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ABSTRACT: The industrially important deperoxidation reaction of O. e OH o
. . . 1 OH Ti/Si

cyclohexyl hydroperoxide was combined with the epoxidation of O/ © ©W0©+©/ . g
(o

cyclohexene over a series of mesoporous titanium silicates. The process

was found to proceed with high selectivity, forming cyclohexanol,
cyclohexanone, and epoxy-cyclohexane. The deperoxidation and epox- OH o
idation reactions were found to compete. However, by changing the Lot O/

surface hydrophobicity of the catalysts or the applied olefin/peroxide

e-caprolactam /
+ adipic acid

ratio, the overall mechanism could be directed in favor of the epoxida-
tion. In this way, the combined selectivity toward valuable alicyclic oxygenates from cyclohexane oxidation based on peroxide
conversion could be increased up to 170%. The catalysts where found to be stable from recycling and filtration experiments.
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1. INTRODUCTION

The selective oxidation of cyclohexane to a mixture of the
corresponding ketone and alcohol (KA-oil) is a key step in the
production of ngflon-6 and nylon-6,6 polyamides with a produc-
tion of over 10° tons per year.”” In a one-pot approach, cyclo-
hexane is oxidized at 150—170 °C under O, pressure, yielding
cyclohexyl hydroperoxide (CyOOH) as the first intermediate,
which decomposes in the presence of a transition metal salt via a
complex radical-chain reaction into both the desired ketone and
alcohol. Because of the occurrence of a radical-chain mechanism,
byproduct formation is excessive and commercially the process is
kept at 4% conversion, achieving a KA-oil selectivity (Sxa) of
70—85%.” > In an alternative two-step process, commercially
applied by DSM (Oxanon), cyclohexane is oxidized with O, into
an oxidate mixture containing mainly CyOOH (0.1—8 wt %),
and smaller amounts of the decomposition products and acids.®
Catalytic decomposition of CyOOH over a homogeneous cobalt
salt in a subsequent reaction yields KA-oil with a higher overall
selectivity. The main drawback of the latter approach is the
consumption of large amounts of alkaline solutions in the
decomposition step to neutralize the formed carboxylic acids.®
Although extensive research on the development of efficient and
stable heterogeneous and biomimetic catalyst systems has been
conducted during the past decades, no breakthrough leading to
novel applied catalyst systems has been achieved.">”"°

In the current paper, we present a novel catalytic process to
largely increase the alicyclic oxygenate yield of CyOOH decom-
position by combining the deperoxidation reaction with the
epoxidation of cyclohexene (Cy=H) to form a mixture of KA-oil
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and 1,2-epoxycyclohexene (CyO) over titanium-silica based
catalyst materials, as illustrated in Scheme 1. The formed CyO
can be distilled off as a valuable industrial intermediate for fine-
chemicals production,"" ~** but can as well be converted by
hydrogenolysis into cyclohexanol (CyOH)," or isomerized to
cyclohexanone (Cy=0)""'"" for downstream processing into
adipic acid or é-caprolactam, respectively.'”® The remainder
cyclohexene can be hydrogenated into cyclohexane and recycled
into the oxidation stage, thus avoiding a complicated cyclohexane/
cyclohexene separation step. The presented process has implica-
tions for the production of a wide variety of epoxides from other
olefins as well."

2. EXPERIMENTAL SECTION

2.1. Catalyst Materials. SBA-15 was prepared by the proce-
dure as described by Zhao et al,,** and MCM-41 was synthesized
according to the method by Cheng et al*' Titanium grafted
SBA-15 materials (in sample code: Ti-G#-SBA, # = Si/Ti) were
prepared in a glovebox under N, atmosphere. An amount of
titanium-isopropoxide (Ti-'(OC3H,), Sigma Aldrich 99%) to
achieve the desired Si/Ti ratio (Si/Ti = 20, 40, 80, and 120) was
dissolved in anhydrous isopropanol and impregnated on SBA-15
using the wetness impregnation method (3.3 mL ‘propanol per g
of SBA-1S was applied). The solvent was removed by drying
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Scheme 1. Novel Catalytic Tandem Process and the Com-
mercially Applied Route of CyOOH Deperoxidation
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under N, flow at room temperature for 48 h followed by
calcination at 400 °C for 4 h.***®> As reference materials TiO,
P25 (Degussa), TS-1, and Ti-BEA were used. For the experi-
ments using Co’*, cobalt-methylhexanoate (Sigma Aldrich, 65
wt % in mineral spirits) was used.

