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Allylic oxidation of cyclohexene over ruthenium-doped
titanium-pillared clay

Ahmed Dali, llhem Rekkab-Hammoumraoui, Abderrahim Choukchou-Braham” and
Redouane Bachir

Ruthenium-doped H-Montmorillonite (H-Mont) and Ti-pillared clay (Ti-PILC) were prepared
then studied for oxidation of cyclohexene, with tert-butylhydroperoxide (TBHP) as the oxygen
source. The Ti-PILC support was prepared by hydrolysis of Ti(OCsH;), with HCI. The
synthesized Ru/Ti-PILC and Ru/H-Mont catalysts were characterized by chemical analysis,
surface area/pore volume measurements, Fourier transform infrared (FTIR) spectroscopy, X-
ray powder diffraction (XRD), and UV-vis-diffuse reflectance spectroscopy (UV—-vis-DRS).
Both catalysts can selectively oxidize cyclohexene through allylic oxidation to give 2-
cyclohexene-1-one as the major product, and 2-cyclohexene-1-ol as the minor product. The
influence of reaction time, temperature, catalyst amount, and substrate/oxidant ratio was also
investigated to find the optimal reaction for cyclohexene oxidation to get the highest
conversion. Indeed, when the 5%Ru/Ti-PILC was employed as catalyst, 59 % of cyclohexene
conversion, 87 % of selectivity for 2-cyclohexene-1-one and 13 % of selectivity for 2-
cyclohexene-1-ol were obtained under ambient pressure, at 70 °C, for a 6 h reaction time. The

catalysts were reused in four consecutive runs.

1. Introduction

Clay may be used as a catalyst in industrial processes of
petroleum cracking, among others. However, only the external
surface of the material is active in the catalysis, since large
organic molecules cannot penetrate between its layers. In
addition, the hydrophilic character of the layers does not allow
access to apolar molecules, even those with reduced sizes® 2
Pillared interlayered clays (PILCs) are two-dimensional zeolite-
like materials, prepared by exchanging the charge-compensating
cations between the clay layers with large inorganic cations,
which are polymeric or oligomeric hydroxy metal cations,
formed by hydrolysis of metal oxides or metal salts. Upon
heating, the metal hydroxy cations undergo dehydration and
dehydroxylation, thus forming stable metal oxide clusters which
act as pillars that keep the silicate layers separated and create an
interlayer space of molecular dimensions®. Compared with
zeolites, PILCs possess the advantage of being new materials that
can be tailored to particular applications by varying their
composition as well as the size and separation of the pillars. A.
Romero et al.* reported that a wide variety of factors can
influence the intercalation/pillaring process. This situation leads
to non-reproducible results, and makes it difficult to compare the
results reported by different authors. These factors include the
nature of the host clay used as the parent material, the nature of
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the metallic cation, the hydrolysis conditions, the reaction time,
the synthesis temperature and finally, the washing, drying and
calcination processes. Research on titanium-pillared clays (Ti-
PILCs) was initiated by J. Sterte ® who first reported the
synthesis of titanium - pillared montmorillonite, using TiCl, in a
hydrochloric acid solution. A. Bernier et al.° studied the
influence of temperature on titanium-pillared clay by hydrolysis
of TiCl, in HCI. L. K. Boudali et al.” prepared titanium-pillared
montmorillonite by intercalating montmorillonite with Ti by
hydrolysis of TiCl4 in the presence of HCI or H,SO,. All the
authors carried out detailed studies on the experimental
conditions of the hydrolysis of TiCl, with HCI. They indicated
that the physicochemical properties of pillared clay depend on
several synthesis parameters such as the concentration of metal
ions and the method of preparation. S. Yamanaka et al.® reported
the intercalation by hydrolysis of Ti(OCsH5),, in presence of
HCI. The same procedure was used by B. M. Choudary et al.®. H.
L. Del Castillo et al.’® studied the effect of the nature of titanium
alkoxides and the acid used in the hydrolysis phase. Recently, J.
L.Valverde et al.'* have reported the synthesis of titanium-
pillared clay by varying the Ti precursors hydrolyzed by HCI.
They studied the influence of the percentage of titanium added
during the pillaring procedure, as well as the effect of the clay
suspension concentration. These different methods have proven
to be suitable for the preparation of titanium-pillared clays'.

Titania modified clays have been found to be active catalysts,
catalytic supports, photocatalysts and adsorbents for various
environmental processes. They have been reported to be active
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photocatalysts for NO, decomposition in polluted air', and
effective catalysts for the degradation of organic pollutants from
waste water * *°. It has also been reported that the elimination of
H,S and SO, from waste gases was possible by using titania
modified clays'® Y. Titania-pillared clay was found to be an
effective sorbent for elemental mercury'®. There are also a lot of
reports describing the catalytic activity of clays modified with
titania in the DeNO, process* 1 %,

