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ABSTRACT: Various types of Ti-containing zeolites, i.e., Ti-MWW, TS-1, Ti-
MOR, and Ti-BEA, have been evaluated as candidates for the liquid-phase
oxidation of cyclohexane using t-butyl hydroperoxide (TBHP, 7—8 wt %) as
model oxidant. Ti-MWW zeolite displayed the highest activity for cyclohexanol
and cyclohexanone (KA oil) with an overall selectivity higher than 90% at 80
°C, making this catalyst a candidate of choice for industrial KA oil production
by deperoxidation of cyclohexyl hydroperoxide. The effect of the reaction
temperature, reaction time, catalyst amount, and catalyst stability on Ti-MWW
was surveyed in detail. The Ti-MWW catalyst showed a stable performance and
could be recycled at least four times without detectable Ti leaching and loss of
structural stability. The active sites for cyclohexane oxidation appeared to be
located near external 12-ring cups in the Ti-MWW framework as suggested by a
series of position-selective poisoning tests with tripropyl- and triphenylamine,
impelling cyclohexane diffusion within the internal 10-ring channels. EPR
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experiments supported by DFT calculations suggested the coexistence of both Ti(IV)-OO® (peroxyl) and Ti(IV)-O* (oxyl)
species generated through bimolecular pathways, implying simultaneously (SiO);Ti(OOtBu) species and tBuOOH. The catalytic
activity was strongly inhibited in the presence of alkenes, leading to the preferential formation of the epoxidation product with no
detectable formation of radicals. Notably, this is the first time that oxyl species have been detected particularly with the help of
DEFT calculations. Predicted differences of g tensors between peroxyl and oxyl species at various hydration levels in the presence

of cyclohexane were consistent with the EPR spectra.
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1. INTRODUCTION

Cyclohexanol and cyclohexanone (the mixture is known as KA
oil, production >200 kton/year) are readily oxidized to adipic
acid, an important intermediate in the manufacture of
condensation polymers, in particular polyamides such as
Nylon-6.6." KA oil is industrially produced by the partial
oxidation of cyclohexane in a process involving two consecutive
steps: (1) noncatalytic autoxidation of cyclohexane by oxygen
to cyclohexyl hydroperoxide (CHHP), and (2) deperoxidation
of CHHP to KA oil using a homogeneous Co(II) catalyst.
However, this process suffers from significant shortcomings. In
the first step, the selectivity for CHHP is only 60—70% with a
very low cyclohexane conversion of 3—49%.”> The need for
recycling the unreacted cyclohexane leads to high operational
costs. The second step is seriously flawed by environmental
issues, since the Co(II) catalyst cannot be completely recovered
and recycled, as it is easily discharged with salts leaving the
process. In addition, each kilogram of KA oil requires about 180
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kg of NaOH, generating in turn ca. 1100 kg of exhausted
alkaline solution.

The above stated economical and environmental drawbacks
of the KA oil process could be certainly mitigated by using a
heterogeneous catalyst in the deperoxidation step (step 2).
Indeed, catalytic formulations based on noble metals
incorporated into oxides, zeolites, or aluminophosphates have
shown high activities and selectivities for KA 0il.*~® However,
their high cost, combined with the rapid deactivation by metal
leaching, acts as a deterrent for their implementation.
Furthermore, other formulations based on transition metals
(e.g, Cr, Cu, Co, Nb, Ta) only afforded modest yields.”'* The
development of a catalyst with optimal selectivity for KA oil at
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Table 1. Physicochemical Properties and Cyclohexane Oxidation Results of Various Titanosilicate Catalysts®

specific surface

turnover I})umber

(m*/g) Si/Ti ratio —
catalyst pore size (A)  BET  external  Si/Ti, (ICP)  Si/Ti; (XPS) TBHP Conv. % sel. KA % yield KA% A/K TON, TON;
Ti-MWW-1 5.3,7.0 435 132 49(519) 53 10.7 90.1 9.6 8.4 10.0 47.4
Ti-MWW-2 53,70 425 129 67 92 14.1 49.1 6.9 15.6 7.7 44.5
TS-1 5.3 329 193 32 33 10.1 28.5 29 1.0 2.1 4.8
Ti-BEA 6.7 557 93 63 52 42.4 17.6 7.5 [« 9.7
Ti-MOR 7.0 84 0.2 98.1 0.2 oo 1.5

“Reaction conditions: 80 °C, 1.0 h, 0.10 g catalyst, 4 g of cyclohexane containing 7.7 wt % TBHP. 5TON, = KA yield (mol)/total Ti site (mol) in
titanosilicate (1 h). TON, = KA yield (mol)/external Ti site (mol) in titanosilicate (1 h). “After the reaction.

relatively low CHHP concentrations is still an unsolved
challenge today.

Ti-containing zeolites with isomorphously substituted
isolated Ti(IV) sites have shown promising potential in the
mild oxidation of alkanes and alkenes."” In particular, Ti-
silicalite (TS-1)'* with medium-sized pore channels has been
widely used for the epoxidation of short-chain alkenes and the
hydroxylation of benzene and phenol using hydrogen peroxide
as oxidant. In contrast, Ti-loaded zeolites with larger channels
(e.g, Ti-BEA,”™'® Ti-ZSM-12," Ti-BEC,” Ti-MOR™), as
well as mesoporous titanosilicates (e.g., Ti-MCM-41,2>"** Ti-
SBA-15,* Ti-SBA-16>°) and more recently materials with
hierarchical structures,**>* appear more adapted for the
oxidation of bulky aryls and aromatics using either hydrogen
peroxide or organic hydroperoxides.