2.2. Catalyst Characterization. Diffuse Reflectance (DR)
UV—vis spectra were recorded on a Varian Cary 500 spectro-
photometer in the range of 200—800 nm using a Halon white
standard as reference material. Thermogravimetric analysis (TGA)
was performed on a TA Instruments QS0 apparatus in a N, flow.
N,-physisorption measurements were done on a Micromeretics
Tristar 3000 analyzer. Prior to analysis the samples were dried at
250 °C for at least 12 h. Small Angle X-ray Diffraction (XRD, 26 =
0.7—5°) was performed on a Bruker AXS D2 Phaser apparatus
using a Cog,, radiation source (4 = 1.78897 A) operating at 30 kV
and 10 mV.

2.3. Catalytic Performance. Batch catalytic tests were per-
formed in a 100 mL round-bottom flask equipped with a reflux
condenser and septum. Fifteen grams of a 2 wt % cyclohexyl
hydroperoxide (2.6 mmol CyOOH) solution in cyclohexane
(Sigma Aldrich, 99%) containing 1 mol % biphenyl and the
amount of cyclohexene (Sigma Aldrich, 99%) for the desired
olefin/peroxide (O/P) ratio were loaded into the reactor to-
gether with 50 mg of catalyst and placed in an oil bath at 80 °C.
Aliquots were taken from the reactor with a syringe through a
septum during reaction and quenched in pyridine (Sigma Aldrich,
99%) precooled at —20 °C. Prior to analysis, liquid samples
were silylated with N-methyl-N-trimethylsilyl-trifluoro-acetamide
(MSTFA, ABCR, 98%). The silylated samples were analyzed by
GC-FID using a Varian 430 GC, equipped with a VF-S ms column
(30 m, DF = 0.25 um, LD. = 0.25 mm) in split/splitless injection
mode. The injector temperature was set to 220 °C.%

2.4. Cyclohexyl Hydroperoxide Extraction. The cyclohexyl
hydroperoxide was extracted from cyclohexane oxidate provided
by DSM. First 250 mL of oxidate was extracted 3 times with
50 mL of 1 M NaOH (Merck, p.a.). The water phase was
neutralized with cooled 4 M HCl (Merck, p.a.) until slightly
acidic. Then, the water phase was extracted 3 times with ~30 mL
of cyclohexane and dried over MgSO, (Janssen Chimica, pure).
Eventually ~1 mol % biphenyl (Acros. 99%) was added to determine
the CyOOH concentration by GC, followed by dilution with
cyclohexane to obtain a 2 wt % solution of CyOOH. The starting
reaction mixture typically contained some impurities, that is, 0.2 mol %
CyOH, 0.1—-0.2 mol % Cy=0, 0.01 mol % butyric acid, 0.08 mol %
valeric acid, and 0.08 mol % caproic acid coming from the oxidate and
0.03 mol % cyclohexenyl hydroperoxide from cyclohexene.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization. There is general consensus in
the literature that isolated tetrahedral Ti*" species are involved in
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Figure 1. UV—vis DR spectra of fresh Ti-SiO, materials: SBA-15 (a),
Ti-BEA (b), Ti-G120-SBA and Ti-G80-SBA (c), Ti-G40-SBA (d), Ti-
G20-SBA (e), TiO, P25 (f) and Ti-G120-SiO, (dotted line).

the epoxidation of for instance propylene with hydrogen per-
oxide over titanium-silicalite catalyst materials. One of the
possible functions the isolated titanium centers have is the
formation of titanium hydroperoxo species (Ti-OOH) which
are, one way or another, involved in the epoxidation process.**™>°
Diffuse Reflectance (DR) UV—vis spectroscopy provides a
sensitive tool for the characterization of the coordination envir-
onment of Ti*" species.”*”° Figure 1 shows the UV—vis DR
spectra of the fresh Ti—Si catalyst materials. Plain SBA-1S is
included as a titanium free reference compound, TiO, P25 as the
bulk reference compound with Ti**octahedrally coordinated and
Ti-BEA as a tetrahedral Ti*" reference compound. An absorption
band at 210 nm is clearly visible for the Ti-BEA material, which is
characteristic for the presence of isolated Ti*" species in tetra-
hedral coordination, exhibiting a strong absorption band in the
UV-region because of the ligand-to-metal charge transfer
(LMCT) of oxygen to a titanium center.””***">* For the
titanium grafted SBA-15 materials this absorption band is slightly
shifted to 220 nm, indicating a distorted tetrahedral geometry, a
direct consequence of the amorphous walls of SBA-15.>*73%3
The UV—vis DR spectra of Ti-G80-SBA and Ti-G120-SBA
overlapped completely.