The Allylic oxidation of olefins to a,B-unsaturated ketones,
particularly cyclohexene to 2-cyclohexene-1-ol and 2-
cyclohexen-1-one, is an important and useful transformation in
both chemical and pharmaceutical industries®*%®, because they
are derived directly from alkenes, a primary petrochemical
source?®. Many catalysts have been employed in cyclohexene
oxidation, in recent years. For example, D. Habibi et al. %
reported that the catalytic system SiO,/Al,O3 nanosized-anchored
ferrocene carboxaldehyde was investigated for the oxidation of
cyclohexene by tert-butylhydroperoxide (TBHP). Fe-nano-
catalyst showed higher cyclohexene conversion (> 84 %) with
more than 90 % selectivity to 2-cyclohexene-1-one. K. Leus et al.
% reported that Ti-functionalized NH,-MIL-47 was tested for the
oxidation of cyclohexene, using molecular oxygen as oxidant in
combination with cyclo-hexanecarboxaldehyde as co-oxidant. A
cyclohexene conversion of approximately 25 % was observed for
the the bimetallic catalyst, after 6 h of reaction. S. J. J. Titinchi et
al. ? revealed that chromium complex supported on organically
modified silica can catalyze the oxidation of cyclohexene by
H,O,. The supported catalysts exhibited excellent activity (>
94%), after 6 h reaction time. When P. Bujak et al % used
Au/SiO2 as catalyst, 67 % of cyclohexene conversion, 53.5 % of
selectivity for 2-cyclohexene-1-one and 26.7 % of selectivity for
2-cyclohexene-1-ol were obtained. M. Vafaeezadeh et al. 2 used
the 1-Butyl-3-methylimidazolium tungstate ([(BMIm],WO,) ionic
liquid supported onto silica; it displayed desirable performance
for cyclohexene oxidation. A series of SiO,, Al,O; and TiO,
mixed vanadium materials were tested by EL Korso et al. *, and
the results showed that VO,-SiO, directs the reaction towards
epoxidation. However, VO,-Al,0; leads it to an allylic
oxidation. D. Lahcene et al. * reported a 46 % conversion when
catalyst V,05-TiO, was used. In the previously cited work, the
porous TiO,-SiO, mixed metal oxide %2 was evaluated for the
cyclohexene epoxidation with TBHP (tert-butyl hydroperoxide)
as oxidant; the selectivity toward cyclohexene epoxide was 100
% and the conversion was 44 %. So far, the examples of catalytic
allylic oxidation of cyclohexene in the presence of clays or
pillared clays have been rare and to our knowledge, RuO, has not
yet been used in any epoxidation reaction. However, only Ru
complexes have been extensively used in numerous epoxidation
reactions, such as the epoxidation of propene, octene,
cyclohexene, cyclooctene, styrene, etc...>%. Therefore, it would
be interesting to extend the application of supported RuO,, for
the first time, to the catalytic oxidation of cyclohexene.

Considering the fact that the porous structure and acidic
character of PILCs make them attractive supports for catalyst
preparation, we report, in the present paper, the preparation,
characterization and catalytic oxidation behavior of ruthenium-
clay catalysts. The samples were prepared by impregnation of
titanium-pillared clay with several ruthenium precursors, and
then characterized by physico-chemical techniques, such as the
infrared spectral analysis, X-rays diffraction (XRD), specific
surface area determination (BET) and UV-Vis DR Spectroscopy,
in order to understand their behavior, and their performances as
solid catalysts for the allylic oxidation of cyclohexene with

2 | RSC Advances, 2014, 00, 1-3

TBHP. The effect of reaction time, oxidant/cyclohexene ratio,
amount of catalyst and temperature was examined as well.

2. Experimental
2.1. Catalysts synthesis
2.1.1. Bentonite sample

The pillared clay was prepared using bentonite deposits
from the Western town of Maghnia, in Algeria. Its chemical
composition (mass %) was: SiO,, 69.4; Al,Os, 14.7; Fe,05, 1.2;
MgO, 1.1; K;0, 0.8; Na,0, 0.5; Ca0, 0.3; TiO,, 0.2; and As, 0.05 %,
Mineralogical analysis showed that crude clay mineral contains
mainly montmorillonite (85 %). The clay composition also
includes quartz (10 %), cristoballite (4 %) and beidellite (1 %).
The clay powder was purified according to the following
procedure: clay dispersion was placed in a graduated cylinder to
allow particles > 2 pm in size to settle down, and the fine
fraction, whose size was < 2 um, was extracted. Carbonates of
calcium and magnesium were eliminated by hydrochloric acid
(0.1 N) at the ratio of 10 mL g*. The organic matter present in
the clay sample was oxidized by addition of H,0, (33 %), at the
ratio of 10 mL g™, under agitation during 2 h, at ambient
temperature. After centrifugation, purified clay was washed with
distilled water until freed of CI” ions, according to a test with
AgNO;, then exchanged three times with H” ions by stirring in
HCI solution (1 M) at 80 °C for 4 h. The resulting suspension
was washed several times with distilled water until freed of CI’
ions, as indicated by the test with silver nitrate solution. The solid
was separated by centrifugation and dried in air, at room
temperature. This material is referred to as H-Mont.