Despite the anticipated benefits of large-pore titanosilicates
for CHHP deperoxidation, significant drawbacks prevent their
industrial use. First, most of these materials suffer from strong
deactivation due to Ti-leaching during operation. Second, the
dispersion of Ti sites is often more difficult to control than for
TS-1, requiring a fine balance of the hydrolysis rates of the Ti
and Si precursors and a complete removal of Al and other
impurities during hydrothermal synthesis.“’30 Moreover,
specific postsynthesis techniques for grafting in mesopores,
or dealumination/titanation in some zeolites have been
proposed.>**®> Third, unlike TS-1, these materials usually
exhibit a prominent hydrophilic behavior due to the abundant
presence of silanol groups (or silanol nests) as a result of
incomplete condensation during the synthesis, thus reducing
the catalytic performance.**

In this study, we focus on Ti-MWW, an isostructural
analogue of the aluminosilicate MCM-22, as a potential
candidate for cyclohexane oxidation.**™” Our choice is justified
for several reasons. First, the Ti-MWW framework features two
independent 10-ring channel networks (5.3 A), one of which is
connected to internal 12-ring supercages (7.1 X 18 A) and side
cups located at the external surface (7.0 A)2® TiMww
combines features of TS-1 and Ti-BEA, leading to a “hybrid”
catalytic behavior between both zeolites: good activity in allyl
alcohol and 1-hexene epoxidation, as found for TS-1,°%*° and
efficient epoxidation of cyclohexene using t-butyl hydro-
peroxide (TBHP), as found for Ti-BEA.*' Second, Ti leaching
during operation is low compared to Ti-beta and mesoporous
titanosilicates. Third, Ti-MWW is more hydrophobic than Ti-
BEA and Ti-MCM-41, the latter showing a high concentration
of silanol groups and defect sites at the external surface. Note
that the hydrophobicity of the parent Ti-MWW can be further
increased by treatment with aqueous piperidine (PI) or
hexamethylenimine (HMI) solutions, reducing by about 40%
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the number of internal silanol groups and defect sites (i.e., Al-
free Ti-MWW).*

In light of the versatile oxidation properties offered by Ti-
MWW, this zeolite might show potential as a deperoxidation
catalyst for KA oil production. To this aim, we have chosen the
oxidation of cyclohexane with TBHP as model reaction and
compared the catalytic performance of Ti-MWW to that
offered by TS-1, Ti-BEA, and Ti-MOR zeolites, all three
considered as benchmark catalysts. The effect of the reaction
temperature, time, catalyst amount, and catalytic stability of Ti-
MWW was explored in detail. The location of the active sites
was investigated by selective poisoning of the active sites.
Electron paramagnetic resonance (EPR) experiments were
combined with DFT calculations to study the reaction
mechanism and gain insight into the nature of the active
species during cyclohexane oxidation.

2. EXPERIMENTAL DETAILS AND COMPUTATIONAL
METHODS

2.1. Chemicals. Four different Ti-containing zeolites with
different effective channel sizes were selected to assess possible
shape selectivity effects for cyclohexane oxidation: TS-1 (5.3
A), Ti-MWW (5.3 A, 7.0 A), Ti-MOR (6.7 A), and Ti-BEA
(7.0 A). Ti-MWW-1 (Si/Ti = 49) was obtained commercially
from Zhejiang TWRD New Materials Co., Ltd., China, while
Ti-MWW-2 (Si/Ti = 67), Ti-BEA (Si/Ti = 63), TS-1 (Si/Ti =
32), and Ti-MOR (Si/Ti = 84) zeolites were prepared on our
premises following published recipes (see Supporting Informa-
tion). Table 1 lists the textural properties and Ti/Si ratios (bulk
and surface, noted respectively with ‘b’ and ‘s’ subscripts) of the
different samples.

Cyclohexane (>99%, Sinopharm), cyclohexanol (>97%,
Sinopharm), cyclohexanone (>99.5%, Sinopharm), t-butyl
hydroperoxide (TBHP, 70% in water, Aldrich), benzoquinone
(BQ, >98%, Aldrich), tripropylamine (TPA, >98%, Fluka),
triphenylamine (TPhA, 97%, Sinopharm), triphenylphosphine
(TPP, >98.5%, Sinopharm), cyclohexene (>99%, Aladdin),
cyclohexene oxide (>98%, Aladdin), 1-hexene (>99%, Aldrich),
and 1,2-epoxyhexane (HO, 97%, Aldrich) were used as
reagents. Cyclohexane containing TBHP (7.7 wt %) was
prepared by extracting TBHP from water with cyclohexane (see
Supporting Information). 1,2-Dichlorobenzene (DCB, >99%,
Aldrich) was used as internal standard. Sodium thiosulfate
(Na,5,0;, 0.1 M, Sinopharm), potassium iodide (KI, 99.9%,
Sinopharm), and potassium hydrogen carbonate (KHCO,,
99.7%, Sinopharm) were used for the iodometric titration of
TBHP.

2.2. Catalytic Oxidation of Cyclohexane Using t-Butyl
Hydroperoxide (TBHP). A cyclohexane solution (4.0 g)
containing TBHP (7.7 wt %, result from titration) was
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introduced into a sealed tube under air together with the
catalyst (0.1 g) on a preheated hot plate at 80 °C and subjected
to mild stirring for 1 h. After cooling down to room
temperature and centrifugation at 7200 rpm for 10 min, the
reacted solution was removed from the tube and divided into
two volumes for analysis. One volume was used for measuring
the TBHP conversion after titration, while a given amount of
1,2-dichlorobenzene (DCB) was added to the second volume
together with TPP to consume the unreacted TBHP for further
analysis. The analyses were carried out in a GC (Agilent
7820A) equipped with a DB-WAX column and a flame
ionization detector. Mass balances were accurate to within 5%
in all the catalytic tests.

The KA selectivity was defined as the molar ratio between
the produced KA compared to the converted TBHP by
combining the titration and GC analytical methods, whereas
the KA yield was defined as the molar ratio between the
produced KA compared to the initial TBHP. The turnover
number (TON) was computed as the molar ratio between the
KA formed and the number of Ti sites after 1 h of reaction.
Two TON numbers were defined (Table 1): TON, referred to
the total number of Ti sites (ICP values), and TON; referred to
the surface number of Ti sites (XPS values).

