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bstract

Heteronuclear macrocyclic complex of iron and copper, FeCuL(NO3)24H2O [L = (CH3C6H2CH2O(CH2)3N)2] was synthesized and characterized
sing CHN and X-ray crystallography. A general scheme for bonding the complexes ionically on acidified montmorillonite clay was evolved and
he thermogravimetric analysis of the final catalyst showed that it was stable up to 400 ◦C. The increased thermal and chemical stability of the
omplex bonded to the clay has been explained through enhanced interactive energy between them and its higher catalytic efficiency has been
emonstrated through the following reaction. The oxidation of cyclohexane in presence of this catalyst using molecular oxygen in the absence
f intiators, promoters and coreactants was studied in the temperature range of 150–210 ◦C. All commercial catalyst reported are known to form
yclohexanol and cyclohexanone in about equimolar ratio, but with our catalyst, cyclohexanone along with small amount of uncharacterized waste

roducts (D) were formed and the selectivity of the former decreases (due to the formation of large amount of D) with increase in temperature. The
xperimental data were analyzed against different kinetic scheme available in literature and the rate constants of the best scheme were determined
sing Genetic Algorithm. From the experiments carried out at different temperatures and pressures, we found that for every rate constant, an
rrhenius type relation (independent of reactor pressure) could be established.
2007 Published by Elsevier B.V.
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. Introduction

The partial oxidation of hydrocarbons using oxygen is sig-
ificant to the petrochemical industry in converting petroleum
ydrocarbon feedstock into important functionalized chemicals.
owever, in doing this, the desired partially oxidized products

re further oxidized eventually converting it to CO2 and the C–H
ond energies are different for primary, secondary and tertiary
reducing in this order) positions. So in order to attain high selec-
ivity for the target products, the conversions of the oxidation
rocess are usually kept very low and the success of an indus-
rial reaction depends on the stringent control of the temperature

nd pressure. The partial oxidation of cyclohexane to cyclo-
exanone and cyclohexanol is one of the industrially important
rocess as they serve as starting materials for the production

∗ Corresponding author. Tel.: +91 512 259 7195; fax: +91 512 259 0104.
E-mail address: anilk@iitk.ac.in (A. Kumar).
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netic algorithm; Molecular oxygen

f polymers such as Nylon-6 and Nylon-6,6. Cyclohexanone
s used in the production of caprolactam which is utilized in
he manufacture of Nylon-6 and cyclohexanol is converted to
dipic acid for the manufacture of Nylon-6,6 [1]. The oxida-
ion of cyclohexane is carried out industrially in the temperature
ange of 423–453 K and pressure of 1.0–1.6 MPa in presence
f cobalt salts (naphthenate, stereate or oleate) as catalyst. The
yclohexane conversion is kept low (about 3–4% per pass) as
he cyclohexanol and cyclohexanone formed are more suscep-
ible for further oxidation to CO2. At the industrial condition,
he products such as adipic, succinic and oxalic acids and their
yclohexyl esters (designated as one single product D in all cat-
lytic studies reported in literature) are always formed which
eed to be separated first [1,2]. The alternate route to cyclo-
exanol and cyclohexanone involves hydrogenation of phenol,

reaction that gives a selectivity of more than 97% at 99% con-
ersion but the process economics s favors direct oxidation of
yclohexane [3]. Catalytic oxidation studies in the literature have
een conducted using oxidants (other than molecular oxygen)

mailto:anilk@iitk.ac.in
dx.doi.org/10.1016/j.molcata.2007.02.045
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uch as hydrogen peroxide, t-butyl hydrogen peroxide (TBHP)
ut molecular oxygen is the cheapest [4].

To overcome the problem of separating the catalyst from the
eaction mass, many heterogeneous catalysts have been devel-
ped for this reaction. Generally these catalysts are either oxides
r metal cations incorporated in inorganic matrices such as silica,
lumina, zirconia, active carbon, zeolites [5] or aluminophos-
hates [6]. The activity of these systems also depends on the
orrect choice of the solvent, which determines the polarity
f the medium and the active catalytic metal adsorbed on the
urface of the support. For example, during the oxidation of
yclohexane in presence of CoAPO-5 catalyst, the use of car-
oxylic acids (except formic acid) as the solvent is necessary
nd the use of propionic acid gives the highest reaction rate
7]. The other problems encountered in heterogeneous cataly-
is is leaching of active metal ions, extreme reaction conditions
2 MPa pressure and 177 ◦C temperature) and low activity [8].
n induction time is generally observed in the case of air oxi-
ation of cyclohexane and is reduced by adding promoters or
o-reactants such as acetaldehyde, cyclohexanone, cyclohexanol
nd azobiz(isobutyronitrile) (AIBN) [9]. Coreactants also help
n increasing the rate of cyclohexane oxidation (by decreasing
he overall activation energy) and selectivity (ratio of desired
roduct cyclohexanone and the total product formed) of the tar-
et products and minimizing the formation of D. Experiments
ave shown that water formed during the reaction has a retarding
ffect due to phase separation [10].