Next to this absorption band a shoulder with a maximum
around 250 nm is visible. This absorption band can be ascribed to
Ti species in 5-fold and 6-fold coordination because of the
coordination of one or two water molecules,****2° but is also
ascribed to the occurrence of Ti—O—Ti oligomers.28 However,
the position of the absorption edge at 330 nm corresponds to the
position found for Ti-BEA and no shift in the edge energy is
observed when increasing the Ti loading in the Si/Ti range of
120—40. This indicates that in this range, the coordination is
independent of the loading and therefore it is concluded that at
least the majority of the Ti population is present as isolated
species. For the Ti-G20-SBA and Ti-G120-SiO, materials the
LMCT band became broader and red-shifted to 280—290 nm.
Additionally, the edge energy shifted to 360 nm, indicating that
the Ti*" sites are no longer completely isolated, but exist as
Ti—O—Ti oligomers.”®** The broad absorption band between
350—400 nm, as is observed for TiO, P25, is absent for all
samples indicating the absence of extra framework TiO, in the
Ti/Si materials.””>"** This is in agreement with results published
by Gao et al, who only found the formation of anatase at loadings
exceeding 15 wt % TiO, on a SiO, aerogel.22
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Table 1. TGA Results of Different SBA-15 and MCM-41
Based Ti-Grafted Materials”

catalyst weight loss 1 (%) weight loss 2 (%)

SBA-15 10.2 14
MCM-41 0.85 1.2
Ti-G40-SBA 10.4 0.2
Ti-G80-SBA 9.5 0.3
Ti-G80-MCM 7.8 1.1
SBAp900 0 0

Ti-G80-SBAp900 1.0 0

“Weight loss 1 represents the first heating stage to 150°C, while weight
loss 2 represents the second heating stage to 500°C.

Absorbance / a.u.
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Figure 2. UV—vis DR spectra of Ti-G80-SBA (a), Ti-G40-SBA (b),
Ti-G80-SBAp900 (c), and Ti-G80-MCM (dotted line).

Upon calcination of the support material at 900 °C prior to
(SBAp900) and after (SBAc900) Ti-grafting, surface hydroxyl
groups are removed from the SBA-15 surface. This leads to a more
hydroghobic character of the support material as was verified by
TGA,™ the results of which are summarized in Table 1.

When heating the sample to 150 °C, the physisorbed water
desorbs from the sample, resulting in a weight loss of 10.4 wt %
for as-synthesized SBA-135. In the second heating stage to 500 °C,
also the surface hydroxyls will desorb as water vapor.>* For the
bare SBA-15 material this resulted in a weight loss of 1.4 wt %.
After grafting Ti onto the surface of SBA-15 the amount of
physisorbed water seems merely unaffected as evidenced from
the weigth loss at 150 °C for the Ti-G40-SBA and Ti-G80-SBA
materials of 10.4 and 9.5 wt %, respectively. However, the
amount of surface hydroxyls has significantly decreased because
of reaction of the titanium atoms with the surface hydroxyl
groups.”” When comparing the UV—vis DR spectrum of Ti-G40-
SBA to Ti-G80-SBA in Figure 2, a decrease in intensity of the
absorption band at 250 nm is observed. Since the higher Tiloaded
sample is expected to have a higher number of Ti—O—Ti oligomers
and thus an increased absorption in the higher wavelength region as
compared to the lower loaded Ti-G80-SBA material,”*" this
indicates that the absorption band is indeed caused by sample
hydration rather than the presence of Ti—O—Ti bonds.

From the TGA results it is evident that after calcining SBA-15
at 900 °C and equilibration in air, almost no physisorbed water is
anymore present in the sample. Moreover, also the surface
hydroxyl groups are removed, which results in a more hydro-
phobic support material. After Ti-grafting, this still holds, as only
1.0 wt % water is released from the sample below 150 °C and no
significant change in sample weight was observed when heating

Table 2. N,-Physisorption Data of the SBA-1S5, Ti-G40-SBA,
and SBAp900 Materials and Surface OH Group Density As
Derived from N,-Physisorption and TGA*

total pore OH-group
BET surface  volume  pore diameter density
material area (m’/g)  (em’/g) (nm) (nm™?)
MCM-41 1002 0.97 4.0 0.69
SBA-15 879 1.00 6.1 1.01
Ti-G40-SBA 535 0.64 59 0.46
SBAp900 270 0.34 49 <0.05"
Ti-SBAp900 308 0.37 4.8 <0.05"
Davicat SI11351" 328 12 14 2.7
Davicat S11404” 458 0.87 7.6 29

“based on a weighing precision of 0.01% for the TGA instrument. ®The
Davicat silica gels are included as hydrophilic reference compounds.

to 500 °C. The decrease in physisorbed water is also reflected in
the corresponding UV—vis DR spectrum (Figure 2) as the
shoulder at around 260 nm has largely decreased in intensity
for the Ti-G80-SBAp900 sample. Following the same reasoning,
from T GA weight loss and the UV—vis DR spectra, it can be con-
cluded that the Ti-G80-MCM-41 support is more hydrophobic
when compared to SBA-1S.

