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Abstract

A series of metal-loaded (Ru, Pt, Co) alumina catalysts were evaluated for the catalytic oxidation of
cyclohexane using tertbutylhydroperoxide (TBHP) as oxidant and acetonitrile or acetic acid as solvent.
These materials were prepared by the impregnation method and then characterized by Inductively
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES), H2 chemisorption, Fourier Transformed In-
frared Spectroscopy (FTIR), High-Resolution Transmission Electron Microscopy (HRTEM), and X-ray
Diffraction (XRD). All the prepared materials acted as efficient catalysts. Among them, Ru/Al:03 was
found to have the best catalytic activity with enhanced cyclohexane conversion of 36 %, selectivity to
cyclohexanol and cyclohexanone of 96 % (57.6 mmol), and cyclohexane turnover frequency (TOF) of 288
h-1. Copyright © 2018 BCREC Group. All rights reserved
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1. Introduction thesis of adipic acid (AA), which is an extremely
important commodity chemical [2,3] mainly
used in the production of urethanes and nylon-
6, 6 (for fibers and resins). The global AA capac-
ity, produced in 2006, was around 2.8 million
metric tons and the demand for it has been
growing, year after year, in the last decade [4].
The contemporary industrial process for manu-
facturing adipic acids (AA) is a two-step process
involving nitric acid oxidation of KA oils, a mix-
ture of cyclohexanol and cyclohexanone (which
is produced from cyclohexane) using a homoge-
neous cobalt-based catalyst [5,6]. The main dis-

The oxidation of organic substrates repre-
sents one of the most important industrial
chemical reactions [1]. This explains the signifi-
cant effort invested in research and develop-
ment of new heterogeneous catalysts with in-
creased activities and selectivities in these
types of reactions. In particular, cyclohexane
oxidation is one of the main goals in this area.
The oxidation of cyclohexane to cyclohexanol
and cyclohexanone is a key reaction in the syn-
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of nitrous oxide (N20) are released causing
global warming and ozone depletion as well as
acid rain and smog. Therefore, it is highly de-
sirable to develop an alternate and effective
green synthetic route for AA that is environ-
mentally friendly [7-9].

Over the last decade, the research and de-
velopment of transition metal nanoparticles
have received a great deal of attention in many
areas of science due to the fact that nanosized
particles show different physical and chemical
properties compared to those of the same mate-
rials in the bulk [10-13]. In recent years, many
catalysts have been used for cyclohexane oxida-
tion. For example, the catalytic oxidation of
cyclohexane by O2 over Au-Pd/MgO was re-
ported by Liu et al. [14], in which conversion of
11 % and selectivity of 90.7 % were obtained, at
413 K and 3 bar O..

A series of cobalt-doped vanadium phospho-
rus oxides (VPO-Co) was synthesized by
Mahdavi et al. [15] and used as catalysts in lig-
uid oxidation of cyclohexane, with tertbutylhy-
droperoxide (TBHP) as oxidant; the conversion
obtained was 65 % and the selectivity of cyclo-
hexanol and cyclohexanone was 53 %, with re-
action time of 8 h. Makgwane et al. [16] devel-
oped a hetero-mixed tungsten—vanadia
(WO03/V20s5) catalyst for cyclohexane oxidation,
by using H202. Conversions up to 90 % were
reached, while the total selectivity toward
cyclohexanol and cyclohexanone was found
around 65 %. In another study, Bellifa et al.
[17] reported that vanadium-titanium and
chromium— titanium mixed oxides MTiX (M =
Cr and V) can catalyze the oxidation of cyclo-
hexane using TBHP. The best result was ob-
tained by V-TiO2, with conversion of 35 % and
olone selectivity of 92 %.

Hayati et al. [18] have used titanium modi-
fied octahedral manganese oxide Ti-OMS-2 in
the oxidation of cyclohexane. They suggest that
both titanium sites in frame-work and non-
framework and the Lewis acidity created by the
impregnation of Ti, increased the activity of
OMS-2 in oxidation reactions. The conversion
and selectivity of cyclohexanol and cyclohexa-
none are in the range of 4.4-7.8 and 89-92 %,
respectively. On the other hand, Carabineiro et
al. [19] tested gold nanoparticles supported on
carbon materials for the oxidation of cyclohex-
ane to cyclohexanol and cyclohexanone, under
mild conditions (room temperature and atmos-
pheric pressure), using an environmentally
friendly oxidant (H2Oz2). The conversion was 3.6
% and the selectivity of cyclohexanol and cyclo-
hexanone was 98 %.

