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Abstract

SiO,-included cesium polyoxotungstate catalysts were synthesized by a sol-gel method and
characterizied by FTIR, XRD and N, adsorption isotherms. XRD patterns prove that the cesium
polyoxotungstate is uniformly dispersed in the silica network. The catalysts were used in oxidation of
cyclohexane with H,O,. The products are cyclohexanol and cyclohexanone. The catalysts prepared by using a
copolymer surfactant show higher surface area and exhibit higher activity. These catalysts are truly

heterogeneous and can be reused at least 3 times.
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Introduction

Selective oxidation of cyclohexane yields
cyclohexanol ~and  cyclohexanone,  important
intermediates in the production of adipic acid and
caprolactam, in the manufacture of nylon-6 and
nylon-66 polymers.”” Polyoxometalates have been
used as catalysts in oxidation of organic compounds
due to the variety of their compositions, sizes, shapes,
redox potentials, acidity, and solubility.?’ Most of the
homogeneous oxidation of cyclohexane catalyzed by
polyoxometalates was performed in acetonitrile
solvent with H,O, e.g. tetrabutylammonium salts of
[XW]]O:,Q]VF and [XW”MO”](”*W* (X = P, Sl, B and
M" = Fe, Mn),®) [M4(H,0),(PW401,),]'"", M= Co,
Mn and Fe® Co-substituted polyoxotungstate
catalyst showed efficient activity in the oxidation of
cyclohexane.”) Tt has been reported that substitution
of Cs" for H" in Cs,H3,PW ;04 catalysts improved
surface area and thermal stability compared to parent
acids, the surface area is the largest when x = 2.5.9 A
problem associated with the use of these Cs salt
catalysts is that the salt particles disperse as a colloid
in water and organic solvents, making it difficult to
separate the salt from the reaction products.”
Therefore they were supported on a carrier.® The
Keggin-type  polyoxometalates have molecular
diameter of around 1.2 nm. Heteropolytungstic acid
supported on MCM-41 or amorphous silica was used
as a catalyst in many organic reactions.”'” Our
previous study in catalytic activity of the tetrabutyl-
ammonium transition metal (V, Cu, Co, Fe)-
substituted polyoxometalates supported on MCM-
41 prepared by impregnation method for oxidation

of cyclohexane was reported."'” Several reports in
the literature have identified SiO, as a suitable
support.'? SiO,-included heteropolyacids prepared
by sol-gel method"® exhibit much better catalytic
activity than those prepared by impregnation
method."” We report here the preparation of
heterogencous catalysts based on SiO,-included
cesium polyoxotungstate and their catalytic
efficiency for the oxidation of cyclohexane with
H,0,. A restriction of moving polyoxotungstate
within solid matrix is crucial to prevent
polyoxotungstate leaching into the reaction solution.
H,O, is a very useful oxidant because of the
simplicity of handling, the environmentally friendly
nature of its coproduct (water), the high oxygen
atom efficiency, and the versatility."®

Materials and Experimental Procedures

H;PW 5,04 (Wako Pure Chemical), Cs,COs
(Fluka), H,O, (30 wt.% aqueous), cyclohexane
(Merck), tetracthylorthosilicate (TEOS), and triblock
poly (ethylene oxide)-poly (propylene oxide)-
poly(ethylene oxide) copolymer or P123 (M= 5800)
(Fluka) were used as received.

Catalysts synthesis and characterization

Cesium polyoxotungstate was prepared
according to the literature method with slight
modification."® by adding slowly Cs,CO; 0.47 M in
ethanol:H,O (50:50 V/V) to H;PW;,04 0.47 M in
ethanol. The precipitate obtained was aged overnight
at 35°C, finally dried at 110°C. Its chemical
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composition was determined by chemical analysis of
W and Cs.

SiO,-included cesium polyoxotungstate
catalysts were prepared using two different methods:

Method A : A desired amount (10, 20
wt%) of cesium polyoxotungstate in ethanol 50 mL
was added TEOS 0.1 mol (20.3 g) under stirring at
room temperature. The mixture was stirred at 40°C
for 1 hour and then at 80°C for 3 hours, finally
dried at 110°C overnight.