By relating the N,-physisorption data to the TGA results,
surface OH group densities can be obtained for the different
materials, as listed in Table 2. It is confirmed that indeed the
amount of surface OH-groups decreased significantly upon Ti
grafting from 1 nm™ > to 0.46 nm >, Upon high temperature
treatment the surface OH-group density decreased to virtually
zero. The obtained numbers are in good agreement with results
published earlier.>> The OH-group density of the SBAp900
sample did not change after Ti-grafting and storage in air,
indicating that the silanol bridges formed during high tempera-
ture treatment are stable against rehydration by moisture and
isopropanol. Comparison with the surface OH-group density of
the commercial high surface area silica gels by Davicat of
2.7 nm ? and 2.9 nm  illustrates the relative hydrophobic
nature of the catalytic materials.

The change in surface area of the materials after Ti-grafting
and high temperature treatment has been verified by N,-physi-
sorption. The isotherms and pore size distributions of some
relevant materials are presented in Figure 3, panels I and IL
Numerical results are listed in Table 2. Comparison of the
isotherms of SBA-15 (a) and Ti-G40-SBA (b) indicates that
upon Ti-grafting some surface area and pore volume is lost. This
is reflected by a decrease of the Brunauer—Emmett—Teller
(BET) surface area from 880 to 535 m>/ g. However, the porous
structure remains largely intact as can be concluded from the
shape of the hysteresis loop, the position of the capillary con-
densation, and the sharp pore size distribution. This indicates
that no TiO, particles are formed, as those would affect the pore
shape and diameter significantly and thus change the shape and
position of the hysteresis. The loss in surface area after Ti grafting
can be explained by the SBA-15 pore corrugation®” and pore wall
porosity. By grafting, the titanium ions attach to the silanol
groups on the pore surface.”> Most likely they anchor in between
the ridges of the SBA-15 mesopores and within the microporous
walls, to obtain a tetrahedral coordination more easily. In this
way, the rugged surface of the pore is flattened and micropores
are filled resulting in a loss of surface area, while leaving the
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Figure 3. N,-physisorption isotherms (I) and pore size distribution (II) of the SBA-15 (a), Ti-G40-SBA (b), and SBAp900 (c) materials.
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Figure 4. Powder XRD patterns of the calcined SBA-15 and Ti-G40-
SBA materials.

average mesopore diameter virtually unaffected. In the case of
SBAp900, the BET surface area and pore volume have largely
decreased as well, although again the SBA-1S structure is pre-
served as indicated by the hysteresis loop and the sharp pore size
distribution. The structural shrinkage and consequent decrease
of surface area and pore diameter of SBA-1S after high tempera-
ture treatment were also observed by Shin et al.*®

Preservation of the SBA-15 structure after Ti-grafting on the
SBA-1S support was also confirmed by X-ray diffrcation (XRD).
The XRD patterns of SBA-15 and Ti-G40-SBA are shown in
Figure 4. In both patterns, the (001), (110), and (200) Bragg
reflections are present at 20 values 1.05°, 1.81°, and 2.09° con-
firming the hexagonal symmetry (P6mm) of the pores.”**’

3.2. Catalytic Performance. The conversion and selectivity of
a cyclohexene epoxidation reaction versus time on stream for the
Ti-G40-SBA (I) and Ti-G80-SBA (II) catalyst materials are
presented in Figure S. It seemed that the CyOOH conversion
leveled off with time on stream, which is in line with the quasi first
order kinetics in CyOOH concentration as reported before for
different catalyst systems.***"

The selectivity toward CyOH and CyO, the expected products
of the epoxidation reaction, was high immediately from the start
of the reaction and reached 84% and 67%, and 69% and 54% for
Ti-G40-SBA and Ti-G80-SBA, respectively. In both cases the
production of Cy=0 was low, but increased with time on stream.