Some specific cyclohexane oxidation tests were carried out in
the presence of TPA and TPhA for the Ti-MWW sample to
unveil the location of Ti sites (i.e, over the inner 10-ring
channels and 12-ring cavities or over the external 12-ring cups).
Additional experiments were carried out by adding 1-hexene
into the reaction mixture (cyclohexane/1-hexene = 6.3) to gain
insight into the formation of nonradical species on the Ti sites.

Catalytic stability tests were carried out at 80 °C over 1 hata
solution/catalyst molar ratio of 40. After each run, the catalyst
was washed with cyclohexane, dried at 100 °C, and calcined at
550 °C for 6 h before the next run.

2.3. Physical Characterization. Inductively Coupled
Plasma Atomic Emission Spectroscopy (ICP-AES) was used
to quantify the overall amount of Si and Ti in the different Ti-
containing zeolites, as well as in the reaction system using a
Thermo IRIS Intrepid II XSP atomic emission spectrometer.
Before the measurements, the samples were dissolved using a
HNO;/HCI/HF solution.

The zeolite catalysts were characterized by X-ray powder
diffraction (XRD) using a Rigaku D/MAX 2200 diffractometer
(Cu Kal + 2 radiation).

UV—visible spectra were obtained on calcined zeolite
powders using a JASCO V-670 (JASCO) spectrophotometer
operating in diffuse reflectance mode to assess the nature of Ti
species in the different samples. The measurements were
performed in the wavelength range 190—500 nm. The
spectroteflon standard from JASCO with 82% reflectivity was
used as a reference.

The textural properties of the different zeolites were
inspected by N, adsorption at 77.4 K using a Micrometrics
Tristar I apparatus. Prior to the tests, the samples were
degassed at 473 K under a vacuum (10™* mbar) for 3 h. The
BET specific surface was measured in the pressure range 0.05 <
P/P, < 0.35, while total pore volume was measured at P/P, =
0.99. The external surface was estimated using the t-plot
method.

X-ray Photoelectron Spectra (XPS) were recorded on a
Thermo ESCALAB 250 spectrometer with monochromatic Al
Ka radiation (hv = 1486.6 €V) to measure the surface Si/Ti
molar ratio of the different samples.
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Electron paramagnetic resonance (EPR) spectra were
recorded at 118 K using a Bruker Elexsys e500 X-band
spectrometer (9.42 GHz, 20.25 mW) with a standard cavity.
The modulation amplitude and frequencies were 1 G and 100
kHz, respectively. The spectra were measured at 120 K on an
aliquot of the reaction media containing both the solution and
the catalyst after cyclohexane oxidation at 80 °C for 20 min.
For the sake of comparison, EPR spectra were also measured
after TBHP decomposition on the catalyst and after cyclo-
hexene epoxidation with TBHP at 80 °C for 20 min. Before all
the measurements, the reaction was quenched in a liquid N,
bath (77.4 K).

2.4. DFT Simulations. We used a small cage-like cluster as
model for Ti sites in Ti-MWW. The choice of this model is
discussed in the Supporting Information. Density functional
theory (DFT) calculations were performed with SPARTAN
‘10.1* for geometry optimization and energies, and ORCA
2.9.1* for the EPR g tensor. Optimization was carried out at
the DFT (U)B3LYP/6-31G(d) level, while single point
energies on the optimized structures were calculated at the
(U)B3LYP/6-311+G(d,p) level using a Wachters all-electron
basis set for Ti augmented by f functions.**™*” The reported
electronic energies (AE) were corrected for zero point energy
(ZPE). ZPE, enthalpic, and entropic contributions were
calculated at the (U)B3LYP/6-31G(d) level relying on
harmonic frequencies scaled by a factor of 0.96. All structures
were identified as minima on the potential energy surface by
the absence of imaginary frequencies.

The influence of the solvent (cyclohexane) was checked
using the SM8 and COSMO solvation models implemented in
SPARTAN and ORCA, respectively. Since the effect on the
structure and relative stability of the species was small (<10 kJ/
mol difference), all here-reported values correspond to the gas
phase. The EPR g tensor of radical species was calculated on
optimized structures at the level used for single point energies
using ORCA’s default settings for the gauge origin (center of
electronic charge). Using the larger EPR-III basis sets for O and
accounting for solvent effects exerted no significant effect on
the results.

3. RESULTS

3.1. XRD Patterns and Ti Distribution. Figure 1 shows
the XRD patterns of the Ti-MWW framework after the
synthesis, after calcination, and after four reaction cycles. The
characteristic reflections around 3—7° in the as synthesized Ti-
MWW sample reveal the formation of a layered structure along

Intensity (a.u.)

5 10 15 20 25 30
2 Theta (degree)
Figure 1. XRD patterns of Ti-MWW (Si/Ti, = 49): (a) as-

synthesized, (b) after calcination, and (c) after fourth use.
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the ¢ direction, while the other peaks are related to crystalline
sheets parallel to ab planes. After calcination, (001) and (002)
reflections disappeared, whereas (h00) and (hk0) reflections
remained essentially unchanged. This observation can be
ascribed to the formation of ordered linkages between sheets,
this process occurring simultaneously with the loss of the
lamellar structure upon calcination to result in the 3D MWW
framework.

The Ti coordination environment of the two Ti-MWW
samples after calcination was inspected by UV—visible
spectroscopy (Figure 2). Only one band centered at 220 nm
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Figure 2. UV—visible spectra of (a) Ti-MWW (Si/Ti, = 67) and (b)
Ti-MWW (Si/Ti, = 49) after calcination.

could be observed for Ti-MWW-2 (Si/Ti, = 67), which can be
attributed to a Ti*O>” — Ti**O~ ligand-to-metal charge
transfer and is indicative of tetrahedrally coordinated isolated
Ti sites in the MWW framework.*** However, when the Si/
Ti, ratio increased to 49 (ie Ti-MWW-1), another band
centered at 330 nm appeared, reflecting most likely the
presence of ex-framework Ti species (e.g, octahedral Ti or
anatase sites).*> Similar UV—visible spectra were observed for
TS-1 and Ti-BEA samples, while the Ti-MOR sample only
presented apparently tetrahedral Ti sites (Supporting Informa-
tion, Figure S1).