Method B : Same procedure as in method
A except that ethanol solution (25 ml) of P123 (14
g) was also added at room temperature. The acidity
of the mixture was controlled at pH ~1 by HCI.
The mixture was stirred for 5 hours. Then it was

Results and Discussion

The chemical formula of cesium polyoxotungstate
analyzed from the ICP (Cs and W content) can be
matched with Cs;7H;3PW,04. Surface area and
pore volume of the SiOp-included cesium
polyoxotungstate catalysts are shown in Table 1.
The catalysts prepared by the method B show higher
surface area and pore volume than those by the
method A, this is due to addition of a copolymer
surfactant which creates more pores in the silica
matrix. Both values decreased with increasing
loading of CsHPW, this could be due to
deposition of cesium polyoxotungstate inside the
pores or dispersion on the surface of the support.

Table 1. Characteristics of catalysts

. . . . Catalyst %wt loading Surface area Pore
dried at 110°C overnight, resulting in clear gel. of CsHPW m¥/g volume
Removal of P123 was performed by calcination at cm’/g
280°C for 5 hours. CsHPW - 78 0.04

SiO,-included CsHPW 10 235 0.17

) . (method A) 20 203 0.12

The catalysts were characterized for thelr SiO-included CsHPW 10 785 0.23
surface area and pore volume by the N, adsorption (method B) 20 260 0.19

technique (BELSORP-mini). The X-ray powder
diffraction pattern of catalysts was recorded by
Rigaku, DMAX 2002/Ultima Plus diffractometer
using Cu Ka radiation. Fourier-transform infrared
spectra as KBr pellet were recorded on Nicolet FT-
IR Impact 410 Spectrophotometer between 400-
4000 cm” in transmittance mode. The amount of
Cs, W was measured by dissolving the catalyst in
H,SOyHF (1:1 v/v) and analyzed the solution
using inductively coupled plasma (ICP) on Perkin
Elmer model PLASMA-1000.

Oxidation of cyclohexane

Cyclohexane, catalyst and aqueous H,O,
(30%) were added into a 60 ml Parr reactor. The
reaction mixture was heated to 80°C and stirred for
5-15 hours. The catalyst was separated by filtration
and the products were extracted with diethyl ether,
dried and analyzed by GC ( Shimadzu model CG-
17A equipment with flame ionization detector and
OV-1701 0.50 pum capillary column (30 m, 0.25
mm) using r-octane as internal standard. At the
end of the reaction, the spent catalyst was
separated, washed with water, and dried at 110°C.
It was subjected to further catalytic reaction under
similar condition.

The N, adsorption-desorption isotherm of
the catalysts prepared by method A is shown in
Figure 1. It shows Type I, according to the IUPAC
classification, which is characteristic of a microporous
material. A similar isotherm was obtained for the
catalyst prepared by method B. The immobilization
of the CsHPW in silica, by sol-gel method, creates a
microporous material. The presence of micropores is
confirmed by the sharp increase of the adsorbed
amount of N, at a very low relative pressure.
CsHPW enters into the interior of pores in the
network so that the protons on the spherical surface
of the CsHPW can interact with the OH groups of
silanol or the bridge oxygens of Si-O-Si in the
silica network.
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Figure 1. Adsorption-desorption isotherm of SiO,-
included CsHPW catalyst (method A).
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Figure 2 shows the XRD patterns of the
pure CsHPW and SiO,-included CsHPW catalysts.
It is observed that a broad band centered around 26 b
= 25°, which is associated to the amorphous silica.
No crystalline phase related to CSHPW is observed,
illustrating uniform dispersion of CsHPW in the
silica network in agreement with previous report."'®
It was previously reported that XRD detectable
polyoxometalate crystal phase was developed on
silica surface only above 20% loading. ¥
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a Figure 3. FTIR spectra of SiO,-included CsHPW (20 wt%)
prepared by (a) method A and (b) method B.
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The oxidation of cyclohexane was performed

M b using H,O, as oxidant in the presence of catalyst
Mot under the same reaction conditions and the results

are presented in Table 2. The oxidized products

| . from the oxidation of cyclohexane are cyclohexanol

20 “ w0 and cyclohexanone (equation 1).
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Figure 2. XRD patterns of (a) CsHPW and (b, ¢) SiO,-

OH (o]
included CsHPW (20 wt%) prepared by
method A and B, respectively. O —_— —_— (1)

The characteristic IR bands of CsHPW
(not shown) appear at 1077, 985, 890 and 789 cm™’
attribute to P-O, terminal bond (W-O), corner-
sharing W-O-W and edge-sharing W-O-W,
respectively. '” FTIR spectra of the SiO,-included
CsHPW catalysts (10 wt% loading) are dominated
by the intense and broad bands of silica, which
prevent the observation of most of the CsHPW