1186

For the more selective Ti-G40-SBA catalyst, the Cy=0 formation
is significantly lower as compared to Ti-G80-SBA. Other reac-
tions that might occur under these conditions are the allylic
oxidation, yielding cyclohexenol and cyclohexenone and the
hydrolysis of the epoxide into 1,2-cyclohexyldiol. Of those, only
cyclohex-2-ene-1-one and cyclohexenyl hydroperoxide were ob-
served in small, but significant quantities (2—7% selectivity at
24 h on stream). The formation of organic acids was negligible
and within the experimental error (4 2%) as shown in Figure 6.
In Table 3, the results as obtained for different SBA-based Ti-
silicates and benchmark materials TiO, P25, Ti-BEA, and Co**
after 24 h reaction are summarized. The archetype TS-1 epox-
idation catalyst was employed as well, reaching only 5.5%
conversion after 24 h reaction. This low activity is ascribed to
the pore size of the MFI topology (5.5 X S.1 A), which is of
similar dimensions as the kinetic diameter of the peroxide and the
solvent (5.8 A for cyclohexane).*” We employed our Ti-grafted
SBA-1S catalyst materials for epoxidation with aqueous H,0,
and TBHP as well. However, the apolar cyclooctane medium
prevented an adequate mixing between the catalyst, olefin, and
hydroperoxide. Therefore, only a very low activity was observed,
and the main product was cyclooctyl hydroperoxide, originating
from solvent oxidation (see Supporting Information, Figure S1).

3.3. Influence of the Support Hydrophobicity. In section
3.1, we described the influence of the calcination temperature
and Ti/Si ratio on the support hydrophobicity, as was deter-
mined from the water and surface hydroxyl group content of the
treated SBA-15 materials by TGA. Obviously, in a reaction where
polar (CyOOH) and nonpolar (Cy=H) reactants react in an
apolar medium (CyH) producing polar products, hydrophilic/
hydrophobic properties of the catalyst surface are of major
importance. Those characteristics determine the interaction of
different species with the active sites, but also can alter the
concentration ratios of the different species at the active sites as
compared to the bulk.

In Figure 7 (I), the CyOOH conversion and combined
selectivity toward CyOH, Cy=0, and CyO versus time is shown.
It is clear that the more hydrophobic SBA-15 supports establish a
higher initial conversion rate, although the final conversion after
24 h is comparable for all catalysts. The Ti-G80-MCM catalyst
reaches the highest initial conversion rate, which cannot solely be
explained in terms of surface hydrophobicity. Indeed the TGA

dx.doi.org/10.1021/cs200354c |ACS Catal. 2011, 1, 1183-1192
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Figure S. Catalytic performance of Ti-G40-SBA (I) and Ti-G80-SBA (II) in Cy=H epoxidation with CyOOH at 80 °C and an O/P ratio of 1.1.
Conversions of CyOOH (O) and Cy=H (+) and product selectivities toward CyOH (O), Cy=0 (A), and CyO (%) and their sum (H).
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Figure 6. Formation of byproduct in the cyclohexene epoxidation with CyOOH over Ti-G80-SBAp900 at 80 °C.

results indicate that the MCM-41 support is less hydrophobic
compared to the SBAp900. Also a significantly higher selectivity
is obtained over the more hydrophobic catalysts. The total
selectivity to alicyclic oxygenates at S h on stream was increased
from 127% to 157% when using a SBA-15 catalyst support
calcined at 900 °C. For all catalysts except Ti-G80-SBA the
selectivity up to S h on stream is similar, after which some
deviations appear. The highest selectivity after 24 h of 165% is
obtained with a Ti-G80-SBAc900 catalyst.

3.4. Influence of the O/P Ratio. To optimize the reaction
conditions we have evaluated the influence of the applied bulk Cy=H/
CyOOH, or O/P ratio. On the basis of reaction stoichiometry, a ratio
of 1 would be expected to be ideal only under ideal circumstances
when solely epoxidation takes place. When also a deperoxidation
reaction is taking place, a different ratio might be beneficial.

From the results for Ti-G80-SBAp900 as presented in Figure 7
(II), it is observed that when increasing the O/P ratio from 0.9 to

1.1, no significant change in selectivity is observed. However,
when increasing the O/P ratio to 14, the total selectivity is
boosted up to 170% at 24 h on stream. This coincided with a
significant decrease in Cy=0 selectivity from 45 to 19%. Re-
markably, the O/P ratio does not have an effect on the CyOOH
conversion rate. Similar results where obtained for the more
hydrophilic Ti-G80-SBA. In the case of Ti-G40-SBA, increasing
the O/P ration from 1.1 to 1.2 to 1.4 had an adverse effect on the
selectivity decreasing from 164 to 144% (Supporting Informa-
tion, Figure S2).