The mechanism suggested in the literature assumes that
yclohexyl hydroperoxide (CHHP) is the intermediate formed
n the presence of transition metal salts and sometimes a small
uantity of this has been detected in the product stream [10].
he main products of its decomposition are cyclohexanol and
yclohexanone and are usually present in the product stream
pproximately in equimolar ratio. The primary effect of dis-
olved metal salts on the oxidation reaction is to increase the
ate of reaction by catalyzing the homolytic decomposition of
ydroperoxides [11].

The mechanism of cyclohexane oxidation proposed in lit-
rature is a multistage, free radical chain reaction, comprising
f initiation, chain propagation and chain termination step. Tol-
an et al. [12,13] developed a reaction scheme consisting of 154

eactions which is impractical to analyze as it requires the deter-
ination of as many number of rate constants simultaneously
ith high accuracy. Hence lumped kinetic models which require

esser rate constants have been developed and the models avail-
ble in literature [14–16] are shown in Fig. 1 and are discussed
elow. In the first model, cyclohexane forms a hydroperox-
de which is then converted into cyclohexanone, cyclohexanol
nd unidentified waste products (D). In the second model, the
ormation of hydroperoxide is not considered, but further oxi-
ation of cyclohexanol is terminated by the reaction with boric
cid forming boric esters. An exhaustive model for non cat-
lytic oxidation which consisted of 19 reactions and 10 species

as been given in the literature [16]. They estimated the rate
onstants and the concentration of the intermediate free radi-
als RO∗

2, RO*, R* and OH* in solution. Pohorecki et al. [17]
uggested a lumped kinetic model for the catalytic oxidation

u
t
i
b

Fig. 1. Kinetic models available in literature for oxidation of cyclohexane.

f cyclohexane. The reaction scheme consisted of 7 reactions
nd the quasi steady state hypothesis was applied for estimat-
ng the free radical species RO∗

2, RO* and R* in the solution.
he reactive byproducts in the liquid phase and the non-reactive
yproducts in the gas phase were also incorporated in their
odel. The catalyst was thought to influence the initiation and

he propagation steps and principal pathways were considered
or global kinetics of the oxidation reaction. The role of the
atalyst was introduced into the model by assuming specific
orms of dependency of reaction rate constants on the catalyst
oncentrations.

Study of literature indicates the use of multimetallic cata-
yst to improve the catalytic efficiency and selectivity and the
ork reported in this study is an effort in this direction. We
bserved that using multimetallic catalyst, the heat of mixing
Hm, for different salts determines the state of the metal on

he support (as ideal solution, solid solution, ordered solution,
ono or biphasic solution or surface alloys) and this way affect-

ng the performance of the catalyst [18]. The use of multimetallic
omplexes is a step towards developing a system which is inde-
endent of �Hm. Even though complexes have been known in
he early development of modern chemistry, their application
n catalysis has been limited due to low thermal stability and
iterature has mainly focused on their preparation and proper-
ies. As catalyst, these complexes are expected to provide new
eactivity patterns because the interaction between the metals
nd the ligand would help in promoting reaction due to the

nique charge distribution around it. Some of the complexes
hat have been used in catalytic chemical reactions are given
n Table 1 [19–38] where in column 5 the reactions catalyzed
y these complexes are given and are seen to be mostly bio-
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Table 1
Some of the macrocyclic complexes used for chemical reactions

Names Ligands Structure Metals Usage Ref.

Tetradentate Schiff base
complex

2,6-Diacetylpyridine + hydrazine Scandium, zinc(II),
magnesium(II)

Site-specific DNA
oxidation

[19]

Pentadentate Schiff base
complex

2,6-Diacetylpyridine + 1,8-diamine-3,6-
dioxaoctane

Yttrium(III), dysprosium(III),
erbium(III), thulium(III),
lutetium(III)

Biological systems [20]

Hexadentate Schiff base
complex

2,6-Diacetylpyridine + ethylenediamine (or
0-phenylenediamine)

Lanthanum(III), cerium(III),
praseodymium(III) and
neodymium(III)

Synthetic nulceasesm
catalysts for RNA
transesterification

[21]

Chiral Schiff base
macrocycles

2,6-Diformylpyridine + R,R- or
S,S-1,2-diaminocyclohexane

lanthanide(III) Artificial catalysts for
hydrolytic DNA cleavage

[22]
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Hexadentate macrocycles
derived from
2,6-diformylphenols
(Robson ligand)

2,6-Diformylphenol + 1,3-propylenediamine Cu(II), Cu(I), Ni(II), Zn(II),
Fe(II), Fe(III), Pd(II) and Ru(III)

Metalloenzymes [23]

Hexadentate macrocycles
derived from
2,6-diformylphenols
(Robson ligand)

2,6-Diformyl-4-methylphenol + 1,3-
diamino-2-hydroxypropane

La(III), Ce(III) and Eu(III) ions Biomedical applications [24]

Hexadentate macrocycles
derived from
2,6-diformylphenols
(Robson ligand)

2,6-Diformylpyridine + 1,2-
diaminocyclohexane

Zinc(II) Biomedical applications [25]
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Table 1 (Continued )

Names Ligands Structure Metals Usage Ref.