2.1.2. Ti-PILC

H-Mont was used in the pillaring process. Titania-pillared
montmorillonite (Ti-PILC) was prepared as follows. The solution
of titania oligocations was prepared by adding 90 mL of
Ti(OC3H5), (Aldrich, 98 %) to a solution of HCI (6.0 M, 18 mL) .
The mixture was diluted by slowly adding distilled water to reach
the final concentrations of Ti*" and HCI equal to 0.82 M. The
solution was aged at room temperature for 1 h. In the next step,
the amount of pillaring agent required, to obtain the Ti/clay ratio
of 10 mmol Ti per 1 g of clay, was added to the suspension which
was then vigorously stirred. Montmorillonite was left in contact
with the solution for 24 h and then separated by filtration. The
obtained product was washed with distilled water, and then
separated. This procedure was repeated until he modified
montmorillonite was free of chloride anions, as determined by
the test reaction with AgNO; solution. Finally, the modified clay
was dried at 120 °C for 12 h and calcined at 400 °C for 4 h.

2.1.3. Ruthenium supported Ti-pillared clays

These materials containing 5 wt.% of ruthenium, were
prepared at room temperature under vigorous stirring, by
incipient wetness impregnation of titanium-pillared clay support
with a solution of Ru(acac); dissolved in acetone. All the samples
were then dried at 60 °C for 72 h, and calcined at 260 °C for 4 h,
under air flow. The temperature was raised at the rate of 3
°C/min, and maintained at 260 °C, for 5 h.

2.2. Measurements

The Ru contents of catalyst samples were analyzed by
atomic absorption spectrophotometer (AA300) (Perkin Elmer).

This journal is © The Royal Society of Chemistry 2014
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The cation exchange (CEC) capacity of purified clay was

measured by exchange with cobaltihexamine chloride
[Co(NH5)]Cl3 as follows. An amount of 2 g dry weight of clay
was placed in a tube and 40 mL of 0.05 N cobaltihexamine
chloride solution was added. After continuous shaking for one
hour, the content of the tube was centrifuged. Absorbencies at
472 nm (A47,) were immediately measured. The A4, of the 0.05
N cobaltihexamine chloride solution was also determined.
The whole experiment was repeated twice, and the 0.05 N
cobaltihexamine chloride solution was freshly prepared before
each CEC determination. According to L. Orsini and J. C. Rémy
39 CEC can be derived from the concentration of Co remaining
in the solution. As the cobaltihexamine chloride solution absorbs
at 472 nm, the concentration of Co in the solution can be
determined from A,;, measurements. Considering the A4, of a
solution of a given normality (i.e. 0.05 N), a CEC 47> (Meq 100 g
1y can be calculated as* :

A4T2 e — AAT2 . v
ooew - Sm?’"]xsn % — %100

CE Cm_—.: =

where A472; sy and A472qmpe COrrespond, respectively, to the
absorbencies at 472 nm of 005 N (= 50 meq L7
cobaltihexamine chloride solution and of clay sample; V: volume
(L) of 0.05 N cobaltihexamine chloride solution added to the clay
sample (0.04 L); m: mass of clay used (2 g).

The specific surface areas as well as the pore size
distributions were determined by nitrogen adsorption at 77 K in a
static volumetric apparatus (Quantachrome Instruments - Nova
1000°). Pillared clays were previously outgassed at 150 °C for 3
h. The total specific surface areas were calculated using the BET
equation, whereas the total specific pore volumes were evaluated
from nitrogen uptake at P = Py ¥ 0:99. The mesopore size
distribution was obtained by applying the Barrett-Joyner—
Halenda (BJH) method to the adsorption branch of the isotherm.
The X-ray powder diffraction (XRD) patterns were measured on
a Rigaku D/max2500 powder X-ray diffractometer. The
diffractograms were recorded with a Cu Ko radiation (A =
1.541874 A) in the range 26 =2 © - 70 °, with a step of 0.02 ° and
an acquisition time of 1 s. The UV-visible spectra (200 — 800
nm) of these samples were collected on a Perkin Elmer UV/Vis
spectrometer with an integrating sphere. The baseline was
recorded using BaSO, as a reference. The FTIR spectra of the
samples were found using an Agilent Technologies Cary 600
series FTIR spectrophotometer, in the range 400 — 4000 cm™.
FTIR analysis of pyridine adsorption was carried out on an
Agilent Technologies Cary 640 series FTIR spectrophotometer
with a 4 cm™* resolution and a 4000-400 cm™ scanning range.
The spectrometer was equipped with MCT detector cooled by
liquid nitrogen. 18-20 mg of the catalyst sample was pressed into
a self-supported wafer of approximately 2 cm in diameter, then
evacuated at 623 K for 4 h, and finally cooled down to 293 K. A
known amount of pyridine was then introduced in the cell at
room temperature and the wafer was degassed at 423 K for 15
min to remove the physisorbed fraction. Finally pyridine
adsorbed was followed by evacuation for 15 min at different
temperature. The IR spectrum thus obtained was used to calculate
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the amount of acid sites on the sample by measuring the peak
area of pyridine adsorbed.

