordance with XRD results and confirms the cy-spa-15 54 710 262 28
expansion of the mesopores on the introduction of the Cu(ll) Ts-1¢ 471 533 457 1.0

in the Si framework. 2 Reaction conditions: water as a solvent, reaction temperature

60°C, pH=7.0, HOz/phenol=2 (molar ratio), reaction time 4h, cata-

3.2. Catalytic phenol hydroxylation lystphenol =5% (weight ratio). _
CAT =catechol, HQ=hydroquinone, and BQ =benzoquinone. The

. L. product of tar is not included, and the product selectivity is CAT (or HQ
3.2.1. Catalytic activity or BQ)/(CAT +HQ +BQ).
The results of the catalytic activities using different cata- ¢ prepared by immersion method.

lysts at 60°C were listed irTable 2 No products are detected ¢ mTAPOH)M(Si0,) =0.2.
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than that on Cu/SBA-15. This observation indicates that the Table 3

catalytic activity of the framework Cu(ll) in Cu-SBA-15 is Effect of reaction medium of phenol hydroxylation catalyzed by Cu-SBA-
a

higher than the extraframework Cu(ll) supported on SBA-15.

This may be due to that the electric and geometric arrange-Reaction medium  Phenol Conv (%) Product selectivity (% mol)

ment of tetrahedrally coordinated framework Cu(ll) can lead CAT HQ BQ
to the changing of the electric field environment in the in- \yyeer 594 710 262 28
ner channels of SBA-15, and then favorably promote cat- Acetonitrile Qo0 - - -
alytic activity for phenol hydroxylation. Furthermore, it is Acetone 00 - - -
worth mentioning that the selectivity of CAT in this reac- Methanol 00 - - -

tionis very high (CAT/HQ = 3) on the Cu-SBA-15, this high @ Other reaction conditions are the same as thoJealte 1
CAT selectivity is in good agreement with previous results
over Cu/MCM-41 and Cu-HMS catalys{®6,27], but com-

pletely different from that of the microporous titanium sili- ity of products over microporous titanosilicaliteEable 3
C.a“te Zeo|llteS TS-1. A pOSSIb|e reason aCCOUnUng fO.I’ such apresents a summary of solvent influence in pheno' hydroxy_
difference is that hexagonal structure of Cu-SBA-15 is com- |ation over Cu-SBA-15 catalyst. While acetone, acetonitrile
pIeter different from the three-dimensional microstructure and methanol were used as solvents, pheno| hydroxy|ation
of TS-1. S ~ reaction did not occur. A change from organic solvents to
Generally, the catalytic activity and product selectivity in - water led to a significant increase in phenol conversion, and
phenol hydroxylation by hydrogen peroxide are strongly in- \yhich indicates that water was the best solvent for phenol
fluenced by surface area of the catalyst, solvents, reactionhydroxylation using Cu-SBA-15 as catalyst. This may be at-
time, and reaction temperature, which are investigated sys-triputed to that phenol and 4@, reach the active sites and

tematically as follows. the species dispersed more easily in water than in the organic
solvents. The other reason is the active species, such as OH
3.2.2. Influence of reaction media produced in organic solvents may react with them rather than

It has been reported the solvents in this reaction have athe phenol. One of the most interesting is water as media,
great influence on the phenol conversion and the selectiv-which is safe, cheap, and environmentally friendly solvent,

H,0, + Cn? SBA-15 —® HO,- + H*+ Cu™-SBA-15

A
H,0, + Cu'* SBA-15 =———m -OH + OH + Cu?-SBA-15
OH
OH
CATECHOL
OH
B«
PHENOL +H,O ——== TAR
HYDROQUINONE BENZOQUINONE
Cu2*-SBA-15 + HO,- == Cu'*-SBA-15+ 02 + H*
c

H* + OH" —_— H,O

Scheme 1. Reaction path for the hydroxylation of phenol.
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Table 4

Catalytic activities and selectivity in phenol hydroxylation by®3 over Cu-SBA-15 catalyst with various reaction tiine

Time (h) Phenol conv. (mol%) 0, eff conv. (%) H O, conv. (%) Product selectivity

CAT HQ BQ

0.25 53 25.6 125 45.1 36.8 20
0.5 128 39.1 18.9 44.3 41.9 12
0.75 172 42.1 22.8 45.6 43.2 12
1 207 42.3 26.7 46.2 445 9
2 241 43.0 305 47.7 43.7 .8
4 594 46.7 65.3 71.0 26.2 2
6 624 40.8 78.5 70.9 26.4 2
8 626 36.6 87.2 71.2 27.0 a

