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A microporous titanosilicate (TS-1) catalyst was synthesised from an amorphous titanosilicate precursor, and both the

amorphous precursor and TS-1 were characterised by Ti K-edge X-ray absorption spectroscopy which revealed that Ti (IV) ions are

in tetrahedral coordination in the calcined state. Each of these solids is catalytically active for the conversion of cyclohexene to

cyclohexene oxide in the presence of H2O2. Use of urea–H2O2 adduct as oxidant increased the activity and selectivity for the

formation of the epoxide with TS-1 as catalyst. However, a significant loss in catalytic activity is seen for the amorphous precursor.

1. Introduction

It has long been recognised that titanosilicate cata-
lysts are highly effective for a host of organic transfor-
mations including epoxidation and ammoxidation.
Since the discovery of crystalline, microporous TS-1,
several studies have been published; hence perhaps
making TS-1 one of the most widely studied titanosili-
cate materials [1–3]. Preparation of TS-1 is usually car-
ried out under hydrothermal conditions using a range of
titanium and silicate sources; Taramasso et al. have
established a specific method for producing TS-1 cata-
lysts [4]. More recently Serrano and co-workers devel-
oped a method of converting a dried gel into TS-1 or
zeolite b [5–7]. This precursor gel can be prepared using
a variety of methods [5,6,8–10]. Here we report a simple
procedure to prepare a co-precipitated gel (cogel) con-
taining a specific Si/Ti ratio and subsequent transfor-
mation of this cogel into crystalline TS-1 catalysts. Both
the starting cogel and the TS-1 materials were charac-
terised in detail by Ti K-edge X-ray absorption spec-
troscopy (XAS), which is known to be an ideal
technique [11–16] for the study of catalytically active
sites when present in small concentrations [17]. In
addition, we carried out detailed catalytic reaction
studies using both the amorphous cogel and TS-1, which
allowed us to compare directly the nature of the tita-
nium centres in both these systems and their relation to
the catalytic conversion of cyclohexene in the presence
of both H2O2 (30 wt% in H2O) and urea–H2O2 adduct
[18,19]. Both catalysts were found to be active when
aqueous H2O2 was used as the oxidant. However, whilst

a significant improvement in the activity and selectivity
towards epoxide was seen for TS-1 in the presence of
urea-H2O2 adduct, a decrease in catalytic activity was
seen for the cogel.

2. Experimental

In a typical cogel (of specific Si/Ti ratio) preparation,
tetraethylammonium hydroxide was slowly added to a
solution containing tetraethyl orthosilicate and titanium
tetrabutoxide; the solution was continuously agitated
using an ultrasonic bath. The gel formed by this pro-
cedure was carefully dried, then calcined in air (530�C
for 4 h), before use as a precursor for the preparation of
TS-1. In a typical TS-1 synthesis, cogel (2.0 g) was
added to tetrapropylammonium hydroxide (TPAOH)
(3.6 g, 20%), which is traditionally used as structure
directing agent in the preparation of TS-1. The resultant
gel was subjected to hydrothermal treatment at ca 170�C
for 24 h. The extracted solid was washed and dried
before further characterisation and catalytic use.

X-ray diffraction patterns were recorded using a
Bruker D4 X-ray diffractometer equipped with copper
target. TS-1 and cogel materials were calcined in air at
ca 530�C, for about 4 h prior to in situ XAS measure-
ments and catalytic studies. Ti K-edge XAS data were
recorded at BM26A (DUBBLE) at ESRF, Grenoble
(which operates at 6 GeV with a typical current in the
range of ca 100 mA). The station was equipped with a
double crystal Si(111) monochromator, ion chambers
for measuring the incident and transmitted beam
intensities (Io and It, respectively) and a nine element
monolithic fluorescence detector (Ortec) using XPRESS*To whom correspondence should be addressed.
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electronics for measuring the XAS data in fluorescence
mode. All the Ti K-edge XAS data were collected in the
fluorescence mode. Ti–(OSiPh3Þ4 and titanosilicate ETS-
10 were used as model compounds. The data were
processed employing the suite of programs available at
Daresbury laboratory: EXCALIB (for converting the
collected data into energy versus absorption coefficient),
EXBROOK for extracting the normalised X-ray
Absorption Near Edge Structure (XANES) data.