2.3. Catalytic evaluation of solids

The catalytic properties of Ruthenium supported Ti-pillared
clays were determined in the liquid phase oxidation of
cyclohexene, using tert-butyl hydroperoxide (TBHP) (Aldrich, 70
wt.-% in H,0) as an oxidant. The reaction was carried out in a
two-neck, round-bottom glass flask equipped with a magnetic
stirrer and a reflux condenser. First, TBHP was stirred with
heptane as solvent in order to perform a phase transfer from
water to organic phase. Typically, 25 mL of heptane and 38.45
mmol (5.5 mL) of oxidant (TBHP) were mixed in a closed
Erlenmeyer flask, magnetically stirred for 24 h. The organic
phase was then separated from the aqueous phase. To control the
phase transfer, the concentration of the remaining TBHP in the
aqueous phase was determined by iodometric titration. Less than
10 % of the initial TBHP remained in the aqueous phase. In a
typical heterogeneous catalytic reaction, the catalyst remains in
suspension in 25 mL of the solvent (heptane), and the substrate
(cyclohexene 29 mmol (3 mL)) was then added and heated at 70
°C, under vigorous stirring. The TBHP-solvent mix was
subsequently added to the reaction mixture (time zero), and the
resulting products were identified by comparison with the
authentic ones. The course of reactions was then followed by gas
chromatography (GC), wusing a Varian CP-3800 gas
chromatograph equipped with a CP-WAX 52 CB and a flame
ionization detector (FID). Before GC analysis, the remaining
TBHP was decomposed by adding an excess of
triphenylphosphine (Aldrich). On the other hand, to control the
remaining TBHP, an iodometric titration was performed at the
end of the reaction (after 6 h) by analyzing the organic phase.

3. Results and discussion

3.1. Characterization of the samples

The cationic exchange capacities (CEC), determined using a
procedure reported in the literature®, were 89 mEq/100 g for
natural clay and 34 mEq/100g for acidified clay. The XRD
patterns of all samples are reported in Fig.1.

e
&5'/ Ru/Ti-PILC
2
‘©
c
2
£
Ru/H-Mont
d(001
I I I I I I
0 10 20 30 40 50 60 70

2 Theta (°)

Fig. 1 X-ray diffractograms of samples
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The XRD patterns of smectite clays generally show a basal
(001) reflection and a two-dimensional diffraction (hk) only*,
The (hk) reflections are characteristic of the type of clay mineral,
whereas the 001 basal reflection is characteristic of the interlayer
cations. The peaks, at angles 19.8 ° and 35 °, are assigned to the
two-dimensional diffraction (hk) arising from the random
stacking of clay layers. The diffraction at 26 = 19.8 ° is the
summation of (hk) indices (02) and (11), while the diffraction at
35 ° is the summation of (hk) indices (13) and (20)*® *2 The basal
spacing (001) reported for natural clay is about 1.5 nm*,

For H-Mont, the diffraction peak (001) attributed to the
ordering of clay layers, was present at the position 20 = 6.12°
which corresponds to the basal spacing of 1.44 nm.

The pillared clay sample Ti-PILC did not show the (001)
peak. The absence of (001) peak in the lower region is due to the
lack of a sufficiently ordered and oriented silicate layer structure.
This indicates a highly disordered structure, which is the result of
two phenomena. One is the non-uniform interlayer distances in
clays; these are the results of inhomogeneous intercalation by
small-sized Ti hydrolyzed species. The other is the disordered
three-dimensional coaggregation of clay particles and Ti
polyoxycations, i.e. the delaminated structure® ** *%  Similar
results were observed in other pillared-clays* ¢ #’. Furthermore,
the peaks at 25 °, 37 °, 48 ° and 53 ° are characteristic of anatase
titania (JCPDS: 21-1272)* ¢,

After impregnation, Ru/H-Mont showed the basal reflection
(001) at 26 = 6.40 °. It indicates a distance of 1.37 nm between
the layers of the material. This difference can be related to the
degree of hydration of the cation type present in the clay structure
*_In addition, Ru/Ti-PILC showed a low intensity of the peak,
which presents a shoulder at the position 26 = 8.5 °, characteristic
of the basal spacing of 1.04 nm. This peak may be due to the
intercalation of Ru nanoparticles in the interlayers of bentonite *°.
The appearance of peaks (reflections) at 26 = 28 ° and 35 °
indicates the presence of ruthenium oxide in our materials
(JCPDS: 40-1290).

The FTIR spectra of purified clay (H-Mont) and pillared
clay (Ti-PILC) samples are illustrated in Fig 2. The FTIR
spectrum of H-Mont shows bands at 3642 and 3448 cm ™ in the —
OH stretching region; these two bands are assigned to the ~OH
stretching vibration of the structural hydroxyl groups in clay and
water molecules present in the interlayer, respectively®™ 2, On
pillaring, these two bands broaden, due to the introduction of
additional —OH groups; this is interpreted as a pillaring effect -
% The band at around 1600 cm™® is assigned to the bending
vibrations of water and Ti-OH®*. The pillaring process replaces a
large amount of interlayer cations that generally exist as
hydrated; it also decreases the intensity of —OH peaks. Pillared
clays have a low amount of adsorbed/coordinated water, due to
their non-swellable nature. Thus, as a result of pillaring, the
intensity of the band around 1600 cm™ decreases®. The band
around 1040 cm™ corresponds to the asymmetric stretching
vibrations of SiO, tetrahedra® . The band at 524 cm™ can be
ascribed to Si-O bending vibrations. On the other hand, the
absorption bands associated with the Ru-O groups were observed
at 442, 430, 428 cm™ ¥ and around 668 cm™* *%, In addition, a

4 | RSC Advances, 2014, 00, 1-3

peak was detected at 880 cm*. The position of this peak
corresponds to that of Ru=0 3*%°%. The bands at 1457, 1540 and
2903 cm?® were only observed for Ruthenium supported
catalysts; they can be assigned to the presence of -C=C, -C=0
and -C-H groups, respectively. However, these bands are not
observed in purified clay or pillared clay, which suggests that the
acetylacetonate salt was not completely removed from supported
samples after calcination.