Huang et al. [20] conducted a series of stud-
ies on cyclohexane by air oxidation; using boeh-
mite ((AIOOH) immobilized cobalt tetra (4 carboxyl)
phenylporphyrin catalyst (CoTCPP). Cyclohexane
conversion of 19.6 % and selectivity of 73 %
were obtained. Lu et al. [21] reported a 9.2 %
conversion and 92.7 % selectivity when Co304
catalyst was used for the oxidation of cyclo-
hexane with Og, at 130 °C. Ti-Zr-Co alloys were
prepared by Hao et al. [2], and then used as
catalysts in solvent-free liquid phase oxidation
of cyclohexane by oxygen; the conversion ob-
tained was 6.8 % and the selectivity of cyclo-
hexanol and cyclohexanone was 90.4 %.

In our present work, ruthenium, platinum
and cobalt nanoparticles supported on alumina
were used as catalysts for the aerobic oxidation
of cyclohexane to KA oils (i.e., cyclohexanone
and cyclohexanol), giving moderate yields and
improved catalyst turnover number. Noble
metals (Ru, Pt) are much active, stable and se-
lective. They are widely used because of their
better performance in many oxidation reac-
tions. Cobalt was chosen due to it prevalent
use in many oxidations, including that of cyclo-
hexane commercially.

2. Materials and Methods
2.1 Catalyst preparation
2.1.1 Starting materials

The following chemicals were employed for
the preparation of catalysts and in catalytic
testing, namely Al:Os3 (Oxid C Degussa),
Co(NO3)2.6H20 (Fluka), Pt(NH3)2(NOg)2 (Alfa
Aesar), Ru(acac)s (Strem Chemicals), tertiobu-
tyl hydroperoxide (TBHP, Aldrich, 70 % in wa-
ter), Cyclohexane (Prolabo), Acetonitrile
(Aldrich), Acetic Acid (Aldrich), Triphenyle-
phosphine (Aldrich).

2.1.2 Synthesis

The Al203 support of commercial grade was
purchased in the form of nanopowder (in the
range 10-50 nm). It required further treatment
before impregnation of the metal precursors.
The support was mixed with water (200 mL of
H:20 for 100 g of support) in order to form a
paste, which was dried overnight at 120 °C,
and then sieved to retain only the particles
having a diameter ranging between 0.1 and
0.25 mm. Then the support underwent calcina-
tion at 400 °C under oxidative flow (20 % Os,
80 % Ar, 60 mL/min), during 4 h. After activa-
tion, AlsOs showed a BET specific surface area
of 95 m2g-1, pore volume of 0.72 cm3g-l and pore
size of 31 nm.
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An aqueous solution of Pt(NH3)2(NO2)2 and
Co(NO3)2.6H2O or an acetone solution of
Ru(acac)s was used for the wetness impregna-
tion of the support, in order to obtain 1 or 5%
wt. of metal catalyst. After solvent evaporation,
the solids were dried at 120 °C overnight, then
calcined at 400 °C (Co and Pt) and 350 °C (Ru),
for 4 h, under oxidative atmosphere (Ar: 48
ml/min - O2: 12 mL/min). Finally, the solids
were reduced by Hz (60 mL/min) at the same
temperatures, for 4 h. These calcination and re-
duction temperatures for the ruthenium cata-
lyst were selected because Ru(acac)s decom-
poses 1n air in one step, starting at 200 °C and
completing at 350 °C. Activation at tempera-
ture as high as 350 °C ensures complete removal of
acetylacetonate ligands from the ruthenium
precursor [22].

2.2 Characterization of catalysts

The chemical compositions of the samples
were analyzed by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES), using
an OPTIMA 2000 DV spectrometer. Diffracto-
grams of the catalysts were obtained from XRD
experiments, performed on a Siemens D5005
powder diffractometer using Cu-Ka radiation (A
= 0.15186 nm) and a back monochromator.
XRD patterns were recorded using a dwell time
of 2 s, a step size of 0.04° and a constant diver-
gence slit equal to 1°. The crystalline planes
were 1dentified by comparison with PDF stan-
dards from ICDD. The N2 adsorption—
desorption measurements of AloOs were carried
out at -196 °C, using a Micromeritics TriStar
device. The surface area of the support was cal-
culated using the Brunauer-Emmett-Teller
method.