Macrocyclic complexes
of tetraiminodiphenols

2,6-Diformyl-4-R-phenol (R = H, Me,
F) + 4,4′ ′-diamino-3,3′ ′,5,5′ ′-R′

4-o-terphenyl
(R′ = iPr, Et)

Nickel Ethylene polymerization [26]

Macrobicyclic complexes 5-Methylsalicylaldehyde + 3,4:10,11-
dibenzo-1,13[N,N′-bis{(3-formyl-2-
hydroxy-5-methyl)benzyl}diaza]-5,9-
dioxocycloheptadecane

Nickel(II) Hydrolysis of
4-nitrophenylph-osphate

[27]

Heteronuclear bimetallic
macrocyclic complexes

2,6-bis(Iminomethyl)-4-
methylphenolate + –(CH2)mNH(CH2)m–
(m = 2, 3)

Cu, Mn, Cu, Fe, Cu, Co, Cu, Pb,
Di Cu

Supramolecular chemistry [28]
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Homonuclear bimetallic
macrocyclic complexes

Dialdehyde + diamine DiCo, DiZn, DiFe Bimetallic reactivity [29]

Heteronuclear bimetallic
Macrocyclic complexes

Dialdehyde + diamine DiCo, DiNi, DiMn, Cu-Zn,
Co-Mn

Bimetallic reactivity [30]

Triazacyclononane
ligands

Cyclononane + triethylamine DiCo, DiFe, DiMn Bimetallic reactivity [31,32]
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ogical in nature for which temperatures required are close to
oom temperature. Use of complexes for catalysis beyond 50 ◦C
s not known because of their thermal and chemical instabilities
n harsh environments and has never been used for industrial
eactions.

In our present work, we have synthesized a heteronu-
lear macrocyclic iron copper complex, FeCuL(NO3)24H2O
L = (CH3C6H2CH2O(CH2)3N)2] and ionically bonded to the
irconium pillared montmorillonite clay to form the heteroge-
eous catalyst. We have studied the oxidation of cyclohexane
ith these catalysts at various temperatures in the tempera-

ure range 145–200 ◦C. The products formed were identified by
as Chromatography Mass Spectroscopy (GCMS) analysis and
nlike other catalysts (which form cyclohexanol and cyclohex-
none in almost equimolar amount) in the case of our catalyst
nly cyclohexanone was formed. In this paper we show that the
eCu heteronuclear complex serves as an effective catalyst for

he oxidation of cyclohexane and does not require co-catalyst,
olvent, promoters and intiators. The catalysts described in liter-
ture forms cyclohexanone and cyclohexanol in equimolar ratio
nd in contrast to this our catalyst gives cyclohexanone in consid-
rably large amount. Based on the literature we have proposed
ligand centered reaction mechanism in which the hydroper-

xide species are adsorbed on the complex catalyst. We have
hen written the differential mole balance relations for all inter-

ediate as well as the reacting species and we integrated them
or specified rate constants using fourth order the Runge–Kutta
echnique. The guess values needed for running the simulation
ere randomly varied in accordance with the Genetic Algorithm

GA) and the total mean error between the experimental and sim-
lated concentration of all species were minimized. Our study
hows that for the temperature range studied, the optimal rate
onstants can be expressed in the usual Arrhenius form and are
ndependent of the concentrations of the species in the reaction

ass.

. Experimental studies

.1. Preparation of the macrocyclic complex

The brownish yellow crystals of 2,6-diformyl-4-
ethylphenol needed for the macrocyclic complex was

repared following the procedure given in literature [39]. The
H NMR spectrum of the dialdehyde prepared by us shows
inglets at 11.42 ppm (phenolic proton), 10.2 ppm (aldehydic),
.74 ppm (aromatic) and 2.36 ppm (methyl) and is consistent
ith that of the assigned structure and matches with that
iven in literature [39]. In order to prepare the macrocyclic
igand the 2,6-diformyl-4-methylphenol is condensed with
,3-diaminopropane in two stages forming FeL′ and FeCuL.
his gives two identical N2O2 sites in the ligand.

.2. Synthesis of FeCuL(NO3)24H2O

L = (CH3C6H2CH2O(CH2)3N)2] macrocyclic complex

FeL′: To 50 ml of N,N-dimethylformamide at 40◦ C, 2,6-
iformyl-4-methylphenol (1.95 g, 0.012 mol) was added first,
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Fig. 2. (a) FTIR spectra of FeL‘which is formed in step I of the complex syn-
t
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t
swelling by adding water (1 l) to the clay and stirring it for 5 h
hesis. (b) FTIR spectra of FeCuL′ which is formed in step II of the complex
ynthesis. (c) FTIR spectra of FeCuL complex which is formed in step III.

ollowed by drop wise addition of (0.5 ml, 0.006 mol) of 1,3-
iaminopropane with stirring. To this solution (2.5 g, 0.006 mol)
f ferric nitrate was added and the solution was stirred till
ll the ferric nitrate had dissolved completely. The solution
as kept for 1 h after which diethyl ether was added, which

precipitate appeared which was filtered and dried. The FTIR

pectrum (Fig. 2a) shows the presence of functional groups C N
t 1541 cm−1 and C O at 1671 cm−1.

a
s
a

ig. 3. Structure of the FeCu macrocyclic complex based on the data of
ables 1 and 2.