Ru/Ti-PILC

Tranmission (a.u)
=
(2}
[ —
(4]

/
3642 3448

Ru/H-Mont

/
3675
3548

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)
Fig. 2 FTIR spectra of samples

All samples showed a type 1V isotherm according to IUPAC
classification, which is typical of microporous materials,
including mesopores® €2, For all samples, the significant increase
in adsorbed volume, at low relative pressures (P/P, < 0.01),
indicated the presence of micropores, while the H4 type
hysteresis observed within the relative pressure range, from 0.40
to 0.99, showed the presence of mesopores. As an example, the
isotherm of Ru/Ti-PILC is presented in Fig 3.

25000

RuwTi-PILC

g
g

=000

Wolume Adsorbed jem 397

Fare Asbihab oo oo gl -1

[ake a]
o o0 =B 1] s ak=s] 100 120 140

Relative Pressure (PP,

Fig. 3 N, adsorption—desorption isotherms and pore size
distribution of Ru/Ti-PILC
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The pore structure parameters, such as the specific surface
area (Sget), the total porous volume (Vp) and the pore diameter
(dp) are summarized in Table 1. The BET surface area of Ti-
PILC is 278 m? g%, whereas that of the initial clay is 195 m? g%,
This suggests that the pillaring process leads to a dramatic
increase in the porosity in layered clays. J. Arfaoui et al.'?
obtained the same BET surface area for Titanium-pillared clay.
TiO, particles are mainly located in the interlayer space as pillars,
but it is also possible to find them on the external
montmorillonite surfaces. After impregnation of the Ti-pillared
clay with ruthenium, the BET surface area decreased sharply
(Table 1). This effect can be explained by the blockage of some
pores due to the building up of ruthenium on one side, and/or to
the structural changes occurring during heat treatments on the
other “8, The pore volume also decreased after impregnation,
indicating that ruthenium oxides blocked some small pores in H-
Mont and Ti-PILC®,

As shown in the inset of Fig. 3, the BJH mesopore size
distribution of all samples shows a unimodal and narrow peak,
centered at 19 A,

Table 1 BET surface area (Sget), total pore volume (Vp) and
pore diameter (d,) of samples

Catalysts RU ioading Seet Vo dp

(%) (m’g")  (em’g?) ®

H-Mont / 195 0.27 19
Ti-PILC / 278 0.33 19
5% Ru/ H-Mont 4.25 180 0.25 18
5% Ru/Ti- PILC 4.75 243 0.29 19

UV-vis-diffuse reflectance spectroscopy (UV-vis-DRS) is a
technique suitable for studying the coordination environment of
metal ions in constrained environments, such as in zeolites and
clay materials. Fig. 4 illustrates the UV—vis-DRS spectra of the
samples. H-Mont exhibits a characteristic broadband centered at
about 250 nm, which is assigned to the (Fe**<0?", OH", or OH,)
charge transfer band for the structural iron present in the
octahedral layer of the clay mineral®®®. The absorption spectrum
of Ti-PILC consists of three bands. The first one, which is
located at about 315 nm, is characteristic of anatase clusters 5%;
the band found at 215 nm is related to Ti*" ions in a tetrahedral
coordination®”. In addition, the band at about 240 nm, which is
due to the isolated extra-framework Ti** ions in octahedral
coordination, was detected in this sample* .

The two clays (H-Mont and Ti-PILC) are almost transparent
in the wavelength range beyond 400 nm; these same results were
reported by S. Yang et al. and C. Ooka et al.® %,

UV-vis-DR spectra of H-Mont modified with ruthenium
were deconvoluted into two new bands in the visible region: one
at 526 nm and the second at 650 nm. These values correspond to
the UV spectrum of Ru0,%* ™,

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Diffuse-reflectance UV—Vis spectra deconvoluted bands

Fig. 5 presents representative IR spectra of all four samples,
taken after their exposure to pyridine, which interacts differently
with solid surface acid sites, depending on the nature of sites, i.e.,
Bransted (Bpy) or Lewis (Lpy) sites. Species | (Lpy) is formed
through coordinately bound pyridine, through its sole pair of
electrons, on nitrogen atom to Lewis acid center, e.g., Al"
cations present on clay mineral surface. Species Il (Bpy) is
formed as a pyridinium ion, with a transfer of H* ion from the
Bronsted acidic —OH?* groups of clay mineral to pyridine.
Species Il (Hpy) is formed as a result of hydrogen bonding
between pyridine nitrogen atom and —OH groups of clay mineral.
Pyridine vibration bands appear in the IR region, between 1400
and 1700 cm™. The Bransted sites (Bpy) show bands near 1490,
1540, and 1635 cm™*. The 1540 cm™* band is typical for this site;
it corresponds to the pyridinium ion (PyH"). Pyridine coordinated
to the Lewis sites (Lpy), absorbs near the bands at 1455, 1490,

RSC Advances, 2014, 00, 1-3 | 5
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and 1610-1625 cm'Y; the 1455 cm ™ band is typical for these
sites. The bands around 1440 and 1590 cm™ correspond to Hpy
sites. A strong band at 1490 cm?® is attributed to pyridine
associated with all acid sites, i.e., Lpy + Bpy + Hpy ™.