3.5. Catalyst Stability. Especially in liquid phase reactions,
heterogeneous catalysts can be susceptible to deactivation by
severe leaching of the active species. For instance, in cyclohexane
oxidation many proposed heterogeneous catalyst systems were
found not to be truly heterogeneous. A small amount of dissolved
transition metal jons can cause significant activity in hydroper-
oxide decomposition.® We have shown before that 1.5 ppm

1187 dx.doi.org/10.1021/cs200354c |ACS Catal. 2011, 1, 1183-1192
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dissolved Co>" and even leached ions from a stainless steel vessel
wall, exhibit high activity in cyclohexane oxidation.®

From the UV—vis DR spectra of a fresh catalyst compared to a
spent catalyst as presented in Figure 8, it is clear that the
absorption band at 220 nm, corresponding to the isolated Ti-
sites, did not decrease after reaction. The absorption band at
250 nm, however, increased significantly, indicating that a larger
part of the Ti-sites now is in octahedral sites, possibly because of
water coordination. The band at 358 nm has been ascribed to the
presence of Ti-OOH species before.”>** Nonetheless, it appears
that the grafted Ti-species were not subject to severe leaching
or sintering. However, it was stated by Sheldon et al. that true
heterogeneity can only be proven by separating the catalyst
from the reaction mixture.** In the case of a true heterogeneous
catalyst, the reaction should proceed significantly slower after
removal of the catalyst. To prevent re-adsorption of leached
active metal ions on the catalyst upon cooling the reaction
mixture, “hot-filtration” should be applied. Figure 9 shows the
results of an experiment with Ti-G40-SBA. After 90 min
reaction, the reaction mixture was filtered hot through a
preheated filter, collected in an ice-cooled flask to prevent
excessive evaporation and immediately placed back in the oil
bath for further reaction.

Table 3. Catalytic Performance of Different Ti/Si Catalyst
Materials in the Epoxidation of Cyclohexene with CyOOH at
80°C*

catalyst Ccyoon Cey-n CyOH Cy=0 CyO
Co** 61 46 88 46 5.5
Ti-BEA 41 49 82 31 42
TiO, P25 33 54 60 32 14
Ti-G120-SBA 68 60 68 39 48
Ti-G80-SBA 68 59 69 32 49
Ti-G40-SBA 61 67 87 19 57
Ti-G20-SBA 59 57 74 31 39
Ti-G120-Si0, 51 58 87 24 58

“ Conversion and selectivities after 24 h reaction are listed. The applied
CyOOH: Cy=H ratio was 1.1. Reported selectivities are based on
CyOOH conversion only.

After removing the catalyst, the CyOOH conversion rate
constant decreased 1 order of magnitude from kcyoon = 4.4 X
10~ °s inthe presence of a catalyst to kcyoon = 5.0 X 10 °s!
after separating the catalyst from the reaction mixture. Moreover,
no significant epoxidation activity was observed after removal of
the catalyst. On the other hand, the decomposition rate was
larger than the value for a pure thermal decomposition in the
absence of a catalyst and cyclohexene, which was determined at
keyoor = 1.2 x 10~ ®s™". This suggests that after separating the
catalyst from the mixture some leached Ti-species, or finely
dispersed catalyst particles, that can decompose the hydroper-
oxide remained. Then again, after removal of the catalyst a steep
increase in the allylic oxidation rate was observed. The decom-
position of the less stable cyclohexenyl hydroperoxide and radical
attack on the olefin contribute to a higher free radical concentra-
tion that will accelerate the CyOOH decomposition. Never-
theless, although true heterogeneity of the Ti-sites is not
undoubtedly proven, the experimental results clearly show that
any possible leaching of Ti is only a minor concern. The slope of
Cy=0 formation is merely unaffected by the removal of the catalyst,
providing additional proof that Cy=O solely originates from
CyOOH decomposition and subsequent propagation reactions.

Finally, we evaluated the catalyst stability by two sets of recycl-
ing experiments, the results of which are presented in Figure 10.
During the first set of recycling experiments the catalyst was
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300 400
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Figure 8. UV—vis DR spectra of fresh (solid line) and spent (dotted
line) Ti-G80-SBA before and after an epoxidation reaction for 24 h
at 80 °C.

1204

80

Conversion & Selectivity / %

40 —0—Ti-G80-SBA

—O—Ti-G80-MCM

—A—Ti-G80-SBACc900
—O—Ti-G80-SBAp900

15 20
Time/h

25

Conversion and Selectivity / %

160

S

T
15
Time/h

Figure 7. Influence of (I) the catalyst surface hydrophobicity at O/P = 1.1 and (II) the applied O/P ratio over Ti-G80-SBAp900 on the conversion