FeCuL′: The FeL′ (1.9 g, 0.0045 mol) obtained from the pre-
ious step was dissolved in 30 ml of methanol and to this (0.9 g,
.0045 mol) of cupric acetate dissolved in methanol was added
ith stirring. After 1 h, diethyl ether was added and within
0 min olive green precipitate was formed which was filtered
nd dried. The FTIR spectrum (Fig. 2b) shows the presence of
unctional groups C N at 1540 cm−1 and C O at 1666 cm−1.

FeCuL: The FeCuL′ (1.83 g, 0.0038 mol) was dissolved in
0 ml of methanol and to this, a solution of 1,3-diaminopropane
0.3 ml) was added drop wise with stirring. The solution was kept
or 30 min and then diethyl ether was added to it. A precipitate
as formed which was filtered from the solution and dried. The
TIR spectrum (Fig. 2c) of the complex shows C N at 1532 and

he C O peak does not appear as it forms C N bond on reaction
ith 1,3-diaminopropane. The structure of the final complex

s given in Fig. 3. To confirm the formation of the complex,
he 1H NMR spectrum of the complex dissolved in d6-DMSO
as taken and it shows singlets at 9.149 (phenolic), 3.378 and
.072 ppm (aliphatic). The higher intensity at 2.072 ppm shows
hat the methyl peaks are overlapping with the aliphatic protons
f the diaminopropane.

.3. Preparation of the heterogeneous catalyst

The acid (using HCl) treated montmorillonite was procured
rom Ashapura Minechem Ltd., Mumbai, India and was first
illared using zirconium ions and then was intercalated with
he complex as shown in Fig. 4. The clay (20 g) is subjected to
nd the mixture was finally centrifuged and dried. In the next
tep, the clay was treated with NaCl solution (1 M) and this was
ged for 24 h. The clay was separated, dried and then refluxed
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Fig. 4. General scheme for catalyst preparation.

ith freshly prepared zirconium oxychloride (0.1 M) solution
or 24 h at 100 ◦C to obtain zirconium pillared montmorillonite.
he final step is the intercalation of the complex in the clay layers
nd is shown in this figure. The clay from the previous step was
aken and refluxed with the complex dissolved in acetonitrile for
4 h at 80 ◦C and the final catalyst thus obtained was separated,
ashed with acetone and dried.

.4. Reaction procedure

The oxidation reactions were performed in a high-pressure
tainless steel reactor. An autoclave-rocking reactor having
apacity of 300 ml with gas delivery system, and sampling
ine was employed for the reaction. The reactor was initially
harged with 100 ml cyclohexane and 1g of catalyst, heated
o the required temperature for the desired reaction time using
xygen as the oxidant. An on/off controller was used for con-
rolling the temperature with a chrome alloy thermocouple for
emperature sensing. The products obtained after reaction were
nalyzed by gas chromatography (GC) using a fused silica capil-
ary column 0.25 mm × 50 m film thickness 0.25 �m with flame
onization detector and the gas chromatography mass spec-
roscopy (GC–MS) was carried out using a Shimadzu QP-2000
nstrument.

.5. Test for the absence of cyclohexyl hydroperoxide in the
eaction mass

The presence of cyclohexyl hydroperoxide in the product
ixture can be detected by adding excess triphenylphospine to

he product formed. The increase in the intensity of the peak
orresponding to the alcohol in the GC analysis of the reduced

ample confirmed the presence of cyclohexyl hydroperoxide
olecule [40,41]. In the presence of our catalyst, we have shown

hat on carrying similar experiments by adding triphenylphos-
ine, the peak intensity of the cyclohexanol in the GC analysis of

g
H
H
t

amount of complex on the final catalyst is 0.9 g.

he original product and the reduced sample remains unchanged.
hus, it was concluded that there cyclohexyl hydroperoxide was
ot detected in the product mixture.

. Results and discussion

.1. Catalyst characterization

.1.1. FTIR analysis of the complex
The FTIR analysis was carried out on a Bruker Vector 22

nstrument in the 4000–400 cm−1 wave number range. The sam-
les were ground with KBr and pressed to 1 mm thick film.
xamination of the FTIR spectra (shown in Fig. 2a–c) were
seful in confirming that the formation of the complex and its
arious intermediates. This is determined based on the frequen-
ies of the C N (1541 cm−1 in step I, 1540 cm−1in step II and
532 cm−1in step III) and C O bond. The C O bond frequency
1671 cm−1 in step I and 1666 cm−1 in step II) disappears in
he final step (as seen in Fig. 4c) when the complex FeCuL′ is
eacted with 1,3-diaminopropane.