Electron microscopy studies of the catalysts
were carried out on a JEOL 2000 FX instru-
ment, operating at 200 kV. Catalyst specimens
for electron microscopy were prepared by grind-
ing the powder samples in an agate mortar,
suspending and sonicating them in ethanol,
and placing a drop of the suspension on a holey
carbon copper grid. After evaporation of the sol-
vent, the specimens were introduced into the
microscope column. The diameter distribution

of the particles was determined by counting a
large number of particles (>500) on the TEM
micrographs and plotting n; as a function of d;
(ni 1s the number of particles within different
intervals with given average diameters d;). The
mean surface diameter [23] of the particles is
then given by Equation (1).

d=>"nd’ /> nd? (1)

The measurements were done manually us-
ing the ImageJ program. The chemisorption
measurements were carried out in a glass volu-
metric system. Catalyst samples of ~ 0.2 ¢
were placed into a reactor and reduced by pure
Ha, at 400 °C, for 2 h. A 1/1 H/metal stoichiometry
was assumed, in order to calculate the metallic
dispersion from which the mean diameter (d) of
metal particles could be calculated using a cu-
bic model, with one face in direct contact with
the support (Equation (2)).

5x10°

d(nm)zm (2)

where puy is the metal density, Sy surface area
occupied per metal atom, and D the dispersion
of the metal (Table 1) [24].

2.3 Evaluation of the catalytic activity

The catalytic oxidation of cyclohexane, with
tertiobutylhydroperoxide (TBHP) as oxidant,
was carried out in a glass round-bottom flask
with a magnetic stirrer and a reflux condenser.
First, commercial TBHP 70 % in H20 (Aldrich)
was stirred with cyclohexane in order to per-
form a phase transfer from water to cyclohex-
ane. In a typical reaction, 60 mmol (6.5 mL) of
cyclohexane and 60 mmol (8.5 mL) of oxidant
(TBHP) are mixed in a closed Erlenmeyer flask
and magnetically stirred for 24 h. The organic
phase was then separated from the aqueous
phase. In order to control the phase transfer,
the concentration of the remaining TBHP, in
the aqueous phase, was determined by io-
dometric titration, and was found to be <10 %.
The solvent (50 mL) was then added to the
TBHP-cyclohexane mixture. These reactants

Table 1. Physico-chemical properties of metals

Metal Molar mass Metal density Surface of atom Dxd
(g.mol?) (g.cm3) (A2) (nm)

Ru 101.07 12.30 6.35 107.4
Pt 195.08 21.45 8.08 93.6

Co 58.93 8.90 5.43 101.22
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and the solvent were introduced in a glass
round-bottom flask and heated to 70 °C under
vigorous stirring. The catalyst (0.05 g) was sub-
sequently added to the reaction mixture (time
zero). The reaction products were identified by
comparison with authentic products and the
course of reactions was followed by gas chroma-
tography (GC), using a Varian CP-3800 gas
chromatograph equipped with a CP-WAX 52
CB column. A flame ionization detector (FID)
was used and a quantity of 0.5 pL from the
sample was analyzed. Before GC analysis, the
remaining TBHP was decomposed by introduc-
ing an excess of triphenylphosphine. On the
other hand, to control this remaining TBHP, an
iodometric titration was performed at the end
of the reaction (after 6 h) by testing the organic
phase. The catalytic performances were re-
ported in terms of cyclohexane conversion and
selectivity towards products. They are calcu-
lated following the expressions in Equations (3-
4):

CeHyzly —|CcH
Conversion (%):100x[ M1k ~[CoHuol G
[Cele]o
Selectiviy (%) =100x molesof individualproduct .
molesoftotal product 4)