A semi-quantitative measurement of Brgnsted and Lewis
acidities were carried out using the area of the characteristic Bpy
band at 1545 cm™ and that of the characteristic Lpy band at 1455
cm? 72 to estimate the relative site density in the samples. In
general, clay pillaring causes a considerable increase in acidity.
The acid sites arise first from the exposure of the clay structure
and second from the introduced pillar metal oxide. The addition
of ruthenium oxide to Ti-PILC or to H-Mont increases the
intensity of the peak at 1455 cm™, which indicates an increase in
the Lewis acidity. It was found that acid sites in all samples were
predominantly Lewis acidic in nature. They can be ordered as
follows: Ru/Ti-PILC > Ti-PILC > Ru/H-Mont > H-Mont.

H-Mont
Ru-Mont
Ru/Ti-PILC
N

e) 7

s

[

o

c

<

2

o

0

Q

<

Bpy Lpy
I I I I
1600 1560 1520 1480 1440 1400

Wavenumber (cm™)
Fig. 5 Infrared spectra of pyridine adsorbed on samples

3.2. Catalytic activity study

To examine the catalytic activity of different catalysts,
oxidation of cylohexene was carried out using TBHP as oxidant.
The possible reaction products are shown in Scheme 1. Oxidation
of the double bond carbon-carbon of cyclohexene with peroxides
yields the corresponding epoxide which upon further reaction
with water, produces diols (Scheme 1). Oxidation of the allylic
C-H bond results in alcohol (-ol) which can get further oxidized

into a ketone product (-one)™.
OH
OH
Epoxide -diol
+TBHP

Epoxidation

Heterolytic
0-0 cleavage
products

Allylic oxidation .
e
Homolytic
0-0O cleavage
products
OH o

2-cyclohexene-1-ol

Catalyst

2- cyclohexene-1-one
Scheme 1 Oxidation products of cyclohexene

The main results are presented in Table 2, along with those
of blank experiments. Both catalysts gave the unsaturated alcohol
and ketone, 2- cyclohexene-1-one and 2- cyclohexene-1-ol. A
blank oxidation reaction (i.e. without catalyst) was carried out
under typical reaction conditions and no oxidation product was
formed™ ™. In order to show the effect of support on the catalytic
activity, the reactions were repeated in the presence of Ti-PILC
and H-Mont as catalysts, under the same reaction conditions.

Table 2 Cyclohexene oxidation in presence of catalysts and supports

Selectivity (%)
Catalyst Conv TBHP
(%) Consumption Q Q oH
(%)
0

OH 0 o

Blank 0 0 0 0 0 0

H-Mont 0 3 0 0 0 0

Ti-PILC 26 42 89 11 0 0

5% Ru/H-Mont 22 31 33 67 0 0

5% Ru/Ti-PILC 59 73 13 87 0 0

Reaction conditions: 29 mmol cyclohexene, 58 mmol TBHP, 20 mL heptane, 0.1 g catalyst, time: 6 h, reaction temperature 70 °C.

It was found that no conversion is observed in the presence
of H-Mont as catalyst’®, whereas Ti-PILC support exhibited a
conversion of 26 %, with 89 % and 11 % selectivities for 2-
cyclohexene-1-ol and 2-cyclohexene-1-one, respectively. It is
clear that the incorporation of TiO, in the clay could further
promote the catalyst activity and the products selectivity. M. I.
Qadir et al.”” found that TiO, promoted cyclohexene oxidation to
yield cyclohexen-1-one and cyclohexen-1-ol. Layered clays have
been extensively used as acid catalysts and as supports. IR
spectroscopy showed that the metal oxide pillars are responsible

6 | RSC Advances, 2014, 00, 1-3

for the Lewis acidity; the Bronsted acid sites are located on the
clay sheets™ . On the other hand, TBHP as oxidant promotes
the allylic oxidation pathway; however epoxidation is minimized,
especially under the acidic properties of catalysts®®%2.

By dispersion of ruthenium on H-Mont or Ti-PILC,
cyclohexene was converted to 2- cyclohexene-1-one (67 % or 87
%) as the main product and to 2-cyclohexene-1-ol (33 % or 13
%). This means that the available ruthenium active sites were
isolated; they increased the catalytic activity. Similar behaviors
were observed by J. Arfaoui et al.® with vanadium supported Ti-

This journal is © The Royal Society of Chemistry 2014
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pillared montmorillonite catalyst in the oxidation of (E)-2-Hexen-
1-ol. In this work, the only products of the reaction were 2-
cyclohexene-1-one and 2-cyclohexene-1-ol. So, it can be
concluded from the results that under the mentioned reaction
conditions, the allylic hydrogen is more reactive than the C=C
double bond. However, the abstraction of allylic hydrogen gives
the corresponding radical; this requires a lower activation energy
compared to that for the oxidation of the double bond. To obtain
the best catalytic results, the effect of various parameters on the
catalytic performance of 5% Ru / Ti-PILC, the most active
catalyst, was investigated. On the other hand, the presence of a
considerable number of these sites contributes both to the acidity
of the solids and to the activity of the catalytic system. A similar
finding was also reported by S. EL Korso et al. 8 in their study of
VO,-SiO, catalyzed oxidation of cyclohexene. They concluded
that increasing the strength of Lewis acid sites leads to allylic
oxidation. M. Kim et al.®® showed that by incorporating niobium
pentoxide in Fe-pillared clay, both the thermal stability and
surface acidity of the final catalyst Nb,Os/Fe-PILC were
improved, hence resulting in a higher activity in H,S oxidation.
From these results, it can be stated that our materials could be
potential catalysts for certain applications that require the
activation of the allylic position without affecting the double
bond.