.1.2. CHN analysis of the FeCuL(NO3)24H2O complex
The CHN analysis was carried out in an elemental analyzer

CE 440 Leimann Labs Inc.). Helium was used as the carrier
as and 3–5 mg of the sample was required. The percentage
f carbon, hydrogen and nitrogen present in the complexes
ere determined. The experimentally obtained values are 39.9%

arbon, 3.995% hydrogen and 11.93% nitrogen. Since the
omplex was prepared using ferric nitrate the complex was
ssumed to have NO3 ligand and its structure was assumed to
e FeCuL(NO3)24H2O [L = CH3C6H2CH2O(CH2)3N)2]. Fig. 4

ives the structure of the complex which contains 24 C, 32
, 6 N, 12 O, 1 Fe and 1 Cu and the theoretical values of C,
and N were calculated as 40.25, 4.47 and 11.7%, respec-

ively.
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Table 2
Crystal data and structure refinement parameters

Empirical formula C24H22CuFeN6O9

Formula weight 657.87
Temperature 293 (2) K
Wavelength 0.71069 Å
Crystal system, space group Orthorhombic, P-1

Unit cell dimensions a = 8.565 (5) Å, α = 90.000 (5)◦

b = 18.262 (5) Å, β = 90.000 (5)◦

c = 32.333 (5) Å, γ = 90.000 (5)◦

Volume 5057 (3) Å3

Z, calculated density 8, 1.728 Mg/m3

Absorption coefficient 1.482 mm−1

F(0 0 0) 2680
Crystal size 0.1 mm × 0.1 mm × 0.05 mm
Theta (θ) range for data collection 2.32–28.30◦
Reflections collected/unique 32,164/6232 [R(int) = 0.0688]
Completeness to θ = 28.30 99.0%
Absorption correction Empirical (SADABS)
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 6232/0/355
Goodness-of-fit on F2 1.053
Final R indices [I > 2σ(I)] R1 = 0.0645, wR2 = 0.1518
R
L

a
t
[
W
s
w
a
i
rial and determine the phase equilibria of these [45]. In order to
model these, it is assumed that the liquid is in a cage formed by
the porous substances and the state of the adsorbate depended
upon the pore geometry, the level of interaction between the liq-

Table 3
Selected bond lengths [Å] and angles [◦]

Cu(1)–N(1) 1.956 (4)
Cu(1)–O(1) 1.960 (3)
Cu(1)–O(2) 1.961 (3)
Cu(1)–N(2) 1.980 (4)
Fe(2)–N(3) 1.949 (4)
Fe(2)–O(1) 1.967 (3)
Fe(2)–O(2) 1.970 (3)
Fe(2)–N(4) 1.981 (4)
N(1)–Cu(1)–O(1) 92.11 (14)
N(1)–Cu(1)–O(2) 169.78 (14)
O(1)–Cu(1)–O(2) 77.67 (13)
N(1)–Cu(1)–N(2) 97.73 (15)
O(1)–Cu(1)–N(2) 169.30 (14)
O(2)–Cu(1)–N(2) 92.47 (14)
N(3)–Fe(2)–O(1) 91.74 (14)
N(3)–Fe(2)–O(2) 168.41 (14)
ig. 5. Molecular structure of the FeCu macrocyclic complex as determined by
ingle crystal X-ray crystallography.

.1.3. Single crystal X-ray diffraction analysis of the
omplex

A single crystal of the FeCu macrocyclic complex was grown
o study its structure by X-ray diffraction analysis. In order to
row the single crystal, the evaporation technique was used with
ethanol as the solvent. Diffracted intensities were collected on
Bruker SMART APEX CCD diffractometer, with graphite-
onochromated Mo K� (k = 0.71073 Å) radiation at 100 K. For

ata reduction Bruker saint Plus program was used and the data
ere corrected for absorption. The structures were solved by
IR 92, expanded by Fourier-difference synthesis and refined
ith the SHElXl-97 computer package incorporated in WinGX
.64 crystallographic collective package [42]. The position of
he hydrogen atoms was calculated assuming ideal geometries
nd all non-hydrogen atoms were refined with anisotropic ther-
al parameters by full matrix least-squares procedures on F2.
he structure of the complex obtained from the crystallographic
nalysis is shown Fig. 5 and the crystallographic parameters are
ummarized in Table 2 and the selected bond length and bond
ngles are given in Table 3. A SEM micrograph of the complex
btained is shown in Fig. 6.

.1.4. Thermal stability of the complex and the final catalyst
The TGA analysis of the complex as well as the final cat-

lyst was carried out using a Perkin-Elemer instrument in N2
tmosphere. The FeCu complex was heated from 40 to 900 ◦C
t the rate of 10 ◦C/min and it was found that the complex is
table up to 250 ◦C (Fig. 7). Similarly the TGA of the final cat-
lyst was done by heating it from 40 to 700 ◦C at the rate of
0 ◦C/min and it was found that the final catalyst (indicated by
arge weight loss in the differential curve of Fig. 8) was stable till
00 ◦C (Fig. 8). This can be explained if we observe the binding
f the complex in the clay as follows. As shown in Fig. 9, the
ontmorillonite clay comprises of a negatively charged layer
omposed of two tetrahedral Si–O sheet sandwiching an octa-
edral Al sheet with oxygen atoms at the apex shared by the
ctahedra with the tetrahedra. The excess negative charge is due
o the partial substitution of the Al3+ by Mg2+ and in order to