3.2. Screening of Ti-Zeolites. The four different Ti-
containing zeolites prepared in this study were tested in the
oxidation of cyclohexane with TBHP (7.7 wt % in cyclohexane)
at 80 °C for 1.0 h. Among the different samples, Ti-MWW-1
(Si/Ti, = 49) showed the highest selectivity and yield for KA
oil with values of 90.1% and 9.64%, respectively (Table 1). A
decrease of the bulk Ti content (i.e., Ti-MWW-2, Si/Ti, = 67)
promoted the TBHP conversion at the expense of a decline of
the KA selectivity. We tentatively attribute such differences to a
larger amount of silanol groups in the latter sample (i.e., more
hydrophilic), promoting TBHP decomposition.

The turnover number for KA oil generation was calculated
for the different zeolites as a function of the bulk Ti content
(TON,, Table 1). The TON, increased in the order Ti-MOR
(1.5) < TS-1 (2.1) < Ti-MWW-2 (7.7) < Ti-BEA (9.7) < Ti-
MWW-1 (10.0). TS-1 showed much lower activity than Ti-
BEA, which might be attributed to the small pore entrance (10-
ring) of TS-1 channels, hindering the diffusion of cyclohexane
to the Ti sites. In contrast, the two Ti-MWW samples with 12-
ring side cups in addition to 10-ring channels showed an
activity comparable to that of Ti-BEA. This observation
suggests that in the case of Ti-MWW, the catalytic activity
toward cyclohexane oxidation with TBHP is not only related to
the effective pore size but also to the local environment of Ti.
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On the basis of these results, we further focused on the Ti-
MWW-1 sample to investigate the effect of different reaction
variables.

3.3. Catalytic Properties of Ti-MWW-1. 3.3.1. Effect of
Temperature. To explore the effect of temperature on the
catalytic properties of Ti-MWW-1, a series of experiments were
carried out in the range 80—140 °C. Table 2 collects the

Table 2. Effect of Reaction Temperature on Cyclohexane
Oxidation over Ti-MWW*

T cyclohexane TBHP KA KA
(°C) conv. % conv. % sel. %  yield % A/K TON,"
80 0.8 11.7 83.7 9.8 6.4 8.4
100 1.5 24.8 75.9 18.8 3.9 16.3
120 1.9 65.8 36.2 23.8 2.4 21.7
140 3.0 96.5 39.8 384 24 33.1

“Reaction conditions: 80 °C, 1.5 h, 0.10 g catalyst, 4 g of cyclohexane
containing 7.7 wt % TBHP. bCyclohexane conversion was calculated
based on molar percentage of converted KA oil to original
cyclohexane. “TON, = KA vyield (mol)/total Ti site (mol) in Ti-
MWW.

cyclohexane and TBHP conversion, and KA selectivity and
yield. Both TBHP conversion and KA vyield increased with the
reaction temperature, while the KA selectivity and A/K molar
ratio decreased. At 140 °C, TBHP was almost fully consumed,
the KA yield reaching a maximum value ca. 40%, but at the
expense of a much lower KA selectivity (83.7% at 80 °C
compared to 39.8% at 140 °C). The decrease of the KA
selectivity was probably caused by the self-decomposition of
TBHP on Ti and silanol sites, this process being promoted by
temperature.50

3.3.2. Effect of the Reaction Time. The effect of the reaction
time was surveyed from 1 to 24 h (Table 3). Both cyclohexane

Table 3. Effect of Reaction Time on Cyclohexane Oxidation
over Ti-MWW*

time cyclohexane TBHP KA KA

(h) conv. % conv. % sel. % yield %  A/K
1.0 0.8 10.7 90.1 9.6 8.4
1.5 0.8 11.7 83.7 9.8 74
3.0 0.9 22.3 53.5 11.9 S.3

24 12 43.0 36.9 15.9 2.6

“Reaction conditions: 80 °C, 0.10 g catalyst, 4 g of cyclohexane
containing 7.7 wt % TBHP.

conversion and KA yield increased slightly with time, while KA
selectivity decreased from an initial value of ca. 90.1% after 1 h
to 36.9% after 24 h. These results reflect a higher self-
decomposition of TBHP with the reaction time, cyclohexane
oxidation mainly occurring during the first 1 h of reaction. In
this period, only cyclohexanol was produced in the very
beginning of the reaction, whereas cyclohexanone was
generated after 20 min.

3.3.3. Effect of the Catalyst Weight. We also explored the
effect of the catalyst weight on the reaction (Table 4). The KA
yield increased with the catalyst weight in the range 0.05—0.2 g,
indicating a higher specific activity of Ti moieties mostly
ascribed to a higher TBHP conversion. In contrast, both KA
selectivity and A/K ratio were found to decrease with the
catalyst amount, probably due to a longer residence time of the
reactants on Ti sites.

dx.doi.org/10.1021/cs400757j | ACS Catal. 2014, 4, 53—62
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Table 4. Effect of Catalyst Amount on Cyclohexane
Oxidation over Ti-MWW*

amount Ti/TBHP TBHP KA KA
(2) mol % conv. % sel. % yield %  A/K
0.0S 0.63 4.7 94.3 44 10.3
0.10 1.26 10.7 90.1 9.6 8.4
0.20 2.52 22.5 60.7 13.7 3.6
0.30 3.78 22.1 494 10.9 3.3

“Reaction conditions: 80 °C, 1.0 h, 4 g of cyclohexane with 7.7 wt %
TBHP.