Table 2 Oxidation of cyclohexane over SiO,-included
CsHPW catalysts (0.4 g catalyst, cyclohexane
92 mmol, temperature 80°C)

characteristic vibrational modes. However, FTIR  Method %CsHPW H,Oycyclohexane Conversion® Selectivity to

spectrum (shown in Figure 3) of the SiO,-included loading molar ratio (%) cyclohexanone’(%)
CsHPW catalysts (20 wt% loading) reveals a tiny A 10 3 57 S
band around 890 cm' in case of the catalyst 20 3 65 75
prepared by method B (Figure 3b). 20 A 7 7s
B 10 3 61 77
20 3 69 78
20 4 74 78

“Based on the gas chromatographic peak areas.
°Expressed as a percentage of the total products;
cyclohexanone + cyclohexanol
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The experimental results show that the
catalytic activity increases with increasing CsHPW
loading. The catalysts prepared by the method B
show higher activity than those by the method A,
this might be higher surface area and larger pore
volume. With the presence of larger pores in its
structure and higher surface area, this SiO,-included
CsHPW catalyst (method B) has more surface protons
available to catalytic reaction. Higher conversion can
be obtained by increasing H,O./cyclohexane molar
ratio from 3 to 4 while selectivity of cyclohexanone
was not affected. The oxidation of cyclohexanol to
cyclohexanone took place more rapidly than the
oxidation of cyclohexane. For comparison, (n-
C4Ho)sN),H;PW ;039 catalyst showed low activity
(35% conversion) and 60% selectivity to cyclohexanone
(reaction condition : cyclohexane 18.5 mmol, catalyst
0.039 mmol, H,0O./cyclohexane molar ratio = 2,
acetonitrile 10 ml, 80°C, 12 hours).(]g) Moreover in
the oxidation of cylohexanol Cs,sHosPW,04 was
reported to yield 90% cyclohexanol conversion at 6
h of reaction time."” Its high activity was explained
by its high surface acid site population compared to
the acidic HsPW,04."” For the supported catalyst,
Cs,H;-,PM0,,040/Si0, showed highest activity in
oxidation of benzyl alcohol when x = 1.5.'¢

Insoluble solid catalysts have practical
advantages such as the easiness of separation and
reusability. After the reaction, the catalyst was
filtered, dried and then reused under the same
reaction condition. The result shows that it can be
reused 3 times without decrease in activity.
However beyond that a decrease in activity (from
74% to 70% conversion) was observed, probably
due to catalyst deactivation. In addition the
heterogeneity of the catalytic system was confirmed
by analysis of the filtrate (by ICP). No significant
amount of CsHPW leached into the reaction was
detected.

Conclusions

The CsHPW was successfully immobilized
into silica matrix via a sol-gel method in the absence
(method A) or presence of a copolymer surfactant
(method B). The structural integrity of the CsHPW
unit remained intact. The catalysts prepared by the
method B showed higher catalytic activity for the
oxidation of cyclohexane using H,O, oxidant with
74% of cyclohexane conversion and 78% selectivity
to cyclohexanone after 8 h of reaction at 80°C. This
work demonstrates that the sol-gel method yielded

good dispersion and interaction of the caesium
polyoxotungstate at the silica surface.

References

1. Shylesh, S., Prinson, P. S. and Singh, A.P. (2007).
Chromium-containing small pore mesoporous
silicas: Synthesis, characterization and catalytic
behavior in the liquid phase oxidation of
cyclohexane. Appl. Catal. A. 318 : 128-136.

2. Mizuno, N. and Misono, M. (1998). Heterogeneous
Catalysis. Chem. Rev. 98 : 199-217.

3. Simdes, M.M.Q, Santos, I.C.M.S., Balula, M.S.S.,
Gamelas, J.A.F, Cavaleiro, Neves, M.G.P.
M.S. and Cavaleiro, J.A.S. Oxidation of
cycloalkanes with hydrogen peroxide in
the presence of Keggin-type polyoxotungstates.
Catal. Today. 91-92 : 211-214.

4. Santos, I.C.M.S., Gamelas, J.A.F., Balula, M.S.S.,
Simdes, M.M.Q., Neves, M.G.P.M.S., Cavaleiro,
JAS. and Cavaleiro, AM.V. (2007). Sandwich-
type tungstophosphates in the catalytical
oxidation of cycloalkanes with hydrogen
peroxide. J. Mol. Catal. A : Chem. 262 : 41-47.

5. Kanjina, W. and Trakarnpruk, W. (2010). Oxidation
of cyclohexane and ethylbenzene by hydrogen
peroxide over Co-substituted heteropolytungstate
catalyst. J. Met. Mater.Miner. 20(2) : 29-34.