Cyclohexene epoxidation reactions were carried out
in a 50 mL glass reactor equipped with a reflux con-
denser and a magnetic stirrer. In a typical reaction, the
oxidant and cyclohexene were introduced in to the
reactor and the mixture was heated to the reaction
temperature (333 K, maintained using an oil bath)
under constant stirring prior to the introduction of
100 mg of calcined titanosilicate catalyst. Acetonitrile
was used as the solvent and mesitylene used as the
internal standard. Aliquots were removed from the
reactor, periodically over six hours to follow the kinetics
of the catalytic reaction. In separate experiments, sili-
cates (without titanium) prepared using identical pro-
cedures to titanosilicate cogel and TS-1 synthesis were
tested for cyclohexene conversion; in addition to a blank
experiment without any catalyst. The liquid samples
were analysed using a Gas Chromotograph (Clarus 500,
PerkinElmer) equipped with flame ionisation detector
and 30 m capillary column (Ellite-1, crossbond 100%
dimethyl polysiloxane).

3. Results and Discussion

The X-ray diffraction patterns (figure 1) show the as-
prepared cogel to be amorphous and the TS-1 to be a
highly crystalline phase pure material. Evidence for the
incorporation of titanium ions within the framework
sites of TS-1 was seen in the Ti K-edge XANES data

(figure 2); the pre-edge (marked A in figure 2c) is known
to be sensitive to coordination geometry. Comparison of
the Ti K-edge XANES data, (recorded in the hydrated
and dehydrated state of all the titanosilicates), with the
model compounds (Ti(OSiPh3Þ4 and ETS-10) [17,20,21]
reveals several interesting points. Firstly, the pre-edge
intensity (highest when Ti(IV) is present in tetrahedral
coordination and lowest for octahedrally coordinated
titanium centres [11,17]), shows a higher value for TS-1
compared to the corresponding cogel, although both
materials were calcined and hydrated prior to the XAS
measurement. This clearly suggests that the majority of
the titanium centres in TS-1 are protected from the
coordination of water molecules due to the hydrophobic
nature of the silicalite system. Upon in situ dehydration,
the pre-edge intensity of all the samples increased to a
higher value (close to that of the model compound),
indicating that the removal of loosely bound water
resulted in tetrahedrally coordinated Ti(IV) centres. The
pre-edge intensity and its energy position for both the
cogel and TS-1 are listed in table 1. Thus, irrespective of
the nature of the titanosilicate, whether it is TS-1 or
cogel, both should be active for catalytic epoxidation of
cyclohexene in the presence of hydrogen peroxide.

The catalytic activity after 6 h of reaction (table 1),
clearly shows that all the calcined titanosilicates are
active for the conversion of cyclohexene in the presence
of H2O2 and the activities for all the materials were
found to be closely similar to one another. The amor-
phous cogels were found to be marginally better than
the corresponding TS-1. However, the selectivity (fig-
ure 3) (figure 4) towards the formation of epoxide is
higher for TS-1 compared to the cogel. Significant
amounts of diol (the product formed from epoxide due
to the presence of acid sites) were formed with the cogel
catalyst compared to TS-1. This may be due to the
highly disordered structure of the cogel which contains
more hydroxyl groups in contrast to the crystalline

Figure 1. X-ray diffraction patterns of the as-synthesised cogel and the TS-1 crystallised from the cogel. On the right we show structural model

representing amorphous titanosilicate (bottom) and crystalline TS-1 (top).
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Figure 2. On the left, Ti K-edge XANES data recorded at room temperature of (a) ETS-10 material, (b) amorphous cogel prepared by

conventional stirring method and (c) as-prepared TS-1 from cogel. On the right, Ti K-edge XANES, recorded in situ, of the calcined (d) cogel and

(e) TS-1. For comparison the model compounds Ti(OSiPh3)4 is also given in (f). It has been shown previously that the Ti(OSiPh3)4 and ETS-10

contains Ti(IV) ions in tetrahedral and octahedral coordination geometries, respectively.

Table 1

Comparison of the characteristics and catalytic performance of amorphous titanium silicate cogel and microporous TS-1 catalyst prepared from

the amorphous titanium silicate cogel

XRD Pre-edge Intensity (Arb. Units) Pre-edge Position (eV) Cyclohexene conversion (percent)

Aqueous H2O2
1 Urea–H2O2 Adduct1

As-synthesised Ti–silicate co-gel Amorphous 0.25 4969.28 – –

As-synthesised TS-1 Crystalline 0.49 4968.53 – –

Calcined Ti–silicate co-gel Amorphous 0.76 4968.51 13.3 1.2

Calcined TS-1 Crystalline 0.77 4968.50 13.9 22.3

1 Cyclohexene conversion evaluated after 6 h of reaction.

Figure 3. Kinetics of cyclohexene oxidation in presence of aqueous H2O2 and urea–H2O2 adduct over TS-1 and amorphous titanosilicate

catalysts. In a typical reaction, 100 mg of pre-dried catalyst, 6 millimoles of cyclohexene and oxidant (30% aqueous solution of H2O2 or urea–