3. Results and Discussion
3.1 Characterization

As measured by ICP-OES, the metal content
in all catalysts is either 1 or 5 % (Table 2).
Figure 1 shows the XRD patterns of the bare
Al20O3 support and the different catalysts. The
alumina support shows two crystalline phases
with sharper peaks, indicating that alumina is
in 6 and y forms. The diffractogram of Ru/Al203
confirms that metallic ruthenium is present in
catalysts as a result of the reduction operation,
and no RuOz2 peak is observed. The Ru diffrac-
tion peaks (38.4°, 42.2°, 44.0°, 58.3°, and 69.4°
20, JCPDS no. 6-663) are sufficient for an esti-
mation of the average ruthenium crystallite

size, which i1s 9 nm, with a relative standard
deviation of 10 %. Diffraction peaks at 39.76°,
46.24° and 67.45° 20 (JCPDS no. 4-802), char-
acteristic of metallic Pt, were detected on the
diffraction patterns of Pt/Al2Os. No platinum
oxide was observed. Crystalline Co304 and CoO
phases were observed in Co/Al2Os. No peaks of
metallic Co were detected. The peaks at 19.08°,
31.38°, 36.88°, 44.88°, 59.38° and 65.28° 26
were attributed to the cubic phase of Co304
with Fd3m space group (JCPDS no. 42-1467).
In addition, the lines at 42.4° and 34.5° 26
could be assigned to the cubic structures of
CoO (JCPDS no. 71-1178).

The metal dispersion of catalysts was ob-
tained by Hz chemisorption. The percentage of
metallic dispersion was calculated, assuming
an H/M atomic ratio equal to 1 [25,26], as
shown in Table 2. The 1 % Ru or Pt catalysts
gave a dispersion (20 %) lower than that ob-
tained with the 5 % catalysts. Ruthenium cata-
lysts showed higher dispersion than platinum
ones. DRX results of cobalt catalysts showed
the formation of cobalt oxides and chemisorp-
tion measurements were not possible.

TEM analysis (micrographs and histo-
grams) for Ru/Al:Os, Pt/Al20s and Co/Alz0s

h

\
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Figure 1. X-ray diffraction (XRD) patterns of
catalysts

Table 2. Metallic accessibility and crystallite size for various catalysts

Chemisorption TEM
Catalyst ICP (wt.%) Dispersion Particle sizea Dispersion Particle sizeb
(%) (nm) (%) (nm)

Ru/Al:O3 1.02 20 5.3 18 5.8

5.09 45 2.4 42 2.5
Pt/Al:03 1.02 20 4.7 23 4.0

5.06 28 3.3 29 3.2
Co/Al203 1.07 / / / /

5.08 / / / /
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systems are shown in Figures 2, 3, and 4, re-
spectively. The 5 %Pt/AloOs and 5 %Ru/Al20s
catalyst samples were well dispersed with no
indication of agglomeration of the metal parti-
cles. All of these materials have a spherical
morphology. The ruthenium system showed
nanoparticle sizes ranging from 1.7 to 4.6 nm
with a mean size of 2.5 nm (Figure 2).

In the platinum system, the size distribu-
tion ranges between 1.8 and 6 nm, with a mean
particle size of 3.2 nm (Figure 3). TEM analysis
of Co/Alz03 (Figure 4) revealed an intensive ag-
glomeration of cobalt particles on these sam-
ples and, then, a true reliable distribution
could not be given. The average size of these
agglomerations was between 8 and 10 nm.
Zhou et al. [5] showed that CosOsoxide has a

5% RU/ALO,

Number of particles

Figure 2. Micrography and histogram for 5
%Ru/Al203

N

I

I

I

5%PUALO,

Number of particles
5 g8 8 B

h

Figure 3. Micrography and histogram of 5 %
Pt/Al20s

platelet morphology forming, in most cases,
quite large agglomerations. As shown, a very
good correspondence between the mean parti-
cle sizes estimated from H2 chemisorption and
TEM was obtained for all catalyst samples (Ru
and Pt) (Table 2).

3.2 Catalytic oxidation of cyclohexane

The activities of the catalysts for the cata-
Iytic oxidation of cyclohexane with TBHP at 70
°C, in acetic acid or acetonitrile, are presented
in Table 3. The desired products are cyclohexa-
nol (CeéH:110H) and cyclohexanone (CsH100),
but other products like cyclohexyl hydroperox-
ide, adipic acid, ester dicyclohexyl adipate, hex-
anolactone, and other esters [5], among which
is cyclohexyl acetate [27], did also form. In gen-
eral, cyclohexyl hydroperoxide can be decomposed
to cyclohexanol and cyclohexanone in presence of PPhs
(triphenylphosphine) introduced before GC
analysis, thus increasing the yield of the target
compounds.