RSC Advances

The influence of reaction temperature on the oxidation of
cyclohexene over Ru/Ti-PILC catalyst was investigated in the
temperature range between 50 and 70 °C. Beyond 70 °C, the
decomposition or vaporization of TBHP proceeded suddenly®.
The results are given in Table 3.

The reaction showed two major products, i.e. 2-
cyclohexene-1-one and 2-cyclohexene-1-ol. The cyclohexene
conversion increased to the maximum of 59 % at 70 °C. The
reaction temperature also affected the distribution of the
products. The selectivity to cyclohexenone went up with
increasing temperature and reached the maximum of 87 % at 60
°C, and then remained almost unchanged at 70 °C while the
selectivity to 2-cyclohexene-1-ol decreased. Similar observations
were noted by M. Ghiaci et al. and X. Cai et al.*” ® It can then be
inferred that the reaction temperature of 70 °C is an optimum
point to vyield the highest ketone selectivities within the
controllable reaction temperature interval. To test the order of the
reaction, each of In [A]/[A], and 1/[A] was plotted against t, for
the reactions. The second order plots gave a straight line,
indicating that the reaction is of 2" order, as shown in Fig 5%
The activation energy, calculated from the slope of the straight
line (Fig. 6), was found to be 42.09 kJ mole™, which is lower
than the values reported in several previous works (Table 4)%-%,
However, P. Visuvamithiran et al.** and M. M. Taquikhan et al.*®
reported the same apparent activation energy.

0.12 - krrc= 2.00E-04 mole™ min* L R?=0.98 9.6 -
¢70°C _ K] 2 _ :
Ksoec = 1.015E-04 mole™ min™ L R°=0.97
®60°C >
011 941  E,=42.09 kImol®
-
7 R*=0.98
©0.08 A 9.2 1
]
£
£ 0.06 - £ 9
g &
e
3 0.04 1 8.8 1
> Iy
2
=
0.02 - 8.6
.
0 8.4 T T T T s
0 100 200 300 400 0.0029 0.00295  0.003  0.00305 0.0031 0.00315
t (min) T (KY)
Fig. 6 Kinetic data at different temperatures and Arrhenius plot of
the oxidation of cyclohexane
Table 3 Effect of reaction temperature on the conversion of cyclohexene and the selectivity of products.
Selectivity (%)
Temperature Conv
(°C) (%) TBHP oH
Consumption O>O
(%) OH
0

50 38 51 50 0 0

60 48 57 86 0 0

70 59 73 87 0 0

Reaction conditions: 29 mmol cyclohexene, 58 mmol TBHP, 20 mL heptane, 0.1 g catalyst, 6 h.

This journal is © The Royal Society of Chemistry 2014
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Table 4 E, determined with different catalysts and different oxidants

Catalyst Oxidant E. (kI mol™) Source
MoO,(SAL-SH.)DMF 107.84 %
Uncatalysed 0, 86.11 o
MnO, 54.34 %
Co-KIT-6 40.13 o
Ru(ll)-EDTA H,0, 35.95 %
PVMo/HMont 13.42 %
Mo- Cr-o. Al,Oz 58.52 %
RU/TiPILC TBHP 42.09 Present work

To study the effect of catalyst amount on the oxidation of
cyclohexene, the quantity of catalyst Ru/Ti-PILC was varied from 50
to 200 mg, while keeping the other parameters fixed, i.e.
cyclohexene (3 mL, 29 mmol), TBHP (58 mmol), heptane solvent
(20 mL); the reaction was carried out at 70 °C, for 6 h. The results of
the study, for three different amounts, are illustrated in Table 5. An

initial steep increase in cyclohexene conversion was observed when
the amount of the catalyst was increased up to 100 mg. However,
with further increase of the quantity of catalyst to 200 mg, the
cyclohexene conversion decreased to 50 %, possibly due to
adsorption or chemisorptions of the products on catalyst particles,
thereby reducing the chance to interact. Similar observations were
noted by S. Sharma et al. and S. K. Pardeshi et al.>” ®®, For different
amounts of catalyst, 2-cyclohexene-1-one was found to be the major
product. Its selectivity decreased from 89 % (50 mg) to 78 % (200
mg). Therefore, 100 mg was selected as the suitable amount of
catalyst for oxidizing cyclohexene.

Investigation on the molar ratio of TBHP to cyclohexene
(TBHP//Cyclohexene) was carried out, and the results are shown in
Table 6. By increasing the TBHP to cyclohexene molar ratio, from
0.5 to 1.3, the reaction conversion increased from 15 % to 59 %,
probably due to higher availability of oxidant molecules, while the
product selectivity remained almost unchanged.