3.3.4. Catalytic Stability. The catalytic stability of the Ti-
MWW-1 sample was also investigated after 1—4 runs at 80 °C
for 1 h using a catalyst weight of 0.1 g and 4 g of cyclohexane
containing 7.7 wt % TBHP. The catalyst was dried at 100 °C
and calcined at 550 °C for 6 h before the next run. The catalyst
showed a stable performance in terms of TBHP conversion and
KA selectivity (Figure 3), suggesting no deactivation by either

30 100
-/—I—-’"'Tl
—~25F
s {80
=
Ag 20 R
] 460
> S
g5t S
A —
% 10} A/ ———a. q403
g —
sL 420
0 L 'l 'l ' 0
1 2 3 4
Runs

Figure 3. Catalytic results of Ti-MWW-1 in the oxidation of
cyclohexane for four repeated consecutive runs with regeneration.

pore blockage or potential Ti leaching during operation. This
observation also suggests an unmodified distribution of active
intermediate species on the Ti sites during operation.

To confirm the integrity of the sample after reaction, the Ti-
MWW-1 sample was characterized by XRD and ICP before
reaction and after the fifth run. From the ICP analyses, the Ti
content kept almost unchanged after recycling (Table 1, first
row), while no Ti was detected in the solution. These results
support the behavior of Ti-MWW as a truly heterogeneous
catalyst during cyclohexane oxidation. Reused Ti-MWW-1
showed no detectable change in the XRD pattern compared to
the calcined samples (Figure 1), confirming the stability of the
Ti-MWW framework during reaction.

3.3.5. Location of the Active Ti Sites in Ti-MWW: Position-
Selective Poisoning. Given the promising results reported
above on cyclohexane oxidation over Ti-MWW, we decided to
carry out some additional experiments and characterization
tests to gain insight into the reaction mechanism. On the
guidance of a previous study,*" we first used position-selective
poisoning reagents to unveil the position of the active Ti sites
(ie, in the inner 10-ring channels and 12-ring supercages, or
near 12-ring side cups located at the external surface of the
MWW framework). To address this issue, we selected two
molecular probes: (1) tripropylamine (TPA), which is expected
to enter both the inner 10-ring channels and 12-ring supercages
and consequently poison all the Ti sites, and (2) the bulky
triphenylamine (TPhA), which is too large to enter the 10-ring
channels and thus should selectively poison the active Ti sites
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located at the external 12-ring cups. In both cases, after
reaction, the KA yield showed a dramatic yet comparable
decrease (Table S), suggesting that most of the Ti sites

Table S. Position-Selective Poisoning Reagents (PR) over
Ti-MWW for Cyclohexane Oxidation before and after
Introduction of 1-Hexene (in Parentheses)”

PR/ TBHP sel. KA yield HO" yield
PR Ti conv. % KA % (mmol) (mmol)
none 0 107 90.1  0.33 (0.05) —(4.90)
TPA 17 02 13 <001 (<0.01) —(0.02)
TPhA 17 0.1 50 001 (<0.01) ~(0.18)

“Reaction conditions: 80 °C, 1.0 h, 0.10 g catalyst, 4 g cyclohexane
with 7.7 wt % TBHP. The experiments in the presence of 1-hexene
were performed for a cyclohexane/1-hexene molar ratio of 6.3. b1,2-
Epoxyhexane.

participating in the oxidation of cyclohexane with TBHP are
located within the 12-ring cups at the external surface of the Ti-
MWW particles.

Considering then that cyclohexane oxidation with TBHP
over Ti-MWW proceeds mainly on 12-ring cups (Scheme 1),

Scheme 1. Graphic Illustration of KA Oil Formation on 12-
Ring Side Cups of Ti-MWW

O T

HQ 0° H0 5-0° .
Q;O N :‘Ti:o"y 12-ring 4 Sj
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o Ko ® Ti
1 1
10-ring
Lo il | pores
Ti-MWW

we computed the turnover number of the reaction only relying
on the active external Ti sites measured by XPS (i.e, TON,
Table 1). A similar approach was considered for TS-1, while for
Ti-Beta and Ti-MOR, the total Ti loading (measured by ICP)
was considered since in the latter case the inner Ti sites are also
expected to be active. Among the different zeolites, the Ti-
MWW-1 sample showed the highest TON; values. We also
computed the TON; for the Ti-MWW-2 sample (Si/Ti, = 67),
displaying a value similar to that obtained for T-MWW-1 (Si/
Ti, = 49; Table 1). All these results suggest that the higher
activity of Ti-MWW can be attributed to its unique framework
including 12-ring cups and also to an improved accessibility of
the Ti sites compared to the other tested zeolites.

3.3.6. Competition between Cyclohexane Oxidation and
T-Hexene Epoxidation. When the catalytic test was carried out
with a mixture of 1-hexene and cyclohexane (cyclohexane/1-
hexene = 6.3), the production of KA oil was almost shut down.
The main product was now 1,2-epoxyhexane (HO) originating
from 1-hexene epoxidation (Table S, first row, value in
parentheses). This finding strongly suggests that 1-hexene
and cyclohexane compete for the same Ti centers.
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To further confirm this hypothesis, we repeated the same
experiment in the presence of the above stated position-
poisoning agents (i.e, TPA and TPhA). Both reaction
products, KA oil and HO, were found to largely decrease
after TPA and TPhA addition (Table 5, third row, value in
parentheses), even if a small yet non-negligible amount of HO
was still produced. This result is to be compared with 1-hexene
epoxidation with H,0, over Ti-MWW and TS-1, where the
reaction was strongly inhibited by TPA, whereas TPhA only
reduced slightly the activity.*' In that case, the active Ti sites
are believed to reside in the 10-ring channels. However, TBHP
is much bulkier than H,O, and thus is not expected to diffuse
into the 10-ring channels, which could explain why in our case
both poisoning agents exerted a similar effect.

Overall, we can conclude that the same sites on 12-ring cups
are involved in both alkane oxidation and alkene epoxidation.
The (quasi)-absence of reaction in the 10-ring channels is in
both cases most probably due to the intrinsic bulkiness of
TBHP, preventing the access to the internal active sites.