(open symbols) and total selectivity (solid symbols).
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Figure 9. Hot filtration experiment during cyclohexene epoxidation with CyOOH over Ti-G40-SBA at 80 °C. (I) Content of the reaction mixture;
CyOOH (x), Cy=H (+), CyOH (O), CyO (<), and Cy=0 (A) and (1) integrated first order rate laws before (x, R* = 0.997) and after (+, R> = 0.997)
separating the catalyst at 90 min on stream and for the thermal CyOOH decomposition (O, R* = 0.979).
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Figure 10. Catalyst recycling experiments. Formation of CyOH
(green), Cy=0 (orange), CyO (blue), and Cy=OOH (red) in mmol
after S h reaction at 80 °C over Ti-G40-SBA. From left to right, fresh
catalyst and 3 recycling runs after drying at 120 °C after every run, and 3
recycling runs after calcination at 550 °C in between every run.

separated from the reaction mixture after S h, washed with
acetone, and dried overnight at 120 °C in between every run.
It was observed that the product formation after S h reaction
decreased steeply already in the second run and did not stabilize
in subsequent runs. Thus evidently, in this case the catalyst
deactivated severely. In a second set of identical recycling
experiments, the catalyst was calcined at 550 °C in between
every run. It was observed that in this case the product formation
after S h reaction remained virtually constant. Therefore, we
conclude that the catalyst materials indeed deactivate, but not
through leaching of the active species, but by deposition of
carbonaceous compounds on the catalyst. By calcining the
catalyst, the activity could be regenerated completely.

4. DISCUSSION

When comparing the catalytic performance of all different
catalyst materials and references from Table 3, it is clear that
the reference materials, TiO,, Ti-BEA, and Co** display inferior

performance as compared to the Ti-grafted materials. For TiO,
this is due to the lack of isolated Ti*" sites, although being a good
photocatalyst, the conversion is much higher than when per-
forming the reaction in the absence of light (5% CyOOH
conversion was reached after 24 h in the latter case). Also the
activity of Ti-BEA is low, which is most likely a direct effect of the
slow diffusion of the peroxide inside the micropores. Besides that,
the hydrophilic character of the zeolite and the consequent
presence of water coordinating to the Ti** sites, as indicated
by the shoulder at 260 nm in the UV—vis DR absorption spec-
trum (Figure 1), will impede the reaction. The reference experi-
ment with Co”*, which is commercially employed for CyOOH
decomposition via a radical pathway,>®*>*® shows that free
radicals are not able to perform the epoxidation with high effi-
ciency. The influence of the Si/Ti ratio of the grafted materials is
not obvious in that sense that activity and selectivity do not
follow the Si/Ti ratio trend. However, from the reduced activity
of the higher loaded Ti-G20-SBA and Ti-G120-SiO, that display
the formation of TiO, nanoparticles, it is clear that isolated Ti*
sites are needed to perform the reaction.

When studying the catalytic data as listed in Table 3 more
carefully, some aspects of the reaction deserve more attention
here. It is clear that in all cases except for TiO,, the selectivity
toward KA-oil, Sg4, reaches more than 100% after 24 h on
stream, although both the ketone and the alcohol form directly
from CyOOH. The only explanation can be that the fraction of
the CyOOH that undergoes a thermally or catalytically driven
deperoxidation reaction creates reactive free radicals, which can
initiate a radical chain on the ubiquitous cyclohexane molecules
as was explained by Hermans et al.*’ This explanation is
confirmed by the fact that Co>*, which only causes radical
decomposition of the peroxide,>” exhibits the highest S, of
134%. Under the applied conditions using a Ti—Si catalyst, this
reaction is slow and occurs in the time scale of hours and only
plays a significant role after 24 h on stream. The occurrence of
radical propagation reactions yields new peroxide molecules.
This implies that in fact the CyOOH conversion is higher than
the numbers reported in Table 3 and explains the observed level-
ing off of the conversion. In fact, performing a typical epoxidation
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Figure 11. CyOOH conversion minus Cy=H conversion in mmol over (I) different Ti—Si catalyst materials with O/P ratio 1.1 and (II) over Ti-G80-

SBA with varying the O/P ratio.

reaction under N, atmosphere yielded a CyOOH conversion of
98% after 14 h.

From Figure 11, panels I and II, it can be seen that either
changing the support to a more hydrophobic surface or applying
a higher O/P ratio has a similar effect on the molar conversion of
CyOOH as compared to Cy=H. In all cases, a near equimolar
conversion of CyOOH and Cy=H (Ccyoon — Coy-n ~ 0)
coincided with a higher overall selectivity toward CyOH + Cy=0 +
CyO and a lower Cy=0 formation rate. This implies that two
different reactions involving CyOOH are competing, that is,
epoxidation (eq 1) and deperoxidation (eq 2). When heating the
hydroperoxide in the absence of cyclohexene in the presence and
absence of a catalyst we found 95% and 11% conversion after
24 h, respectively. Thus, indeed the Ti—Si catalysts displayed
activity for the deperoxidation reaction, which is most probably
acid catalyzed.*®