Table 5 Effect of catalyst amount on cyclohexene conversion and products selectivity

Selectivity (%)
Catalyst amount Conversion
(mg) (%) TBHP OH
Consumption Q (}O C[
(%)
OH
OH o

50 17 21 89 0 0

100 59 73 87 0 0

200 50 66 78 0 0

Reaction conditions: 29 mmol cyclohexene, 58 mmol TBHP, 20 mL heptane, 6 h, reaction temperature 70 °C

Table 6 Effect of TBHP/Cyclohexene mole ratio on the conversion of cyclohexene and products selectivity

Selectivity (%)
TBHP/Cyclohexene Conversion
mole ratio (%) TBHP OH
Consumption ©>O
(%)
OH
o}
OH

0.5 15 11 10 90 0 0

13 59 73 13 87 0 0

2 58 78 13 87 0 0

Reaction conditions: 29 mmol cyclohexene, 20 mL heptane, 0.1 g Ru/Ti-PILC catalyst, reaction time 6 h, reaction temperature 70 °C.

Ketone (2-cyclohexen-1-one) was always the main product
(~87 %). Using RuO,/C030,/CeO, nanoparticles as catalyst, M.
Ghiaci et al.%" obtained the same results. A further increase in the
molar ratio to 2 did not improve the reaction conversion or products
selectivity. That means that each time a TBHP molecule is adsorbed,
it reacts with the cyclohexene adsorbed on an adjacent site to form
the ketone and alcohol, but the selectivity remains constant
8 Therefore, the TBHP / Cyclohexene ratio of 1.3 is suitable to
obtain satisfactorily high cyclohexene conversion and products
selectivity.

The effect of reaction time on the oxidation reaction was
investigated, and the results are shown in Fig. 7. As the reaction time
increases, the cyclohexene conversion and selectivity of 2-
cyclohexene-1-one increased rapidly, while the selectivity of 2-
cyclohexen-1-ol decreased during the initial 180 min and then
reached a plateau (from 3 h to 6 h). In pursuit of higher selectivity
for the main product 2-cyclohexene-1-one, the reaction time of 3 h
was considered as optimum.

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Effect of reaction time on cyclohexene oxidation
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Since the reusability of a catalyst is important from the
economical and industrial points of view, we decided to investigate
the reusability and stability of Ru/Ti-PILC in the oxidation reactions.
The catalyst was easily isolated from the reaction mixture by simple
filtration, after the catalytic reaction for the oxidation of
cyclohexene. Then, a solvent was used to wash it, and recover it; it
was finally dried at room temperature in order to be used for the next
run, under the same reaction conditions.

As a typical example, the catalyst showed (Fig. 8) a conversion
of 59 % in the first run, which decreased to about 52, 42 and 33 % in
the 2™, 3 and 4™ run, respectively. These results suggested that
after the solvent washing the adsorbed compounds responsible of the
decrease in the activity, were not fully removed over the catalyst
surface and also to unavoidable loss of the catalyst during the
process of collection.®.

B Conversion
B 2-Cyclohexene-%ol
@ 2-Cyclohexene-one

100 -

80 ~

Conversion & Selectivity (%)

Run

Fig. 8 Reusability of Ru/Ti-PILC in the oxidation of cyclohexene

The removed reaction mixtures were used to determine the
ruthenium leaching. The results showed that the amount of
ruthenium leached was 2 %, and the amount of leached metals from
the catalyst was very low. Their contribution in the total catalyst
activity, in the cyclohexene oxidation reaction, is probably
negligible. The nature of the reused material was followed by DR
UV-Vis spectrophotometry. The spectrum of the reused catalyst
Ru/Ti-PILC showed no changes compared to the fresh one; this
confirmed the stability of the catalyst.

Conclusion

In this work, we presented the synthesis and characterization of
ruthenium-doped titanium-pillared clay. The structure and surface
properties of ruthenium on the support were examined using a
variety of characterization techniques (UV-vis, FTIR, XRD).
Pillaring of clay layers by titania resulted in an increase in the
surface area, which enabled a better dispersion of the ruthenium
species. This work allowed determining the catalytic activities of
supports and catalysts on cyclohexene oxidation. To our knowledge,
no reports about catalytic studies for Ru/supports have been
mentioned yet. The results obtained show that cyclohexene was
converted to 2-cyclohexene-1-one as the main product (59 % for
Ru/Ti-PILC,) and 2-cyclohexen-1-ol, within 3 h, with TBHP at 70

This journal is © The Royal Society of Chemistry 2014
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°C. The addition of ruthenium to the titanium-pillared clay increases
the activities of PILC significantly.

Ru/Ti-PILC showed better effective catalytic activity than
Ru/H-Mont. The influence of parameters like oxidant/substrate ratio,
temperature, catalyst amount and reaction time were also
investigated to find the optimal reaction on cyclohexene oxidation in
order to get the highest conversion and selectivity. The reaction is
second order and activation energy of 42.09 kJ mol™ is obtained.
This activation energy is relatively better than several values
reported in several previous works.

The reusability of the catalyst Ru/Ti-PILC showed that it
retains its catalytic activity during the reaction and was reused more
than four times without significant loss in its selectivity.
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