O
N
O
O

indices (all data) R1 = 0.0794, wR2 = 0.1597
argest diff. peak and hole 1.737 and −1.235e A−3

chieve electroneutrality, the layer charge is compensated by
he presence of cations such as Na+ and Ca2+ in the interlayers
43,44]. These are held together by weak dipolar and van der

aal forces and the distance between them is known as basal
pacing or c-spacing [44]. In Fig. 8 we have shown the complex
ithin the clay and the interacting force between them is equiv-

lent to an ionic bond. There has been a considerable interest
n the literature to predict the state of adsorbate in porous mate-
(1)–Fe(2)–O(2) 77.30 (12)
(3)–Fe(2)–N(4) 99.38 (15)
(1)–Fe(2)–N(4) 166.90 (14)
(2)–Fe(2)–N(4) 91.96 (14)
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Fig. 8. Thermo gravimetric analysis of the FeCu macrocyclic complex catalyst.
The catalyst is stable up to 400 ◦C and repeated reactions using the same catalyst
the conversions do not change.
Fig. 6. SEM micrograph of the FeCu complex at 5000 magnification.

id and pores and the chemical and geometrical heterogeneity.
he observed chemical and thermal stability of the complex ion-

cally bonded in the final catalyst may well be attributed to the
age (of Fig. 9) effect produced by the clay layers.

.1.5. Small angle X-ray diffraction analysis
Small angle X-ray diffraction measurements were done on

RL X’TRA X-ray diffractometer (Thermo Electron Corpora-
ion) equipped with Cu K� (λ = 0.154 nm) radiation. The voltage
nd current applied to the X-ray tube were 45 kV and 20 mA,
espectively, and the sampling width was set at 0.05◦ with
canning speed as 1◦ min−1 (2θ = 2–10◦). The X-ray diffraction

atterns of the original montmorillonte clay, zirconium pillared
ontmorillonite and final catalyst (FeCu macrocyclic complex

onically bonded to montmorillonite) is given in Fig. 10. The
irconium pillared montmorillonite was obtained by refluxing

ig. 7. Thermo gravimetric analysis of FeCu Complex. The complex is stable
p to 250 ◦C as indicated by relatively large weight loss (or dip in dW/dT) in
his figure.

Fig. 9. The montmorillonite above has been representing by three layered struc-
ture in which the octahedral sheet is negatively charged which holds the complex
macrocyclic complex by electrostatic forces.

Fig. 10. Small angle X-ray diffraction pattern of the original montmorillonite
clay, Zr pillared montmorillonite and final catalyst.
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he Na-montmorillonite with 0.1 M freshly prepared zirconium
xychloride solution at 100 ◦C for 24 h. The clay was separated
nd dried and its weight increased by 8 g. The final catalyst was
repared by taking 20 g of zirconium pillared clay and refluxing
ith the FeCu complex solution (1 g of complex in 250 ml ace-

onitrile) at 80 ◦C for 24 h. The weight increased by 0.9 g after the
ncorporation of the complex. The d-spacing is calculated from
he 2θ value of the peak corresponding to (0 0 1) plane and in
he original montmorillonite a peak is observed at 2θ = 5.66 from
hich the d-spacing is calculated as 15.58 Å. The introduction
eCu macrocyclic complex into montmorillonite resulted in the
isappearance of (0 0 1) peak. This is likely to be due to the lack
f ordering in the c-direction as a result of delamination [46] and
he non-parallel ordering of aluminosilicates layers causes the
elaminated structures of montmorillonite. The weak peak for
r pillared montmorillonite and FeCu complex montmorillonite
eems to occur at 5.03 and 6.8◦, respectively. This suggests that
he montmorillonite undergoes a slight expansion when treated
ith zirconium while by the introduction of the FeCu complex

he clay d-spacing seems to shorten.

.1.6. Surface area measurement
The surface areas of the samples were measured using single

oint BET method and nitrogen was used for adsorption. The
nalysis was done in a bench top COULTER SA 3100 apparatus
nd the surface area of the original montmorillonite clay, zirco-
ium pillared montmorillonite clay and the final catalyst were
ound to be 331.2, 115.63 and 99.34 m2/g, respectively.

.2. Analysis of cyclohexane oxidation reaction

.2.1. Catalytic study
The oxidation of cyclohexane with molecular oxygen in

resence of complex bonded to montmorillonite clay catalyst
as conducted in the temperature range 150–210 ◦C. From

he GC and GC–MS analysis it was found that only cyclo-
exanone was formed as the product along with the undesired

roduct (D). The above temperature range was chosen because
elow 150 ◦C the conversion was very low while above 210 ◦C,
hough the conversion was high, a large amount of undesired
roducts (D) was formed. Based on the feed and the product con-

3

l

able 4
omparison of overall conversion and cyclohexanone yield using fresh and spent cat

o. Time (min) Fresh catalyst

%Conversion %Yield

T = 190 ◦C T = 210 ◦C T = 190 ◦C T =

1 30 6.898 7.276 6.489 6
2 60 9.906 10.047 8.921 8
3 90 11.796 12.362 9.846 9
4 120 12.846 13.785 11.255 11
5 150 14.095 14.991 12.214 12
6 180 15.151 16.208 12.968 13
8 210 15.336 17.141 13.127 13
9 240 15.628 17.886 13.238 14

a The 60 h of usage indicate the 15th run with the catalyst.
talysis A: Chemical 271 (2007) 164–179 175

entration the %conversion [=(NRC/NRF) × 100], %selectivity
=(NPC/NRC) × 100] and %yield [=(NPC/NRF) × 100] are cal-
ulated. In these, NRC is the number of moles of cyclohexane
onsumed, NRF is the number of moles cyclohexane fed and
PC is the number of moles of cyclohexanone formed. In these,

he overall conversion increases from 5.7 to 12.8% when the
emperature was increased from 150 to 210 ◦C (160 min reac-
ion time) and a conversion of 14.4% was obtained when the
eaction was conducted for at 210 ◦C 260 min. At 150 ◦C the
yclohexanone was formed with high selectivity of 95.6% and
ith increase in temperature, its selectivity decreases to 83.7%
ue to the formation of undesired side products.