3.3.7. EPR Investigation. According to previous studies on
homogeneous and heterogeneous catalysts,”®>' cyclohexane
oxidation by TBHP appears to proceed via a radical chain
mechanism. However, according to alkene epoxidation studies
over titanosilicates (most often TS-1),527>* in situ IR and UV
Raman tests,>>~>® and DFT calculations,®®* the formation of
nonradical hydroperoxo/peroxo-titanium intermediates has
been suggested when using either H,O, or TBHP as an
oxidant. In the case of TBHP, the formation of Ti(OOtBu)
species has been established in previous reports by a
combination of EXAFS (Extended X-ray Absorption Fine
Structure)®® and DFT calculations.®*®® These species can be
seen as analogues of Ti(OOH) species formed upon reaction
with H,0,.

To provide direct evidence for the presence of radical
species, a series of rationally designed electron paramagnetic
resonance (EPR) experiments was performed. Considering that
the reactants, reaction products, and Ti(IV) moieties on Ti-
MWW are all diamagnetic and accordingly EPR-silent, any EPR
signal would indicate the presence of species with unpaired
electrons. To this aim, after running the reaction at 80 °C for
20 min, an aliquot of the reaction medium containing both the
solution and the catalyst was transferred to an EPR tube. The
reaction was quenched in a liquid N, bath (77.4 K), and the
EPR spectrum was measured at 120 K. As a general rule, an
EPR-active species can be characterized by three g values
corresponding to the trace of the g tensor. These values can
differ for asymmetric species (vide infra).

Figure 4 shows the experimental EPR spectra measured for
the Ti-MWW + TBHP + cyclohexane system after 20 min of
reaction at 80 °C (spectrum A) and for Ti-MWW + TBHP +
acetonitrile under analogous reaction conditions, i.e, without
cyclohexane (spectrum B). To guide the assignment of g values
to a given species, it is important to pay attention to the line
width of each individual peak and its relative intensity. Keeping
this idea in mind, the signals in spectrum A were attributed to
two different species with g,.!, = 2.0028, gyy1 =2.0107, g,,' =
2.026, and g,,” = 2.0046, g,* = 2.0138, g,.> = 2.049, respectively.
Finally, a very small signal at g = 2.0000 is likely due to the
cavity or residual organic radicals and will not be discussed
further. In contrast, the direct reaction of Ti-MWW with TBHP
in acetonitrile produced a broad and thus markedly different
EPR signal with g,.!" = 2.0028, g,'" = 2.0107, and g,,"" = 2.020
(spectrum B). A second species was apparently observed with

58

1_
gyy-2.01 07

EPR intensity (a. u.)

g’ =2.0028

9’,=2.034 B
5
gyy=2 .0151 5
g, =2.0046
i 1 i 1 i 1 i 1 i
3280 3320 3360 3400
H (Gauss)

Figure 4. EPR spectra at 120 K of the reaction mixture after 20 min,
ie. Ti-MWW + cyclohexane + TBHP (A) and Ti- MWW + acetonitrile
+ TBHP (B). g refers to the top spectrum, while g’ refers to the
bottom spectrum. Color code: blue for species 1 and orange for
species 2 in Table 7.

go = 20046, g ¥ = 20151, and g,,*’ = 2.034. More details
about the nature of both species and their potential formation
pathways are provided below.

Additional experiments were carried out to check whether
the reactants and the catalyst (ie, TBHP, Ti-MWW +
cyclohexane) could produce an EPR signal. In all cases (not
shown), the different systems were inactive in EPR, even if
dissolved oxygen (paramagnetic) was present in the samples.
Finally, cyclohexene oxidation over Ti-MWW using TBHP was
also monitored by EPR under the same reaction conditions. As
expected for a nonradical reaction, no EPR signal was observed,
while the yield of cyclohexene oxide kept similar to the value
measured without BQ (Table 6), confirming the consistency of
the EPR spectra for cyclohexane oxidation.

Table 6. Effect of Radical Scavengers®

BQ/ BQ/ KA yield CO" yield
reactant system TBHP Ti (mmol) (mmol)
cyclohexane ~ TIMWW 0 0 0.33 -
TiIMWW 0.193 15.7 0.02 -
+BQ
cyclohexene ~ TIMWW 0 0 - 3.35
TiMWW 0.193 15.7 - 3.18
+BQ

“Reaction conditions: 80 °C, 1.0 h, 0.10 g catalyst, 4 g of cyclohexane/
cyclohexene containing 7.7 wt % TBHP. BQ: p-benzoquinone. bco:
cyclohexene oxide.

4. DISCUSSION

From the experimental results reported above, as far as the
reaction mechanism is concerned, two main conclusions
emerge: (i) cyclohexane oxidation takes place on Ti sites
mainly located in the external 12-ring cups, and (ii) the reaction
proceeds through radical intermediates. The epoxidation of 1-
hexene, which was studied for comparison, takes place on the
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Scheme 2. (i) Formation of Ti-(s>-00tBu)(H,0) and (ii—iv) Formation of Potential Radical Intermediates via Uni- and

Bimolecular Cleavage of Ti-%'(OOtBu)(H,0)"
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“Energies (AE, kJ/mol) are given relative to this species (and tBuOOH in the case of bimolecular pathways). The full structures are reported in the

Supporting Information.

same external Ti sites, but it does not involve radical
intermediates. Accordingly, radical species appear to coexist
with nonradical intermediates on Ti sites.

Apart from the above-mentioned implication of radical
species, little is known about the mechanism of alkane
oxidation in Ti-containing zeolites. To gain insight into the
reaction mechanism and assist the assignement of the EPR
spectra, we investigated the stability of potential radical species
and calculated their EPR-spectroscopic signature by DFT. In
particular, the striking differences between the EPR spectra
obtained in the presence and in the absence of cyclohexane
triggered such investigation.