H2O2 adduct), 5 g acetonitrile (solvent) and mesitylene (internal standard) were used.
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TS-1. In a separate experiment, an anhydrous urea–
H2O2 adduct was used as the oxidant instead of aqueous
H2O2. The catalytic activity of the TS-1 increased from
ca 16% to about 25%. However, it is surprising that the
catalytic activity of the amorphous titanosilicate cogel
decreased significantly; from ca 16% to ca 2%. The
epoxide selectivity increased dramatically (to in excess of
90% compared to about 60% with aqueous H2O2) for
the TS-1 catalysts. While it appears that the presence of
urea blocks the acid sites thus favouring the stability of
the epoxide, this has the opposite effect on the catalytic
performance of the cogel. In order to confirm that the
effect was due to the presence of urea, urea was added to
a reaction mixture after 2 h of reaction. Analysis of the
product extracted after adding urea showed that there
was no further conversion of cyclohexene. Further
investigations on the effect of urea on the catalytic
activity of amorphous titanosilicate are in progress.

Acknowledgments

We thank EPSRC for a DTA avard and Royal
Society International fellowship for NRS. GS, SN and
WB thank ESRF for beam time and FWO/NWO for
support.

References

[1] B. Notari, Adv. Catal. 41 (1996) 253.

[2] P. Ratnasamy, D. Srinivas and H. Knozinger, Adv. Catal. 48

(2004) 1.

[3] J.M. Thomas and J.P. Williams, Phil. Trans. Roy. Soc. – Math.

Phys. Eng. Sci. 363 (2005) 765.

[4] M. Tarramasso, G. Perego and B. Notari, USA Patent 4410501,

(1983).

[5] D.P. Serrano, M.A. Uguina, G. Ovejero, R. Vangrieken and

M. Camacho, Micropor. Mat. 4 (1995) 273.

[6] D.P. Serrano, M.A. Uguina, G. Ovejero, R. VanGrieken and

M. Camacho, Micropor. Mat. 7 (1996) 309.

[7] D.P. Serrano, M.A. Uguina, R. Sanz, E. Castillo, A. Rodriguez

and P. Sanchez, Micropor. Mesopor. Mat. 69 (2004) 197.

[8] M.A. Uguina, G. Ovejero, R. Vangrieken, D.P. Serrano and

M. Camacho, J. Chem. Soc. – Chem. Commun. (1994) 27.

[9] M.A. Uguina, D.P. Serrano, G. Ovejero, R. VanGrieken and

M. Camacho, Zeolites 18 (1997) 368.

[10] G. Sankar, C. Zenonos, A.M. Beale, M. Sanchez-Sanchez, L.L.

Franklin and J. Garcia-Martinez, Recent Advances in the Science

and Technology of Zeolites and Related Materials, Pts a – c, 2004,

p. 758.

[11] F. Farges, G.E. Brown and J.J. Rehr, Geochim. Cosmochim. Ac.

60 (1996) 3023.

[12] G. Mountjoy, D.M. Pickup, G.W. Wallidge, R. Anderson, J.M.

Cole, R.J. Newport and M.E. Smith, Chem. Mat. 11 (1999) 1253.

[13] M. Anpo, H. Yamashita, Y. Ichihashi, Y. Fujii and M. Honda,

J. Phys. Chem. B 101 (1997) 2632.

[14] S. Bordiga, F. Boscherini, S. Coluccia, F. Genoni, C. Lamberti,

G. Leofanti, L. Marchese, G. Petrini, G. Vlaic and A. Zecchina,

Catl. Lett. 26 (1994) 195.

[15] C. Prestipino, F. Bonino, S. Usseglio, A. Damin, A. Tasso, M.G.

Clerici, S. Bordiga, F. D’Acapito, A. Zecchina and C. Lamberti,

Chemphyschem 5 (2004) 1799.

[16] T. Maschmeyer, F. Rey, G. Sankar and J.M. Thomas, Nature 378

(1995) 159.

[17] J.M. Thomas and G. Sankar, Acc. Chem. Res. 34 (2001) 571.

[18] S.C. Laha and R. Kumar, J. Catal. 204 (2001) 64.

[19] S.C. Laha and R. Kumar, J. Catal. 208 (2002) 339.

[20] G. Sankar, J.M. Thomas, C.R.A. Catlow, C.M. Barker,

D. Gleeson and N. Kaltsoyannis, J. Phys. Chem. B 105 (2001)

9028.

[21] J.M. Thomas, G. Sankar, M.C. Klunduk, M.P. Attfield,

T. Maschmeyer, B.F.G. Johnson and R.G. Bell, J. Phys. Chem. B

103 (1999) 8809.

Figure 4. Comparison of selectivities of epoxide and diol over crystalline and amorphous titanosilicate catalysts in presence of aqueous H2O2

and urea–H2O2 adduct.

A. Welch et al./Epoxidation of cyclohexene182



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