.2.2. Metal leaching test
To confirm that the metal complex is not leaching at the

eaction conditions studied, we carried out the following exper-
ments.

I. The oxidation reactions were carried out using the spent cat-
alyst and the conversion was found to remain unaltered. The
comparison of overall cyclohexane conversion and cyclo-
hexanone yield obtained when the reaction was carried out
with fresh catalyst and spent catalyst (after 60 h of usage) at
190 and 210 ◦C are presented in Table 4.

I. From the product, the catalyst was filtered and the product
mixture was once again subjected to the same temperature
and pressure. The overall conversion was measured before
and after the catalyst was filtered and found to be unchanged
indicating that there is no leaching of the active species. For
example the reactor was charged with 100 ml cyclohexane,
1 g of the catalyst and pressurized with 200 psig oxygen. The
reaction was carried out for 2 h at 210 ◦C; the overall cyclo-
hexane conversion and cyclohexanone yield were found to
be 13.8 and 11.4%, respectively. The catalyst was filtered
out from this product mixture, then it was subjected to the
same conditions and the reaction was carried for another 2 h,
but there was no further increase in conversion.
.2.3. Reaction mechanism
Some of the reaction mechanisms that have been found in

iterature are discussed. Modén et al. [47] have investigated

alyst at T = 190 ◦C and 210 ◦C

Spent catalyst (after 60 h of usage)a

%Conversion %Yield

210 ◦C T = 190 ◦C T = 210 ◦C T = 190 ◦C T = 210 ◦C

.768 6.672 7.684 6.23 6.927

.991 9.83 10.004 8.79 8.721

.99 11.807 12.028 9.768 9.85

.416 12.791 13.429 11.307 11.15

.576 14.08 14.674 12.172 12.249

.246 15.118 16.22 12.818 13.28

.947 15.419 17.109 13.002 13.915

.283 15.682 17.74 13.158 14.09
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ig. 11. A plausible ligand centered reaction mechanism for the oxidation of c
xperimental finding the cyclohexyl hydroperoxide is in the adsorbed state.

he kinetics and mechanism of cyclohexane oxidation in pres-
nce of MnAPO-5 catalyst. They have proposed that cyclohexyl
ydroperoxide is an intermediate in cyclohexanol and cyclo-
exanone formation. Their combined rates of formation were
ound to be first order in ROOH concentration and propor-
ional to the redox active Mn sites. Nunes et al. [48] have
tudied the mechanism and kinetics of cyclohexane oxidation
with iodosylbenzene) catalyzed by supramolecular manganese
III) porphyrins. They proposed a mechanism in which the
yclohexyl radical and OH groups combine rapidly to form
yclohexanol which is further oxidized to cyclohexanone. The
ree radical mechanism of cyclohexane oxidation occurs through
he formation of cyclohexyl hydroperoxide intermediate in the
eaction mass which decomposes to cyclohexanol and cyclohex-
none (present in almost equimolar amounts). Since we have
xperimentally shown that the cyclohexyl hydroperoxideis not
ormed in the reaction mass we have proposed a reaction mech-
nism in which this intermediate is produced in the adsorbed
tate. For this, a ligand centered reaction mechanism has been
roposed in Fig. 11. Since the concentrations of the product
id not increase significantly as the reaction time was increased
ome of the reactions in Fig. 11 were taken to be reversible in
ature. The cyclohexane molecule in presence of the catalyst

rst forms a cyclohexyl radical anion denoted as intermediate A
step 1). Intermediate A reacts with oxygen molecule forming a
eroxy radical anion denoted as intermediate B (step 2) which

O

able 5
ate equation for each component

o. Rate equation

d[C6H12]
dt

= −k1[C6H12] + k2[C6H1

d[C6H11
•−]

dt
= k1[C6H12] − k2[C6H1

d[C6H11OO•−]
dt

= k3[C6H11
•−][O2] −

d[C6H10O]
dt

= k4[C6H11OO•−] + k5[

d[O2]
dt

= −k3[C6H11
•−][O2] − k5[C

d[D]
dt

= k7[C6H11
•−] + k8[C6H10O
exane in presence of FeCu macrocyclic complex catalyst. Consistent with the

orms cyclohexanone as shown in step 3. The intermediate A
lso leads to the formation cyclohexanone when it reacts with
xygen as shown in step 4. Reactions shown in step 1 and step
are taken to be reversible in nature as the concentration of

yclohexane and cyclohexanone leveled off and does not show
ignificant increase with increase in reaction time after 2 h. Con-
istent with the approach adopted in the literature, unidentified
ide products (D) are assumed to be formed from intermediate

(step 5) and cyclohexanone (step 6).