CyOOH + Cy=H — CyOH + CyO (1)

(x + y)CyOOH — xCyOH + yCy=0 (2)

By altering the reaction conditions, either through the catalyst
surface hydrophobicity or the O/P ratio, such that there is a
relatively high O/P ratio at the reaction site, one can force the
reaction to follow the epoxidation pathway, yielding a higher
total selectivity. When eq 1 dominates the overall reaction
mechanism, an approximate equimolar conversion of CyOOH
and Cy=H must be established as is the case under optimum
conditions. The contribution of thermal CyOOH decomposition
is limited under the applied conditions. Another possible benefit
of a more hydrophobic catalyst arises from research by Figueras
et al. who found that a more hydrophobic catalyst surface could
prevent the hydrolysis of the epoxide ring and the tert-butyl
hydroperoxide.*” Although we did not observe significant for-
mation of 1,2-cyclohexanediol, when processing wet commercial
cyclohexane oxidate as CyOOH source, suppressing hydrolysis
will be a major advantage.

From Figure 11 it is also observed that with increasing time on
stream, the molar cyclohexene conversion becomes higher than
the CyOOH conversion which, indicates slow evaporation of
Cy=H from the reactor. Hence, an incomplete carbon balance is
obtained, which makes it impossible to calculate a reliable selectivity

of epoxide formation in terms of Cy=H conversion. However, in
all cases this selectivity lay between 60 and 80% after S h on
stream, when the effect of evaporation is clearly less apparent
than after 24 h on stream. The oxygenated molecules have a
much higher boiling point, so their evaporation loss is less
pronounced and an oxygen balance is therefore more reliable.
When assuming the formation of equimolar amounts of water
and cyclohexanone, which directly follows from the CyOOH
decomposition mechanism as reported by Hermans et al,,*’ an
oxygen balance over time varying between 94 and 100% is
obtained in all cases. Besides that, when calculating the oxygen
selectivity, defined as the fraction of oxygen atoms in the cyclic
oxygenates of the total amount of oxygen in all oxygenates, a
value decreasing over time from 100% to 92% is obtained. When
the estimated water formation is not taken into account, all the
oxygen atoms seem to end up in cyclic oxygenates reflected by an
oxygen selectivity of 100%. An example of the oxygen balance
and the oxygen selectivity of an epoxidation reaction as well as a
detailed discussion on the cyclohexene balance is presented in
the Supporting Information. Additionally, the formation of
organic acids, such as butyric, valeric, caproic, hydroxyl-caproic,
and adgpic acid, which are all byproduct of CyOOH decompo-
sition™® was found to be negligible. This additionally confirms
that indeed the epoxidation of cyclohexene with cyclohexyl
hydroperoxide takes place with high selectivity.

5. CONCLUSIONS

Cyclohexyl hydroperoxide from the cyclohexane oxidation
process can be employed as an oxidant for cyclohexene epoxida-
tion. Compared to the currently commercially applied direct
decomposition of CyOOH into KA-oil, this catalytic tandem
route offers a way to double the yield of valuable alicyclic com-
pounds. Ti-SiO, based materials were found to be highly selec-
tive in this reaction, forming only minor amounts of byproduct.
The presence of accessible, isolated, tetrahedrally coordinated,
Ti*" sites is of vital importance for a high epoxidation activity.
Moreover, our mesoporous Ti-grafted silica catalyst materials
exhibit significant higher activity than the benchmark TiO, P25,
TS-1, and Ti-BEA materials. Also the use of aqueous TBHP as
oxidant yielded inferior results. From hot filtration and recycl-
ing experiments it was found that the catalyst is stable toward
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leaching. The observed loss in activity is caused by deposition of
carbonaceous species, and the catalyst could be regenerated by a
calcination treatment. The cyclohexene balance thus far is not
complete. From performed reference experiments it was con-
cluded that cyclohexene disappears from the reactor probably by
three causes, that is, evaporation through the septum, conversion
of cyclohexene oxide, and radical degradation of cyclohexenyl
hydroperoxide. From the three causes, the latter has most
probably the largest effect. By tuning the hydrophobicity of the
catalyst surface and the bulk olefin/peroxide ratio, an ideal ratio
at the reaction site can be obtained. This increases the selectivity
of the total process, by directing the mechanism from the
deperoxidation to the epoxidation reaction. A combined selec-
tivity based on peroxide conversion, toward cyclohexanol, cyclo-
hexanone, and epoxy-cyclohexane of 170% was obtained.
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© Supporting Information. Additional catalytic data and a
discussion on the cyclohexene balance. This material is available
free of charge via the Internet at http://pubs.acs.org.
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