10 627 34.9 91.3 70.8 27.6 .6

a Other reaction conditions are the same as thoJelte 1

and meets the needs of sustainable development in chemicaphenol conversion was 5.3%, CAT selectivity is 45.1% and

industries. H>0, conversion is 12.5%. When the reaction time was 6 h,
the corresponding phenol ancb® conversion, and CAT
3.2.3. Reaction mechanism selectivity are 62.4, 65.3, and 70.9% (Sksble 4, which

The reaction mechanism for the oxidation of aromatic attained the maximal yield of hydroxylation products under
compounds employing transition metals has been previouslypresent conditions, when the reaction time was further pro-
studied28]. The reaction path proposed for the present study longed, the phenol conversion and the selectivity of CAT have
involves following steps shown iScheme 1In step A, the  almost no change, but he conversion o0 still increase.
interaction of Cu-SBA-15 catalysts and hydrogen peroxide This result illustrates that $D, take part in other chemical
yields HO and HQ* species, via a redox mechanism. In reaction expect the phenol hydroxylation. It is a noteworthy
step B, hydroquinone and catechol are subsequently obtainedhat the selectivity of HQ decreased remarkably (from 44.5%
in parallel processes, by the attack of H@dicals to the  at 1h to 27.0% at 8 h) when the CAT selectivity increase
aromatic ring, benzoquinone can be formed by the consec-with reaction time. A possible reason may account for such
utive oxidation of hydroquinone. In addition, a little tar was aresultis that hydroguinone is consumed in the formation of
formed during the procedure of phenol hydroxylation due to BQ products, whereas CAT, the thermodynamically favored
over-oxidation of BQ. In step C, oxygen and water are formed isomer, was not further oxidizg@7]. And the higher selec-

in side reactions by the decomposition of®. tivity of BQ in early stage of the reaction and the variation
of the selectivity for HQ with reaction time (séable 4
3.2.4. Influence of reaction time maybe arise from two factors: firstly, a fast over oxidation

Table 4presents the dependence of phenol conversion andof HQ by the higher concentration ofB; could cause the
selectivity with reaction time in water using Cu-SBA-15 as formation of BQ in the more amount in the initial action, and
catalyst. From the results FFable 4 it was found that HO,, which gradually decreased with the concentration O}
phenol conversion and selectivity of CAT increase with in- decrease; secondly, the side reaction of BQ oxidation to tar
creasing reaction time. In contrast, the selectivity of BQ de- could take place in the reaction procedure, but its reaction
creased with reaction time increase, whereas the selectivity offate is the lower and which lead to the little amount of tar
hydroquinone, firstly increased, and then decreased with re-observed in the end of reaction.
action time increase. A relatively short reaction time resulted
in incomplete conversion of phenol as well as undesirable 3.2.5. Influence of reaction temperature
product selectivity. In the region from 0 to 6 h, the change of =~ Phenol conversion and product selectivities in the tem-
them is the more notable. When the reaction time was 0.25 h,perature range of 40-9C for phenol hydroxylation over

Table 5
Catalytic activities and selectivity in phenol hydroxylation by®3 over Cu-SBA-15 catalyst with various reaction temperature
Temperature®C) Phenol conv. (mol%) bD, eff conv. (%) H O, conv. (%) Product selectivity

CAT HQ BQ
40 34.9 34.9 53.2 63.7 30.0 6.3
60 59.4 46.7 65.3 71.0 26.2 2.8
80 64.1 41.8 78.5 78.9 18.8 2.3
90 65.5 40.5 824 76.8 21.3 1.9

@ Other reaction conditions are the same as thoJalite 1
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Table 6
Catalytic activities and selectivity in phenol hydroxylation by®3 over Cu-SBA-15 catalyst with regeneration of the cat&lyst
Run Phenol conv. (%) Product selectivity (%)

CAT HQ BQ
First run 59.4 71.0 26.2 .8
Second run (used sample from run 1) 19.3 64.9 17.0 .118
Third run (regeneration by calcinations at 5%Dfor run 3) 57.6 71.4 26.4 2

@ Other reaction conditions are the same as thoJalte 1

Cu-SBA-15 catalyst are listed ifable 5 It is observed that ~ Acknowledgements
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