The present study focused on the selectivity
towards olone only (cyclohexanol and cyclohex-
anone). The amount of catalyst used was 0.05 g
and the cyclohexane to TBHP mole ratio was
(1:1). A blank oxidation reaction (i.e. without
catalyst) was carried out under typical reaction
conditions and no oxidation product was
formed. Moreover, to check the impact of the
support on the cyclohexane oxidation reaction,
Al203 was tested for its catalytic properties in
the presence of acetic acid as solvent. The sup-
port exhibited a conversion less than 15 % with
selectivity around 10.3 mmol (17.2 %) (Olone).
As expected, these results are found to be close
to those of Bellifa et al. [28] and Zhao et al.

o T

Figure 4. Micrography of 5 % Co/Al203
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[29]. Table 3 details the catalytic activities of
alumina-supported ruthenium in the presence
of acetic acid and acetonitrile. Cyclohexanol
and cyclohexanone selectivities increase with
metal content [17]. The 1 % catalysts showed a
modest selectivity increase compared to 5 %
ones. So, one can assume that the support par-
ticipates in the reaction via a functional mecha-
nism (support and metal), as reported by
Wangcheng et al. [30].

In the presence of TBHP and acetic acid as
solvent, turnover frequencies (TOF) of 1863 h-!
and 288 h-! were obtained, after 6 h of catalytic
oxidation, for 1 % and 5 % Ru/Al2O3 systems,
respectively. The TOF values obtained are com-
parable (1907 h-t for 1.21 % AwWMCM-41) [31]
to or higher (184 h-1) [32] than those of CoFe204
catalysts reported in the literature; however
they are smaller than the highest value which
amounts to 11900 ht! for Au HAP
(Hydroxyapatite) [33], and 2592 h-1 for 1 %
Au/Al20s. Nevertheless, gold-based catalysts
are regarded as expensive catalysts compared
to ruthenium based catalyst which is the least
expensive among the noble metals. This repre-
sents a cyclohexane conversion of 35.6 %,
whereas the selectivity towards the formation
of cyclohexanol is 10.0 mmol (16.7 %) and to-
wards cyclohexanone 12.4 mmol (20.7 %). By
comparing the two solvents, the activities ob-
tained under acidic conditions were found to be
higher compared to those obtained in acetoni-
trile. These activities decreased when the ru-
thenium content increased. This observation
suggests that the acetic acid was oxidized by
TBHP to form peracetic acid in situ, which
served as a better oxidant [34,36]. The amount
of ruthenium leached, of our nanostructured
material, is determined after reaction and
found < 50 ppm.

Platinum catalysts (Table 3), in acetic acid
and after 6 h, showed high activity towards
cyclohexane oxidation, and gave turnovers of
2830 h'l and 782 h'1, for 1 % and 5 % Pt/Al2Os,
respectively. These correspond to conversions
14.8 % and 28.4 %, respectively. In the pres-
ence of acetonitrile, it is clear that platinum
does not promote the formation of cyclohexa-
none. The cyclohexanol selectivity decreases
when the platinum content increases from 1 to
5 % [30]. As can be seen from the comparison
data, the ruthenium-based catalyst is more ac-
tive towards oxidation products than the plati-
num-based catalyst.

After the reaction, the ICP analysis of plati-
num-based catalyst did not exhibit leaching,
which means that it is a heterogeneous cata-
Iytic system. For cobalt nanoparticles sup-
ported on alumina, the results reveal that
these solids are capable of oxidizing the sub-
strate used in this study. After 6 h of reaction
time, and in the presence of acetic acid as sol-
vent, the turnovers were found equal to 177 h-1
and 49 h-! , which correspond to 14.8 % and
20.7 % conversions to cyclohexane, for 1 % and
5 % CoxOy /Al20s3, respectively (Table 3). These
results show that cobalt-based catalysts are
less active than their ruthenium and platinum
counterparts, in the conditions under consid-
eration. It can be seen from Table 3 that a rela-
tively lower conversion was obtained in the
case of acetonitrile. The chemical analysis of
the catalyst, after reaction, revealed that 20 %
of cobalt, which was in the catalyst, passed into
the solution. Therefore, it is not possible to
check whether the catalysis took place in the
heterogeneous system CoxOy/Al203, in a mix-
ture of heterogeneous and homogeneous cata-
lysts, or just as a homogeneous system.