4.1. Formation of Ti-Centered Radical Species: DFT
Calculations. We chose (SiO);Ti(#7*-O0tBu)(H,0) as the
starting point for the study of potential radical intermediates
(Scheme 2, reaction i). The formation of this species is
discussed in the Supporting Information (Figure S2), since our
results are very similar to literature data.®' Ti is S-fold
coordinated in the starting structure. Such extension of the
coordination sphere by water (which is formed by the reaction
of TiOH with tBuOOH) is generally accepted, and both 6-fold
and more recently 5-fold coordination have been suggested.*®
Note that 6-fold coordination does not significantly affect the
trends outlined here (see Scheme S2 and Figure S2).

The homolytic fragmentation of Ti(OOtBu) can yield in
principle three species: (i) Ti(Il)+, (ii) Ti(IV)-OO* (peroxyl,
Figure Sa), and (iii) Ti(IV)-O® (oxyl, Figure Sb). Ti(Ill)-
species on Ti-containing zeolites have indeed only been
observed in rather reductive media in the presence of H,,
CO,%%® or hydrides.”” The occurrence of peroxyl radicals in
Ti-containing silicalites in contact with H,0, or organic
peroxides has been established by EPR.°™7* Ti(IV)-O*
(oxyl) species, although already proposed by Clerici in the
past decade,”® have almost never been considered. Indeed, only
recently was its formation in the presence of H,0, investigated
by DFT calculations.” This is somewhat surprising, since
Ti(OOR) can be seen as an analogue of HOOR (R = H, alkyl),
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Figure S. Representative radical species as obtained from DFT
calculations: (a) Ti(OO*)H,O and (b) Ti(O-)(H,0),. Distances are
given in A. Italics are used for H-bonding distances. Nomenclature: O,
red ball; H, light gray; Ti, green ball; Si, gray ball.

and breaking the O—O bond is by far the easiest source of
radicals from both H,0, and tBuOOH (Scheme S1).

Ti(III) can be formed by homolytic splitting of the Ti—O
bond, yielding a tBuOO® radical (Scheme 2, reaction ii).
However, this process is highly unfavorable (AE = +249 kJ/
mol), even when fully stabilized by water (see Supporting
Information).

Ti(IV)-OO*® (peroxyl) can be formed by the loss of a t-butyl
radical (Scheme 2, reaction iiia), but this process is likewise
unfavorable (AE = +205 kJ/mol). In a similar fashion, Ti(IV)-
O°® can be formed by the loss of a tBuO*® radical (Scheme 2,
reaction iva). As expected from the weakness of the O—O
bond, this process is more favorable, but still high in energy
(AE = +161 kJ/mol). Since the fragmentations are entropically
favored, accounting for such contribution provides more
favorable reactions (AG,eg is on average 60 kJ/mol lower
than AE).”® Still, the direct fragmentations presented so far
cannot probably account for the species observed in the
experiments.

However, as suggested by Clerici,”” and recently calculated
for H,0,,%* bimolecular pathways implying the participation of
a second peroxide molecule could explain the formation of the
Ti(IV)-O® (oxyl) species. Indeed, such a reaction, yielding a
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Table 7. Comparison of EPR g Values of Different Ti Species from Experiment and DFT Calculations

EPR g tensor?

species” Zex

Ti-peroxyl Ti(IV)-OO- species 1 2.0033
species 1’ 2.0033
species 1 2.0023
species 1’
species 1 2.0023
species 1’ 2.0023
Ti(00O-) 2.0027
Ti(00-)(H,0) 2.0028
Ti(00-)(H,0), 2.0031
average 2.0029
species 1-A 2.0028
species 1-B 2.0028

Ti-oxyl Ti(IV)-O- Ti(O-) 2.0046
Ti(0+)(H,0) 2.0042
Ti(0)(H,0), 2.004S
Ti(O")(H,0); 2.0047
average 2.0045
species 2-A 2.0046
species 2-B 2.004

gyy &2z Siso source
2.0095 2.0269 20132 Exp, TS-1 + H,0, [70]
2.0095 20234 2.0120
2.0090 20280 20131 Exp, TS-1 + H,0, [72]
2.0200
2.0090 20266 2.0126 Exp, TS-1 + H,0, [73]
2.0090 2.0238 20117
2.0096 2.0280 20134 DFT, this study
2.0096 2.0266 2.0130
2.0094 2.0243 20123
2.0095 2.0263 2.0129
2.0107 2.026° 2.0132 Exp, this study
2.0107 2.020°
2.0143 20713 2.0301 DFT, this study
2.0131 2.0309 2.0161
2.0151 2.0426 2.0207
2.0103 2.0246 20132
2.0132 20424 2.0200
2.0138 2.049¢ 2.0225 Exp, this study
2.015 2.034°

“Species 1 and 1’ differ one another due to solvent effects. bg value accuracy estimated from field values known at +0.5 G, ie, + 0.003, for
convenience, x, y, and z componants are assigned arbitrarily from the smallest to the highest g values, ie., from right to left in Figure 4. “Lower

accuracy on g of +0.001 due to broad line width.

tBuOO® radical and tBuOH (as experimentally observed), is
much lower in energy (reaction ivb in Scheme 2, AE = +54 kJ/
mol) and even favorable in terms of Gibbs free energy (AG,oq
= —8 kJ/mol). The reaction (AE) energy is close to the value
calculated for Ti(IV)-O® formation starting from Ti(OOH)
and H,0, (+40 kJ/mol),%* being also consistent with the
similar O—O bond dissociation energy for both peroxides
(Scheme S1). This suggests that Ti(IV)-O*® radical species are
thermodynamically accessible. Note also that the reaction was
carried out experimentally at 80 °C, favoring even more the
thermodynamics of the process. Along these lines, we can also
propose a bimolecular dissociation to yield Ti(IV)-OO*
(peroxyl) species. In stark contrast to the unimolecular
fragmentation, this process is favorable (AE = +15 kJ/mol,
AG,g5 = —63 kJ/mol). In summary, bimolecular pathways can
rationalize from a thermodynamic viewpoint the formation of
Ti(IV)-OO*® and Ti(IV)-O*® species.