.2.4. Determination of rate constants
Following this reaction mechanism, we can write a mole bal-

nce equations for each component of the reaction as given in
able 5. Using these, we have carried out simulation employing
unge–Kutta 4 method (as needed for the Genetic Algorithm in

his specific code for optimal curve fitting) with �t = 0.01 min
or numerically stable solution and the concentration of each
omponent was calculated. The results were optimized with the
xperimental values by using GA code and for this the objective
unction OF (given below) was written as the sum of squares of
he difference of simulated and experimental values of cyclo-
exane and cyclohexanone.
F = ([CH]sim − [CH]exp)2 + ([CHone]sim − [CHone]exp)2

(1)

1
•−]

1
•−] − k3[C6H11

•−][O2] − k5[C6H11
•−][O2] + k6[C6H10O] − k7[C6H11

•−]

k4[C6H11OO•−]

C6H11
•−][O2] − k6[C6H10O] − k8[C6H10O]

6H11
•−][O2] + k6[C6H10O]

]
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Table 6
Rate constants at different temperature obtained by optimization using GA

Rate constants (m3/(g catalyst) (mol s)) T = 423 K T = 433 K T = 443 K T = 463 K T = 483 K

k1 6.8292E−03 8.9245E−03 1.2948E−02 1.7806E−02 2.0538E−02
k2 1.7614E+00 2.3019E+00 2.9324E+00 3.3828E+00 3.5629E+00
k3 8.6433E−01 1.0010E+00 1.2968E+00 1.6256E+00 1.6256E+00
k4 4.8584E−01 1.3546E+00 1.6785E+00 2.1493E+00 2.1493E+00
k5 1.4045E−02 8.9043E−02 4.2135E−01 6.0862E−01 7.9589E−01
k6 1.4070E−05 3.2170E−05 5.0260E−05 8.6440E−05 8.6440E−05
k7 2.4049E−03 4.3288E−03 5.2907E−03 7.2146E−03 9.1540E−03
k8 7.2500E−05 9.0860E−05 1.0913E−04 1.4275E−04 4.1806E−04
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nately we could not run the reaction at higher pressures due to
safety reasons.
ig. 12. Comparison of the simulated and the experimental results for
= 190 ◦C. The simulated results match the experimental data.

In the GA optimization, the fitness function is taken as
/(1 + OF) and its value of a single string is known as the string’s
tness which is evaluated in each generation. The crossover and
utation probability were varied and finally taken at 0.9 and

.05, respectively. The random population was created using a
andom number generator with a random seed equal to 0.887.
he optimization was done for different temperatures and the

esults of fitting the data at 190 ◦C are given in Fig. 12. The sim-
lated concentrations overlap the experimental data and the best
t rate constants were determined which are reported in Table 6.

he activation energy and the Arrhenius constant have also been
alculated and are reported in Table 7. In Figs. 13 and 14 we have
eported the concentrations of the intermediate species obtained

able 7
rrhenius dependence on rate constants

ate constant E/R ln A

1 3.80E+03 4.10E+00

2 2.31E+03 6.14E+00

3 2.28E+03 5.31E+00

4 4.29E+03 9.91E+00

5 7.95E+03 1.65E+01

6 5943.54 3.24

7 4162.220 4.02

8 6052.66 4.55 F
T

ig. 13. The concentration of intermediate A obtained from simulation for
= 190 ◦C.

rom simulation and it is observed that these concentration fall
ue to fall in amount of oxygen (Fig. 15) present in the reaction
ass. This suggests that a higher oxygen pressure would favor

he forward reaction giving high yield of the products. Unfortu-
ig. 14. The concentration of intermediate B obtained from simulation for
= 190 ◦C.
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ig. 15. The concentration of Oxygen obtained from simulation for T = 190 ◦C.

. Conclusion

In the present work, a heteronuclear bimetallic
acrocyclic iron copper complex, FeCuL(NO3)24H2O

L = (CH3C6H2CH2O(CH2)3N)2] has been prepared and this
as been supported on zirconium pillared montmorillonite. The
olecular structure of the complex was determined from X-ray

iffraction analysis of the single crystal. The alternate occu-
ancy of Fe and Cu atom was confirmed through this analysis.
he CHN analysis of the complex was in close agreement with

he theoretical value that was calculated from the structure of
he complex. It was seen from the TGA that the final catalyst
as stable up to 400 ◦C while the complex was stable only up

o 250 ◦C. From the small angle X-ray diffraction pattern it
ppears that there is a lack of ordering in the c-direction of the
nal catalyst. The oxidation of cyclohexane in the presence of

his catalyst with molecular oxygen as the oxidant led to the
ormation of cyclohexanone along with uncharacterizable side
roducts. At 190 ◦C the cyclohexane conversion was 14.2% and
yclohexanone was formed with 87.4% selectivity. A ligand
entered reaction mechanism, has been proposed based on the
roducts formed. The optimal rate constants were determined
sing GA and the concentrations obtained from simulation
ere matched with the experimental data.
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