Table 3. Oxidation of cyclohexane with M/Al203 catalysts

Acetic acid Acetonitrile
Catalyst ZZ/:) Products (%) TOF Convb Products (%) TOF Convb
Alcohol Ketone (h?) (%) Alcohol Ketone (h1) (%)
Al2O3 / 12.2 5.0 2.92 14 0.0 0.0 0 0

Ru/Al 03 1.02 7.2 18.4 1863 18.8 34.2 26.3 624 6.3
5.09 16.7 20.7 288 35.6 17.2 20.3 238 29.4

Pt/Al2O3 1.02 22.5 6.4 2830 14.8 35.0 0.0 1377 7.2
5.06 16.7 4.2 782 28.4 5.0 0.0 481 17.5

Co/Al2Os3 1.07 11.2 5.7 177.42 14.8 7.0 4.2 1452 12.3
5.08 23.4 6.7 48.82 20.7 5.0 3.7 65.62 27.8

CsH12 = 6.5 mL; TBHP = 8.5 mL; solvent = 50 mL; catalyst = 0.05 g; t = 6 h; T = 70°C;
TOF = mole of converted cyclohexane per unit time per mole of dispersed ruthenium or platinum.
a TOF : mole of converted cyclohexane per unit time per mole of cobalt or AlzOs.

b After 6 h of reaction time
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In summary, one can say that concerning
the catalytic activity and selectivity of alumina-
supported ruthenium, platinum and cobalt
nanoparticle towards the oxidation reaction of
cyclohexane, it can be proven that noble and
non-noble metals can be active for the oxidation
of cyclohexane. The support is active during the
cyclohexane oxidation, but the presence of the
metal clearly improves the reaction activity
which increases with the metal loading. From
the literature, it is well established that some
transition metal ions can be catalytically acti-
vated towards the oxidation reactions of certain
organic substrates when H202 or RO2H are
used as oxidizing agents.

These reactions can be classified in two cate-
gories, depending on whether the active species
in the oxidation reaction is (i) peroxometal or
(11) oxometal [37]. Generally, the last transition
metals employ an oxometal intermediate. Some
other elements, such as vanadium, can use ei-
ther route, depending on the substrate. Most
transition metals that catalyze oxygen-transfer
processes, whether via peroxometal or oxome-
tal, are also able to catalyze processes via free
radicals formed from peroxide compounds
[38,40].

Thus, as expected in the cyclohexane oxida-
tion reaction, and in the presence of the two
solvents, the activity increases as Ru/AlxOs>
Pt/Al203> Co/Al203. The acetic acid when used
as solvent is better than acetonitrile, as it al-
lows higher conversion and selectivity towards
cyclohexanol and cyclohexanone. From the
leaching results, it is possible to state that the
systems studied have the following order of sta-
bility: Pt/AloOs > Ru/Al2O3 > CoxOy /Al20s.

[ Ne|
40 A [ One

O Conversion -
30 -
20 A

=
o
1

Selectivity(mmol)/Conversion (%)

70

o_jzsﬂ,l45 ﬂHf

Temperature (°C)

Figure 5. Effects of reaction temperature on
conversion and selectivity over 5 %Ru/Al2Os;
CsHi2 = 6.5 mL, TBHP = 8.5 mL, acetic acid =
50 mL, catalyst =0.05g,t=6h

3.2.1 Optimization of reaction conditions

Due to the good performance of the catalyst
Ru/Al203, this study focused, in the following
section, on the influence of various parameters
on cyclohexane conversion and selectivity to-
wards cyclohexanone and cyclohexanol over 5
% Ru/Al20s. The reaction conditions were opti-
mized in acetic acid. The reactions were con-
ducted at the temperatures 25, 45, 60, 65, and
70 °C, as shown in Figure 5.