4.2. Interpretation of the EPR Spectra. The calculated
EPR g tensor of the above-discussed energetically accessible
radical species is reported together with our experimental and
literature data in Table 7. Additional peak data obtained after
deconvolution can be found in the Supporting Information
(Figure S4, Table S2). Since hydration affects the structure of
Ti sites, we expect an effect on the g—tensor.78 Therefore, we
modeled different states of hydration (SI, Figure S3). Indeed,
previous experimental studies on the TS-1/H,0,/H,0O system
reported in most cases the formation of two different Ti-
peroxyl radicals, Ti(IV)-OO?®, that can be a priori attributed to
three different species: (1) species a with different number of
coordinated water molecules,”® (2) species formed in frame-
work and ex-framework Ti moieties,”" and (3) species formed
in tetrapodal (external) or tripodal (internal) Ti sites.”””"*
Furthermore, as pointed out by Wells et al,** we do not
exclude a possible stabilization by surface silanol groups
(defects). In our case, the experiments carried out in the sole
presence of TBHP were subjected per se to a much higher

hydration level than those in the presence of cyclohexane, since
in the former experiments TBHP was highly diluted in water
(ca. 30 wt %) to ensure its stability. In the second case, even if
water was present at trace level after TBHP extraction with
cyclohexane and could also be generated during cyclohexane
oxidation, the hydration level is expected to be much lower due
to the low reaction time used (20 min).

The EPR signals referred to as species 1-A and species 1-B in
the Ti-MWW + TBHP + cyclohexane and Ti-MWW + TBHP
+ acetonitrile systems (Figure 4, spectra A and B, respectively)
show very similar g' and g" values within the limits of the
experimental error (Table 7), even if the Ti centers in the
second system are expected to show a higher degree of
hydration. This observation matches the trends predicted by
DFT for Ti(IV)-OO* species, the corresponding g values being
confined in a very narrow range (average over all hydration
states: g, = 2.0029, g, = 2.0095, g,, = 2.0263 in Table 7) and
essentially insensitive to hydration, except for g,,, which varies
slightly. Relying on these calculations and on the experimental
data from the literature (species 1 and 1’ in Table 7), species 1-
A and species 1-B can both be assigned to Ti(IV)-OO®, but
their state of hydration is difficult to ascertain, since the effect of
hydration is weak.

The EPR spectrum of the reaction mixture (Figure 4,
spectrum A) shows an additional signal (species 2-A) which
cannot be attributed to Ti(IV)-OO® or any species reported so
far in the literature. However, we find a very good agreement
with the g values calculated for Ti(IV)-O°®. All principal values
calculated for Ti(IV)-O°® are significantly higher than those
found for Ti(IV)-OO* (average over all hydration states: g,, =
2.0045, g, = 2.0132, g, = 2.0424). While g,, is almost not
affected by hydration and g,, varies only slightly, g is strongly
affected by hydration, much more than for Ti(IV)-OO°®. In light
of these results, species 2-A and species 2-B might be
tentatively assigned to different hydrated forms of Ti(IV)-O®.
In spectrum B, it is more difficult to argue for the presence of
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Ti(IV)—O* species, most likely due to a masking effect of water
and thus hydration. Indeed, the predicted g values for Ti(IV)-
0OO0* and Ti(IV)-O°, more specifically g,, and g,,, are relatively
close when 2 or more water molecules are coordinated to the
Ti center (Table 7, Figure S). This effect of hydration might
explain why the Ti(IV)-O°® species is hardly detectable in
spectrum B in Figure 4 and also in analogous spectra published
in the literature, typically measured under aqueous or strongly
hydrated conditions.

Note finally that Ti(IIl)- is predicted at g values (<2.0000)
not compatible with the experiment (Table S1), which is
consistent with its unfavorable formation.

5. CONCLUSIONS

We have shown that Ti-MWW zeolite exhibits a much higher
selectivity to KA oil during the oxidation of cyclohexane with
TBHP than other titanium zeolites such as TS-1, Ti-Beta, and
Ti-MOR. The higher performance of Ti-MWW was attributed
to its unique structure providing accessible Ti sites on external
12-ring cups. Unlike the reaction time and the catalyst weight,
the temperature exerted a remarkable effect on the catalytic
performance. Ti-MWW exhibited a high stability in the reaction
and could be reused for at least four runs keeping a similar
activity and with no detectable Ti leaching.

In the simultaneous presence of alkenes, competition
between radical (alkane oxidation) and nonradical (alkene
epoxidation) mechanisms took place, suggesting that both
reactions share the same precursor at the active site, presumably
Ti-OOtBu species.

In situ EPR experiments combined with DFT calculations
suggested the formation of at least two Ti-centered radical
species in our reaction system. One of the signals could be
unambiguously assigned to peroxyl species, Ti(IV)-OO®, as
frequently reported in the literature. In contrast, the other
signal was not compatible with such species but provided
instead an excellent match with the EPR g tensor values
calculated for oxyl radicals, Ti(IV)-O®. Although oxyl radicals
have been proposed as active centers for alkane oxidation, to
the best of our knowledge they have not been observed so far.
However, opposed to the published literature, our spectra have
been recorded under anhydrous conditions, and indeed our
calculations suggest that strong hydration makes the distinction
between Ti(IV)-OO® and Ti(IV)-O°® difficult. Both radical
intermediates might be generated via bimolecular pathways as a
reminiscence of a homolytic O—H and O-O cleavage,
respectively.

We believe that the high catalytic performance of our system
should motivate further development of Ti-based oxidation
catalysts. In addition, the possible observation of Ti(IV)-O*
species opens up new mechanistic perspectives for alkane
oxidation, which, in contrast to alkene epoxidation, is still
poorly understood. Further investigation of the presence of
Ti(IV)-O*® in other Ti-containing zeolites is under study.
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