6. Okuhara, T., Watanabe, H., Nishimura, T., Inumaru,
K. and Misono, M. (2000). Microstructure
of cesium hydrogen salts of 12-tungstophosphoric
acid Relevant to novel acid catalysis.
Chem. Mater.12(8) : 2230-2238.

7. Izumi, Y. (1997). Hydration/hydrolysis by solid
acids. Catal. Today. 33(4) : 371-409.

8. Dias, A.S., Lima, S., Pillinger, M., and Valente,
A. (20006). Acidic cesium salts of 12-
tungstophosphoric acid as catalysts for the
dehydration of xylose into furfural.
Carbohydr. Res. 341(18) : 2946-2953.

9. Khder, A.R.S., Hassan, H.M.A. and El-Shall, M.S.
(2012). Acid catalyzed organic transformations
by heteropoly tungstophosphoric acid
supported on MCM-41. Appl. Catal. A : Gen.
411-412 : 77-86.



SiOsx-included Cesium Polyoxotungstate Catalysts for Oxidation of Cyclohexane with H,0, 35

10. Kozhevnikov, 1.V., Kloetstra, K. R., Sinnema, A.,
Zandbergen, H.W. and Van Bekkum, H.
(1996). Study of -catalysts comprising
heteropoly acid H;PW,04 supported on
MCM-41 molecular sieve and amorphous
silica. J. Mol. Catal. A : Gen. 114 : 287-298.

11. Jatupisarnpong, J. and Trakarnpruk, W. (2012).
Transition metal-substituted polyoxometalates
loaded MCM-41 as catalysts in the oxidation
of cyclohexane and cyclooctane with H,Os.
Mendeleev Commun. 22 : 152-153.

12. Rocchiccioli-Deltcheft, C., Amirouche, M., Herve,
G., Fournier, M., Che, M. And Tatibouet,
J.M. (1990). Structure and catalytic properties
of silica-supported polyoxomolybdates.II.
Thermal behavior of unsupported and
silica-supported  12-molybdosilicic  acid
catalysts from IR and catalytic reactivity
studies. J. Catal. 126 : 591-599.

13. Izumi, Y., Hisano, K. and Hida, T. (1999).
Acid catalysis of silica-included heteropolyacid
in polar reaction media. Appl. Catal. A :
Gen. 181 : 277-282.

14. Molnar, A., Keresszegi, C. and Torok, B. (1999).
Heteropoly acids immobilized into a silica
matrix characterization and catalytic
applications. Appl. Catal. A : Gen. 189 : 217-224.

15. Seki, Y., Min, J.S., Misono, M. and Mizuno, N.
(2000). Reaction mechanism of oxidation
of methane with hydrogen peroxide
catalyzed by 11-molybdo-I-vanadophosphoric
acid catalyst precursor. J. Phys. Chem. B.
104 : 5940-5944.

16. Peng, G., Wang, Y., Hua, C., Wang, E., Feng,
S., Zhou, Y., Ding, H. and Liu, Y. (2001).
Heteropolyoxometalates which are included
in microporous silica, Cs,H;-,PMo0;,04¢/SiO,
and Cs,Hs ,PMo,iV,040/SiO,, as insoluble
solid bifunctional catalysts : synthesis and
selective oxidation of benzyl alcohol in
liquid-solid systems. Appl. Catal. A : Gen.
218 :91-99.

17. Balbinot, L., Schuchardt, U., Vera, C. and
Sepaveda, J. (2008). Oxidation of cyclohexanol
to epsilon-caprolactone with aqueous hydrogen
peroxide on H3PW]204() and CS2'5H()'5PW]204().
Cat. Commun. 9 : 1878-1881.

18. Simoes, M.M.Q., Conceic, C.M.M., Gamelas,
J.A.F., Domingues, P.M.D.N., Cavaleiro,
A.M.V., Cavaleiro, J.A.S., Ferrer-Correia,
A.J.V. and Johnstone, R.A.W. (1999).
Keggin-type polyoxotungstates as catalysts
in the oxidation of cyclohexane by dilute
aqueous hydrogen peroxide. J. Mol. Catal.
A : Chem. 144 : 461-468.

19. Dias, J.A., Caliman, E. and Dias, S.C.L. (2004).
Effects of cesium ion exchange on acidity
of 12-tungstophosphoric acid. Micropor.
Mesopor. Mat. 76(1-3) : 221-232.