As expected, the cyclohexane conversion in-
creases as a function of the temperature. The
distribution of cyclohexanol and cyclohexanone
shows no formation of cyclohexanone at 25 and
45 °C, and a temperature increase clearly fa-
vors the production of cyclohexanone. A similar
behavior was noted by Zhou et al. [5], and
Yuan et al. [41]. These results show that when
the temperature increased from 25 to 70 °C,
the conversion and selectivity towards cyclo-
hexanone and cyclohexanol increased and

30 T T T T T T T
K,g..= 0.00220 mol.*min™L Rz 0.90

—=—25 25
g I | ——45 k,...=0.00616 mol. 'min*L R?=0.99 |
45°C
—a—60
—@— 65 Ky o= 0.00757 mol.*min*L R?=0.98
—¥—70 ET 2
26 - k55°c: 0.01011 mol."min~ L R"=0.96 7

Kyp.c= 0.01173 mol. "min* L R*= 0.96

1/ [Cyclohexane] mole™L

16 1 1 1 1 1 1 1

0 50 100 150 200 250 300 350 400
t (min)
6.5 ;
[ ]
6| il
R?= 0.9952
E,=31 23 kJ mol™
55| _
=
=z
-
50 il
45| _
4 | | | |
2.9 3 3.1 32 33 3.4

10%/T (K

Figure 6. Kinetic data at different tempera-
tures and Arrhenius plot for the oxidation of
cyclohexane
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reached their maxima. To test the order of the
reaction, both In [A]/[A], and 1/[A] were plotted
against ¢ for the reactions.

The second order plots gave a straight line,
indicating that the reaction is of the 2nd order,
as shown in Figure 6. The activation energy,
calculated from the slope of the straight line
(Figure 6), is 31.23 kdJ mol!, which is lower
than the values reported in several previous
works [42-47]. The effect of the mole ratio was
examined by varying the cyclohexane/TBHP
mole ratios (1:1 and 1:2), with 0.05 g of
Ru/Al>Oscatalyst at 70 °C, for 6 h (Figure 7).
An increase in the TBHP concentration (1:2) re-
sulted in an increase in the selectivity of the
oxidized products, such as: cyclohexanol (from
~10 mmol (16.7 %) to 20 mmol (33.4 %)) and
cyclohexanone (from 12.4 mmol (20.7 %) to 37
mmol (61.7 %)); however, the conversion re-
mained constant (35.6 %). This might be ex-
plained by the fact that the TBHP used may
have increased the conversion of cyclohexanol,
which in turn reacted with the acetic acid in ex-
cess, which led to an increase in cyclohexanone
formation.

A similar behavior was noted on TS-1 [48].
On the other hand, TBHP gave cyclohexanone
as the major product, owing to its much
stronger oxidizing capability. The same obser-
vation was reported by Selvam et al. [49] and
Kumar et al. [27]. According to them, the in-
crease in the cyclohexanone selectivity, with
the increase in TBHP, is due to the oxidation of
cyclohexanol to cyclohexanone in the presence
of excess amount of TBHP.
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Figure 7. Effects of CéeH12/TBHP mole ratio
on conversion and selectivity over 5%Ru/
Al20s3; Acetic acid = 50 mL; catalyst = 0.05
g;t=6h; T=70°C

The effects of the amount of catalyst on the
reaction were also studied. The results are pre-
sented in Figure 8. One can see that the olone
selectivity increased from 22 mmol (~ 37 %) to
57.6 mmol (96 %), while the conversion de-
creased from 35.6 % to 25 %, as the mass of
catalyst rose from 0.05 g to 0.1 g. These results
coincide with those of Lu et al. [21]. The pres-
ence of a high number of active centers eventu-
ally causes an increase in the rate of reaction,
thereby increasing the olone selectivity. On the
other hand, these results indicate that in the
system catalyzed by Ru/Al2Os, only a small
amount of catalyst was active in the oxidation
of cyclohexane [22]. This could also be attrib-
uted to the competition of interactions between
the metal-oxo species in the catalyst and the
hydroperoxy species and cyclohexane [50, 51].
It can therefore be concluded that the amount
of 0.1 g of catalyst is optimal for this catalytic
system.

The effect of ruthenium loading on the oxi-
dation of cyclohexane was also examined. The
cyclohexane conversion, as well as the
(cyclohexanone + cyclohexanol) selectivity over
different Ru-loaded catalysts, is shown in Fig-
ure 9. However, as the ruthenium loadings of
our samples increased from 0 to 5.0 %, the
cyclohexane conversion and the total selectivity
of the oxygenated products increased, while the
TOF value decreased. This behavior is closely
related to the size of Ru particles. The catalyst
5% Ru/Al2Os3 exhibited the smallest and most
uniform Ru particles (with an average size of
about 2.5 nm), followed by catalysts 3.7 %
Ru/Al;Os (about 4.4 nm in size) and 1 %
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Figure 8. Effects of the amount of catalyst on
conversion and selectivity over 5 %Ru/Al2Os;
CeéHi2 = 6.5 mL; TBHP = 8.5 mL; Acetic acid =
50mL; T=70°C;t=6h
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Ru/Al:03 (around 5.8 nm). The high activity of
the catalyst, which contains small size Ru par-
ticles, may be explained as follows. This result
was expected, because small particles have a
higher density, which gives a more active sur-
face of Ru atoms. This is favorable for the ad-
sorption and activation of the oxidant during
the oxidation reaction, resulting in a higher
catalytic activity [50,52]. It is therefore clear
that the catalytic activity depends on the Ru
particle size. Another reason for the low cata-
Iytic activity, with low ruthenium concentra-
tions, may be due to partial incorporation of Ru
into the bulk support [53].

In addition, in order to check the catalyst re-
cyclability, five reaction runs were carried out
under typical reaction conditions, using acetic
acid as solvent. The results are shown in Fig-
ure 10. After each reaction, the catalyst was
separated by filtration, and then reused under
the same reaction conditions. After deactiva-
tion, it was dried at 350 °C, for 2 h, under ar-
gon. The regenerated catalyst was examined
under the same conditions.

It can be seen that the olone selectivity de-
creases with the number of reaction runs, and
after the fifth run the catalyst is completely de-
activated. The selectivity towards cyclohexanol
and cyclohexanone on a recycled catalyst was
slightly lower than that obtained on a fresh
one. The deactivation of the catalyst is likely
related to common inhibition processes found
in oxidation reactions, such as the adsorption of
the oxygenated product species on the catalyst
surfaces [54]. These results disclose the fact
that the catalyst is stable or could be recycled
after the reaction.
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Figure 9. Effect of Ru loading on conversion
and selectivity over x %Ru/Al203; Acetic acid =
50 mL; Catalyst =0.05 g; t=6h; T=70°C

4. Conclusions

Various metal-supported alumina catalysts
were prepared by the incipient wetness im-
pregnation method. The characterization of the
catalysts obtained, confirmed that ruthenium
and platinum are in metallic form while cobalt
is in the form of oxides Co0304 and CoO. The lig-
uid-phase oxidation of cyclohexane was per-
formed using tertbutyl hydroperoxide (TBHP)
at 70 °C. The support AloO3 was active during
the oxidation of cyclohexane but the presence
of a metal clearly improved the activity of the
reaction. All the prepared catalysts showed
higher catalytic activity and stability for the
oxidation of cyclohexane in acetic acid, com-
pared to acetonitrile. All the prepared catalysts
exhibited high catalytic activities and could
reach a cyclohexane conversion of 35.6 % and
selectivity of 57.6 mmol towards the desired
products (olone).

Several reaction parameters in the cyclo-
hexane oxidation reaction over 5 %Ru/Al20s,
i.e. the temperature, amount of catalyst and
concentration of TBHP in terms of the cyclo-
hexane/TBHP ratio, were optimized to achieve
maximum selectivity to cyclohexanol and cyclo-
hexanone. After optimization of these parame-
ters, the best reaction conditions were obtained
for 0.1 g of catalyst, T = 70 °C, C¢Hi1o/TBHP
molar ratio =1:2 and t = 6 h. The catalyst was
recycled and reused five times. It exhibited
practically the same activity and selectivity as
those of fresh catalyst after heat treatment,
under argon.
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Figure 10. Catalyst recycling for cyclohexane
oxidation over 5 %Ru/Al2Os; CeHi2 = 6.5 mL;
TBHP = 8.5 mL; acetic acid = 50 mL; catalyst =
0.05g;t=6h; T=70"°C
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